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Preface 

Phenology is the study of plant and animal life cycle. Commonly observed
phenological events include the timing of sprouting and flowering of plants in the 
spring, color changes of plants in the fall, bird migration, insect hatches, and animal 
hibernation. Because the occurrences of such seasonal phenomena are generally 
initiated and driven by climate, phenological record is a sensitive proxy for 
investigating climate change and its influences on ecosystems over time. 

Phenology observations have a history extending back for thousands of years in 
assisting farmers for predicting the optimum timing of cultivation practices. Since the
late 1990s, phenology has been widely recognized as one of the simplest and most 
effective indicators of climate change, which is and continues to be a major threat to 
our living environment. Thus, phenology monitoring and modeling have received
steadily increasing research attention over the last decade. While field observations 
record the timing of the seasonal development for specific animal or plant species, 
remote sensing is concerned with observing the phenology of whole ecosystems and
stands of vegetation on regional and global scales. Such phenology data have been 
applied in the areas of regional and global environmental modeling, ecological
monitoring, and climate change. 

This book, with contributions from phenologists worldwide, attempts to introduce 
some of the up-to date findings and achievements that will enhance ongoing
phenology research. I hope the information available in this book will prove useful
and stimulating to students and researchers with an interest in phenology monitoring, 
climate and land surface trend analysis, ecosystem response, and environmental
modeling and prediction.

This book is divided into four parts depending on the contributors’ interests: animal 
life cycle, plant seasonality, phenology of fruiting plants, and remote sensing
phenology. Part I consists of four chapters which illustrate animal phenology and its
correlation with climate variables based on laboratory measurements, field
observations, and camera traps. In Part II, five chapters introduce phenology changes
of herbaceous species, trees and woody plants with temperature and precipitation 
from humid temperate climates to tropical and subtropical regions by using historical 
filed phenology record and field phenophase observations. Another chapter discusses 



 

 
 

 
 
 
Preface 
 

Phenology is the study of plant and animal life cycle. Commonly observed 
phenological events include the timing of sprouting and flowering of plants in the 
spring, color changes of plants in the fall, bird migration, insect hatches, and animal 
hibernation. Because the occurrences of such seasonal phenomena are generally 
initiated and driven by climate, phenological record is a sensitive proxy for 
investigating climate change and its influences on ecosystems over time. 

Phenology observations have a history extending back for thousands of years in 
assisting farmers for predicting the optimum timing of cultivation practices. Since the 
late 1990s, phenology has been widely recognized as one of the simplest and most 
effective indicators of climate change, which is and continues to be a major threat to 
our living environment. Thus, phenology monitoring and modeling have received 
steadily increasing research attention over the last decade. While field observations 
record the timing of the seasonal development for specific animal or plant species, 
remote sensing is concerned with observing the phenology of whole ecosystems and 
stands of vegetation on regional and global scales. Such phenology data have been 
applied in the areas of regional and global environmental modeling, ecological 
monitoring, and climate change. 

This book, with contributions from phenologists worldwide, attempts to introduce 
some of the up-to date findings and achievements that will enhance ongoing 
phenology research. I hope the information available in this book will prove useful 
and stimulating to students and researchers with an interest in phenology monitoring, 
climate and land surface trend analysis, ecosystem response, and environmental 
modeling and prediction. 

This book is divided into four parts depending on the contributors’ interests: animal 
life cycle, plant seasonality, phenology of fruiting plants, and remote sensing 
phenology. Part I consists of four chapters which illustrate animal phenology and its 
correlation with climate variables based on laboratory measurements, field 
observations, and camera traps. In Part II, five chapters introduce phenology changes 
of herbaceous species, trees and woody plants with temperature and precipitation 
from humid temperate climates to tropical and subtropical regions by using historical 
filed phenology record and field phenophase observations. Another chapter discusses 
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the results of genetically controlled tree flowering phenology. Part III consists of three 
chapters which discuss the phenology of fruiting plants including apple, peach, and 
cacti orchard. It explores the responses of species specific phenological behavior to 
both climate variables and cultural practices. Such knowledge is of great interest in 
managing both fruit yield and harvest period. Part IV demonstrates applications of 
remote sensing to phenology monitoring. Three papers in this part indicate that the 
seasonal trajectory of satellite vegetation index is indeed effective in improving land 
cover classification, in charactering the degree of climate controls, and in detecting 
long-term global vegetation phenology and trends. 

Finally, I am grateful to all the authors for their interesting findings and valuable 
contributions. I would also like to thank Ms. Maja Bozicevic, the Intech Publishing 
Process Manager, for guiding the processes of chapter selection, reviewer and editing. 

Dr. Xiaoyang Zhang 
Earth Resources Technology Inc. at NOAA/NESDIS/STAR, 

Maryland,  
USA 
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Using Geographically Robust Models 
of Insect Phenology in Forestry 

David R. Gray 
Natural Resources Canada, Canadian Forest Service, 

Canada 

1. Introduction 
The history of observations of phenology dates to at least the 11th C BCE (Chen, 2003) when 
phenological events (commonly the flowering of woody plants) were recorded together 
with descriptions of weather and farming events. The principle objective of these early 
unsystematic observations was to improve agriculture. This general objective continued into 
the 13th C when it became accepted that repeated observations could provide insight into 
natural processes (Demarée & Rutishauser, 2011). In the 18th C Carl Linnaeus made special 
note of anomalous phenological events and inter-species synchrony. The principle objective 
remained the improvement of agriculture, and phenological calendars were compiled for 
individual regions in recognition that phenology varied geographically. Phenological 
calendars of the modern era include attempts to predict phenology based on longitude, 
latitude and elevation (Chen, 2003). Hopkins “Bioclimatic Law” (Hopkins, 1938) predicts the 
progression of spring phenological events based on these three geographic coordinates. 

Despite the long history of phenological observations, it was not until 1849 that the term 
“phenology” first appeared in print (Demarée & Rutishauser, 2011) in an article by Charles-
François-Antoine Morren (1807–1858). In 1735 Réne Antoine Ferchault Réaumur suggested 
that differences between locations in phenological events could be explained by differences 
in daily temperatures summed from some arbitrary date to the date of interest (Réaumur, 
1735). Réaumur is now commonly credited with the concept of the degree-day sum model 
that continues to be widely used today. 

Integrated pest management (IPM) has been one of the strategies to improve agricultural 
(including forestry) productivity. The prediction of pest phenology is a critical component of 
an IPM strategy (Damos & Savopoulou-Soultani, 2010) whether it is for the efficacious 
application of pesticides or for  optimizing biological control tactics (Moerkens et al., 2011). 
Insect phenology models have been developed in response to this need, particularly within the 
agricultural industry. Insect phenology models are less common within forestry probably 
because there are fewer insect pest species and  options for pest control are more limited  so a 
model is not needed. Insect phenology models may be less common in forestry also because 
major insect pest species occur over a larger spatial scale in forestry than in agricultural, the 
accompanying topographic and climatic complexity is therefore greater, and the ability to 
accurately predict phenological events has been more difficult (Schaub et al., 1995). 
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The ability of a phenology model to perform satisfactorily over a broad, and climatically 
variable geographic range has been termed geographic robustness (Gray, 2004). This chapter 
examines the development of two geographically robust models of insect phenology in 
forestry, and the emerging application of geographically robust phenology models to 
investigate basic ecological questions such as population establishment and stability under 
changing climatic conditions, and risk assessment of alien pest introduction. 

2. Insect developmental rates and temperature 
Among the requisites of every insect is the availability of food during its feeding stage[s] and 
suitable temperatures to complete its life cycle. These needs can be summarized as a requisite 
seasonality. Seasonality is the predictable “occurrence of [a life stage event] within a definite 
limited period or periods of the astronomic (solar, calendar) year” (Lieth, 1974: 5). Implicit in 
this definition for temperate forest insects is the attainment of a cold-hardy stage before the 
onset of cold winter temperatures, that the emergence of the post-winter feeding stage will 
coincide with the availability of suitable food (which is often newly emerged foliage, hence the 
requisite of phenological synchrony between host trees and its insect herbivores), and that 
these events will coincide sufficiently each year for the continual survival of the population. 
Temperature, photoperiod, moisture and nutrition all influence insect phenology. Of these 
factors, temperature is the most spatially and temporally variable, is the strongest determinant 
of poikilotherm phenology, and is perhaps the best understood.  

Insects progress through a life stage at a rate (R) that is dependent on the temperature (T) of 
that time (t): 

   ( )R t f T t  (1) 

The developmental rate at a constant temperature T is calculated as the inverse of the time 
(d) needed to complete the life stage ( 1 d ). The physiological age (A) of an individual at 
time t is given by the integral of the function 

      
0

t

A t f T t dt  (2) 

and physiological age can be thought of as the state of the individual (i.e., the proportion of 
the life stage completed). The life stage is completed (and the subsequent life stage is begun) 
when physiological age reaches 1. In a computational environment (i.e., a simulation of 
insect phenology) developmental rates are calculated for each small time step t , and the 
stage is completed at  ct t  when 

   





0

1
ct t

t
f T t  (3) 

This generalized construct assumes that the response to a given temperature (T) is uniform 
for the duration of the life stage (i.e.,  0 to 1A ). As we shall see (below), this assumption is 
infrequently tested, and at least in some cases where tested has been shown to be invalid, 
and developmental rate (R) is temperature  and age dependent : 
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       [ ] ,R T t f T t A t  (4) 

The earliest numerical relationship between developmental rate of insects and temperature 
used the linear heat summation model of Réaumur (1735). The general form of the model is  

    mind DD T T  (5) 

where d is the duration of the phenophase at temperature T, Tmin is the temperature below 
which no development occurs, and DD is the thermal constant (i.e., the number of degree-
days above Tmin during the phenophase). Estimates of the thermal constant (DD) of a species 
can be obtained in the laboratory under a range of constant temperature regimes by 
conducting a simple linear regression between temperature (T) and the inverse of the 
duration of the life stage at constant T: 

  
1 1 T m
d DD

 (6) 

A minimum temperature threshold (Tmin) for development is the x-intercept of regression 
equation (6), and is equal to 

   minT m DD  (7) 

Field estimates of DD are obtained by assuming a reasonable Tmin  and summing the 
number of degrees by which the daily mean temperature exceeds Tmin  until the phenophase 
is completed. The ease with which parameters can be estimated, and more importantly, the 
ease with which phenological predictions can be made, have made linear heat summation 
(i.e., degree-day) models very popular.  
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Fig. 1. Generalized developmental rate curve. 
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1
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t
f T t  (3) 

This generalized construct assumes that the response to a given temperature (T) is uniform 
for the duration of the life stage (i.e.,  0 to 1A ). As we shall see (below), this assumption is 
infrequently tested, and at least in some cases where tested has been shown to be invalid, 
and developmental rate (R) is temperature  and age dependent : 

 
Using Geographically Robust Models of Insect Phenology in Forestry 

 

5 

       [ ] ,R T t f T t A t  (4) 

The earliest numerical relationship between developmental rate of insects and temperature 
used the linear heat summation model of Réaumur (1735). The general form of the model is  

    mind DD T T  (5) 

where d is the duration of the phenophase at temperature T, Tmin is the temperature below 
which no development occurs, and DD is the thermal constant (i.e., the number of degree-
days above Tmin during the phenophase). Estimates of the thermal constant (DD) of a species 
can be obtained in the laboratory under a range of constant temperature regimes by 
conducting a simple linear regression between temperature (T) and the inverse of the 
duration of the life stage at constant T: 

  
1 1 T m
d DD

 (6) 

A minimum temperature threshold (Tmin) for development is the x-intercept of regression 
equation (6), and is equal to 

   minT m DD  (7) 

Field estimates of DD are obtained by assuming a reasonable Tmin  and summing the 
number of degrees by which the daily mean temperature exceeds Tmin  until the phenophase 
is completed. The ease with which parameters can be estimated, and more importantly, the 
ease with which phenological predictions can be made, have made linear heat summation 
(i.e., degree-day) models very popular.  
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Fig. 1. Generalized developmental rate curve. 
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As early as 1932, the non-linear nature of the developmental rate function in insects was 
observed (Janisch, 1932) and various non-linear functions have been proposed and adopted 
(see (Wagner et al., 1984) for an early review). It is now widely accepted that developmental 
rates increase, with a positive first derivative, at low temperatures and decrease abruptly 
above some optimum temperature (Fig. 1). Logan et al. (Logan et al., 1976) used the 
technique of matched asymptotic expansion to capture this dual and asymmetric nature of 
the developmental rate function; their two formulas (with an exponential or a sigmoidal 
behavior for the low temperature segment) are now widely used. But non-linear models of 
phenological development did not become common until parameter estimation and 
summation of non-linear functions were simplified by the ready availability of digital 
computers. 

3. Variability in developmental rate response 
Part of the inherent variability within a population of insects includes developmental 
responses to temperature. Estimating this variability, and including it, in phenology models 
is important: pest management decisions are often made on the basis of the timing of early 
emerging insects (i.e., those with faster than average developmental responses); estimates of 
population stability depend more on the responses of the population as a whole than the 
response of just the average (or median) individual in the population (see below for a 
discussion of estimating population stability from phenological predictions). Population 
variability has been included in phenology models most often by one of three 
methodologies. The first is by using distributed delays (Manetsch, 1976) wherein 
individuals pass through a number of discrete “boxes” within each life stage in such a way 
that output from the life stage (and progression to the next life stage) depends on the 
number of boxes and transition rates between boxes. The second, and admittedly less 
abstract method, is to partition the population into subsets that each display a different 
developmental response (Stinner et al., 1975); the combination of the subsets reflects the 
population variability. This can be termed the “same-post” construct, in that all individuals 
develop to the same end post, but at different rates. The third methodology involves 
calculating normalized developmental times ( ) from a set of constant temperature 
observations: 

  
@

median @
time T

time T
 (8) 

and describing the cumulative probability distribution of normalized times with an 
appropriate function (Sharpe & Demichele, 1977; Sharpe et al., 1977). This method is the 
most computationally efficient because the entire population is simulated using only the 
median developmental rates (  R T  with the result that the proportion of the population (p) 
that has completed the life stage at time t is equal to the value of the cumulative probability 
distribution function for the summed developmental rates at time t 

      
0

t

p t R T dt  (9) 
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Fig. 2. Probability of stage completion with same-rate construct. 

 
Fig. 3. A mixture of same-post and same-rate construction. 

(Fig. 2). This can be termed the “same-rate” construct, in that all individuals develop at the 
same rate, but to different end posts. It has the obvious drawback that the whole population is 
assumed to respond according to the same developmental rate function; and therefore, the 
whole population fails to age when temperature (Ti) is below the developmental threshold, 
whereas it would be more accurate to age the portion of the population whose developmental 
threshold is lower than Ti. Gilbert et al. (2004) expanded an age-structured partial differential 
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model to account for variability over the full range of the rate curve. Gray (2004) used a 
combination of the same-post and the same-rate methods (Fig. 3) to model gypsy moth 
(Lymantria dispar (L.)) egg development after showing that developmental responses during 
diapause (Gray et al., 2001) and postdiapause (Gray et al., 1995; Gray, 2009) are dependent on 
physiological age and temperature—this violation of independence on physiological age 
meant that age variability had to be specifically modeled in the population. 

4. Geographic robustness of phenology models 
High populations of forest insects often exist over very large geographic areas: during 
periods of outbreaks the spruce budworm (Choristoneura fumiferana Clem.) can occur in great 
abundance over an area of several hundreds of thousand km2 (Hardy et al., 1986); a recent 
outbreak of the mountain pine beetle (Dendroctonus ponderosae Hopkins) occurred in over 
90103 km2 (Aukema et al., 2008) of topographically diverse western Canada; the range of 
gypsy moth (Lymantria dispar L.) in North America extends from the Atlantic coast to the 
western Great Lakes, south to North Carolina and north into New Brunswick, and isolated 
populations have been detected in British Columbia, California, Utah, and many other 

 
Fig. 4. Outbreak ranges of four dominant forest insect pests in North America  
A) spruce budworm (Gray, unpublished; USA range not shown);  
B) southern pine beetle (Salinas-Moreno et al., 2004);  
C) gypsy moth (Canadian range not shown) (USDA: http://nrs.fs.fed.us/tools/afpe/?src=); 
D) mountain pine beetle (Amman et al., 1990 (reprinted)). 
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locales; the range of the southern pine beetle (Dendroctonus frontalis Zimmermann) extends 
from Pennsylvania to Nicaragua (Fig. 4). Temperatures vary greatly over such large areas, 
and, therefore, insect development will vary also. The expected accuracy of a phenology 
model, measured on a large landscape scale is a function of the geographic robustness of the 
model—the ability to perform satisfactorily over a broad, and climatically variable 
geographic range (Gray, 2004). That few phenology models exhibit satisfactory geographic 
robustness can probably be attributed to at least one factor, and the implications that arise 
from that factor: an accurate description of the relationship between temperature and insect 
development has been elusive for the diapause developmental phase that is common among 
temperate insects.  

The circular nature of insect life-cycles means that there is no default life stage at which to 
initiate a phenology model; instead an arbitrary “biofix” is chosen at which all individuals 
begin development (Logan & Bentz, 1999). The combination of the difficulty in modelling 
diapause development, and the greater interest in the feeding life stages (i.e., the larvae) has 
resulted in the construction of many phenology models that use diapause completion as the 
biofix (see as examples Moerkens et (2011) and many others). Here, I will describe early 
models of gypsy moth egg phenology to illustrate the likely reason for a lack of geographic 
robustness. The larvae within newly oviposited eggs begin development in a prediapause 
phase that is characterized by abundant morphological development (Leonard, 1968) and 
developmental rates that are favored by high temperatures (Gray et al., 1991). After 
spending 25 days in prediapause (assuming a constant temperature regime of 20°C), the 
gypsy moth enters the diapause phase, which is characterized by a virtual absence of 
morphological development and developmental rates that are favored by low temperatures 
(Gray et al., 2001). During the postdiapause phase, developmental rate is again favored by 
high temperatures (Gray et al., 1995). Eggs hatch upon completion of the postdiapause 
phase. Due largely to the difficulty in observing, either directly or indirectly, the transition 
between successive phases, model developers have modeled only the postdiapause phase 
after assuming that diapause is completed by the arbitrary biofix (Johnson et al., 1983; 
Waggoner, 1984; Lyons & Lysyk, 1989; Hunter, 1993). However, any error in choosing the 
date of diapause completion/postdiapause initiation (the biofix) results in an error in the 
amount of phenological development still to be completed for egg hatch, and a concomitant 
error in the estimate of developmental rate response to temperature. A date that precedes 
the true date of diapause completion will underestimate postdiapause developmental rates 
because d, the number of days to complete postdiapause was inflated by the portion of 
diapause not yet completed. A date that succeeds the true date of diapause completion will 
overestimate postdiapause developmental rates because d was deflated by the portion of 
postdiapause already completed. When such a model is run only in the locale where it was 
developed, the error in the date of diapause completion will tend to be compensated for by 
the error in developmental rates because the climatic regime within the locale tends to be 
consistent from year to year. However, when such a model is run in a locale with a 
markedly different climatic regime, the errors will lead to a bias in egg hatch prediction. 
Phenology models of larval development (Logan et al., 1991) will then commence with 
biased predictions of egg hatch. In two examinations of gypsy moth egg phenology models 
(Nealis et al., 1999; Régnière & Nealis, 2002), models that had been developed in NE United 
States (Johnson et al., 1983) and central Canada (Lyons & Lysyk, 1989) performed very 
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geographic range (Gray, 2004). That few phenology models exhibit satisfactory geographic 
robustness can probably be attributed to at least one factor, and the implications that arise 
from that factor: an accurate description of the relationship between temperature and insect 
development has been elusive for the diapause developmental phase that is common among 
temperate insects.  

The circular nature of insect life-cycles means that there is no default life stage at which to 
initiate a phenology model; instead an arbitrary “biofix” is chosen at which all individuals 
begin development (Logan & Bentz, 1999). The combination of the difficulty in modelling 
diapause development, and the greater interest in the feeding life stages (i.e., the larvae) has 
resulted in the construction of many phenology models that use diapause completion as the 
biofix (see as examples Moerkens et (2011) and many others). Here, I will describe early 
models of gypsy moth egg phenology to illustrate the likely reason for a lack of geographic 
robustness. The larvae within newly oviposited eggs begin development in a prediapause 
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poorly when tested against observed egg hatch in western Canada (Victoria, British 
Columbia)—they lacked geographic robustness. The model of Sawyer et al. (1993) includes 
the diapause phase and was developed using a combination of geographically diverse 
laboratory and field observations of egg hatch. It performed better than the former two 
models in the Victoria test; however, it performed poorly against a small subset of the same 
observations used in model construction.  

The gypsy moth egg phenology model of Gray includes the prediapause (Gray et al., 1991), 
diapause (Gray et al., 2001), and postdiapause phases (Gray et al., 1995) of egg development. 
They used detailed measurements of the respiration rates of individual eggs to monitor 
phase transition (and therefore phase duration) under controlled temperatures. Their 
observations of postdiapause development demonstrated that the classic assumption that 
developmental response to a given temperature is uniform for the duration of the life stage 
(or phase, in this case) is invalid (Gray et al., 1995). They estimated “instantaneous” 
developmental rates at five temperatures and constructed an age- and temperature-
dependent response curve for the postdiapause phase (Fig. 5). Estimates of “instantaneous” 
developmental rates during the diapause phase could only be modeled assuming control by 
two simultaneous temperature-dependent processes: (1) a typical developmental response 
to temperature that is inhibited by a temperature-activated biochemical agent; and (2) the 
temperature-dependent removal of the inhibiting agent (Fig. 6). Diapause is a critical 
developmental phase in maintaining seasonal development within a locale; and an accurate 
estimation of the day of diapause termination is a critical component of a geographically 
robust phenology model. The egg hatch model of Gray showed the highest level of 
geographic robustness in the Victoria test (Nealis et al., 1999; Régnière & Nealis, 2002); its 
geographic robustness has been improved more recently by a newer postdiapause 
submodel (Gray, 2009).  
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Fig. 5. Postdiapause developmental rates of gypsy moth are dependent on temperature and 
physiological age. 
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Fig. 6. Schematic representation of the dual-process diapause model. In the absence of an 
inhibiting agent, exposure to a given temperature (T) results in a developmental response 
(PDR) in the first process. However, the developmental response is inhibited at the onset of 
diapause by the presence of an inhibiting agent. In the second process a portion of the 
inhibiting agent is removed by exposure to T. Temperature also determines the level of 
activity (A(T)) of the remaining inhibitor (I). 

Armed with a geographically robust model of egg hatch, a life-cycle phenology model was 
constructed by submitting a cohort of first instar larvae on each day that egg hatch occurred to 
the larval model of Logan et al. (1991). The size of each first-instar cohort is equal to the 
number of eggs that hatch on that day. Each day, the individuals that complete a larval life 
stage constitute a new cohort in the subsequent life stage. Individuals completing the final 
larval life stage constitute a new cohort in the pupal/adult model described by Sheehan (1992). 
Oviposited eggs constitute new egg cohorts of the next generation (Fig. 3). This composite, 
multi-generational phenology model was named the GLS model (=Gray/Logan/Sheehan, or 
Gypsy moth Life Stage model) (Gray, 2004). 

5. Using phenology models to estimate population establishment and 
stability 
Waggoner (1974) listed four requisites for the practical use of models of seasonality: 

i. Considerable importance to mankind (usually, but not restricted to, economic 
importance). 

ii. Variability in the phenophase—if inter-annual variation in the phenophase is relatively 
minor, the information probably already exists. 

iii. Accuracy. 
iv. Possibility of action; this may not be an absolute requisite, but it “certainly helps.” 
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Forestry is not a classic example of crop production; the combination of the need for 
accuracy over extremely large, topographically complicated landscapes (Fig. 4) and the 
limited options for actions that depend on a phenological prediction may largely explain 
why insect phenology models are far fewer in forestry than in agriculture. However, climate 
has been linked to shifts in spring phenological events (Bradley et al., 1999), and one of the 
natural effects of climate change is to alter the spatial distribution of insect species (i.e., their 
natural range). Numerous examples already exist of a climate-mediated modification, in 
latitude and elevation, of historical ranges of insects (Parmesan & Yohe, 2003; Crozier, 2004). 
Perhaps the most interesting recent applications of phenology models within forestry have 
been to address the question of potential shifts in, or expansions of, the range of forest pest 
insects. Two prime examples are now discussed. 

Given the existence of suitable host species, the ability to maintain seasonal development 
(defined above) is among the strongest determinant of the likelihood that an insect 
population can maintain seasonal development in a location (i.e., for that location to be part 
of the natural range of the insect). A geographically robust phenology model can estimate 
the probability of population establishment by quantifying the likelihood that temperature 
regimes in the location will consistently produce seasonal development (Gray, 2004). Gypsy 
moth and mountain pine beetle phenology modeling will illustrate this concept. 

5.1 Mountain pine beetle 
The mountain pine beetle is a native insect that constitutes a valuable link in the basic 
ecological cycle of western pine forests (Schmidt, 1988). Nonetheless, periodic, widespread, 
and severe outbreaks of mountain pine beetle pose a serious problem for the forest industry 
by killing trees, reducing wood supply, forcing changes to harvesting schedules, and 
increasing the fire hazard in areas of an outbreak. The most recent outbreak in the western 
province of British Columbia, which began in approx. 1994, eventually covered almost 14 
million ha in 2008 (Safranyik et al., 2010). Previous outbreaks in British Columbia have 
normally collapsed following a severe, although not uncommon, cold weather event, and 
the Rocky Mountains have posed an impenetrable barrier to eastward expansion of 
outbreaks. However, the absence of a collapse-causing cold weather event, coupled with an 
abundance of highly suitable, even-aged host material, created an outbreak of historic 
proportions, and significant beetle populations appeared as far north in Alberta as Slave 
Lake (Safranyik et al., 2010), and as far east as the Alberta–Saskatchewan border, where the 
principle host, lodgepole pine (Pinus. contorta Dougl. ex Loud. var. latifolia Engelm. ex S. 
Watson), mixes with the closely related,  potential host jack pine (P. banksiana Lamb.), which 
extends all the way to the Atlantic coast.  

The mountain pine beetle phenology model (see Logan & Powell, 2001 for a description of 
rate curves), hereafter called the Logan et al. model, was used to evaluate mountain pine 
beetle seasonality in central Idaho under historic climate conditions and under a simulated 
climate regime with temperatures elevated by 2.5°C (Logan & Bentz, 1999) by testing for 
two requisite conditions of seasonality: (1) adult emergence from the host tree late enough to 
avoid lethal freezing temperatures but early enough to achieve full ovipositional potential 
before the onset of winter temperatures; and (2) synchronous adult emergence that leads to 
mass attack to overcome host defences. They demonstrated that historic temperatures 
satisfy the requisites of seasonality in central Idaho; that an increase in future temperatures 
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would cause previously inhospitable locations (higher elevation) to become hospitable; but 
that the same warming of temperatures can have deleterious effects on the necessary 
synchrony of adult emergence. Logan & Powell (2001) used the phenology model to 
demonstrate how synchronous adult emergence within narrow bands of climatic regime are 
separated by asynchronous emergence within warmer or cooler bands of climatic regimes. 
The results suggest that warmer than average temperatures during the 1930s may have, for 
a short period, made high-elevation white bark pine (P. albicaulus Engelmann) forests 
susceptible to mountain pine beetle, and that mortality during this period was, in fact, due 
to a self-sustaining mountain pine beetle outbreak.  

The determination that the distribution and abundance of mountain pine beetle is highly 
sensitive to variation in mean annual temperature in climatically marginal habitats led to 
consideration of the potential shift or expansion of its range in Canada under simulated 
climate-change temperatures (Safranyik et al., 2010). The phenology model estimated 
regions of adaptive seasonality in the recent past that reached the Atlantic coast and that 
coincide very well with the current distribution of pine species. However, under their 
climate-warmed scenario, the regions east of the Rocky Mountains that will produce 
adaptive seasonality are predicted to shift northward and beyond the region with high-
volume boreal pine forests. 

5.2 Gypsy moth 
Since the accidental escape of a purposeful introduction near Boston, Massachusetts in 1869 
(Liebhold et al., 1989), gypsy moth populations have spread to the north, south, and west. 
Populations were first reported in the eastern province of New Brunswick in 1936. 
However, since that time, populations in New Brunswick have never reached the sustained 
level observed further south and frequently decline without intervention. Populations were 
detected in the province of Quebec in 1924, but northward expansion has not continued for 
much of the past 90 years. In the western province of British Columbia, there have been 
repeated introductions of gypsy moth since 1978. However, in the year following a detected 
introduction, intensive pheromone trapping programs have many times failed to capture a 
single moth (Humble & Stewart, 1994). Similarly, numerous introductions of gypsy moth 
occur in the western United States every year, and many fail to lead to established 
populations even without intervention (Logan et al., 2007). This apparent failure in New 
Brunswick, Quebec, and British Columbia and in the western United States for populations 
to either establish, expand, or grow to outbreak proportions, is likely linked to the climatic 
conditions in each locale.  

The geographically robust GLS model has been used several times to assess the potential 
range of gypsy moth within North America (Gray, 2004; Régnière et al., 2009), or sections 
thereof (Régnière & Nealis, 2002; Logan et al., 2007), New Zealand (Pitt et al., 2007), and 
trans-nationally to estimate the risk of introduction via international trade routes (Gray, 
2010) under current climate conditions and under projected climate conditions of the future. 
In addition, GLS is used in the large-scale multi-year effort to slow the spread of gypsy moth 
in the USA.1 (Roberts & Ziegler, 2007). However, despite using the same basic phenology 
                                                 
1 Slow the Spread of the Gypsy Moth Project; http://www.gmsts.org/operations/index.htm 
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Watson), mixes with the closely related,  potential host jack pine (P. banksiana Lamb.), which 
extends all the way to the Atlantic coast.  
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rate curves), hereafter called the Logan et al. model, was used to evaluate mountain pine 
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climate regime with temperatures elevated by 2.5°C (Logan & Bentz, 1999) by testing for 
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would cause previously inhospitable locations (higher elevation) to become hospitable; but 
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demonstrate how synchronous adult emergence within narrow bands of climatic regime are 
separated by asynchronous emergence within warmer or cooler bands of climatic regimes. 
The results suggest that warmer than average temperatures during the 1930s may have, for 
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susceptible to mountain pine beetle, and that mortality during this period was, in fact, due 
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regions of adaptive seasonality in the recent past that reached the Atlantic coast and that 
coincide very well with the current distribution of pine species. However, under their 
climate-warmed scenario, the regions east of the Rocky Mountains that will produce 
adaptive seasonality are predicted to shift northward and beyond the region with high-
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introduction, intensive pheromone trapping programs have many times failed to capture a 
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occur in the western United States every year, and many fail to lead to established 
populations even without intervention (Logan et al., 2007). This apparent failure in New 
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1 Slow the Spread of the Gypsy Moth Project; http://www.gmsts.org/operations/index.htm 
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model (GLS), certain variations exist among these investigations in how model outputs were 
managed and interpreted.  

Four of the preceding six examples (Régnière & Nealis, 2002; Logan et al., 2007; Pitt et al., 
2007; Régnière et al., 2009) chose to run GLS within the BioSIM© system (Régnière et al., 
1995). BioSIM© is primarily a weather generator and can be used to generate daily 
temperatures for specific locales where temperature records do not exist or to generate a 
gridded network of weather traces (Régnière & St-Amant, 2007). Unfortunately, BioSIM© 
also imposes two limitations on GLS that weaken its geographic robustness and influence 
the estimates of climatic suitability. These impositions are discussed below.  

5.2.1 An arbitrary and globally defined date before which a specific phenological 
milestone must be achieved for generation success 
 In brief, the central criterion in the four examples for generational success in a location is 
that a phenological event (e.g., oviposition) must be able to achieve a stable equilibrium 
(=same date in successive generations) under the climatic conditions of the location (Fig. 7). 
Régnière et al (2002) stipulate that generation success in the western province of British 
Columbia can occur only if oviposition occurs before 25 October each year. Logan et al. 
(2007) require median oviposition to occur by 2 October in Utah, USA. Pitt et al. (2007) 
require all immature life stages to be in the egg stage by 31 December in the eastern 
Canadian province of New Brunswick and by 30 June in New Zealand. Régnière et al. (2009) 
make the same stipulation as Pitt et al. (2007) in their Canada-wide estimation of where 
generation success will be climatically possible. 
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Fig. 7. Seasonal stability is possible in a location when the phenological event (e.g., oviposition) 
occurs earlier than Ou, an unstable equilibrium (identical dates in generation i and 1i  ). 
Oviposition later than Ou in generation i will result in ever-later oviposition dates. Oviposition 
dates earlier than Ou will result in a convergence to a stable equilibrium at Os. 
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The rationale for the deadlines is that embryogenesis must reach the cold-hardy diapause 
phase (Leonard, 1968) before the onset of winter temperatures. However, these dates seem 
liberal (i.e., late), given that much of British Columbia and Utah will experience sub-zero 
temperatures by October, and sub-zero temperatures are extremely common throughout 
New Brunswick prior to 31 December. At the same time, daily maximum temperatures 
above the minimum prediapause developmental threshold 4°C (Gray et al., 1991) will still 
be common. Thus, these formulations of GLS, with arbitrary dates, allow the simulated 
population to escape cold-induced mortality while continuing prediapause development. 

5.2.2 Removal of all population variability in oviposition date 
In each location of interest, the authors (Régnière & Nealis, 2002; Logan et al., 2007; Pitt et 
al., 2007; Régnière et al., 2009) ran N independent simulations. Each simulation was initiated 
with a population oviposited on an arbitrary date; a stability flag (1 or 0) was assigned to the 
simulation based on the success or failure of the population to consistently achieve one or 
more specified phenological milestones by an arbitrary date during n generations under a 
climate regime typical of the location. All oviposition in generation 1i   occurred on the day 
of peak female abundance (or median female emergence) in generation i. The probability of 
stability was then calculated from the N stability flags. 

Although the egg hatch model within GLS has been shown to be relatively insensitive to 
oviposition date, it is not entirely insensitive. Within the northern hemisphere, hatch success 
becomes strongly influenced by oviposition date in northern locations (Gray, 2004; Gray, 
2010); presumably this is also the case in southern locations within the southern hemisphere, 
or at higher elevations regardless of the latitude. 

Furthermore, initiating each generation with 100% of the oviposition on the single day of 
peak female abundance (or median female emergence) of the previous generation in essence 
“saves” a portion of the population whose true simulated oviposition dates were later than 
the peak (or median) date and, therefore, too late for survival of the oviposited eggs (Gray, 
2004; Gray, 2010). 

And finally, the combination of a binomial flag and the removal of population variability in 
oviposition date has the effect of estimating identical risk for locations where the real risk 
should be judged to be different. A location in which the median date of oviposition meets 
the arbitrary deadline in each of n generations—but 49% of oviposition each generation 
occurs too late—has an estimated p (viability: (Pitt et al., 2007), or probability of 
establishment (Régnière & Nealis, 2002; Logan et al., 2007; Régnière et al., 2009), equal to a 
location where 100% of the oviposition meets the deadline each generation. Conversely, a 
location in which the median date of oviposition fails to meet the deadline—but 49% of 
oviposition does meet the deadline—has a p equal to a location in which none of the 
oviposition meets the deadline. 

Although it is correct that seasonal stability (Fig. 7) is a requisite for population 
establishment, it is not known what proportion of a population must survive each 
generation in order to maintain a population. Thus, it may be the case that less than 50% 
intergenerational survival is sufficient for gypsy moth establishment; or it may be the case 
that more than 50% is necessary. But until such a proportion is known, it is much preferable 
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model (GLS), certain variations exist among these investigations in how model outputs were 
managed and interpreted.  

Four of the preceding six examples (Régnière & Nealis, 2002; Logan et al., 2007; Pitt et al., 
2007; Régnière et al., 2009) chose to run GLS within the BioSIM© system (Régnière et al., 
1995). BioSIM© is primarily a weather generator and can be used to generate daily 
temperatures for specific locales where temperature records do not exist or to generate a 
gridded network of weather traces (Régnière & St-Amant, 2007). Unfortunately, BioSIM© 
also imposes two limitations on GLS that weaken its geographic robustness and influence 
the estimates of climatic suitability. These impositions are discussed below.  

5.2.1 An arbitrary and globally defined date before which a specific phenological 
milestone must be achieved for generation success 
 In brief, the central criterion in the four examples for generational success in a location is 
that a phenological event (e.g., oviposition) must be able to achieve a stable equilibrium 
(=same date in successive generations) under the climatic conditions of the location (Fig. 7). 
Régnière et al (2002) stipulate that generation success in the western province of British 
Columbia can occur only if oviposition occurs before 25 October each year. Logan et al. 
(2007) require median oviposition to occur by 2 October in Utah, USA. Pitt et al. (2007) 
require all immature life stages to be in the egg stage by 31 December in the eastern 
Canadian province of New Brunswick and by 30 June in New Zealand. Régnière et al. (2009) 
make the same stipulation as Pitt et al. (2007) in their Canada-wide estimation of where 
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The rationale for the deadlines is that embryogenesis must reach the cold-hardy diapause 
phase (Leonard, 1968) before the onset of winter temperatures. However, these dates seem 
liberal (i.e., late), given that much of British Columbia and Utah will experience sub-zero 
temperatures by October, and sub-zero temperatures are extremely common throughout 
New Brunswick prior to 31 December. At the same time, daily maximum temperatures 
above the minimum prediapause developmental threshold 4°C (Gray et al., 1991) will still 
be common. Thus, these formulations of GLS, with arbitrary dates, allow the simulated 
population to escape cold-induced mortality while continuing prediapause development. 

5.2.2 Removal of all population variability in oviposition date 
In each location of interest, the authors (Régnière & Nealis, 2002; Logan et al., 2007; Pitt et 
al., 2007; Régnière et al., 2009) ran N independent simulations. Each simulation was initiated 
with a population oviposited on an arbitrary date; a stability flag (1 or 0) was assigned to the 
simulation based on the success or failure of the population to consistently achieve one or 
more specified phenological milestones by an arbitrary date during n generations under a 
climate regime typical of the location. All oviposition in generation 1i   occurred on the day 
of peak female abundance (or median female emergence) in generation i. The probability of 
stability was then calculated from the N stability flags. 

Although the egg hatch model within GLS has been shown to be relatively insensitive to 
oviposition date, it is not entirely insensitive. Within the northern hemisphere, hatch success 
becomes strongly influenced by oviposition date in northern locations (Gray, 2004; Gray, 
2010); presumably this is also the case in southern locations within the southern hemisphere, 
or at higher elevations regardless of the latitude. 

Furthermore, initiating each generation with 100% of the oviposition on the single day of 
peak female abundance (or median female emergence) of the previous generation in essence 
“saves” a portion of the population whose true simulated oviposition dates were later than 
the peak (or median) date and, therefore, too late for survival of the oviposited eggs (Gray, 
2004; Gray, 2010). 

And finally, the combination of a binomial flag and the removal of population variability in 
oviposition date has the effect of estimating identical risk for locations where the real risk 
should be judged to be different. A location in which the median date of oviposition meets 
the arbitrary deadline in each of n generations—but 49% of oviposition each generation 
occurs too late—has an estimated p (viability: (Pitt et al., 2007), or probability of 
establishment (Régnière & Nealis, 2002; Logan et al., 2007; Régnière et al., 2009), equal to a 
location where 100% of the oviposition meets the deadline each generation. Conversely, a 
location in which the median date of oviposition fails to meet the deadline—but 49% of 
oviposition does meet the deadline—has a p equal to a location in which none of the 
oviposition meets the deadline. 

Although it is correct that seasonal stability (Fig. 7) is a requisite for population 
establishment, it is not known what proportion of a population must survive each 
generation in order to maintain a population. Thus, it may be the case that less than 50% 
intergenerational survival is sufficient for gypsy moth establishment; or it may be the case 
that more than 50% is necessary. But until such a proportion is known, it is much preferable 
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to estimate probability of establishment (or viability) in a location by the intergenerational 
survival that a geographically robust model such as GLS permits. Contrary to the claim of 
Pitt et al. (Pitt et al., 2007), variability in oviposition dates within a population is a critical 
component in estimating the potential for seasonal development and establishment within a 
location. Within the broad geographic areas that are either highly climatically suitable or 
highly unsuitable, estimates of probability of establishment will be little affected (or 
unaffected) by the removal of oviposition variability. However, where climatic suitability is 
marginal, it is recommended that the risk of establishment be estimated from the 
intergenerational survival of a model that maintains population variability in all its life 
stages. 

6. Conclusion 
Although insect phenology models may be less common in forestry than in agricultural 
systems, at least two examples in forestry illustrate the potential of geographically robust 
phenology models to address questions of considerable ecological importance: the potential 
range of insect species under climate change scenarios. 

There can be little doubt that establishment of a stable population of poikilothermic 
organisms can only occur where the climatic regime leads to adaptive seasonality. A stage-
specific, geographically robust phenology model is ideally suited to determining where 
adaptive seasonality is possible, and therefore, the potential range of an insect species under 
current climatic regimes, and under the climate regimes that may exist in the future. 
However, it should be emphasized that imposing an arbitrary biofix on a geographically 
robustness model, and/or failing to maintain population variability in key phenological 
events (e.g., oviposition date) will negatively impact the accuracy of the predictions of even 
geographically robust models where climatic regimes are marginally suitable for adaptive 
seasonality. These marginal regions should be of greater interest, not less, than the broad 
regions where the climatic regime is highly suitable. 
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Pitt et al. (Pitt et al., 2007), variability in oviposition dates within a population is a critical 
component in estimating the potential for seasonal development and establishment within a 
location. Within the broad geographic areas that are either highly climatically suitable or 
highly unsuitable, estimates of probability of establishment will be little affected (or 
unaffected) by the removal of oviposition variability. However, where climatic suitability is 
marginal, it is recommended that the risk of establishment be estimated from the 
intergenerational survival of a model that maintains population variability in all its life 
stages. 

6. Conclusion 
Although insect phenology models may be less common in forestry than in agricultural 
systems, at least two examples in forestry illustrate the potential of geographically robust 
phenology models to address questions of considerable ecological importance: the potential 
range of insect species under climate change scenarios. 

There can be little doubt that establishment of a stable population of poikilothermic 
organisms can only occur where the climatic regime leads to adaptive seasonality. A stage-
specific, geographically robust phenology model is ideally suited to determining where 
adaptive seasonality is possible, and therefore, the potential range of an insect species under 
current climatic regimes, and under the climate regimes that may exist in the future. 
However, it should be emphasized that imposing an arbitrary biofix on a geographically 
robustness model, and/or failing to maintain population variability in key phenological 
events (e.g., oviposition date) will negatively impact the accuracy of the predictions of even 
geographically robust models where climatic regimes are marginally suitable for adaptive 
seasonality. These marginal regions should be of greater interest, not less, than the broad 
regions where the climatic regime is highly suitable. 
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1. Introduction 
Reproduction in terrestrial isopods has been dealt with in numerous studies (summarized in 
Dangerfield and Telford, 1995). There are remarkable variations in breeding phenology 
between species (Sutton et al., 1984, Warburg, 1987) and between different populations of 
the same species (Souty- Grosset et al., 1988). Even within the same population, annual 
variations have been described (Zimmer and Brauckmann, 1997). A characteristic of many 
populations, especially those in seasonal environments, is that reproduction is frequently 
confined to a distinct breeding season or period. These periods are usually located in those 
months when physical conditions are less severe. It is often an implicit assumption that 
there is an optimal time of year for release of an individual’s offspring, when the physical 
and biotic environment is most suitable (Willows, 1984). 

Theory of life history evolution predicts specific patterns of growth, survivorship and 
reproduction based on a genotypic strategy (Pianka 1970; Greenslade, 1983). Models based 
on optimality arguments take into account environmental effects but often predict an 
optimal strategy or tactic for a given set of environmental conditions (Sibly and Calow, 
1986). The breeding phenology of woodlice is influenced by both abiotic and biotic 
environmental factors, resulting in temporal coincidence of the release of offspring with 
favourable conditions for growth and survival and thus in discrete annual breeding events 
in temperate climates (Lawlor 1976; Sutton et al., 1984; Souty-Grosset et al., 1988). However, 
breeding phenology can vary annually within these constraints (Dangerfield and Hassall, 
1992; Zimmer and Brauckmann, 1997). More generally speaking, the optimal time for 
breeding may be more or less predictable from year to year, but those animals which 
reproduce at that time may be viewed as the most successful (Willows, 1984).   

In arid zones as in temperate ones, there are remarkable variations in breeding phenology. 
Isopods breed mostly during spring and early summer (Aljetlawi and Nair, 1994; Nair, 1984; 
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Warburg, 1994; Achouri and Charfi-Cheikhrouha, 2001; 2002), but variations in breeding 
phenology among both species (Sutton et al., 1984; Warburg, 1987) and different 
populations of the same species (Souty-Grosset et al., 1988; Achouri and Charfi-
Cheikhrouha, 2005) are common. Even within the same population, annual variations have 
been described (Dangerfield and Hassall, 1992; Zimmer and Brauckmann, 1997). Female 
fecundity is proportional to female size (Sutton et al., 1984). Thus, population dynamics 
depend on both the number and size of reproducing females (Rushton and Hassall, 1987; 
Hassall and Dangerfield, 1990). Due to variable individual growth rates (Hubbell, 1971; 
"cohort splitting": Sunderland et al., 1976), even a cohort of similarly aged females exhibits a 
considerable range in size (Zimmer and Kautz, 1997; Achouri and Charfi-Cheikhrouha, 
2002; Achouri et al., 2003). Within given species-specific constraints, it is thus advantageous 
to grow large before reproducing, while, on the other hand, reproductive investment 
constrains increase in body size (for discussion, see Zimmer and Kautz, 1997). As for 
intraspecific comparison, we hypothesise that, on an interspecific scale, (1) individuals of 
larger species are able to invest more of the available energy in reproduction than 
individuals of small species (cf. Glazier et al., 2003). 

In most species of the Porcellionidae, two or more brood waves per year have been observed 
(Warburg, 1987). Thus, these species have been considered iteroparous. However, it has 
rarely been demonstrated unambiguously that a single female was capable of breeding more 
than once in its lifetime (iteroparous) or whether it would not breed again (semelparous) 
(Cole, 1954); from more than one brood wave per year in a given population, it does not 
necessarily follow that each individual female breeds more than once (Warburg, 1994). 
Knowing whether a particular species is semelparous or iteroparious, however, is essential 
for a comparative interspecific analysis of breeding strategies, since reproductive investment 
in current reproduction varies inversely with expectation of future offspring. Thus, 
semelparous females should invest significantly more in their first and only brood than 
potentially iteroparous females. In iteroparouas species, females may tend to invest less into 
the first brood and allocate more energy into growth, in order to grow larger for a second 
brood (cf. Zimmer and Kautz, 1997). We hypothesise that (2) females of semelparous species 
exhibit high reproductive investment as compared to iteroparous species. Accordingly [see 
hypothesis (1)], we expect small species to be iteroparous, enabling them to spread their 
reproductive effort over several breeding events. On the other hand, it may –under certain 
conditions– be advantageous for large species to be semelparous, concentrating their 
reproductive effort on a single event, while at the same time reducing the risk of dying prior 
to a second brood (cf. Zimmer and Kautz, 1997). 

As reproductive activity and investment may vary with environmental conditions, 
interspecific comparisons should be restricted to syntopic species that are exposed to similar 
environments. We performed a long-term study on interspecific differences in breeding 
phenology and investment in syntopic isopod species, predicting that large isopod species 
invest high proportions of their energy in reproduction and tend to be semelparous, while 
the opposite is true for small species. The main aim of this study is to compare the 
reproductive patterns of seven species of Oniscidea collected in Chambi area, to test 
whether these syntopic species exhibit interspecific differences in breeding phenology (cf. 
Zimmer, 2003) and hypothesise that differently sized syntopic species differ in terms of 
female reproductive investment and to compare their reproductive phenology with others 
populations from the Mediterranean areas. 
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2. Material and methods 
2.1 Study site and sampling programme 

The study area is the Mt. Chambi or Djebel Chambi which includes the highest point of 
Tunisia (1544m/5066ft). It is accepted as a biosphere reserve by UNESCO in 1977 and 
declared a National Park in 1981. This mountain is Located in center-oust of Tunisia at 17 
km from the city of Kasserine and a few kilometers from the Algerian border. 

Several plant species are identified (262). They are distributed in different stages of the 
mountain. The first stage (up to approximately 900 m) is the area of the alpha, then above, 
the Aleppo pine which grows in the Phoenician juniper and rosemary. Still above, beyond 
1100 m are the oaks. 

Populations of Armadillidium sulcatum A. Milne-Edwards, 1840, Leptotrichus panzerii 
(Audouin, 1826), Hemilepistus reaumuri, Porcellio djahizi n. sp. (Medini & Charfi-Cheikhrouha, 
2001), Porcellio laevis, (Latreille 1804), Porcellio variablis Lucas, 1846 and Porcellionides 
pruinosus Brandt, 1833, were hand-collected in the Chambi area. Data were obtained from a 
field survey of twenty six months (October 2008-December 2010). 

2.2 Laboratory procedures 

Individuals collected were taken to the laboratory alive, the majority of them are 
preserved in 70% ethanol and the others are raised for further investigation. Subsequently, 
we counted and sexed all individuals, and measured their total length (distance between the 
anterior edge of the head and the end of the pleotelson).  

The animals were kept in translucent plastic boxes (20 x 35 x 10cm) containing a loamy soil 
about 3cm height, under natural conditions, with temperature mostly fluctuating between 
20 and 33°C, and the daily photoperiod was 12h. They were fed on disks of carrot, and 
sporadically, on some fresh linden leaves. To guarantee the detection of all females with 
brood pouches before manca release, females were examined for the occurrence of brood 
pouches once a week. Based on the detection of ovigerous females and the young in 
laboratory populations, we were able to distinguish between seasonal reproduction and 
continuously breeding populations. Moreover, the appearance of gravid females and 
juveniles served as a measure for the onset and the duration of the reproductive period and 
sexual rest.  

During the annual reproductive period, 20 ovigerous females of each species were sized 
using a stereomicroscope (Leica MS5), then they were dissected and marsupial eggs or 
embryos were counted to estimate fecundity (defined here as the number of eggs for a 
female for one brood); this should not be confused with fertility, which is the number of 
young leaving the brood pouch. To find a relation between brood size and body length, 
studies were conducted on gravid females of varying body dimensions, and simultaneously, 
it was possible to examine the ovaries after the discharge of the large oocytes. At that point 
the ovary was largely an empty sleeve-like structure, except for the smaller oocytes 
(Warburg, 1994). By examining the ovaries, it was possible to check for future generations of 
oocytes, indicating the potential for iteroparity; their absence was interpreted as indicator of 
semelparity.  
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Warburg, 1994; Achouri and Charfi-Cheikhrouha, 2001; 2002), but variations in breeding 
phenology among both species (Sutton et al., 1984; Warburg, 1987) and different 
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Cheikhrouha, 2005) are common. Even within the same population, annual variations have 
been described (Dangerfield and Hassall, 1992; Zimmer and Brauckmann, 1997). Female 
fecundity is proportional to female size (Sutton et al., 1984). Thus, population dynamics 
depend on both the number and size of reproducing females (Rushton and Hassall, 1987; 
Hassall and Dangerfield, 1990). Due to variable individual growth rates (Hubbell, 1971; 
"cohort splitting": Sunderland et al., 1976), even a cohort of similarly aged females exhibits a 
considerable range in size (Zimmer and Kautz, 1997; Achouri and Charfi-Cheikhrouha, 
2002; Achouri et al., 2003). Within given species-specific constraints, it is thus advantageous 
to grow large before reproducing, while, on the other hand, reproductive investment 
constrains increase in body size (for discussion, see Zimmer and Kautz, 1997). As for 
intraspecific comparison, we hypothesise that, on an interspecific scale, (1) individuals of 
larger species are able to invest more of the available energy in reproduction than 
individuals of small species (cf. Glazier et al., 2003). 

In most species of the Porcellionidae, two or more brood waves per year have been observed 
(Warburg, 1987). Thus, these species have been considered iteroparous. However, it has 
rarely been demonstrated unambiguously that a single female was capable of breeding more 
than once in its lifetime (iteroparous) or whether it would not breed again (semelparous) 
(Cole, 1954); from more than one brood wave per year in a given population, it does not 
necessarily follow that each individual female breeds more than once (Warburg, 1994). 
Knowing whether a particular species is semelparous or iteroparious, however, is essential 
for a comparative interspecific analysis of breeding strategies, since reproductive investment 
in current reproduction varies inversely with expectation of future offspring. Thus, 
semelparous females should invest significantly more in their first and only brood than 
potentially iteroparous females. In iteroparouas species, females may tend to invest less into 
the first brood and allocate more energy into growth, in order to grow larger for a second 
brood (cf. Zimmer and Kautz, 1997). We hypothesise that (2) females of semelparous species 
exhibit high reproductive investment as compared to iteroparous species. Accordingly [see 
hypothesis (1)], we expect small species to be iteroparous, enabling them to spread their 
reproductive effort over several breeding events. On the other hand, it may –under certain 
conditions– be advantageous for large species to be semelparous, concentrating their 
reproductive effort on a single event, while at the same time reducing the risk of dying prior 
to a second brood (cf. Zimmer and Kautz, 1997). 

As reproductive activity and investment may vary with environmental conditions, 
interspecific comparisons should be restricted to syntopic species that are exposed to similar 
environments. We performed a long-term study on interspecific differences in breeding 
phenology and investment in syntopic isopod species, predicting that large isopod species 
invest high proportions of their energy in reproduction and tend to be semelparous, while 
the opposite is true for small species. The main aim of this study is to compare the 
reproductive patterns of seven species of Oniscidea collected in Chambi area, to test 
whether these syntopic species exhibit interspecific differences in breeding phenology (cf. 
Zimmer, 2003) and hypothesise that differently sized syntopic species differ in terms of 
female reproductive investment and to compare their reproductive phenology with others 
populations from the Mediterranean areas. 
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2. Material and methods 
2.1 Study site and sampling programme 

The study area is the Mt. Chambi or Djebel Chambi which includes the highest point of 
Tunisia (1544m/5066ft). It is accepted as a biosphere reserve by UNESCO in 1977 and 
declared a National Park in 1981. This mountain is Located in center-oust of Tunisia at 17 
km from the city of Kasserine and a few kilometers from the Algerian border. 

Several plant species are identified (262). They are distributed in different stages of the 
mountain. The first stage (up to approximately 900 m) is the area of the alpha, then above, 
the Aleppo pine which grows in the Phoenician juniper and rosemary. Still above, beyond 
1100 m are the oaks. 

Populations of Armadillidium sulcatum A. Milne-Edwards, 1840, Leptotrichus panzerii 
(Audouin, 1826), Hemilepistus reaumuri, Porcellio djahizi n. sp. (Medini & Charfi-Cheikhrouha, 
2001), Porcellio laevis, (Latreille 1804), Porcellio variablis Lucas, 1846 and Porcellionides 
pruinosus Brandt, 1833, were hand-collected in the Chambi area. Data were obtained from a 
field survey of twenty six months (October 2008-December 2010). 

2.2 Laboratory procedures 

Individuals collected were taken to the laboratory alive, the majority of them are 
preserved in 70% ethanol and the others are raised for further investigation. Subsequently, 
we counted and sexed all individuals, and measured their total length (distance between the 
anterior edge of the head and the end of the pleotelson).  

The animals were kept in translucent plastic boxes (20 x 35 x 10cm) containing a loamy soil 
about 3cm height, under natural conditions, with temperature mostly fluctuating between 
20 and 33°C, and the daily photoperiod was 12h. They were fed on disks of carrot, and 
sporadically, on some fresh linden leaves. To guarantee the detection of all females with 
brood pouches before manca release, females were examined for the occurrence of brood 
pouches once a week. Based on the detection of ovigerous females and the young in 
laboratory populations, we were able to distinguish between seasonal reproduction and 
continuously breeding populations. Moreover, the appearance of gravid females and 
juveniles served as a measure for the onset and the duration of the reproductive period and 
sexual rest.  

During the annual reproductive period, 20 ovigerous females of each species were sized 
using a stereomicroscope (Leica MS5), then they were dissected and marsupial eggs or 
embryos were counted to estimate fecundity (defined here as the number of eggs for a 
female for one brood); this should not be confused with fertility, which is the number of 
young leaving the brood pouch. To find a relation between brood size and body length, 
studies were conducted on gravid females of varying body dimensions, and simultaneously, 
it was possible to examine the ovaries after the discharge of the large oocytes. At that point 
the ovary was largely an empty sleeve-like structure, except for the smaller oocytes 
(Warburg, 1994). By examining the ovaries, it was possible to check for future generations of 
oocytes, indicating the potential for iteroparity; their absence was interpreted as indicator of 
semelparity.  
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In every reproductive period, 15 to 20 additional gravid females were maintained 
individually in cylindrical plastic tubes (7x4cm) and fed on disks of carrot until manca 
release. Using a Mettler AB22204-S balance (±0.1 mg accuracy), each female was weighed 
weekly during the breeding season, both before (W0) and immediately after releasing 
mancae (W1). The weight loss of the female corresponds to both reproductive allocation and 
parental investment. Upon hatching, mancae were counted, and they were separated from 
their mother and kept separately in Petri dishes under the same laboratory conditions 
(temperature, photoperiod, food) as the adult individuals.  

2.3 Data analysis 

Since recruitment was discontinuous we estimated field growth rates by tracking 
recognizable cohorts from size-frequency distribution (0.2mm length classes) on 
successive sample dates. Size frequency analysis was achieved by using the probability 
paper method (Harding, 1949), as performed by Cassie (Cassie, 1954; 1963). To test the 
reliability of the method, we employed the χ2 and G tests (P ≥ 0.05) (Fisher, 1950; Sokal 
and Rohlf, 1981). Computations were performed using ANAMOD software (Nogueira, 
1992). 

Usually, field growth rates are not constant throughout the year. Thus, results from field 
growth estimations were fitted to the Von Bertalanffy growth function (VBGF) with seasonal 
oscillation, according to a model proposed by Gaschütz and co-workers (Gaschütz et al., 
1980), and previously applied (Marques et al., 1994; Pardal et al., 2000) with satisfactory 
results. Length is expressed as: 

Lt = L∞ {1 – e –[kD(t-t0) + C(kD/2π)sin2π(t-ts)]}1/D 
Lt= length of the organism at a given moment t; 
L∞ = maximum possible length of the organism; 
t = time instant; 
t0 = time instant when the organism would have a length = 0; 
ts = time interval between start of growth (when t=0) and the first growth oscillation; 
growthis expressed by a sinus curve, with a period of 1year; 
k= intrinsic growth rate; 
C= constant, ranging from 0 to 1; 
D = parameter that expresses metabolic deviations from the Von Bertalanffy 2/3 rule. 

Egg loss, brood pouch mortality, number of broods per female, reproductive allocation and 
the potential of reproduction were quantified:  

Reproductive allocation (R) was calculated as the percentage of weight lost by the female 
during the process of producing a brood of young:  

0 1

0
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where W0 is the initial weight before the mancae release and W1 is the weight immediately 
following mancae release (Warburg, 1994). 
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R estimates a female’s reproductive investment, while P quantifies the weight loss of a 
female in order to produce a single manca: P = R/N, where N is the number of mancae per 
brood (Warburg, 1994). 

The estimation of the reproductive potential was based on the number of juveniles released, 
the proportion of females in the sample, the life span of a female, and the number of broods 
during a female's lifetime. The reproductive potential (R’) was estimated using the Wildish 
equation R’ = bnp. (Wildish, 1971, 1979, 1982 in El Kaïm et al., 1985), where b represented 
the mean number of young per brood,  n the annual number of broods per female, and p the 
average number of ovigerous females.  

The sex ratio was estimated by the ratio of males to females. The observed and expected 
values were compared using Chi-square (2) test. 

3. Results 
3.1 Breeding phenology 

Breeding season is defined as the time from the first appearance of gravid females to the time 
of the last appearance of empty brood pouches in the population. Figure 1 shows that the 
duration of the reproductive period varied considerably among species, ranging from 3 
months in the largest species Hemilepistus reaumuri and the two smallest species Armadillidium 
sulcatum and Leptotrichus panzerii, to 6 months in Porcellio variabilis and Porcellionides pruinosus. 
Marsupial eggs were detected in Hemilepistus reaumuri, Armadillidium sulcatum and Leptotrichus 
panzerii in May. Mancae emerged during June and July.  

Porcellio variabilis carried mature oocytes in February; marsupial eggs were found in March 
and April. Mancae were released from May to September with a sexual rest during July and 
August. In Porcellionides pruinosus, ovigerous females and juveniles were present throughout 
the period extended from March to October, however their percentage decreased in June 
and July (9.43%). For the other species (Porcellio djahizi and Porcellio laevis), the reproductive 
period was 5 months with a sexual rest from June to August for the first species, and during 
July and August for the second one.  

These latter species of the genus Porcellio and Porcellionides pruinosus breed twice a year, in 
spring and during monsoon in the period extending from the fourth week of August until 
the second week of October. Females contained mature oocytes during March and April. 
Egg release into the marsupium began in May, and mancae were released from June to 
September. In all studied species, the date of the onset of breeding appeared to be correlated 
to female size. Overall, in species with seasonal reproduction behaviour, larger females 
started reproducing earlier in the year than smaller ones, except in Hemilepistus reaumuri 
(Fig. 1). Further, on an interspecific scale, larger species started reproducing earlier in the 
year than smaller ones.  

The marsupial period starts with the parturial moult which is followed a few days later by 
the movement of mature oocytes into the marsupium. The marsupial eggs then develop into 
embryos and finally mature to hatch as mancae (Holdich et al., 1984; Warburg, 1994). The 
marsupial development, defined in this case as the period from the appearance of marsupial 
eggs to the emergence of mancae, was spread over a period of 22-49 days. It was longest in 
Porcellio laevis, one of the largest species, and P. variabilis, and shortest in the smallest 
species, Armadillidium sulcatum (Table 1). 
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In every reproductive period, 15 to 20 additional gravid females were maintained 
individually in cylindrical plastic tubes (7x4cm) and fed on disks of carrot until manca 
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weekly during the breeding season, both before (W0) and immediately after releasing 
mancae (W1). The weight loss of the female corresponds to both reproductive allocation and 
parental investment. Upon hatching, mancae were counted, and they were separated from 
their mother and kept separately in Petri dishes under the same laboratory conditions 
(temperature, photoperiod, food) as the adult individuals.  

2.3 Data analysis 

Since recruitment was discontinuous we estimated field growth rates by tracking 
recognizable cohorts from size-frequency distribution (0.2mm length classes) on 
successive sample dates. Size frequency analysis was achieved by using the probability 
paper method (Harding, 1949), as performed by Cassie (Cassie, 1954; 1963). To test the 
reliability of the method, we employed the χ2 and G tests (P ≥ 0.05) (Fisher, 1950; Sokal 
and Rohlf, 1981). Computations were performed using ANAMOD software (Nogueira, 
1992). 

Usually, field growth rates are not constant throughout the year. Thus, results from field 
growth estimations were fitted to the Von Bertalanffy growth function (VBGF) with seasonal 
oscillation, according to a model proposed by Gaschütz and co-workers (Gaschütz et al., 
1980), and previously applied (Marques et al., 1994; Pardal et al., 2000) with satisfactory 
results. Length is expressed as: 
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L∞ = maximum possible length of the organism; 
t = time instant; 
t0 = time instant when the organism would have a length = 0; 
ts = time interval between start of growth (when t=0) and the first growth oscillation; 
growthis expressed by a sinus curve, with a period of 1year; 
k= intrinsic growth rate; 
C= constant, ranging from 0 to 1; 
D = parameter that expresses metabolic deviations from the Von Bertalanffy 2/3 rule. 

Egg loss, brood pouch mortality, number of broods per female, reproductive allocation and 
the potential of reproduction were quantified:  

Reproductive allocation (R) was calculated as the percentage of weight lost by the female 
during the process of producing a brood of young:  
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where W0 is the initial weight before the mancae release and W1 is the weight immediately 
following mancae release (Warburg, 1994). 
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R estimates a female’s reproductive investment, while P quantifies the weight loss of a 
female in order to produce a single manca: P = R/N, where N is the number of mancae per 
brood (Warburg, 1994). 

The estimation of the reproductive potential was based on the number of juveniles released, 
the proportion of females in the sample, the life span of a female, and the number of broods 
during a female's lifetime. The reproductive potential (R’) was estimated using the Wildish 
equation R’ = bnp. (Wildish, 1971, 1979, 1982 in El Kaïm et al., 1985), where b represented 
the mean number of young per brood,  n the annual number of broods per female, and p the 
average number of ovigerous females.  

The sex ratio was estimated by the ratio of males to females. The observed and expected 
values were compared using Chi-square (2) test. 

3. Results 
3.1 Breeding phenology 

Breeding season is defined as the time from the first appearance of gravid females to the time 
of the last appearance of empty brood pouches in the population. Figure 1 shows that the 
duration of the reproductive period varied considerably among species, ranging from 3 
months in the largest species Hemilepistus reaumuri and the two smallest species Armadillidium 
sulcatum and Leptotrichus panzerii, to 6 months in Porcellio variabilis and Porcellionides pruinosus. 
Marsupial eggs were detected in Hemilepistus reaumuri, Armadillidium sulcatum and Leptotrichus 
panzerii in May. Mancae emerged during June and July.  

Porcellio variabilis carried mature oocytes in February; marsupial eggs were found in March 
and April. Mancae were released from May to September with a sexual rest during July and 
August. In Porcellionides pruinosus, ovigerous females and juveniles were present throughout 
the period extended from March to October, however their percentage decreased in June 
and July (9.43%). For the other species (Porcellio djahizi and Porcellio laevis), the reproductive 
period was 5 months with a sexual rest from June to August for the first species, and during 
July and August for the second one.  

These latter species of the genus Porcellio and Porcellionides pruinosus breed twice a year, in 
spring and during monsoon in the period extending from the fourth week of August until 
the second week of October. Females contained mature oocytes during March and April. 
Egg release into the marsupium began in May, and mancae were released from June to 
September. In all studied species, the date of the onset of breeding appeared to be correlated 
to female size. Overall, in species with seasonal reproduction behaviour, larger females 
started reproducing earlier in the year than smaller ones, except in Hemilepistus reaumuri 
(Fig. 1). Further, on an interspecific scale, larger species started reproducing earlier in the 
year than smaller ones.  

The marsupial period starts with the parturial moult which is followed a few days later by 
the movement of mature oocytes into the marsupium. The marsupial eggs then develop into 
embryos and finally mature to hatch as mancae (Holdich et al., 1984; Warburg, 1994). The 
marsupial development, defined in this case as the period from the appearance of marsupial 
eggs to the emergence of mancae, was spread over a period of 22-49 days. It was longest in 
Porcellio laevis, one of the largest species, and P. variabilis, and shortest in the smallest 
species, Armadillidium sulcatum (Table 1). 
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Fig. 1. Onset of reproduction and duration of the reproductive period. 

The sexual rest lasted for 9 months in Hemilepistus reaumuri, Armadillidium sulcatum and 
Leptotrichus panzerii, and about 6 to 7 months in Porcellio variabilis, Porcellionides 
pruinosus, Porcellio djahizi, and Porcellio laevis (Fig. 1).  
 

Species Duration of reproductive 
period 

Gravidity  (days) 
[M ± S.D. (N)] 

Avg. number 
Eggs 

[M ± S.D. (N)]

Avg. number 
mancae 

[M ± S.D. (N)] 
A.  sulcatum May-June- July 22 ± 2 (31) 14 ± 0.9 (29) 9 ± 2.1 (25) 
H. reaumuri May-June- July 43 ± 4 (45) 68 ± 0.7 (79) 47 ± 1.9 (70) 
L. panzerii May-June- July 23 ± 6 (27) 11 ± 0.5 (25) 9 ± 0.78 (37) 
P. djahizi Mar-May[]Sept-October 39 ± 2 (50) 48 ± 0.6 (57) 38 ± 1.81 (50) 
P. laevis April-June[]Sept-October 49 ± 5 (42) 52 ± 0.8 (48) 41 ± 0.91 (41) 
P. variabilis Feb-May[]Sept-October 46 ± 3 (36) 51 ± 0.5 (54) 43 ± 0.73 (45) 

P. pruinosus Mar- may///August-
October 34 ± 5 (38) 26 ± 1.3 (37) 19 ± 1.2 (37) 

(N): number of used females, [] sexual rest /// only a few number of ovigerous females was found 

Table 1. Marsupial eggs, mancae released numbers and duration of reproductive period in 
seven terrestrial isopod species from Chambi area. 

3.2 Fecundity, fertility and egg losses 

Corrected for female size, small species (e.g., Armadillidium sulcatum and Leptotrichus 
panzerii) released less mancae than did large species (e.g., Hemilepistus reaumuri, Porcellio 
laevis and Porcellio variabilis) (Table 1).  

In all species, the number of released mancae was lower than the number of eggs released 
into the marsupium ("Egg loss" in Table 1). This loss in marsupial eggs was low in 
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Leptotrichus panzerii but relatively high in Hemilepistus reaumuri, ranging in total from 2 to 21 
(Table 1). Otherwise, both fecundity and fertility was positively correlated with female size 
and weight (Table 2), but we observed significant interspecific differences in size/fecundity 
relationships. 
 

Species 
 

Fecundity Fertility 
Equation R2 Equation R2 

A. granulatum Y = 7.1 X -18.7 0.81 Y = 5.4 X – 18.9 0.82 
H. reaumuri Y = 5.3 X – 13.7 0.79 Y = 4.3 X – 12.3 0.53 
L. panzerii Y = 13.2 X – 71.1 0.91 Y = 8.2 X – 39.2 0.89 
P. djahizi Y = 13.6 X – 89.1 0.88 Y = 12.1 X – 69.4 0.91 
P. laevis Y= 6.9 X – 26.9 0.89 Y= 5.1 X – 17.3 0.73 
P. variabilis Y = 7. 3 X -35.8 0.79 Y = 4.9 X – 15.9 0.82 
P. pruinosus Y = 5.8 X - 35.6 0.92 Y = 6.5 X - 18.1 0. 87 

Y is the total number of eggs produced per brood pouch; X is the body length of gravid females   

Table 2. Equations and R2 of relationship between female body length and fecundity and 
fertility. 

3.3 Growth and life span 

We analysed size frequency distributions for recognisable cohorts. Based on data from the 
first sampling results, one cohort could be identified for these species, Armadillidium 
sulcatum, Hemilepistus reaumuri, and Leptotrichus panzerii, and three to four cohorts in 
Porcellio variabilis, Porcellio djahizi, Porcellio laevis and Porcellionides pruinosus. Additionally, 
new cohorts appeared, respectively, in June and july for A. sulcatum, H. reaumuri, and L. 
panzerii, (one cohort), in May and October for the other species (two cohorts). The 
minimum average length of newly recognized cohorts ranged from 3.5 ± 0.136mm to 4.87 
± 0.163mm. 

Growth was approximately continuous throughout life, but field growth rates were 
clearly higher in early life phases. Growth rates were also higher during spring (Fig. 2), 
but showed, on the other hand, a decline during autumn and winter (Fig. 2). We could 
follow new cohorts (appeared in our sampling) from detection up to their extinction, 
which allowed estimating the average life span at 14 to 25 months. In Porcellio variabilis, 
Porcellio djahizi, Porcellio laevis and Porcellionides pruinosus cohorts born by the end of the 
reproductive period had longer life span (19 to 25 months) than those (born in spring; 14 
to 18 months). Data on field growth rates from these cohorts (followed in sampling 
period) were fitted to the Von Bertalanffy growth function. Parameters were estimated 
from each cohort data set, and the resulting model was used to simulate the expected 
growth in each case (Fig. 2). The degree of fit was assessed from correlation (r2) between 
predicted values and observations.  

3.4 Life cycle 

Size frequency analysis allowed identifying the cohorts to which males and ovigerous 
females belonged, and thus we could evaluate the possible contribution of each cohort to 
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Fig. 1. Onset of reproduction and duration of the reproductive period. 

The sexual rest lasted for 9 months in Hemilepistus reaumuri, Armadillidium sulcatum and 
Leptotrichus panzerii, and about 6 to 7 months in Porcellio variabilis, Porcellionides 
pruinosus, Porcellio djahizi, and Porcellio laevis (Fig. 1).  
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period 
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[M ± S.D. (N)] 
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L. panzerii May-June- July 23 ± 6 (27) 11 ± 0.5 (25) 9 ± 0.78 (37) 
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P. variabilis Feb-May[]Sept-October 46 ± 3 (36) 51 ± 0.5 (54) 43 ± 0.73 (45) 
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Table 1. Marsupial eggs, mancae released numbers and duration of reproductive period in 
seven terrestrial isopod species from Chambi area. 

3.2 Fecundity, fertility and egg losses 

Corrected for female size, small species (e.g., Armadillidium sulcatum and Leptotrichus 
panzerii) released less mancae than did large species (e.g., Hemilepistus reaumuri, Porcellio 
laevis and Porcellio variabilis) (Table 1).  

In all species, the number of released mancae was lower than the number of eggs released 
into the marsupium ("Egg loss" in Table 1). This loss in marsupial eggs was low in 
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Leptotrichus panzerii but relatively high in Hemilepistus reaumuri, ranging in total from 2 to 21 
(Table 1). Otherwise, both fecundity and fertility was positively correlated with female size 
and weight (Table 2), but we observed significant interspecific differences in size/fecundity 
relationships. 
 

Species 
 

Fecundity Fertility 
Equation R2 Equation R2 
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P. laevis Y= 6.9 X – 26.9 0.89 Y= 5.1 X – 17.3 0.73 
P. variabilis Y = 7. 3 X -35.8 0.79 Y = 4.9 X – 15.9 0.82 
P. pruinosus Y = 5.8 X - 35.6 0.92 Y = 6.5 X - 18.1 0. 87 

Y is the total number of eggs produced per brood pouch; X is the body length of gravid females   

Table 2. Equations and R2 of relationship between female body length and fecundity and 
fertility. 

3.3 Growth and life span 

We analysed size frequency distributions for recognisable cohorts. Based on data from the 
first sampling results, one cohort could be identified for these species, Armadillidium 
sulcatum, Hemilepistus reaumuri, and Leptotrichus panzerii, and three to four cohorts in 
Porcellio variabilis, Porcellio djahizi, Porcellio laevis and Porcellionides pruinosus. Additionally, 
new cohorts appeared, respectively, in June and july for A. sulcatum, H. reaumuri, and L. 
panzerii, (one cohort), in May and October for the other species (two cohorts). The 
minimum average length of newly recognized cohorts ranged from 3.5 ± 0.136mm to 4.87 
± 0.163mm. 

Growth was approximately continuous throughout life, but field growth rates were 
clearly higher in early life phases. Growth rates were also higher during spring (Fig. 2), 
but showed, on the other hand, a decline during autumn and winter (Fig. 2). We could 
follow new cohorts (appeared in our sampling) from detection up to their extinction, 
which allowed estimating the average life span at 14 to 25 months. In Porcellio variabilis, 
Porcellio djahizi, Porcellio laevis and Porcellionides pruinosus cohorts born by the end of the 
reproductive period had longer life span (19 to 25 months) than those (born in spring; 14 
to 18 months). Data on field growth rates from these cohorts (followed in sampling 
period) were fitted to the Von Bertalanffy growth function. Parameters were estimated 
from each cohort data set, and the resulting model was used to simulate the expected 
growth in each case (Fig. 2). The degree of fit was assessed from correlation (r2) between 
predicted values and observations.  

3.4 Life cycle 

Size frequency analysis allowed identifying the cohorts to which males and ovigerous 
females belonged, and thus we could evaluate the possible contribution of each cohort to 
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recruitment. These results suggest that cohorts born in early spring for P. djahizi, P. laevis, P. 
variabilis, and P. pruinosus, will in principle be able to reproduce in the same reproductive 
period, and most probably also in the beginning of the next. Cohorts born late in the 
reproductive period will grow slower during winter and not reproduce until the next 
spring, (the next reproductive period). However, in A. sulcatum, H. reaumuri, and L. panzerii, 
from July to October, this was a period of rapid growth in all size classes, and the 
bimodality in size class distribution observed during this period disappeared from 
November to next July.  
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g) 

 
Fig. 2. Growth model of studies species at Chambi area. Graphic adjustment of the growth 
curves of cohorts: a. A. sulcatum, b. L. panzerii, c. H. reaumuri, d. P. pruinosus, e. P. variabilis, f. 
P. laevis and g. P. djahizi is given. Values of mean length estimated for each given instant are 
also plotted; r2, correlation between adjusted curves and plotted values. 

3.5 Reproductive strategies 

Four out of seven species were iteroparous, with single females reproducing repeatedly. On 
the other hand, twenty females, each, of Armadillidium sulcatum, Leptotrichus panzerii and 
Hemilepistus reaumuri, were undoubtedly semelparous. In all other species, we found 
immature oocytes inside the ovary after mature eggs had been released into the marsupium 
upon mating, indicating the potential for a subsequent brood. Contrary to our hypothesis 
(2), the semelparous species are among the two smallest Armadillidium sulcatum, Leptotrichus 
panzerii, and the largest Hemilepistus reaumuri, in the Chambi area.  
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recruitment. These results suggest that cohorts born in early spring for P. djahizi, P. laevis, P. 
variabilis, and P. pruinosus, will in principle be able to reproduce in the same reproductive 
period, and most probably also in the beginning of the next. Cohorts born late in the 
reproductive period will grow slower during winter and not reproduce until the next 
spring, (the next reproductive period). However, in A. sulcatum, H. reaumuri, and L. panzerii, 
from July to October, this was a period of rapid growth in all size classes, and the 
bimodality in size class distribution observed during this period disappeared from 
November to next July.  
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curves of cohorts: a. A. sulcatum, b. L. panzerii, c. H. reaumuri, d. P. pruinosus, e. P. variabilis, f. 
P. laevis and g. P. djahizi is given. Values of mean length estimated for each given instant are 
also plotted; r2, correlation between adjusted curves and plotted values. 

3.5 Reproductive strategies 

Four out of seven species were iteroparous, with single females reproducing repeatedly. On 
the other hand, twenty females, each, of Armadillidium sulcatum, Leptotrichus panzerii and 
Hemilepistus reaumuri, were undoubtedly semelparous. In all other species, we found 
immature oocytes inside the ovary after mature eggs had been released into the marsupium 
upon mating, indicating the potential for a subsequent brood. Contrary to our hypothesis 
(2), the semelparous species are among the two smallest Armadillidium sulcatum, Leptotrichus 
panzerii, and the largest Hemilepistus reaumuri, in the Chambi area.  
 

A. sulcatum

H. reaumuri

L. panzerii

P. djahizi
P. laevis

P. variabilis

P. pruinosus

Y= 0,316X - 0,785
R² = 0.906

0

5

10

15

20

25

30

35

40

0 20 40 60 80 100 120 140

R
ep

ro
du

ct
iv

e a
llo

ca
tio

n 
(%

)

Female weight (mg)  
Fig. 3. Relationship between mean female weight and mean reproductive allocation of seven 
isopod species. 

Time (days) 



 
Phenology and Climate Change 

 

30

The two smallest species exhibited the lowest reproductive allocation, corroborating our 
hypothesis (1) (Table 3). The largest species, Hemilepistus reaumuri, Porcellio djahizi and Porcellio 
laevis were among the three species, with the highest reproductive allocation, and the numbers 
of both marsupial eggs and mancae released were highest in these species. Although Porcellio 
variabilis females on average were heavier than those of the other species, they produced much 
smaller numbers of both marsupial eggs and mancae than the other species; despite their large 
mancae, reproductive allocation was intermediate. Overall, however, reproductive allocation 
was positively correlated with female weight (Fig. 3; R2 = 0.906).  

Parental investment in producing a single manca varied between 0.61 (L. panzerii) and 0.89 
(P. djahizi) mg per manca. Parental investment was not significantly correlated with female 
weight (R2 = 0.1313).  

The reproductive potential differed greatly between the small and large species. H. reaumuri 
(2386 juveniles released) P. variabilis (2456) P. laevis (2284) and P. dalensis (2284) exhibited the 
highest reproductive potential. These species produced six times more offspring than did L. 
panzerii (154) (176) and A. sulcatum (Table 4).  

4. Conclusion 
Various parameters used to define reproductive strategies herein covaried with species-
specific female size. Overall, small isopod species from the Chambi area tend to be 
semelparous [contrary to hypothesis (2)], to allocate less energy in reproduction 
[corroborating hypothesis (1)], to produce less mancae (corrected for female size), to start 
breeding later in the year, and to exhibit a shorter reproductive period and a shorter 
marsupial development than large species.  

Overall, the isopod species studied herein confirmed several aspects of breeding phenology 
that had been described in other syntopic woodlice species in the Mediterranean area 
(Warburg 1994; Medini et al., 2000; Hamaied et al., 2004; Achouri and Charfi-Cheikhrouha, 
2006; Achouri et al., 2008). However, no clear relationship emerges between the 
reproductive pattern, on the one hand, and either the taxonomic status or the environment, 
on the other hand; rather the period from April (spring) to October (autumn) can generally 
be considered favourable for reproduction in the Mediterranean, irrespective of species 
identity. Thus, the reproductive pattern of terrestrial isopods appear to be independent, to a 
certain extent, of the habitat condition (cf. Warburg, 1994). Based on our present results, we 
hold that it is rather the species-specific body size of females that determines reproductive 
strategies. It remains, however, unclear why – in contrast to our hypothesis (2) – the smallest 
species rather than the larger ones are semelparous in Chambi area. 

The loss in marsupial eggs did not covary with female size in the present study, and was in the 
same range of magnitude as values found by Warburg (1994) in species inhabiting the Negev 
desert and xeric and mesic habitats in the Mediterranean region (ca 26 %). Reproductive 
allocation to produce one brood pouch ranged between 6 and 35%, depending on female size. 
Warburg (1994) reported reproductive allocation of 7-52 % in seven species from Palestine, but 
in all but one species it was less than 22 %. The maternal investment in producing offspring 
ranged between 0.6 and 1.6 mg per manca, covering the range of 0.6-1.4 Warburg (1994) 
reported for different species in the Negev desert and the Mediterranean. Females of the small 
species, Armadillidium sulcatum, and Leptotrochus panzerii invested less than did females of large 
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species [hypothesis (1)], and overall, semelparous species exhibited a lower reproductive 
potential than iteroparous species, although the latter showed high interspecific variation in 
this respect. Reproductive investment and output of the species in this study were positively 
correlated with female size and weight, both within and among species. Intraspecific variation 
in size-adjusted reproductive output frequently occurs (e.g., Dangerfield and Telford, 1990; 
Nair, 1984) that may be explained by individual differences in the ability to accrue resources, 
the timing of allocation of resources to reproduction, genetic determinants of reproductive 
characteristics, or seasonal variation in environmental conditions during individual 
development and reproduction. This may also hold true for interspecific comparison, but 
further studies are needed to unambiguously decide upon this issue. 

According to the present results, iteroparous species P. variabilis, P. djahizi, P. laevis, and 
Porcellionides pruinosus were reproductively active from February/March to 
August/October with a cessation during June and July, when semelparous species H. 
reaumuri, A. sulcatum and L.panzerii  engaged in reproduction. Although we did not test for 
competitive exclusion or character displacement in the presence of a superior competitor, it 
is interesting to speculate that small species in the Chambi area may avoid competition for 
their young by the larger offspring of larger species through a shift in time of reproduction 
(cf. Zimmer, 2003, Achouri et al., 2008).  

Interspecific variation in the onset and the duration of reproduction prevailed in the studied 
species despite the imposed equal conditions of temperature, photoperiod and nutrition. 
Since interspecific interactions were absent in our experimental design, we hold that 
individual genotypes dictate individual phenology. Direct genetic control (De Jong, 1991), or 
a genetically determined norm reaction (Stearns and Koella, 1986), exist for reproduction 
traits such as the timing of reproduction (Dangerfield and Telford, 1995). However, 
flexibility in female reproductive tactics is apparent in many isopod species. Lifetime brood 
production, phenology of brood production, fecundity and offspring size all differ to some 
degree between individuals. The theoretical concepts of bet-hedging (Slatkin, 1974) and 
phenotypic plasticity (Bradshaw, 1965; Caswell, 1989) consider such variation in 
reproductive traits as strategies capable for maximising female reproductive success under 
changeable environmental conditions (Houston and McNamara, 1992). In the long run, 
flexibility in phenology in response to environmental conditions (cf. Dangerfield and 
Hassall, 1992; Zimmer and Brauckmann, 1997) will determine the potential of a species to 
adapt to changing climatic conditions. 

The outputs from our calibrated growth model showed that growth rates are always higher 
in the initial life cycle stages, slowing down when individuals become mature, viz., during 
the reproductive phase. This is consistent with observations carried out on Porcellionides 
sexfasciatus, as well as other Oniscidea species (Matsakis, 1955). Cohorts born in late summer 
and autumn may in principle live 19 to 25 months, while cohorts born in spring will live 
only 14 to 18 months. Since cohorts born in spring will be able to produce offspring in the 
same reproductive period, differences observed might be explained by the fact that females 
from these cohorts invest in reproduction in an early phase of their lives, and face the harsh 
winter conditions immediately after. On the contrary, cohorts born later in the season will 
live through the winter and reproduce only in the next year, at a later stage in their life. 
These will face more favourable conditions after their reproductive effort and consequently 
will tend to survive longer. 
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The two smallest species exhibited the lowest reproductive allocation, corroborating our 
hypothesis (1) (Table 3). The largest species, Hemilepistus reaumuri, Porcellio djahizi and Porcellio 
laevis were among the three species, with the highest reproductive allocation, and the numbers 
of both marsupial eggs and mancae released were highest in these species. Although Porcellio 
variabilis females on average were heavier than those of the other species, they produced much 
smaller numbers of both marsupial eggs and mancae than the other species; despite their large 
mancae, reproductive allocation was intermediate. Overall, however, reproductive allocation 
was positively correlated with female weight (Fig. 3; R2 = 0.906).  

Parental investment in producing a single manca varied between 0.61 (L. panzerii) and 0.89 
(P. djahizi) mg per manca. Parental investment was not significantly correlated with female 
weight (R2 = 0.1313).  

The reproductive potential differed greatly between the small and large species. H. reaumuri 
(2386 juveniles released) P. variabilis (2456) P. laevis (2284) and P. dalensis (2284) exhibited the 
highest reproductive potential. These species produced six times more offspring than did L. 
panzerii (154) (176) and A. sulcatum (Table 4).  

4. Conclusion 
Various parameters used to define reproductive strategies herein covaried with species-
specific female size. Overall, small isopod species from the Chambi area tend to be 
semelparous [contrary to hypothesis (2)], to allocate less energy in reproduction 
[corroborating hypothesis (1)], to produce less mancae (corrected for female size), to start 
breeding later in the year, and to exhibit a shorter reproductive period and a shorter 
marsupial development than large species.  

Overall, the isopod species studied herein confirmed several aspects of breeding phenology 
that had been described in other syntopic woodlice species in the Mediterranean area 
(Warburg 1994; Medini et al., 2000; Hamaied et al., 2004; Achouri and Charfi-Cheikhrouha, 
2006; Achouri et al., 2008). However, no clear relationship emerges between the 
reproductive pattern, on the one hand, and either the taxonomic status or the environment, 
on the other hand; rather the period from April (spring) to October (autumn) can generally 
be considered favourable for reproduction in the Mediterranean, irrespective of species 
identity. Thus, the reproductive pattern of terrestrial isopods appear to be independent, to a 
certain extent, of the habitat condition (cf. Warburg, 1994). Based on our present results, we 
hold that it is rather the species-specific body size of females that determines reproductive 
strategies. It remains, however, unclear why – in contrast to our hypothesis (2) – the smallest 
species rather than the larger ones are semelparous in Chambi area. 

The loss in marsupial eggs did not covary with female size in the present study, and was in the 
same range of magnitude as values found by Warburg (1994) in species inhabiting the Negev 
desert and xeric and mesic habitats in the Mediterranean region (ca 26 %). Reproductive 
allocation to produce one brood pouch ranged between 6 and 35%, depending on female size. 
Warburg (1994) reported reproductive allocation of 7-52 % in seven species from Palestine, but 
in all but one species it was less than 22 %. The maternal investment in producing offspring 
ranged between 0.6 and 1.6 mg per manca, covering the range of 0.6-1.4 Warburg (1994) 
reported for different species in the Negev desert and the Mediterranean. Females of the small 
species, Armadillidium sulcatum, and Leptotrochus panzerii invested less than did females of large 
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species [hypothesis (1)], and overall, semelparous species exhibited a lower reproductive 
potential than iteroparous species, although the latter showed high interspecific variation in 
this respect. Reproductive investment and output of the species in this study were positively 
correlated with female size and weight, both within and among species. Intraspecific variation 
in size-adjusted reproductive output frequently occurs (e.g., Dangerfield and Telford, 1990; 
Nair, 1984) that may be explained by individual differences in the ability to accrue resources, 
the timing of allocation of resources to reproduction, genetic determinants of reproductive 
characteristics, or seasonal variation in environmental conditions during individual 
development and reproduction. This may also hold true for interspecific comparison, but 
further studies are needed to unambiguously decide upon this issue. 

According to the present results, iteroparous species P. variabilis, P. djahizi, P. laevis, and 
Porcellionides pruinosus were reproductively active from February/March to 
August/October with a cessation during June and July, when semelparous species H. 
reaumuri, A. sulcatum and L.panzerii  engaged in reproduction. Although we did not test for 
competitive exclusion or character displacement in the presence of a superior competitor, it 
is interesting to speculate that small species in the Chambi area may avoid competition for 
their young by the larger offspring of larger species through a shift in time of reproduction 
(cf. Zimmer, 2003, Achouri et al., 2008).  

Interspecific variation in the onset and the duration of reproduction prevailed in the studied 
species despite the imposed equal conditions of temperature, photoperiod and nutrition. 
Since interspecific interactions were absent in our experimental design, we hold that 
individual genotypes dictate individual phenology. Direct genetic control (De Jong, 1991), or 
a genetically determined norm reaction (Stearns and Koella, 1986), exist for reproduction 
traits such as the timing of reproduction (Dangerfield and Telford, 1995). However, 
flexibility in female reproductive tactics is apparent in many isopod species. Lifetime brood 
production, phenology of brood production, fecundity and offspring size all differ to some 
degree between individuals. The theoretical concepts of bet-hedging (Slatkin, 1974) and 
phenotypic plasticity (Bradshaw, 1965; Caswell, 1989) consider such variation in 
reproductive traits as strategies capable for maximising female reproductive success under 
changeable environmental conditions (Houston and McNamara, 1992). In the long run, 
flexibility in phenology in response to environmental conditions (cf. Dangerfield and 
Hassall, 1992; Zimmer and Brauckmann, 1997) will determine the potential of a species to 
adapt to changing climatic conditions. 

The outputs from our calibrated growth model showed that growth rates are always higher 
in the initial life cycle stages, slowing down when individuals become mature, viz., during 
the reproductive phase. This is consistent with observations carried out on Porcellionides 
sexfasciatus, as well as other Oniscidea species (Matsakis, 1955). Cohorts born in late summer 
and autumn may in principle live 19 to 25 months, while cohorts born in spring will live 
only 14 to 18 months. Since cohorts born in spring will be able to produce offspring in the 
same reproductive period, differences observed might be explained by the fact that females 
from these cohorts invest in reproduction in an early phase of their lives, and face the harsh 
winter conditions immediately after. On the contrary, cohorts born later in the season will 
live through the winter and reproduce only in the next year, at a later stage in their life. 
These will face more favourable conditions after their reproductive effort and consequently 
will tend to survive longer. 
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Next to effects on fecundity, variable growth rates appear to be important as determinants 
of the maturation of young individuals. In combination with discrete breeding events, 
growth rates also control lifetime brood production. For instance, in a population of 
Armadillidium vulgare relaxation of intraspecific competition and favourable growth 
conditions allowed young born in July to grow rapidly and reproduce the following 
summer, thus breaking the normal sequence of two years maturation and semelparity 
(Dangerfield and Hassall, 1992).  

Combining biological observations with the growth model output makes it possible 
characterize the life cycle of the populations studied of Porcellio djahizi, P. laevis, P. variabilis, 
and Porcellionides pruinosus, as that of a semi-annual species, with iteroparous females and 
bivoltine life cycle. However, H. reaumuri, A. sulcatum and L. panzerii could be a semi-annual 
species, with semelparous females and univoltine life cycle.  

Reproductive allocation to produce one brood pouch ranged between 7.46 and 35.21% and 
thus showed marked interspecific differences. Overall, reproductive allocation was positively 
correlated with female weight. For seven isopod species in England, the reproductive 
allocation ranged from 24 to 47 % (Sutton et al., 1984), and Warburg (1994) reported 
reproductive allocation of 7-52 % in seven species from Palestine, but in all but one species it 
was less than 22 %. The maternal investment in producing offspring ranged between 0.61 and 
0.89 mg per manca, covering the range of 0.6-1.4 Warburg (1994) reported for different species 
in the Negev desert and the Mediterranean. Females of the small species, Armadillidium 
sulcatum, and Leptotrichus panzerii invested less than did females of large species, and overall, 
semelparous species exhibited a lower reproductive potential than iteroparous species, 
although the latter showed high interspecific variation in this respect.  
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Next to effects on fecundity, variable growth rates appear to be important as determinants 
of the maturation of young individuals. In combination with discrete breeding events, 
growth rates also control lifetime brood production. For instance, in a population of 
Armadillidium vulgare relaxation of intraspecific competition and favourable growth 
conditions allowed young born in July to grow rapidly and reproduce the following 
summer, thus breaking the normal sequence of two years maturation and semelparity 
(Dangerfield and Hassall, 1992).  

Combining biological observations with the growth model output makes it possible 
characterize the life cycle of the populations studied of Porcellio djahizi, P. laevis, P. variabilis, 
and Porcellionides pruinosus, as that of a semi-annual species, with iteroparous females and 
bivoltine life cycle. However, H. reaumuri, A. sulcatum and L. panzerii could be a semi-annual 
species, with semelparous females and univoltine life cycle.  

Reproductive allocation to produce one brood pouch ranged between 7.46 and 35.21% and 
thus showed marked interspecific differences. Overall, reproductive allocation was positively 
correlated with female weight. For seven isopod species in England, the reproductive 
allocation ranged from 24 to 47 % (Sutton et al., 1984), and Warburg (1994) reported 
reproductive allocation of 7-52 % in seven species from Palestine, but in all but one species it 
was less than 22 %. The maternal investment in producing offspring ranged between 0.61 and 
0.89 mg per manca, covering the range of 0.6-1.4 Warburg (1994) reported for different species 
in the Negev desert and the Mediterranean. Females of the small species, Armadillidium 
sulcatum, and Leptotrichus panzerii invested less than did females of large species, and overall, 
semelparous species exhibited a lower reproductive potential than iteroparous species, 
although the latter showed high interspecific variation in this respect.  
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1. Introduction  
Phenology is consistent with different definitions and topics: (i) the study of seasonal 
phenomena conditioning lifestyle of organisms; (ii) the science of recording and classifying 
the remarkable occurrence of animal development, particularly ectothermic ones, e.g. insects 
and lower vertebrates; (iii) the branch of Biology which studies the relationships between 
climatic factors and various seasonal events of plant and animal lives; the last one being 
suitable to the problems discussed in this chapter (Lanza et al., 1982; Brandmayr & 
Ghirardelli, 1995; Speight et al., 2008). Phenological data are represented by climatic factors - 
seasonal events and related parameters, especially temperature and rainfall - in their 
correlation with various aspects of animal lifestyles. So, phenology and bioclimatology are 
somewhat subsidiary subjects. Biological patterns are represented, in their seasonal context, 
by a remarkable amount of data concerning different, ecological and ethological, items; 1- 
reproductive activity; i.e. variation in space and time of reproductive success and its 
relationships with macroclimatological (regional), meso- and microclimatological (local) 
patterns; 2- population turnover (population size, sex and sub adult/adult ratios); 3- site 
fidelity and its variation from year to year; 4- foraging behaviour (diet composition; prey - 
predator relationships and its seasonal variability). Current problems stimulate some basic 
questions. Beginning from the predictable assumption that weathering events strongly affect 
daytime and seasonal activities and, to a certain extent, the distribution, both local and 
worldwide, of amphibians and reptiles, what contribution may arise from the knowledge of 
phenological patterns to the dramatic problems of the decline of their populations in 
disparate regions of the world? Recent changes of yearly reproductive phenology together 
with the modification of species distributional area might be related to, or induced by, the so 
called “global warming”? Predictive models and related strategies of conservation measures 
may stimulate the increase of our knowledge in this field of research. Scientific literature 
suggests that the Mediterranean area as a whole is one of the most sensitive landscape to 
current climatic modifications (Gatto et al., 2009). Climatic scenario for the near future 
shows for the Mediterranean area, and particularly for Italy, an increase of heat waves and 
natural dramatic events such as inundation and / or dryness with a significant loss of 
marine, freshwater and terrestrial biodiversity. Global Climatic Changes and its impact 
events on ecosystems and species may be grouped in the following categories: physiology 
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and behaviour; yearly biological cycles; geographical distribution; composition of ecological 
communities including interactions between species (Nanni et al., 2009). At the global level, 
the imminent extinction emergency of Amphibia is a tribute to a number of additional 
threats such us diseases, invasive species, pollution and over-exploitation (Alford & 
Richards, 1999; Collins & Storfer, 2003; Stuart et al., 2004; Di Rosa et al., 2007).  

2. Amphibians and reptiles in the central mediterranean ecoregion 
Climate. It appears as a petitio principi that a large part of the Mediterranean area is 
characterized by a typical Mediterranean climate with a dry season generally as long as the 
summer period when air temperature is higher. However, climatic scenario is much more 
complicated, e. g. 15 different bioclimatic units are reported for Latium, Central Italy (Blasi, 
1994; Blasi & Michetti, 2007). Climatic scenario of the Italian territory shows, at present, an 
increase of daily, maximum and minimum, temperatures, coupled with the increase of mid 
temperature and in accordance with the increase of the frequency of heat waves which have 
trebled in the last fifty years; besides, all the Italian territory is characterized by a significant 
decrease of feeble rainy days, contrary to the increase of intense rainy days in some regions 
of northern Italy (Lionello et al., 2009). The Sardinian climate especially due to the position 
of this island in the Tyrrhenian Sea, overlapping with its typical mountainous territory. 
However, desertification, as pointed out by aridity and drought indexes, shows for Sardinia 
an 88.7% of the regional surface (Sicily 95%; Apulia 72%); for the Italian territory, 
desertification increases 6.5% between 1951 and 1980, at present being about 18% of the 
whole surface of Italy (Sciortino et al., 2009).  

Biodiversity. The Mediterranean Basin, a hyper-hotspot of biodiversity, is the largest among 
the five Mediterranean systems of the world and includes at least ten mini-hotspot of 
animal, plant and landscape diversity (Blasi et al., 2007). It is well known that Italy shows an 
extraordinary richness in species, communities and landscapes, the significance and state of 
conservation of this biological diversity is self-evident (Bianchi et al., 2002; Minelli et al., 
2002). The position of the Central Mediterranean Ecoregion makes this landscape a 
remarkable reservoir of biodiversity. As a mere example, in the Region of Latium, a 
landscape of just 17,227 km2, 5.7% of the Italian political territory, 3228 species and 
subspecies of vascular plants (2000 only in the Province of Rome) were recorded together 
with some 70 terrestrial mammals, 23 of which are bats (Chiroptera) out of 34 species of bats 
of four families belonging to the Italian fauna (Crucitti, 2011; Veith et al., 2011). Amphibians 
and Reptiles are represented in the Italian territories considered as a biogeographical unit 
(mainland and peninsular Italy, Sicily, Sardinia, Corsica and related archipelagos; besides, 
the Nice area, Canton Ticino, Istria, Quarnaro Islands and neighbouring Dalmatian coastal 
area; finally, the Maltese Islands) by some 100 species and species complex (Bologna et al., 
2000; Sindaco et al., 2006; Lanza et al., 2007; Corsetti & Romano, 2008; Bassu et al., 2008, 
2010; Corti et al., 2011: Luiselli, in verbis VIII.2011) (Tab. 1). More generally, Sardinia and 
Corsica, among the largest islands in the Tyrrhenian Sea, are known to harbour a 
comparatively high number of endemic species among different taxa, both animals and 
plants (Grill et al., 2007); recent results of researches in Pipistrellus and Hypsugo cryptic 
diversity highlight the importance of Sardinia as a major Mediterranean hotspot for 
microbat biodiversity (Veith et al., 2011). 
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                          Area 
Taxon 

I T A L Y Central  Italy Sardinia 

AMPHIBIA 43 (20 + 23) 16 (7 + 9) 10 (6 + 4) (8) 
REPTILIA 55 (9 + 27 + 19) 24 (7 + 7 + 10) 20 (6 + 9 + 5) (4) 

Table 1. Total numbers, outside parentheses, of Amphibia and Reptilia species in the Italian 
fauna. Amphibia: the first and second number (inside parentheses) indicates species and 
species complex of Caudata and Anura, respectively. Reptilia: the first, second and third 
number (inside parentheses) indicate the species of Chelonii, Sauria and Serpentes, 
respectively.  Sardinia: numbers inside the second parentheses indicate the endemic species 
for each taxon. 

3. Current methodological problems 
For the goal of this contribution, Central Italy and Sardinia, belonging to the Central 
Mediterranean Ecoregion, have been selected as paradigmatic areas, a by-product of our 
specific interest and field experience. Several methods are available to provide suitable data 
in the study of vertebrate phenology, especially ectothermic ones, commonly related to the 
problems investigated in a given research. Some remarkable kinds of methodological 
approaches as emerging from current literature in the topics mentioned in the previous 
paragraph are uninterruptedly discussed. 

i. Field studies on the reproductive phenology during the annual cycle of a given species 
in relation to its ecology, particularly population dynamics, sex ratio, average growth 
rate etc. in other words the study of the influence of environmental conditions on adult 
body size and other biological parameters. In this field of investigation, particularly 
intriguing are the numerous cases represented by newt populations living at persistent 
vs. temporary ponds, i.e. in a predictable / unpredictable environments which require 
different, counterintuitive, life strategies. In this context, experimental drawings 
generally require the following steps: 
a. the choice of the species;  
b. the choice of the study area and sites with a concise physiographical description; 
c. the collection of data on the (local) climate, e.g. mean of the minimum air 

temperature and mean rainfall, recorded monthly during the whole period of 
observations;  

d. the recurrence (monthly, weekly) of catching individuals and correlated methods of 
recognition such as belly-pattern recorded photographically and toe-clipping 
marking (less invasive methods are desirable though recent observations agree 
with the absence of secondary effects provoked by the removal of a single finger 
from one leg (see Sacchi & Delaugerre, 2011 for the Gekkonidae Hemidactylus 
turcicus (Linnaeus, 1758)) including sex and secondary sexual characters together 
with biometrical data;  

e. the adoption of suitable indexes to derive the absolute size of population and its 
dynamic - variation of size through time, generally one year (Accordi et al., 1990; 
Angelini et al., 2001, 2010 a, b).  
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and behaviour; yearly biological cycles; geographical distribution; composition of ecological 
communities including interactions between species (Nanni et al., 2009). At the global level, 
the imminent extinction emergency of Amphibia is a tribute to a number of additional 
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2. Amphibians and reptiles in the central mediterranean ecoregion 
Climate. It appears as a petitio principi that a large part of the Mediterranean area is 
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of northern Italy (Lionello et al., 2009). The Sardinian climate especially due to the position 
of this island in the Tyrrhenian Sea, overlapping with its typical mountainous territory. 
However, desertification, as pointed out by aridity and drought indexes, shows for Sardinia 
an 88.7% of the regional surface (Sicily 95%; Apulia 72%); for the Italian territory, 
desertification increases 6.5% between 1951 and 1980, at present being about 18% of the 
whole surface of Italy (Sciortino et al., 2009).  

Biodiversity. The Mediterranean Basin, a hyper-hotspot of biodiversity, is the largest among 
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animal, plant and landscape diversity (Blasi et al., 2007). It is well known that Italy shows an 
extraordinary richness in species, communities and landscapes, the significance and state of 
conservation of this biological diversity is self-evident (Bianchi et al., 2002; Minelli et al., 
2002). The position of the Central Mediterranean Ecoregion makes this landscape a 
remarkable reservoir of biodiversity. As a mere example, in the Region of Latium, a 
landscape of just 17,227 km2, 5.7% of the Italian political territory, 3228 species and 
subspecies of vascular plants (2000 only in the Province of Rome) were recorded together 
with some 70 terrestrial mammals, 23 of which are bats (Chiroptera) out of 34 species of bats 
of four families belonging to the Italian fauna (Crucitti, 2011; Veith et al., 2011). Amphibians 
and Reptiles are represented in the Italian territories considered as a biogeographical unit 
(mainland and peninsular Italy, Sicily, Sardinia, Corsica and related archipelagos; besides, 
the Nice area, Canton Ticino, Istria, Quarnaro Islands and neighbouring Dalmatian coastal 
area; finally, the Maltese Islands) by some 100 species and species complex (Bologna et al., 
2000; Sindaco et al., 2006; Lanza et al., 2007; Corsetti & Romano, 2008; Bassu et al., 2008, 
2010; Corti et al., 2011: Luiselli, in verbis VIII.2011) (Tab. 1). More generally, Sardinia and 
Corsica, among the largest islands in the Tyrrhenian Sea, are known to harbour a 
comparatively high number of endemic species among different taxa, both animals and 
plants (Grill et al., 2007); recent results of researches in Pipistrellus and Hypsugo cryptic 
diversity highlight the importance of Sardinia as a major Mediterranean hotspot for 
microbat biodiversity (Veith et al., 2011). 
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                          Area 
Taxon 

I T A L Y Central  Italy Sardinia 

AMPHIBIA 43 (20 + 23) 16 (7 + 9) 10 (6 + 4) (8) 
REPTILIA 55 (9 + 27 + 19) 24 (7 + 7 + 10) 20 (6 + 9 + 5) (4) 

Table 1. Total numbers, outside parentheses, of Amphibia and Reptilia species in the Italian 
fauna. Amphibia: the first and second number (inside parentheses) indicates species and 
species complex of Caudata and Anura, respectively. Reptilia: the first, second and third 
number (inside parentheses) indicate the species of Chelonii, Sauria and Serpentes, 
respectively.  Sardinia: numbers inside the second parentheses indicate the endemic species 
for each taxon. 

3. Current methodological problems 
For the goal of this contribution, Central Italy and Sardinia, belonging to the Central 
Mediterranean Ecoregion, have been selected as paradigmatic areas, a by-product of our 
specific interest and field experience. Several methods are available to provide suitable data 
in the study of vertebrate phenology, especially ectothermic ones, commonly related to the 
problems investigated in a given research. Some remarkable kinds of methodological 
approaches as emerging from current literature in the topics mentioned in the previous 
paragraph are uninterruptedly discussed. 

i. Field studies on the reproductive phenology during the annual cycle of a given species 
in relation to its ecology, particularly population dynamics, sex ratio, average growth 
rate etc. in other words the study of the influence of environmental conditions on adult 
body size and other biological parameters. In this field of investigation, particularly 
intriguing are the numerous cases represented by newt populations living at persistent 
vs. temporary ponds, i.e. in a predictable / unpredictable environments which require 
different, counterintuitive, life strategies. In this context, experimental drawings 
generally require the following steps: 
a. the choice of the species;  
b. the choice of the study area and sites with a concise physiographical description; 
c. the collection of data on the (local) climate, e.g. mean of the minimum air 

temperature and mean rainfall, recorded monthly during the whole period of 
observations;  

d. the recurrence (monthly, weekly) of catching individuals and correlated methods of 
recognition such as belly-pattern recorded photographically and toe-clipping 
marking (less invasive methods are desirable though recent observations agree 
with the absence of secondary effects provoked by the removal of a single finger 
from one leg (see Sacchi & Delaugerre, 2011 for the Gekkonidae Hemidactylus 
turcicus (Linnaeus, 1758)) including sex and secondary sexual characters together 
with biometrical data;  

e. the adoption of suitable indexes to derive the absolute size of population and its 
dynamic - variation of size through time, generally one year (Accordi et al., 1990; 
Angelini et al., 2001, 2010 a, b).  
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ii. Topical issues in Amphibians. The detrimental role of climate change by itself or in 
association with other anthropogenic stressors - structural modifications of native 
habitat, pollutant releases, emerging infectious diseases, invasive species, over-
exploitation - as the main causes of amphibian populations’ decline in Europe and 
elsewhere, has been pointed out. Evidence of climate-linked amphibian declines in Italy 
has been highlighted, first adopting for the presence data of Italian amphibians, the 
CKmap 5.3.8 software, the largest and most authoritative databank of faunistic 
knowledge of the Italian fauna, 500,000 records of approximately 10,000 terrestrial and 
freshwater species (Stoch, 2000-2005; Ruffo & Stoch, 2005). The CKmap database 
contains 12,585 records representing the current knowledge of the distribution in Italy 
of the 36 amphibian species of the Italian fauna. Species occurrence within any of the 
3557 cells of UTM grid, 10x10 km, that intersect the Italian territory is reported; in each 
cell one single record is reported. Ancillary information, e.g. the year of last observation 
is provided for each cell. Nineteen species, out of which 12 Anura and 7 Caudata 
(salamandrids), have been analyzed according to their present status (D’Amen & 
Bombi, 2009). Environmental data, i.e. climate change, habitat alteration and solar 
irradiation incidence have been analyzed for the Italian territories in their possible 
association with amphibians declines. SCIA databank, the National System for 
collection, elaboration, and dissemination of Climatologic data of environmental 
interest, provides annual mean values of annual number of dry days, annual cumulate 
precipitation, and annual mean temperature for the period 1961-1990. Habitat 
modifications was obtained by calculating the percentage of agricultural and urban 
land cover classes (Corine Land Cover 1990 data, provided by the Institute for 
Environmental Protection and Research, ISPRA). Finally, the map of horizontal 
irradiation available from Joint Research Centre has been utilized as a proxy of 
geographic differences in solar irradiation incidence relative to the period 1981 - 1990. 
In order to measure the influence of these three variables on amphibians’ decline, auto 
covariate models on cell status with a binomial probability distribution (“stable” = 0; 
“decline” = 1) have been fitted together with a logit link utilizing environmental 
variables as predictors. Results reveal an alarming situation. The status of “decline” was 
assigned to 17.04% cells, the status of “stable” to 82.96% cells. A large fraction of 
amphibian species (52.63%) had 15-20% decline cells. Five species with the highest rate 
of local decline RLD (“decline” / ”stable” + “decline”), Pelobates fuscus (Laurenti, 1768), 
Bombina pachypus (Bonaparte, 1838), Discoglossus pictus Otth, 1837, Salamandra atra 
Laurenti, 1768 and Triturus carnifex have RLD 54.35, 37.54, 32.08, 23.33 and 20.31 
respectively, while the lowest RLD’ values are typical of some, yet relatively common 
species, the green frogs Pelophylax spp. (D’Amen & Bombi, 2009). The complex influence 
of several factors associated with amphibian population declines has been 
demonstrated thanks to these results. Important evidence of global warming’s impacts - 
climatic shifts e.g. the decreasing annual precipitation and increasing temperatures 
during the warmest months - and its interaction with diseases, for example increased 
susceptibility to chytrid fungi (Simoncelli et al., 2005), have a strong impacts on 
amphibians populations, in association with habitat loss too. Human land use patterns, 
particularly changes linked to urbanization, have substantially contributed to 
amphibian declines in Italy (Andreone & Luiselli, 2000). Finally, irradiation, though 
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probably not a direct cause of mortality, may have an important role in association with 
other stressors; the increase in sub-lethal exposures of UV-B radiation and its link with 
the susceptibility to contaminants and pathogens is paradigmatic (D’Amen & Bombi, 
2009).  

iii. Topical issues in Reptiles. A meaningful example of methodological protocol applied to 
chelonians, is a recent study on seasonal changes of the diet in Hermann’s Tortoises 
Testudo hermanni hermanni Gmelin, 1789, a threatened species (NT according to the Red 
List of IUCN). T. h. hermanni is a relatively small (800-1000 g on average) terrestrial 
turtles of the family Testudinidae, endemic to Southern Europe. Terrestrial chelonians 
mostly belonging to the widespread family Testudinidae display a generalized 
herbivorous or omnivorous feeding habits contrary to most terrestrial vertebrate 
ectotherms which are exclusively or predominantly carnivorous. Exactly, 66% of 
terrestrial chelonians are strictly herbivorous, 33% are omnivorous (but many are also 
primarily herbivorous) and only one species, Terrapene carolina (Linnaeus, 1758), is 
predominantly carnivorous (Luiselli, 2006 a, b). T. h. hermanni occupies a wide range of 
dry sites along coastal areas of Western Central Italy where it is markedly linked to 
maquis habitat. Phylopatry together with a detailed knowledge of their home ranges 
based on vegetation and other landmarks is a peculiar trait of their life history. To 
understand the habitat requirements is strategic, since this tortoise is declining in most 
part of its range. At least 132 plant species belonging to 46 families, mainly Asteraceae 
and Fabaceae, are eaten by Hermann’s Tortoise (Cheylan et al., 2011). Field studies have 
been conducted in the coastal pine forest of Castelfusano near Roma, Central Italy, with 
the aid of faecal-pellet analysis to determine intersexual and interseasonal variation in 
the diet of this free-ranging population. A third goal of this study is the identification of 
the most important food plants for this species, discovering any plant species that might 
be rare but important diet items, their relative abundance being critical to tortoise 
conservation. The diet of T. h. hermanni has been quantified by analyzing faecal pellets 
collected during spring and autumn. Tortoises typically defecated during capture and 
manipulation; on the contrary, individuals may be placed in small cages without any 
vegetation until defecation occurs, up to 48 h later in some instances; after, they were 
released at their capture points. The analysis of faecal pellets, placed in 50% ethanol-
water solution and stored in plastic vials, is described in detail by Del Vecchio et al. 
(2011). At the same time, plant sampling at the study area has been performed from 
April to June, and the relative abundance of each plant species has been estimated. 
Leaves were the most commonly consumed plant structure contrary to seeds and fruits 
(Del Vecchio et al., 2011). During spring the most important families were Fabaceae, 
Asteraceae and Poaceae, in autumn Ruscaceae, Fabaceae and Asteraceae; at least 21 
plant species were found in males faecal pellets and 18 in females, the composition of 
the diets in the two sexes being similar both qualitatively and quantitatively. 
Interseasonal differences in diets reveal interesting pattern; diet composition differs 
remarkably among seasons, notwithstanding the quantitative compositions of the diet, 
as revealed by the frequency of consumption of the various food items, were not 
significantly different between spring and autumn. Carduus, Medicago, Melilotus, 
Trifolium with some undetermined species of Leguminosae were consumed in spring 
but not in autumn, contrary to Ruscus which was consumed during autumn but never 
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ii. Topical issues in Amphibians. The detrimental role of climate change by itself or in 
association with other anthropogenic stressors - structural modifications of native 
habitat, pollutant releases, emerging infectious diseases, invasive species, over-
exploitation - as the main causes of amphibian populations’ decline in Europe and 
elsewhere, has been pointed out. Evidence of climate-linked amphibian declines in Italy 
has been highlighted, first adopting for the presence data of Italian amphibians, the 
CKmap 5.3.8 software, the largest and most authoritative databank of faunistic 
knowledge of the Italian fauna, 500,000 records of approximately 10,000 terrestrial and 
freshwater species (Stoch, 2000-2005; Ruffo & Stoch, 2005). The CKmap database 
contains 12,585 records representing the current knowledge of the distribution in Italy 
of the 36 amphibian species of the Italian fauna. Species occurrence within any of the 
3557 cells of UTM grid, 10x10 km, that intersect the Italian territory is reported; in each 
cell one single record is reported. Ancillary information, e.g. the year of last observation 
is provided for each cell. Nineteen species, out of which 12 Anura and 7 Caudata 
(salamandrids), have been analyzed according to their present status (D’Amen & 
Bombi, 2009). Environmental data, i.e. climate change, habitat alteration and solar 
irradiation incidence have been analyzed for the Italian territories in their possible 
association with amphibians declines. SCIA databank, the National System for 
collection, elaboration, and dissemination of Climatologic data of environmental 
interest, provides annual mean values of annual number of dry days, annual cumulate 
precipitation, and annual mean temperature for the period 1961-1990. Habitat 
modifications was obtained by calculating the percentage of agricultural and urban 
land cover classes (Corine Land Cover 1990 data, provided by the Institute for 
Environmental Protection and Research, ISPRA). Finally, the map of horizontal 
irradiation available from Joint Research Centre has been utilized as a proxy of 
geographic differences in solar irradiation incidence relative to the period 1981 - 1990. 
In order to measure the influence of these three variables on amphibians’ decline, auto 
covariate models on cell status with a binomial probability distribution (“stable” = 0; 
“decline” = 1) have been fitted together with a logit link utilizing environmental 
variables as predictors. Results reveal an alarming situation. The status of “decline” was 
assigned to 17.04% cells, the status of “stable” to 82.96% cells. A large fraction of 
amphibian species (52.63%) had 15-20% decline cells. Five species with the highest rate 
of local decline RLD (“decline” / ”stable” + “decline”), Pelobates fuscus (Laurenti, 1768), 
Bombina pachypus (Bonaparte, 1838), Discoglossus pictus Otth, 1837, Salamandra atra 
Laurenti, 1768 and Triturus carnifex have RLD 54.35, 37.54, 32.08, 23.33 and 20.31 
respectively, while the lowest RLD’ values are typical of some, yet relatively common 
species, the green frogs Pelophylax spp. (D’Amen & Bombi, 2009). The complex influence 
of several factors associated with amphibian population declines has been 
demonstrated thanks to these results. Important evidence of global warming’s impacts - 
climatic shifts e.g. the decreasing annual precipitation and increasing temperatures 
during the warmest months - and its interaction with diseases, for example increased 
susceptibility to chytrid fungi (Simoncelli et al., 2005), have a strong impacts on 
amphibians populations, in association with habitat loss too. Human land use patterns, 
particularly changes linked to urbanization, have substantially contributed to 
amphibian declines in Italy (Andreone & Luiselli, 2000). Finally, irradiation, though 
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probably not a direct cause of mortality, may have an important role in association with 
other stressors; the increase in sub-lethal exposures of UV-B radiation and its link with 
the susceptibility to contaminants and pathogens is paradigmatic (D’Amen & Bombi, 
2009).  

iii. Topical issues in Reptiles. A meaningful example of methodological protocol applied to 
chelonians, is a recent study on seasonal changes of the diet in Hermann’s Tortoises 
Testudo hermanni hermanni Gmelin, 1789, a threatened species (NT according to the Red 
List of IUCN). T. h. hermanni is a relatively small (800-1000 g on average) terrestrial 
turtles of the family Testudinidae, endemic to Southern Europe. Terrestrial chelonians 
mostly belonging to the widespread family Testudinidae display a generalized 
herbivorous or omnivorous feeding habits contrary to most terrestrial vertebrate 
ectotherms which are exclusively or predominantly carnivorous. Exactly, 66% of 
terrestrial chelonians are strictly herbivorous, 33% are omnivorous (but many are also 
primarily herbivorous) and only one species, Terrapene carolina (Linnaeus, 1758), is 
predominantly carnivorous (Luiselli, 2006 a, b). T. h. hermanni occupies a wide range of 
dry sites along coastal areas of Western Central Italy where it is markedly linked to 
maquis habitat. Phylopatry together with a detailed knowledge of their home ranges 
based on vegetation and other landmarks is a peculiar trait of their life history. To 
understand the habitat requirements is strategic, since this tortoise is declining in most 
part of its range. At least 132 plant species belonging to 46 families, mainly Asteraceae 
and Fabaceae, are eaten by Hermann’s Tortoise (Cheylan et al., 2011). Field studies have 
been conducted in the coastal pine forest of Castelfusano near Roma, Central Italy, with 
the aid of faecal-pellet analysis to determine intersexual and interseasonal variation in 
the diet of this free-ranging population. A third goal of this study is the identification of 
the most important food plants for this species, discovering any plant species that might 
be rare but important diet items, their relative abundance being critical to tortoise 
conservation. The diet of T. h. hermanni has been quantified by analyzing faecal pellets 
collected during spring and autumn. Tortoises typically defecated during capture and 
manipulation; on the contrary, individuals may be placed in small cages without any 
vegetation until defecation occurs, up to 48 h later in some instances; after, they were 
released at their capture points. The analysis of faecal pellets, placed in 50% ethanol-
water solution and stored in plastic vials, is described in detail by Del Vecchio et al. 
(2011). At the same time, plant sampling at the study area has been performed from 
April to June, and the relative abundance of each plant species has been estimated. 
Leaves were the most commonly consumed plant structure contrary to seeds and fruits 
(Del Vecchio et al., 2011). During spring the most important families were Fabaceae, 
Asteraceae and Poaceae, in autumn Ruscaceae, Fabaceae and Asteraceae; at least 21 
plant species were found in males faecal pellets and 18 in females, the composition of 
the diets in the two sexes being similar both qualitatively and quantitatively. 
Interseasonal differences in diets reveal interesting pattern; diet composition differs 
remarkably among seasons, notwithstanding the quantitative compositions of the diet, 
as revealed by the frequency of consumption of the various food items, were not 
significantly different between spring and autumn. Carduus, Medicago, Melilotus, 
Trifolium with some undetermined species of Leguminosae were consumed in spring 
but not in autumn, contrary to Ruscus which was consumed during autumn but never 
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during springtime. Abundances of food availability in the field were strongly uneven, 
some taxa are extremely abundant e.g. Coronilla emerus, Ruscus aculeatus and Smilax 
aspera and others extremely rare, e.g. Rosa sempervirens and some Papaveraceae. Five 
main patterns have been focused; 1 - in the study area, T. h. hermanni is entirely 
herbivorous; 2 - during spring, leaves are consumed more than flowers or fruits; 3 - the 
sexes do not differ significantly in dietary composition; 4 - dietary composition of 
spring has been found significantly different from that of autumn, thus indicating a 
seasonal change in diet (fruits of some species, e.g. Arbutus unedo, are available in 
November-December, too late in the season); 5 - tortoises are mostly generalist, the 
relative abundance of the eaten species is generally higher than that of the species that 
were not eaten, the foraging strategy of T. hermanni is a mixture between a generalist 
and a specialist forager. Plants which are preferred because they provide important 
nutrients or other dietary needs should be carefully managed for the maintenance of 
this declining species (Del Vecchio et al., 2011). More generally, the genus Testudo is a 
group of conservation concern - highly vulnerable as a result of habitat destruction, 
commercial exploitation and overharvesting for food.  

An other example of appropriate methodological protocol has been recently applied to the 
endangered species Hemorrhois (= Coluber) hippocrepis (Linnaeus, 1758), the horseshoe whip 
snake, a medium sized (up to 180 cm in length) quick-running terrestrial Colubridae, which 
actively forages on lizards and mice. The Italian distribution of this snake is limited to 
Pantelleria island, south of Sicily, and Sardinia, nearly only in the south-western portion of 
the island. The morphology of the specimens from both the Pantelleria and Sardinia was 
found to be different from that of mainland conspecific populations from Iberian Peninsula 
and North Africa, suggesting their indigenous origin (Cattaneo, 1985; Corti et al., 2000; 
Luiselli et al., 2010). In Sardinia, H. hippocrepis is so rare and localized that this snake was 
considered to be extinct in 1960. Notwithstanding its occurrence on the island was 
repeatedly confirmed in recent years, the Sardinian populations have been regarded among 
the most critically endangered in Europe, this species representing an absolute priority for 
biodiversity conservation in Italy, low population density, competition with the western 
whip snake Hierophis (= Coluber) viridiflavus (Lacépède, 1789) and fragmentation of available 
habitats representing the major threats to its survival (Corti et al., 2000; Filippi & Luiselli, 
2000; Luiselli et al., 2010). A goal of pressing realization is planning helpful instruments for 
the short- and long-term conservation of H. hippocrepis in Sardinia. First, habitat suitability 
of the horseshoe whip snake in Sardinia under current environmental conditions has been 
modelled; the species ecological requirements is projected in future climatic scenarios in 
order to evaluate the probability of persistence of the species in the study area. Presence 
data have been derived from CKmap databank. Data indicates the occurrence of the species 
within the UTM, 10 x 10 km, grid. Downscaling coarse resolution atlas data is necessary for 
gaining the spatial accuracy required by conservation initiatives, so 1000 random points all 
across the study area have been generated and a binary code (0/1) has been assigned to the 
random points according to their relative location, outside (0) or within (1) the range of H. 
hippocrepis. Environmental predictors - land cover, land morphology and human impact 
layers - in addition to climatic predictors, have been considered in order to take into account 
as many aspects of the species environmental requirements as possible. Two different time 
slices, 2020 and 2050, were utilized for projecting habitat suitability into future climate and, 
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in addition, percentage of 5 different Corine Land Cover classes in 30 arcsec squares were 
calculated. Land morphology descriptors were represented by using four variables such as 
elevation, slope, northness and eastness. The Human Impact Index for representing the 
human impact on environment with a spatial resolution of 1 km, has been utilized. Finally, 
five different methods, CTA, GBM, GLM, MARS and RF for modelling habitat suitability 
have been performed; the models fitted on current conditions were projected into future 
climatic scenarios. Four retaining models agree in considering suitable, under present 
conditions, large areas of south-western Sardinia, nevertheless they evidenced an alarming 
trend for H. hippocrepis conservation. All but four squares currently occupied by the snake 
are expected to lose completely their suitability within 2020 and other two squares became 
totally unsuitable within 2050. The consensus maps indicate a reduction of 86.2% in suitable 
surface by 2020 and a collapse of 99.2% by 2050, i.e. to survive in one protected area only, 
disappearing completely from the other protected areas of the Province of Cagliari. Results 
demonstrate that climate change must be considered one of the most immediately 
threatening factor. The only area that is expected to maintain suitable conditions for H. 
hippocrepis under future climate change must be considered as a crucial refuge; this is the 
case of the site of Community Importance named “Stagno di Cagliari, Saline di 
Macchiareddu, Laguna di Santa Gilla” although in this site the species is uncommon - 
especially with respect to the sinthopic one Hierophis viridiflavus. Most of the sites inhabited 
by H. hippocrepis are strongly anthropized - sea-side tourism areas with busy roads. 
However, connectivity among source areas is crucial for conservation of this snake. 
According to this view the systems of natural corridors connecting various sites of actual 
presence of the species should be implemented and constantly monitored together with 
restoration of microhabitats and construction of drinking places and laying sites, 
strategically important for guarantying the persistence of this attractive species (Bombi et 
al., 2011). 

4. Some remarkable case studies in amphibia 
A selection of recent Italian literature on this topic is provided. The genus Euproctus 
includes, at present, two species, E. montanus (Savi, 1838), a Corsican endemism, and E. 
platycephalus (Gravenhorst, 1829), a Sardinian endemism. Suitable habitats of these newts are 
the cool and calm waters of streams and rivers (Sardinian species; ponds and pools too) of 
hilly and mountainous areas. Adults life-cycles is generally characterized by the existence of 
terrestrial and aquatic phases; the Corsican species may be found in water from March to 
September, the Sardinian during summer. Contrary to E. montanus, the present 
distributional area of E. platicephalus is extremely reduced with respect to the past. E. 
platicephalus is considered as endangered (EN) based on IUCN categories; according to some 
authors it is, among European newts, the most endangered species. So, this species is a 
priority for biodiversity conservation in Italy. One of the major threats to the survival of its 
populations is considered the strong dryness of the last decades and the fragmentation / 
disappearance of streams, especially during summer. Different altitudinal and optimum 
ranges of both species indirectly suggests for the Sardinian species a problematic destiny 
concerning its survival (Andreone & Luiselli, 2000; Lecis, 2004, 2007) (Tab. 2). Serious 
consequences for conservation and management often came out from the overlapping 
between anthropogenic factors and eco-ethological constraints of species and environment. 
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during springtime. Abundances of food availability in the field were strongly uneven, 
some taxa are extremely abundant e.g. Coronilla emerus, Ruscus aculeatus and Smilax 
aspera and others extremely rare, e.g. Rosa sempervirens and some Papaveraceae. Five 
main patterns have been focused; 1 - in the study area, T. h. hermanni is entirely 
herbivorous; 2 - during spring, leaves are consumed more than flowers or fruits; 3 - the 
sexes do not differ significantly in dietary composition; 4 - dietary composition of 
spring has been found significantly different from that of autumn, thus indicating a 
seasonal change in diet (fruits of some species, e.g. Arbutus unedo, are available in 
November-December, too late in the season); 5 - tortoises are mostly generalist, the 
relative abundance of the eaten species is generally higher than that of the species that 
were not eaten, the foraging strategy of T. hermanni is a mixture between a generalist 
and a specialist forager. Plants which are preferred because they provide important 
nutrients or other dietary needs should be carefully managed for the maintenance of 
this declining species (Del Vecchio et al., 2011). More generally, the genus Testudo is a 
group of conservation concern - highly vulnerable as a result of habitat destruction, 
commercial exploitation and overharvesting for food.  

An other example of appropriate methodological protocol has been recently applied to the 
endangered species Hemorrhois (= Coluber) hippocrepis (Linnaeus, 1758), the horseshoe whip 
snake, a medium sized (up to 180 cm in length) quick-running terrestrial Colubridae, which 
actively forages on lizards and mice. The Italian distribution of this snake is limited to 
Pantelleria island, south of Sicily, and Sardinia, nearly only in the south-western portion of 
the island. The morphology of the specimens from both the Pantelleria and Sardinia was 
found to be different from that of mainland conspecific populations from Iberian Peninsula 
and North Africa, suggesting their indigenous origin (Cattaneo, 1985; Corti et al., 2000; 
Luiselli et al., 2010). In Sardinia, H. hippocrepis is so rare and localized that this snake was 
considered to be extinct in 1960. Notwithstanding its occurrence on the island was 
repeatedly confirmed in recent years, the Sardinian populations have been regarded among 
the most critically endangered in Europe, this species representing an absolute priority for 
biodiversity conservation in Italy, low population density, competition with the western 
whip snake Hierophis (= Coluber) viridiflavus (Lacépède, 1789) and fragmentation of available 
habitats representing the major threats to its survival (Corti et al., 2000; Filippi & Luiselli, 
2000; Luiselli et al., 2010). A goal of pressing realization is planning helpful instruments for 
the short- and long-term conservation of H. hippocrepis in Sardinia. First, habitat suitability 
of the horseshoe whip snake in Sardinia under current environmental conditions has been 
modelled; the species ecological requirements is projected in future climatic scenarios in 
order to evaluate the probability of persistence of the species in the study area. Presence 
data have been derived from CKmap databank. Data indicates the occurrence of the species 
within the UTM, 10 x 10 km, grid. Downscaling coarse resolution atlas data is necessary for 
gaining the spatial accuracy required by conservation initiatives, so 1000 random points all 
across the study area have been generated and a binary code (0/1) has been assigned to the 
random points according to their relative location, outside (0) or within (1) the range of H. 
hippocrepis. Environmental predictors - land cover, land morphology and human impact 
layers - in addition to climatic predictors, have been considered in order to take into account 
as many aspects of the species environmental requirements as possible. Two different time 
slices, 2020 and 2050, were utilized for projecting habitat suitability into future climate and, 
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in addition, percentage of 5 different Corine Land Cover classes in 30 arcsec squares were 
calculated. Land morphology descriptors were represented by using four variables such as 
elevation, slope, northness and eastness. The Human Impact Index for representing the 
human impact on environment with a spatial resolution of 1 km, has been utilized. Finally, 
five different methods, CTA, GBM, GLM, MARS and RF for modelling habitat suitability 
have been performed; the models fitted on current conditions were projected into future 
climatic scenarios. Four retaining models agree in considering suitable, under present 
conditions, large areas of south-western Sardinia, nevertheless they evidenced an alarming 
trend for H. hippocrepis conservation. All but four squares currently occupied by the snake 
are expected to lose completely their suitability within 2020 and other two squares became 
totally unsuitable within 2050. The consensus maps indicate a reduction of 86.2% in suitable 
surface by 2020 and a collapse of 99.2% by 2050, i.e. to survive in one protected area only, 
disappearing completely from the other protected areas of the Province of Cagliari. Results 
demonstrate that climate change must be considered one of the most immediately 
threatening factor. The only area that is expected to maintain suitable conditions for H. 
hippocrepis under future climate change must be considered as a crucial refuge; this is the 
case of the site of Community Importance named “Stagno di Cagliari, Saline di 
Macchiareddu, Laguna di Santa Gilla” although in this site the species is uncommon - 
especially with respect to the sinthopic one Hierophis viridiflavus. Most of the sites inhabited 
by H. hippocrepis are strongly anthropized - sea-side tourism areas with busy roads. 
However, connectivity among source areas is crucial for conservation of this snake. 
According to this view the systems of natural corridors connecting various sites of actual 
presence of the species should be implemented and constantly monitored together with 
restoration of microhabitats and construction of drinking places and laying sites, 
strategically important for guarantying the persistence of this attractive species (Bombi et 
al., 2011). 

4. Some remarkable case studies in amphibia 
A selection of recent Italian literature on this topic is provided. The genus Euproctus 
includes, at present, two species, E. montanus (Savi, 1838), a Corsican endemism, and E. 
platycephalus (Gravenhorst, 1829), a Sardinian endemism. Suitable habitats of these newts are 
the cool and calm waters of streams and rivers (Sardinian species; ponds and pools too) of 
hilly and mountainous areas. Adults life-cycles is generally characterized by the existence of 
terrestrial and aquatic phases; the Corsican species may be found in water from March to 
September, the Sardinian during summer. Contrary to E. montanus, the present 
distributional area of E. platicephalus is extremely reduced with respect to the past. E. 
platicephalus is considered as endangered (EN) based on IUCN categories; according to some 
authors it is, among European newts, the most endangered species. So, this species is a 
priority for biodiversity conservation in Italy. One of the major threats to the survival of its 
populations is considered the strong dryness of the last decades and the fragmentation / 
disappearance of streams, especially during summer. Different altitudinal and optimum 
ranges of both species indirectly suggests for the Sardinian species a problematic destiny 
concerning its survival (Andreone & Luiselli, 2000; Lecis, 2004, 2007) (Tab. 2). Serious 
consequences for conservation and management often came out from the overlapping 
between anthropogenic factors and eco-ethological constraints of species and environment. 
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Shifting of habitat suitability with climate change could led to population declines for 
species that are unable to move to new appropriate conditions (Thomas et al., 2004; Araújo 
et al., 2006; D’Amen & Bombi, 2009). 
 

Species Total altitudinal range Optimal altitudinal range 
Euproctus platicephalus 50 - 1800 400 - 800 

Euproctus montanus 15 - 2200 700 - 1900 

Table 2. Total and optimal altitudinal range (m a.s.l.) for each species of Euproctus of the 
Sardinian - Corsican Massif 

Salamandra salamandra (Linnaeus, 1758) is the largest Italian newt with a body length up to 
28 cm in Southern Europe. This species occurs mainly in hilly and mountainous areas of the 
Alpine Arch and the Apennine system, from about the sea level to 1800 m a.s.l., preferably 
between piedmont areas to about 1000 m a.s.l. with a relatively unbroken distribution in 
mainland Italy - with the exception for the Po Valley - and Calabria; its scattered distribution 
along the remnants of Italian territories, especially the Central Apennine, is a debated 
question (see for instance Caldonazzi et al., 2007). S. salamandra occurs mostly in beech, 
chestnut and oak woods. Adults, strictly terrestrial, are active during the whole year under 
favourable meteorological conditions. The distribution of S. salamandra along the Northern 
and Central Apennines corroborates the hypothesis of a strong dependence from rainfall, 
mostly mesophilous sites are inside the area with over 1,000 mm / year of precipitation 
(Tedaldi, 2001). The species shows a bimodal pattern of activity, courtship and breeding 
occurs on land during spring and autumn time. Female sperm storage lasts over one year. 
Births occur during April and larvae of unusual size are lied down in still water of mountain 
streams; larvae are found at water up to mid October when metamorphosis occurs 
(Caldonazzi et al., 2007). Salamandrina is an endemic genus of peninsular Italy. Two species 
are acknowledged since 2005, S. perspicillata (Savi, 1821) of the Central and Northern 
Apennine, and S. terdigitata (Lacépède, 1788) of the Southern Apennine - a pattern of 
parapatrical distribution (Lanza et al., 2009). S. perspicillata shows a relative continuous 
distribution from the Genoa Province to the whole Latium, from the sea level to over 1900 m 
a.s.l. Mesophilous mixed woods and Mediterranean scrub together with caves, debris, 
pastures, garigues and reforestation areas represents suitable habitats for this, essentially 
terrestrial, species. Generally, only adult females are found inside water - low running 
streams or similar bodies, drinking through, stone wells, entrance of caves (Crucitti et al., 
2010). Eggs deposition during the aquatic phase is few days vs. few weeks long. A bimodal 
activity period has been ascertained in Latium in accordance to oviposition time; from 
September at the onset of January and from February to April, spending unfavourable 
period inside hypogeal environment. Daily terrestrial activity, during day or night-time, is 
between sunset and midnight. During light time, activity occurs in moist days and, in this 
case, shadow sites with litter are preferred (Angelini et al., 2007). Lissotriton italicus (Peracca, 
1898) and Lissotriton vulgaris (Linnaeus, 1758), generally known as “water salamanders”, are 
small newts living, often sintopically, in drinking through, irrigation tanks, pools and ponds 
of hilly and mountainous areas of Central Italy. Reproductive activity of L. italicus is 
observed mostly between February and May, courtship and eggs deposition during autumn 
too. This species shows a typical yearly cycle with multiple pattern of four phases - aquatic, 
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 emigration, terrestrial, immigration. The reproductive activity is especially concentrated 
between December and February. Between the end of September and the beginning of 
November, the majority of newts are still terrestrial; in this period males first enter water, 
where courtship began. Larvae appear during January and their development is completed 
before the beginning of terrestrial phase. Variation of spermatogenetic pattern occurs during 
the whole cycle, for example, during the aquatic phase testis are evident, contrary to the 
terrestrial phase. In summer, newts are active during the first hours of the day and at sunset, 
when the soil is moist. Diet is extremely varied including both terrestrial insects, especially 
at larval stage, and aquatic invertebrates, woodlice of the genus Asellus are included in 
mountain ponds (Scillitani & Tripepi, 2007). Many studies have been carried out on the 
ecology of L. vulgaris especially in Northern and Central Europe. In the last twenty years 
some studies have focused on the ecology of the Italian species Lissotriton meridionalis 
(Boulenger, 1882). The present distribution of Italian newts have been influenced by 
historical factors coupled with climatic conditions such as temperature and rainfall 
(Giacoma, 1988). The annual cycle of a population of this subspecies has been studied at a 
pond, close to the southern limit of its distributional area, inside the “President’s Estate of 
Castelporziano”, few kms south of Rome, one of the last areas of the Tyrrhenian Coast still 
covered by floodplain forest. A particularly dried climate is typical of Castelporziano and 
the long summer drought causes ponds to dry up completely. Average water level 
fluctuates yearly, since water is of rainfall origin. Timing of migration differs significantly 
from that described in other countries, the Central Italy population is present at water from 
November to May, much earlier in comparison with Northern populations of L. vulgaris - in 
England immigration starts in February-March and emigration lasts from July to December. 
The aquatic period is short compared to that of northern populations and activity during the 
summer terrestrial phase is scanty. Temperature has a strong influence on the annual 
reproductive cycle, different water seasons have also been observed in Italy according to 
latitude and altitude of the breeding sites. Immigration and reproduction take place in 
December, as soon as weather conditions are favourable. Emigration lasts from April-May, 
ending before pond desiccation in June. Therefore, summer drought is a limiting factor 
especially for larval survival. The sex ratio is unbalanced because in particularly dry 
conditions few females may reach the pond; males, which are at ponds earlier than females, 
often exceed in breeding populations. The mean body size registered at Castelporziano is 
the smallest among populations of Central and Northern Italy owing to unfavourable 
conditions, typical of coastal and xeric habitats; food consumption is irregular especially 
 

                     Phases 
 

Species   
AQUATIC EMIGRATION TERRESTRIAL IMMIGRATION 

Lissotriton  italicus October - 
May 

June Summer September - 
November 

Lissotriton  
meridionalis 

November - 
April 

April - May Summer December 

Table 3. A prospect of time - dependent phases in the lifecycle of two species of Lissotriton 
from Central Italy 
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Shifting of habitat suitability with climate change could led to population declines for 
species that are unable to move to new appropriate conditions (Thomas et al., 2004; Araújo 
et al., 2006; D’Amen & Bombi, 2009). 
 

Species Total altitudinal range Optimal altitudinal range 
Euproctus platicephalus 50 - 1800 400 - 800 

Euproctus montanus 15 - 2200 700 - 1900 

Table 2. Total and optimal altitudinal range (m a.s.l.) for each species of Euproctus of the 
Sardinian - Corsican Massif 

Salamandra salamandra (Linnaeus, 1758) is the largest Italian newt with a body length up to 
28 cm in Southern Europe. This species occurs mainly in hilly and mountainous areas of the 
Alpine Arch and the Apennine system, from about the sea level to 1800 m a.s.l., preferably 
between piedmont areas to about 1000 m a.s.l. with a relatively unbroken distribution in 
mainland Italy - with the exception for the Po Valley - and Calabria; its scattered distribution 
along the remnants of Italian territories, especially the Central Apennine, is a debated 
question (see for instance Caldonazzi et al., 2007). S. salamandra occurs mostly in beech, 
chestnut and oak woods. Adults, strictly terrestrial, are active during the whole year under 
favourable meteorological conditions. The distribution of S. salamandra along the Northern 
and Central Apennines corroborates the hypothesis of a strong dependence from rainfall, 
mostly mesophilous sites are inside the area with over 1,000 mm / year of precipitation 
(Tedaldi, 2001). The species shows a bimodal pattern of activity, courtship and breeding 
occurs on land during spring and autumn time. Female sperm storage lasts over one year. 
Births occur during April and larvae of unusual size are lied down in still water of mountain 
streams; larvae are found at water up to mid October when metamorphosis occurs 
(Caldonazzi et al., 2007). Salamandrina is an endemic genus of peninsular Italy. Two species 
are acknowledged since 2005, S. perspicillata (Savi, 1821) of the Central and Northern 
Apennine, and S. terdigitata (Lacépède, 1788) of the Southern Apennine - a pattern of 
parapatrical distribution (Lanza et al., 2009). S. perspicillata shows a relative continuous 
distribution from the Genoa Province to the whole Latium, from the sea level to over 1900 m 
a.s.l. Mesophilous mixed woods and Mediterranean scrub together with caves, debris, 
pastures, garigues and reforestation areas represents suitable habitats for this, essentially 
terrestrial, species. Generally, only adult females are found inside water - low running 
streams or similar bodies, drinking through, stone wells, entrance of caves (Crucitti et al., 
2010). Eggs deposition during the aquatic phase is few days vs. few weeks long. A bimodal 
activity period has been ascertained in Latium in accordance to oviposition time; from 
September at the onset of January and from February to April, spending unfavourable 
period inside hypogeal environment. Daily terrestrial activity, during day or night-time, is 
between sunset and midnight. During light time, activity occurs in moist days and, in this 
case, shadow sites with litter are preferred (Angelini et al., 2007). Lissotriton italicus (Peracca, 
1898) and Lissotriton vulgaris (Linnaeus, 1758), generally known as “water salamanders”, are 
small newts living, often sintopically, in drinking through, irrigation tanks, pools and ponds 
of hilly and mountainous areas of Central Italy. Reproductive activity of L. italicus is 
observed mostly between February and May, courtship and eggs deposition during autumn 
too. This species shows a typical yearly cycle with multiple pattern of four phases - aquatic, 
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 emigration, terrestrial, immigration. The reproductive activity is especially concentrated 
between December and February. Between the end of September and the beginning of 
November, the majority of newts are still terrestrial; in this period males first enter water, 
where courtship began. Larvae appear during January and their development is completed 
before the beginning of terrestrial phase. Variation of spermatogenetic pattern occurs during 
the whole cycle, for example, during the aquatic phase testis are evident, contrary to the 
terrestrial phase. In summer, newts are active during the first hours of the day and at sunset, 
when the soil is moist. Diet is extremely varied including both terrestrial insects, especially 
at larval stage, and aquatic invertebrates, woodlice of the genus Asellus are included in 
mountain ponds (Scillitani & Tripepi, 2007). Many studies have been carried out on the 
ecology of L. vulgaris especially in Northern and Central Europe. In the last twenty years 
some studies have focused on the ecology of the Italian species Lissotriton meridionalis 
(Boulenger, 1882). The present distribution of Italian newts have been influenced by 
historical factors coupled with climatic conditions such as temperature and rainfall 
(Giacoma, 1988). The annual cycle of a population of this subspecies has been studied at a 
pond, close to the southern limit of its distributional area, inside the “President’s Estate of 
Castelporziano”, few kms south of Rome, one of the last areas of the Tyrrhenian Coast still 
covered by floodplain forest. A particularly dried climate is typical of Castelporziano and 
the long summer drought causes ponds to dry up completely. Average water level 
fluctuates yearly, since water is of rainfall origin. Timing of migration differs significantly 
from that described in other countries, the Central Italy population is present at water from 
November to May, much earlier in comparison with Northern populations of L. vulgaris - in 
England immigration starts in February-March and emigration lasts from July to December. 
The aquatic period is short compared to that of northern populations and activity during the 
summer terrestrial phase is scanty. Temperature has a strong influence on the annual 
reproductive cycle, different water seasons have also been observed in Italy according to 
latitude and altitude of the breeding sites. Immigration and reproduction take place in 
December, as soon as weather conditions are favourable. Emigration lasts from April-May, 
ending before pond desiccation in June. Therefore, summer drought is a limiting factor 
especially for larval survival. The sex ratio is unbalanced because in particularly dry 
conditions few females may reach the pond; males, which are at ponds earlier than females, 
often exceed in breeding populations. The mean body size registered at Castelporziano is 
the smallest among populations of Central and Northern Italy owing to unfavourable 
conditions, typical of coastal and xeric habitats; food consumption is irregular especially 
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during the terrestrial juvenile phase. Fecundity is size-specific, larger females of L. 
meridionalis lay more and larger eggs that hatch earlier (Accordi et al., 1990). Nearly similar 
patterns have been observed in a population of L. meridionalis living at temporary ponds in 
the “Bosco di Palo”, a WWF Oasis near Rome, characterized by a meso-mediterranean 
climate; mild winter, summer dryness three months long coupled with abundant rainfall 
typical of maritime climate. Mediterranean climate allows to anticipate the eggs layering in 
late fall. Concentration of newts at the water reaches its maximum between February and 
April. Activity pattern during aquatic phase has been ascertained with a maximum of 14-17 
°C and a minimum of 3-6°C (Pizzuti Piccoli, 2006/07) (Tab. 3). 

5. Some remarkable case studies in reptilia 
A selection of recent Italian literature on this topic is provided. Among Gekkonidae, four 
species in Italy, Euleptes europaea (Gené, 1839) is considered Near Threatened (NT), 
particularly the micro insular or satellite populations of Sardinian and Corsican 
Archipelagos. This species shows a nocturnal activity pattern, store up on heat during the 
day better than other species of the family living in the same Corsican habitat, Tarentola 
mauritanica (Linnaeus, 1758) and Hemidactylus turcicus (Salvidio et al., 2011). Tarentola 
mauritanica, one of the commonest species of the family, is active in the first hours of the  
day, during the hottest months and, in the central hours, during the coldest one. 
Thermoregulatory ability has been developed both on islands and mainland - in this last 
situation, a noticeable density of its predators, typically snakes, has been observed. Foraging 
and thermoregulatory activities are carried out on rocky substrata. On the island of 
Lampedusa (Sicily) and during summer, body temperature is positively correlated with air 
temperature. However, a decrease of nocturnal activity has been observed after midnight; 
during the last hour of the day, body temperature shows an increase of about 2° C, 
decreasing in the same way at the beginning of nighttimes. With air temperature below 15° 
C, the activity is low or scanty, however coastal populations of Tuscany (Central Italy) are 
active with air temperatures 8-9° C and rocky substratum 10° C or just upper. Hibernation is 
not evident in the populations of coastal areas of Sicily, their activity is displayed during the 
whole year (Aprea et al., 2011).  Like Gekkonidae, Scincidae is a family of tropical / 
subtropical origin; only three species occur in Italy, Chalcides chalcides (Linnaeus, 1758) being 
the widespread one. This species is active only during the day both in spring and summer; a 
bimodal pattern of activity has been ascertained, during the central hours of the day and the 
first hours of the afternoon. Aestivation occurs in August. Active lizards have been observed 
during winter month too, hot days raging (Caputo et al., 2011 a). Similarly, Chalcides ocellatus 
(Forskål, 1775) is active from April to October, especially from April to June with a peak of 
activity during May. Circadian activity pattern during this period appears unimodal, 
showing a preference for the central and hottest hours of the day; during summer it 
becomes bimodal, being concentrated during the first hours of the morning and in late 
afternoon. Activity pattern becomes again unimodal with a peak during the central time of 
the day in September-October. As a rule, during the second half of October, when thermal 
fluctuations are especially marked, C. ocellatus is at rest at their hibernation roosts. 
Populations of coastal sites show scattered winter activity under particularly favourable 
meteorological conditions. In inland and mountainous areas of Sicily, the phase of 
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dormancy lasts up to March. Reproductive season, together with a marked activity pattern, 
falls between April and May; spermatogenesis is seasonal, spermatogonial proliferation 
occurs in August and spermiohystogenesis in April-May shortly before mating. Gravid 
females are found in Sicily beginning from the second half of May. In southern sites, two or 
three yearly reproductive cycles may be performed (Caputo et al., 2011 b). Archaeolacerta 
bedriagae (Camerano, 1885) is a lizard (Lacertidae) restricted in its distribution to eastern 
Sardinia and Corsica and considered as “Near Threatened”, the extension of crystalline 
rocky outcrop to which its populations are linked, being strategic for its survival; shelters at 
risk are satellite islands or small inland areas. Daily activity has been studied in the 
populations of Corsica between 1750 and 1800 m a.s.l. (however A. bedriagae is not 
exclusively a mountain species as regarded till up to thirty years ago). Activity is marked 
especially during spring time, being constant between 7:00 and 16:00-16:30 hours at sunset. 
Males explain a bimodal pattern of activity with the exception for the central hours of the 
day contrary to adult females which are active in the central hours of the day and at 
afternoon. The species has been observed on the sunny surface of the rocks; 
thermoregulation occurs in the hottest hours of the day too, lizards get out at their shelters 
with clouding over within an hour from passing sun. Average activity temperature is higher 
in A. bedriagae contrary to Podarcis tiliguerta (Gmelin, 1789) - the commonest and relatively 
ubiquitous lizard of the sardo-corso district - living sintopically in the same sites (Sindaco et 
al., 2011). Coronella girondica (Daudin, 1803) is a fine, small, thermo-xerophilous and 
oviparous snake of the family Colubridae with a Western-Mediterranean distributional 
range. In Italy, it is a rare species with the exception of few and relatively large areas such as 
Piedmont, Liguria and Tuscany; besides, many isolated European populations are at higher 
risk of extinction within few years. This species shows a remarkable ability pattern of 
adaptation in mediterranean / oceanic bioclimatic regions where it lives on stone areas of 
rocky slopes. Activity period begin at mid March or at the beginning of April lasting up to 
September in Central Italy. Males latency period is two weeks earlier than females, on the 
contrary hibernation is practically simultaneous. C. girondica shows an unimodal yearly 
cycle of activity contrary to many other species which live under Mediterranean bioclimatic 
conditions. This unusual phenological pattern may be related with the peculiar twilight and 
nocturnal daily activity of the species (Razzetti & Bernini, 2011). Zamenis situla (Linnaeus, 
1758), is a mid sized snake (60 - 100 cm) with a distributional Italian area confined to the 
south east of Apulia, Eastern Sicily and the Maltese Islands, few sites in Basilicata near the 
Apulia border are also known. Open areas with scrub vegetation and sparse rock surface are 
elective biotopes, the conservation and proper management of these ecosystems being 
strategical for the survival of Z. situla, considered as LC species according to IUCN 
categories. As a rule, the activity period extends from March to November; occasionally, 
individuals have been observed outside their shelters in wintertime during sunny and hot 
days - winter latency generally lasts from December to February. Activity pattern of this 
strictly daytime snakes - however some Authors suggest a nocturnal activity during hottest 
months too - is explained by two peaks, during February - March and during June, linked to 
breeding behaviour, which lasts up to May, and intense foraging behaviour, respectively. 
Newborns emerge between the end of August and September. A marked circadian activity 
rhythm may be observed between 7 to 10 hours during May and September and between 6 
to 11 hours during June (Scillitani & Turrisi, 2011).  Vipera ursinii (Bonaparte, 1835) sensu lato 
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during the terrestrial juvenile phase. Fecundity is size-specific, larger females of L. 
meridionalis lay more and larger eggs that hatch earlier (Accordi et al., 1990). Nearly similar 
patterns have been observed in a population of L. meridionalis living at temporary ponds in 
the “Bosco di Palo”, a WWF Oasis near Rome, characterized by a meso-mediterranean 
climate; mild winter, summer dryness three months long coupled with abundant rainfall 
typical of maritime climate. Mediterranean climate allows to anticipate the eggs layering in 
late fall. Concentration of newts at the water reaches its maximum between February and 
April. Activity pattern during aquatic phase has been ascertained with a maximum of 14-17 
°C and a minimum of 3-6°C (Pizzuti Piccoli, 2006/07) (Tab. 3). 

5. Some remarkable case studies in reptilia 
A selection of recent Italian literature on this topic is provided. Among Gekkonidae, four 
species in Italy, Euleptes europaea (Gené, 1839) is considered Near Threatened (NT), 
particularly the micro insular or satellite populations of Sardinian and Corsican 
Archipelagos. This species shows a nocturnal activity pattern, store up on heat during the 
day better than other species of the family living in the same Corsican habitat, Tarentola 
mauritanica (Linnaeus, 1758) and Hemidactylus turcicus (Salvidio et al., 2011). Tarentola 
mauritanica, one of the commonest species of the family, is active in the first hours of the  
day, during the hottest months and, in the central hours, during the coldest one. 
Thermoregulatory ability has been developed both on islands and mainland - in this last 
situation, a noticeable density of its predators, typically snakes, has been observed. Foraging 
and thermoregulatory activities are carried out on rocky substrata. On the island of 
Lampedusa (Sicily) and during summer, body temperature is positively correlated with air 
temperature. However, a decrease of nocturnal activity has been observed after midnight; 
during the last hour of the day, body temperature shows an increase of about 2° C, 
decreasing in the same way at the beginning of nighttimes. With air temperature below 15° 
C, the activity is low or scanty, however coastal populations of Tuscany (Central Italy) are 
active with air temperatures 8-9° C and rocky substratum 10° C or just upper. Hibernation is 
not evident in the populations of coastal areas of Sicily, their activity is displayed during the 
whole year (Aprea et al., 2011).  Like Gekkonidae, Scincidae is a family of tropical / 
subtropical origin; only three species occur in Italy, Chalcides chalcides (Linnaeus, 1758) being 
the widespread one. This species is active only during the day both in spring and summer; a 
bimodal pattern of activity has been ascertained, during the central hours of the day and the 
first hours of the afternoon. Aestivation occurs in August. Active lizards have been observed 
during winter month too, hot days raging (Caputo et al., 2011 a). Similarly, Chalcides ocellatus 
(Forskål, 1775) is active from April to October, especially from April to June with a peak of 
activity during May. Circadian activity pattern during this period appears unimodal, 
showing a preference for the central and hottest hours of the day; during summer it 
becomes bimodal, being concentrated during the first hours of the morning and in late 
afternoon. Activity pattern becomes again unimodal with a peak during the central time of 
the day in September-October. As a rule, during the second half of October, when thermal 
fluctuations are especially marked, C. ocellatus is at rest at their hibernation roosts. 
Populations of coastal sites show scattered winter activity under particularly favourable 
meteorological conditions. In inland and mountainous areas of Sicily, the phase of 
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dormancy lasts up to March. Reproductive season, together with a marked activity pattern, 
falls between April and May; spermatogenesis is seasonal, spermatogonial proliferation 
occurs in August and spermiohystogenesis in April-May shortly before mating. Gravid 
females are found in Sicily beginning from the second half of May. In southern sites, two or 
three yearly reproductive cycles may be performed (Caputo et al., 2011 b). Archaeolacerta 
bedriagae (Camerano, 1885) is a lizard (Lacertidae) restricted in its distribution to eastern 
Sardinia and Corsica and considered as “Near Threatened”, the extension of crystalline 
rocky outcrop to which its populations are linked, being strategic for its survival; shelters at 
risk are satellite islands or small inland areas. Daily activity has been studied in the 
populations of Corsica between 1750 and 1800 m a.s.l. (however A. bedriagae is not 
exclusively a mountain species as regarded till up to thirty years ago). Activity is marked 
especially during spring time, being constant between 7:00 and 16:00-16:30 hours at sunset. 
Males explain a bimodal pattern of activity with the exception for the central hours of the 
day contrary to adult females which are active in the central hours of the day and at 
afternoon. The species has been observed on the sunny surface of the rocks; 
thermoregulation occurs in the hottest hours of the day too, lizards get out at their shelters 
with clouding over within an hour from passing sun. Average activity temperature is higher 
in A. bedriagae contrary to Podarcis tiliguerta (Gmelin, 1789) - the commonest and relatively 
ubiquitous lizard of the sardo-corso district - living sintopically in the same sites (Sindaco et 
al., 2011). Coronella girondica (Daudin, 1803) is a fine, small, thermo-xerophilous and 
oviparous snake of the family Colubridae with a Western-Mediterranean distributional 
range. In Italy, it is a rare species with the exception of few and relatively large areas such as 
Piedmont, Liguria and Tuscany; besides, many isolated European populations are at higher 
risk of extinction within few years. This species shows a remarkable ability pattern of 
adaptation in mediterranean / oceanic bioclimatic regions where it lives on stone areas of 
rocky slopes. Activity period begin at mid March or at the beginning of April lasting up to 
September in Central Italy. Males latency period is two weeks earlier than females, on the 
contrary hibernation is practically simultaneous. C. girondica shows an unimodal yearly 
cycle of activity contrary to many other species which live under Mediterranean bioclimatic 
conditions. This unusual phenological pattern may be related with the peculiar twilight and 
nocturnal daily activity of the species (Razzetti & Bernini, 2011). Zamenis situla (Linnaeus, 
1758), is a mid sized snake (60 - 100 cm) with a distributional Italian area confined to the 
south east of Apulia, Eastern Sicily and the Maltese Islands, few sites in Basilicata near the 
Apulia border are also known. Open areas with scrub vegetation and sparse rock surface are 
elective biotopes, the conservation and proper management of these ecosystems being 
strategical for the survival of Z. situla, considered as LC species according to IUCN 
categories. As a rule, the activity period extends from March to November; occasionally, 
individuals have been observed outside their shelters in wintertime during sunny and hot 
days - winter latency generally lasts from December to February. Activity pattern of this 
strictly daytime snakes - however some Authors suggest a nocturnal activity during hottest 
months too - is explained by two peaks, during February - March and during June, linked to 
breeding behaviour, which lasts up to May, and intense foraging behaviour, respectively. 
Newborns emerge between the end of August and September. A marked circadian activity 
rhythm may be observed between 7 to 10 hours during May and September and between 6 
to 11 hours during June (Scillitani & Turrisi, 2011).  Vipera ursinii (Bonaparte, 1835) sensu lato 
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has a wide geographic distribution that extends from Southern France to Eastern Asia, being 
part of a complex of several species or semi species whose origin goes back to the Pliocene 
(Cheylan et al., 2011). A recent revision changes substantially the validity of many taxa of 
this polytypic group. Particularly, among the five subspecies up to now considered valid, 
the nominal one, V. u. ursinii, is exclusive of some areas of the Central Apennines and some 
mountainous areas of south-eastern France (Nilson & Andrén, 2001; Filippi et al., 2011). 
Orsini’s viper is the smallest viper in Europe and the smallest snakes of Italy and France, 
adults are 40-45 cm long, a very large adult female may reach 50 cm. This snake is associated 
with open areas such as grasslands and steppes. In the Central Apennines it is almost 
exclusively linked to mountain areas characterized by the outcrop of fissured limestone on 
which extensive formations of Juniperus nana and Pinus mugo - a bearing prostrate shrub - 
groves. The influence of seasonal conditions of the habitat in which its populations evolve is 
marked. Phenological pattern are correlated with the existence of two distinct activity 
phases, a long latency period in autumn-winter and an activity period between late spring 
and the end of summer. The species shows the shortest cycle of activity among Italian 
snakes. Males first are vagrant not before the end of April, followed by females two or three 
weeks after and adults came back inside their winter shelters between mid September - mid 
October. Winter spermatogenesis is typical of males. Foraging activity falls between June 
and September, mating activity during the second half of May; ovulation falls at the end of 
June, birth during late summer. Being ovoviviparous, V. ursinii give birth perfectly 
developed and self-sufficient newborns, 15 cm long. Unfortunately, this small, attractive, 
viper is a priority for biodiversity conservation in Italy and the whole Europe. Many 
Apennine populations are more or less critically endangered owing to the following risk 
factors; 1- mountain overgrazing of domestic and semi domestic cattle; 2- high population 
density of some ungulate, particularly the wild boar Sus scrofa Linnaeus, 1758; 3- intentional 
killing by man or provoked by car traffic at highest altitude; 4- modification and / or 
destruction of natural habitats (Cheylan et al., 2011; Filippi et al., 2011). 

6. Conclusion 
To sum up, it is hardly feasible to overestimate the influence of temperature on reproductive 
cycle and migration of Italian (and European) amphibians, especially newts, and reptiles. 
Global Climatic Changes - including high levels of incident solar radiation- in unison with 
habitat alterations are responsible for the biodiversity crisis of Italian (and European) 
populations of Amphibia. The following steps attract reader’s attention on the landmarks up 
to now focalized. Ecological modelling approaches to the change of habitat suitability is a 
powerful tool in the study of short and long-term conservation of endangered species. An 
up-to-date knowledge of the present distribution of a given species in a certain territory and 
climatic scenario is required. Such examples are numerous in the various countries; for 
instance, in Italy, the databank is linked to the so-called CKmap’ initiative which is 
supported financially by the Italian Ministry for the Environment, Land and Sea Protection 
(Blasi et al., 2007). Environmental factors related to species occurrence and present suitable 
areas, clearly represent the rudiments of this approach. Further on, both land cover and 
morphology together with human impact layers are considered as covariates to climatic 
predictors. Different methods for modelling habitat suitability and binary predictions 
(presence / absence of the species) are performed. Models may be applied for some time 
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slices, present and future - at selected intervals, e.g. 2030, 2050, 2070. Results indicate which 
squares of the CKmap loose completely their suitability within a certain period. Present 
conditions with currently known distribution and different (hypothetical) climatic scenarios 
and environmental changes may be compared. Existing controversies in the field of climatic 
(and related) phenomena  are pointed out. The efficiency of predictions is influenced by 
many factors; the simplistic assumption that some factors remain unchanged drives to 
under / over estimation of the persistence probability of the species under the spotlight. A 
dramatic perspective is the complete extinction from the Central Mediterranean Ecoregion 
of H. hippocrepis during the next decades; immediate actions for habitat conservation should 
be organized by the pertinent authorities (Corti et al., 2000). However, the near future will 
reserve to mankind enormous challenges in the light of supporting and preserving both 
geodiversity and biodiversity of the Mediterranean Ecoregion. 
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1. Introduction  
Fleshy fruits have an endozoochory seed dispersal system. Fleshy fruits provide food to 
dispersal agents in the form of nutritious accessory structures closely associated with the 
seeds. The exact percentage of tree species dispersed by endozoochory varies from place to 
place, but can exceed 50% in some temperate deciduous forests (Howe & Smallwood, 1982). 
So, fruits support a high percentage of a forest’s frugivore biomass and the majority of 
woody plant species are dispersed by frugivores. Seed dispersal by frugivores in temperate 
deciduous forests has received considerable attention over time, and this interaction is 
considered an important force shaping the ecology and evolution of frugivore and tree 
populations (Estrada & Fleming, 1986). Also, many studies report endozoochory generally 
coevolved as a mutualistic relationship (e.g., Estrada & Fleming, 1986; Howe, 1986; Fleming 
& Estrada, 1993; Levey et al., 2001; Dennis et al., 2007). 

Birds and mammals are the most important seed dispersers, but a wide variety of other 
animals, including lizards and fish can transport viable seeds (e.g., Corlett, 1998; Willson, 
1993; Jordano, 1995; Castilla, 2000; Howe & Westley, 1988; Gottsberger, 1978). However, 
seed dispersal by birds has been examined most frequently (e.g., Herrera, 2002). Monkeys 
(e.g., Howe, 1980; Estrada & Coates-Estrada, 1994; Yumoto et al., 1998) and bats (e.g., 
Fleming, 1981; Gribel, 1988; Izhaki et al., 1995) have long been recognized as important seed 
dispersers and have been studied intensively, because they can observed directly. Some 
recent studies have documented the importance of carnivorous mammals in seed dispersal 
(Willson, 1993; Traveset & Willson, 1997; Hickey et al., 1999). However, the relationship 
between carnivorous mammals as seed dispersal agents and fleshy-fruit producing plants 
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has been somewhat understated, compared with the role of other frugivorous mammals 
(Herrera, 1989). There are few reports of seed dispersal by other orders of mammals, 
especially for forest inhabitants, because they are mostly nocturnal or difficult to observe 
directly. 

In Japan, seed dispersal by Japanese macaque (Macaca fuscata) has been studied 
intensively among the mammals and shows macaques are important seed dispersers (e.g., 
Otani, 2003, 2004; Tsuji et al., 2011a). However, the importance of carnivorous mammals in 
seed dispersal is poorly documented in Japan (e.g., Otani, 2002). Some studies have shown 
carnivores have features which make them effective seed dispersers. For instance, the 
sectorial or bunodont cheek teeth of carnivores minimize the damage to seeds (Koike et al., 
2008a, 2008b). Also, carnivores disperse seeds longer distances than other animals (Koike et 
al., 2011). This characteristic would allow carnivores to disperse large numbers of seeds 
throughout a large area.  

Basic data on the number of seeds per fecal sample, which serves as an index of the 
quantitative effectiveness of seed dispersal (Schupp, 1993), as well as basic information on 
the physical damage to seeds that pass through a mammal’s gastrointestinal tract, which is 
an index of qualitative effectiveness of seed disperal, are known in Japan for carnivores 
(Koike et al., 2008b) and macaques (Tsuji et al., 2011a). Koike et al., (2008b) studied five 
carnivores in the Okutama Mountains (Asiatic black bear (Ursus thibetanus), Japanese 
marten (Martes melampus), Japanese badger (Meles meles), red fox (Vulpes vulpes), and 
raccoon dog (Nyctereutes procyonoides)) and recovered seeds from 17 plant species, 
representing about 50% of the fleshy-fruited plants occurring in the same study forest, from 
the carnivore fecal samples. Large numbers (nine to 10,256) of seeds were present in those 
fecal samples. Almost all the seeds of fleshy fruits retrieved from the fecal samples were 
undamaged, while no intact acorns or nuts were recovered. These findings suggest all five 
carnivores can act as seed dispersers for some fleshy-fruited plants in cool-temperate 
deciduous forests. On the Kinkazan Island in northern Japan, Tsuji et al., (2011a) suggest 
macaque acts as s seed dispersers in summer and fall. The percentage of intact seeds found 
in macaques fecal samples was significantly negatively correlated with the seed’s mean 
diameter, and this relationship was strengthened for non-fleshy fruits. This suggests the 
composition of seeds dispersed by macaques is not rigid, but is determined instead by the 
vegetation found in a given habitat. 

To understand systems of endozoochory, it is also important to consider the feeding period 
in terms of fruiting phenology. For example, previous studies found a close relationship 
between the maturation periods of many fleshy-fruited plants and the movement of 
frugivorous birds in several forest ecosystems (e.g., Thompson & Willson, 1979; Stiles, 1980; 
Stapanian, 1982; Hererra, 1984; Noma & Yumoto, 1997). Also, some carnivores such as bears, 
martens, and masked palm civet (Paguma larvata) can climb trees to feed on fruits before the 
fruits drop to the ground. If fruits are ingested after seed maturation, dispersed seeds could 
germinate. Therefore, whether or not these frugivores are effective seed dispersers can be 
judged by examining the relationship between the fruit-feeding period of frugivores and the 
phenology of fruits. 

Previous studies indicate bears fed only on mature fruits based on the claw marks left on the 
stems and the presence of a “bear shelf” (Koike et al., 2008a; Koike, 2009). However, other 
mammals do not necessary clearly create feeding sign when they consume the ripe fruit. 
Recently, camera traps have proved useful in the study wildlife ecology. Camera traps are a 
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non-invasive method of monitoring wildlife which generally cause minimal disturbance to 
the target species. We can observe nocturnal mammals or mammals sensitive to disturbance 
by using camera traps. 

We chose the fruit of Prunus jamasakura Siebold ex Koidz. to answer the questions posed 
below for three reasons. First, P. jamasakura is a common species in the deciduous forest in 
central Japan (Oba, 1989). Second, Prunus is one of the rare woody species bearing fleshy 
fruits during June–July (Koike, 2009) and, so is probably a common food item for mammals 
during that time (e.g., Koike, 2010; Tsuji et al., 2011b). Third, the fruiting phenology of P. 
jamasakura is well known (Koike et al., 2008a). 

Our objective was to evaluate the effectiveness of temperate zone mammals as potential 
seed dispersers by estimating the timing of their feeding on the fleshy fruit of P. jamasakura. 
We intended to answer three questions with camera trapping: (1) When do mammals visit P. 
jamasakura trees in relation to the tree’s fruiting phenology? (2) Does fruiting phenology 
influence the mammal’s behavior? (3) Which mammals potentially disperse the P. 
jamasakura seeds? We discuss the significance of the mammals as potential seed dispersers 
for P. jamasakura based on our results. We also discuss the relationship between mammalian 
behavior and fruiting phenology. 

N

Tokyo Metropolitan Prefecture

20 km

N

Tokyo Metropolitan Prefecture

20 km  
Fig. 1. The study area in an inset map taken from an outline map of Japan (left).  
A photograph taken at the position of the arrow in the map (right).  

2. Method 
2.1 Study area 

The study was conducted in the Mine area of the Okutama Mountains, approximately 100 
km west of Tokyo central (Fig. 1). The climate of the study area is the coastal Pacific Ocean 
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has been somewhat understated, compared with the role of other frugivorous mammals 
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especially for forest inhabitants, because they are mostly nocturnal or difficult to observe 
directly. 

In Japan, seed dispersal by Japanese macaque (Macaca fuscata) has been studied 
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seed dispersal is poorly documented in Japan (e.g., Otani, 2002). Some studies have shown 
carnivores have features which make them effective seed dispersers. For instance, the 
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type, with heavy rainfall in summer and little snow in winter. The mean annual 
precipitation is 1,586 mm; mean snowfall ranges from 2 to 4 cm; the mean annual 
temperature is 11.8 °C, and mean temperatures range from 0.6 °C in January to 24.2 °C in 
August (Tokyo Environmental Office, 2000). 

Forest vegetation covers most of the study area. Natural forests cover 41.3% of the area, and 
conifer plantations (Cryptomeria japonica D. Don or Chamaecyparis obtusa (Zieb. et Zucc.) 
Endlicher) cover 50.3% (Koike, unpubl. data). Natural forests in the lower mountain zone 
(400–500 m a.s.l.) are dominated by Castanea crenata Zieb. et Zucc. and Quercus serrata 
Thunb.; in the middle zone (500–1,500 m a.s.l.) by Quercus crispula Blume, C. crenata, and 
Fagus crenata Blume; and in the upper zone (1,500–1,800 m a.s.l.) by Abies homolepis Zieb. et 
Zucc. and Tsuga diversifolia Masters. The study area was located in a Q. crispula–C. crenata 
community that ranged from 800 to 1,000 m a.s.l. in the middle zone. 

2.2 General information 

We summarized the information about P. jamasakura from Oba, (1989), Mogi et al., (2000), 
Takeuchi et al., (2005), and Koike, (unpublished data). Known in Japanese as Yama-zakura, P. 
jamasakura is a species of cherry native to Japan and Korea, occurring at medium altitudes of 
up to about 1,000 m in the temperate zone. It prefers sunshine and well-drained soil. This 
deciduous tree reaches a height of 20–25 m, with a trunk up to 1 m diameter. Its crown 
spreads to a width of 10–20 m. The flowers are produced in early spring and pollinated by 
bees. 

 
Fig. 2. The matured fruit of Prunus jamasakura. Photo by Motoki Kato. 
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The fruit is a small drupe, about 10-15 mm in diameter, green at first, then red and finally 
ripening to black in early summer (Fig. 2). The edible fruit is variably sweet to somewhat 
astringent and bitter to eat fresh. It contains a single hard-shelled stone 5–12 mm in diameter 
and 4–8 mm thick with a seed (kernel) inside the stone about 5–8 mm long. The fruits are 
readily eaten by numerous birds and mammals (Koike & Masaki, 2008; Yoshikawa et al., 
2009; Tsuji et al., 2011b), which digest the fruit flesh and disperse the seeds in their 
droppings. Some rodents and a few birds (notably the Streptopelia orienta, Eastern turtle 
dove) also crack open the stones to eat the kernel (Yagihashi, 2001; Koike, unpublished 
data). 

About 30 species of terrestrial mammals inhabit the Okutama Mountains. The larger ones 
include Asiatic black bear, Sika deer (Cervus nippon), Japanese serow (Capricornis crispus), 
wild boar (Sus scrofa), Japanese macaque, red fox, Japanese marten, Japanese badger, 
masked palm civet, and raccoon dog (Tokyo Environmental Office, 2010). Most of these 
mammals are carnivores (bears, martens, badgers, foxes, and raccoon dogs); macaques have 
been recognized as seed dispersers and have been studied in Tokyo (e.g., Koike et al., 2008b; 
Tsuji 2011).  

2.3 Fruiting phenology and defining the flowering date 

The fruiting phenology of P. jamasakura is known in detail (Ishii, 1991; Koike et al., 2008a) 
including fruit color, the number of fruits persisting, the fruit and seed size, seed 
maturation, and the sugar concentration. Ishii, (1991) calculated the P. jamasakura fruit 
maturation period from the flowering date. Below, ‘day n’ represents the date n days after 
the flowering date.  

We summarized the information about the fruiting phenology of P. jamasakura from Ishii, 
(1991) and Koike et al., (2008a). All fruits were recorded as green until day 38 for fruit color 
and bearing number. Red-green fruit then appeared on day 40, followed by red on day 46 
and black on day 54. The proportion of persisting fruit decreased gradually until day 60, 
and then it decreased rapidly. For fruit size and seed size, means of fruit size were not 
different among fruits of different colors. Fruit size increased from day 10 to 20, from day 34 
to 36, and from day 50 to 58. No change in diameter was seen after day 58. Fruit diameter 
increased in a double sigmoid growth curve and showed three phenological stages. Seed 
size became measurable beyond day 28, when the endocarp hardened. There was no distinct 
variation in diameter among fruit colors at the same stage. Seed size was almost constant at 
all stages. Sugar concentration varied by fruit color and increased as the fruit matured. For 
seed maturation, no germination was observed until day 44. The percentage rose rapidly on 
day 50 to 46.1%, and then gradually until day 66. Germination percentages were not 
different between the differently colored fruit. 

We used the method described by Koike et al., (2008a) to determine the flowering day of P. 
jamasakura trees where we set up the camera traps to clarify the fruiting phenology.  

In the study area, we chose six P. jamasakura trees (DBH > 30 cm) to monitor for flowering 
once every two days in April 2003 and 2004. We sampled ten branches at random from each 
sample tree and counted the flowering buds from the tip of each 50 cm long branch while 
measuring 20 cm wide, 10cm on each side of the branch. The flowering ratio was defined as the 
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type, with heavy rainfall in summer and little snow in winter. The mean annual 
precipitation is 1,586 mm; mean snowfall ranges from 2 to 4 cm; the mean annual 
temperature is 11.8 °C, and mean temperatures range from 0.6 °C in January to 24.2 °C in 
August (Tokyo Environmental Office, 2000). 

Forest vegetation covers most of the study area. Natural forests cover 41.3% of the area, and 
conifer plantations (Cryptomeria japonica D. Don or Chamaecyparis obtusa (Zieb. et Zucc.) 
Endlicher) cover 50.3% (Koike, unpubl. data). Natural forests in the lower mountain zone 
(400–500 m a.s.l.) are dominated by Castanea crenata Zieb. et Zucc. and Quercus serrata 
Thunb.; in the middle zone (500–1,500 m a.s.l.) by Quercus crispula Blume, C. crenata, and 
Fagus crenata Blume; and in the upper zone (1,500–1,800 m a.s.l.) by Abies homolepis Zieb. et 
Zucc. and Tsuga diversifolia Masters. The study area was located in a Q. crispula–C. crenata 
community that ranged from 800 to 1,000 m a.s.l. in the middle zone. 

2.2 General information 

We summarized the information about P. jamasakura from Oba, (1989), Mogi et al., (2000), 
Takeuchi et al., (2005), and Koike, (unpublished data). Known in Japanese as Yama-zakura, P. 
jamasakura is a species of cherry native to Japan and Korea, occurring at medium altitudes of 
up to about 1,000 m in the temperate zone. It prefers sunshine and well-drained soil. This 
deciduous tree reaches a height of 20–25 m, with a trunk up to 1 m diameter. Its crown 
spreads to a width of 10–20 m. The flowers are produced in early spring and pollinated by 
bees. 

 
Fig. 2. The matured fruit of Prunus jamasakura. Photo by Motoki Kato. 
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The fruit is a small drupe, about 10-15 mm in diameter, green at first, then red and finally 
ripening to black in early summer (Fig. 2). The edible fruit is variably sweet to somewhat 
astringent and bitter to eat fresh. It contains a single hard-shelled stone 5–12 mm in diameter 
and 4–8 mm thick with a seed (kernel) inside the stone about 5–8 mm long. The fruits are 
readily eaten by numerous birds and mammals (Koike & Masaki, 2008; Yoshikawa et al., 
2009; Tsuji et al., 2011b), which digest the fruit flesh and disperse the seeds in their 
droppings. Some rodents and a few birds (notably the Streptopelia orienta, Eastern turtle 
dove) also crack open the stones to eat the kernel (Yagihashi, 2001; Koike, unpublished 
data). 

About 30 species of terrestrial mammals inhabit the Okutama Mountains. The larger ones 
include Asiatic black bear, Sika deer (Cervus nippon), Japanese serow (Capricornis crispus), 
wild boar (Sus scrofa), Japanese macaque, red fox, Japanese marten, Japanese badger, 
masked palm civet, and raccoon dog (Tokyo Environmental Office, 2010). Most of these 
mammals are carnivores (bears, martens, badgers, foxes, and raccoon dogs); macaques have 
been recognized as seed dispersers and have been studied in Tokyo (e.g., Koike et al., 2008b; 
Tsuji 2011).  

2.3 Fruiting phenology and defining the flowering date 

The fruiting phenology of P. jamasakura is known in detail (Ishii, 1991; Koike et al., 2008a) 
including fruit color, the number of fruits persisting, the fruit and seed size, seed 
maturation, and the sugar concentration. Ishii, (1991) calculated the P. jamasakura fruit 
maturation period from the flowering date. Below, ‘day n’ represents the date n days after 
the flowering date.  
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all stages. Sugar concentration varied by fruit color and increased as the fruit matured. For 
seed maturation, no germination was observed until day 44. The percentage rose rapidly on 
day 50 to 46.1%, and then gradually until day 66. Germination percentages were not 
different between the differently colored fruit. 

We used the method described by Koike et al., (2008a) to determine the flowering day of P. 
jamasakura trees where we set up the camera traps to clarify the fruiting phenology.  

In the study area, we chose six P. jamasakura trees (DBH > 30 cm) to monitor for flowering 
once every two days in April 2003 and 2004. We sampled ten branches at random from each 
sample tree and counted the flowering buds from the tip of each 50 cm long branch while 
measuring 20 cm wide, 10cm on each side of the branch. The flowering ratio was defined as the 
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number of flowering buds divided by the total number of buds. When the average flowering 
ratio reached 80%, that day was designated as the “date of flowering” for each tree. After 
flowering we checked the fruit color ratio of bearing fruit once every ten days to compare 
this data with existing data on fruiting phenology (Koike et al., 2008a). 

2.4 Estimate of fruit production 

In our study area, few suitable trees were available for observing fruit production in detail, 
because P. jamasakura trees form part of the upper tree layer in the forest and the trees grow 
on steep slopes. Therefore, we used the simpler method of estimating fruit production in the 
study areas even though it was only an indicator of fruit production. We used the methods 
described by Mizui, (1993). We used binoculars to sample five randomly selected branches 
from each sample tree and counted the fruits on each branch within a range of about 50 cm 
length and about 20 cm width (10cm each side of the branch) from the tip of the branch. We 
counted the fruits once between day 40 and day 50. 

2.5 Camera trap survey 

While investigating fruiting phenology, we recorded the frequency of visits by mammals 
under the crown of each target tree. An automatic camera trap (Fieldnote, Marifu Co. 
Iwakuni City, Japan) was set up 1.5 m above the ground (Fig. 3). One camera was set up 
next to each tree using the tree as a target in as flat an area as possible. We set five cameras 
in total. Cameras operated 24 hr per day. To avoid running out of film, we checked the film 
twice a week from late April to the middle of August 2003 and 2004. To avoid duplicate 
counts, we defined conspecific animals recorded within a 30 minute period as the same 
individual (O'Brien et al., 2003). 

10~15 m

1.5 m

10~15 m

1.5 m

 
Fig. 3. The setup of an automatic camera trap. 
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3. Result 
3.1 Fruiting phenology and estimate of fruit production 

The flowering dates of the sample trees were 24 to 30 April, 2003, and were 27 to 30 April, 
2004. There were no differences in the fruit color ratio of bearing fruit after the day of 
flowering between this study and a previous study (Koike et al., 2008a). We used the date 
starting at the flowering day to count to the fruit maturation date. The period of fruit 
maturation was between day 50 and day 66 was after 14 June in 2003 and after 17 June in 2004. 

2003 2004 Bear Marten Badger Fox Raccoon
dog Civet

2003 - 2004 1 30.0 ± 7.9 3.0 ± 2.0 0,0 3,1 0,0 0,0 0,0 1,0

2 75.6 ± 9.1 31.2 ± 19.2 2,2 5,1 1,0 1,0 0,0 2,1

3 70.8 ± 13.8 11.8 ± 3.8 2,1 4,1 0,0 2,0 0,0 2,0

4 69.6 ± 18.3 2.6 ± 0.8 2,0 4,0 0,0 1,1 0,0 2,0

5 53.6 ± 18.6 21.4 ± 12.7 1,2 5,1 0,0 0,0 0,0 3,2

6 46.2 ± 18.9 1.4 ± 0.8 0,0 1,0 0,0 0,0 0,0 1,0

Total 7,5 22,4 1,0 3,2 0,0 11,3

Boar Deer Serow Macaque Squirrel Rodent

0,0 5,4 0,1 0,0 7,0 5,2

1,1 4,4 1,0 1,0 7,0 3,4

0,0 4,5 0,1 0,0 11,0 3,1

1,0 4,5 0,2 1,0 8,0 5,3

1,0 3,4 0,0 0,0 12,0 4,4

0,0 1,3 0,0 0,0 8,0 5,4

3,1 21,25 1,4 2,0 53,0 25,18

Pheasant Jay Thrush Unknown Total: 2003 Total: 2004

1,0 1,0 2,0 0,0 25 8

0,0 2,0 2,0 0,0 29 14

0,0 0,0 3,0 1,0 30 9

1,0 1,0 3,0 0,0 31 11

0,0 0,0 1,0 1,0 30 13

0,0 1,0 1,0 0,0 18 7

2,0 4,0 12,0 2,0 169 62

Number of photographs

Bear, Ursus thibetanus;  marten, Martes melampus ; badger, Meles meles:  fox, Vulpes vulpes ; raccoon dog, Nyctereutes procyonoides ; civet,
Paguma larvata ; boar, Sus scrofa ; deer, Cervus nippon ; serow, Capricornis crispus; squirrel, Sciurus lis ; macaque, Macaca fuscata ; rodent,
Apodemus speciosus ; pheasant, Syrmaticus soemmerringii ; jay, Garrulus glandarius ; and thrush, Turdus cardis .

Year Tree
Number

Number of photographs

Number of photographs

*Fruit production

 

Table 1. Estimated fruit production of each target tree and the number of photographs of 
each vertebrate species photographed by automatic cameras under the crown of each target 
tree, 2003 and 2004. *See text for fruit production calculation. 
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number of flowering buds divided by the total number of buds. When the average flowering 
ratio reached 80%, that day was designated as the “date of flowering” for each tree. After 
flowering we checked the fruit color ratio of bearing fruit once every ten days to compare 
this data with existing data on fruiting phenology (Koike et al., 2008a). 
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study areas even though it was only an indicator of fruit production. We used the methods 
described by Mizui, (1993). We used binoculars to sample five randomly selected branches 
from each sample tree and counted the fruits on each branch within a range of about 50 cm 
length and about 20 cm width (10cm each side of the branch) from the tip of the branch. We 
counted the fruits once between day 40 and day 50. 

2.5 Camera trap survey 
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Iwakuni City, Japan) was set up 1.5 m above the ground (Fig. 3). One camera was set up 
next to each tree using the tree as a target in as flat an area as possible. We set five cameras 
in total. Cameras operated 24 hr per day. To avoid running out of film, we checked the film 
twice a week from late April to the middle of August 2003 and 2004. To avoid duplicate 
counts, we defined conspecific animals recorded within a 30 minute period as the same 
individual (O'Brien et al., 2003). 
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Fig. 3. The setup of an automatic camera trap. 
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3. Result 
3.1 Fruiting phenology and estimate of fruit production 

The flowering dates of the sample trees were 24 to 30 April, 2003, and were 27 to 30 April, 
2004. There were no differences in the fruit color ratio of bearing fruit after the day of 
flowering between this study and a previous study (Koike et al., 2008a). We used the date 
starting at the flowering day to count to the fruit maturation date. The period of fruit 
maturation was between day 50 and day 66 was after 14 June in 2003 and after 17 June in 2004. 

2003 2004 Bear Marten Badger Fox Raccoon
dog Civet

2003 - 2004 1 30.0 ± 7.9 3.0 ± 2.0 0,0 3,1 0,0 0,0 0,0 1,0

2 75.6 ± 9.1 31.2 ± 19.2 2,2 5,1 1,0 1,0 0,0 2,1

3 70.8 ± 13.8 11.8 ± 3.8 2,1 4,1 0,0 2,0 0,0 2,0

4 69.6 ± 18.3 2.6 ± 0.8 2,0 4,0 0,0 1,1 0,0 2,0

5 53.6 ± 18.6 21.4 ± 12.7 1,2 5,1 0,0 0,0 0,0 3,2

6 46.2 ± 18.9 1.4 ± 0.8 0,0 1,0 0,0 0,0 0,0 1,0

Total 7,5 22,4 1,0 3,2 0,0 11,3

Boar Deer Serow Macaque Squirrel Rodent

0,0 5,4 0,1 0,0 7,0 5,2

1,1 4,4 1,0 1,0 7,0 3,4

0,0 4,5 0,1 0,0 11,0 3,1

1,0 4,5 0,2 1,0 8,0 5,3

1,0 3,4 0,0 0,0 12,0 4,4

0,0 1,3 0,0 0,0 8,0 5,4

3,1 21,25 1,4 2,0 53,0 25,18

Pheasant Jay Thrush Unknown Total: 2003 Total: 2004

1,0 1,0 2,0 0,0 25 8

0,0 2,0 2,0 0,0 29 14

0,0 0,0 3,0 1,0 30 9

1,0 1,0 3,0 0,0 31 11

0,0 0,0 1,0 1,0 30 13

0,0 1,0 1,0 0,0 18 7

2,0 4,0 12,0 2,0 169 62

Number of photographs

Bear, Ursus thibetanus;  marten, Martes melampus ; badger, Meles meles:  fox, Vulpes vulpes ; raccoon dog, Nyctereutes procyonoides ; civet,
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Table 1. Estimated fruit production of each target tree and the number of photographs of 
each vertebrate species photographed by automatic cameras under the crown of each target 
tree, 2003 and 2004. *See text for fruit production calculation. 
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The average fruit production (number of fruits per tip of the branch) of target trees were 
57.6±17.6 (SD) in 2003, and 11.9±12.2 (SD) in 2004 (Table 1). 

3.2 Camera trap survey 

During two year study, the camera traps took the total of 915 photographs. We could 
identify mammals in 204 photographs and birds in 18 photographs during the four-month 
period after the flowering. Table 1 provides a summary of the species seen each year (Fig. 
4). 

The cameras captured a smaller number of photographs in 2004 than in 2003. We 
calculated the correlations between fruit production of each tree and number of 
photographs for some mammal species at each tree, and we can recognize the correlation 
between fruit production and number of photographs for some species: values are R2; 
bears, 0.40 (P=0.02); martens, 0.75 (P<0.01); civets, 0.65 (P=0.01): boars, 0.36 (P=0.03); 
squirrels (Sciurus lis), 0.75 (P<0.01), and macaques, 0.40 (P=0.02). A poor correlation exists 
between fruit production and number of photographs for some species: values are R2: 
foxes, 0.12 (P=0.26); deer, 0.05 (P=0.46); and rodents (Apodemus spp), 0.11 (P=0.27). Also a 
poor correlation exists between fruit production and number of the photographs of deer 
after day 50 (R2 = 0.10, P=0.29). 

Next, we compared the timing of the sightings of bears, martens, civets, foxes, boars, and 
deer with the number of days after the initiation of flowering (Fig. 5). Over 90% of the 
photographs of bears, martens, and civets were taken between day 50 and day 66 (Fig. 5). 
For foxes and boars, most photographs were taken after day 60 (Fig. 5).  

Deer sightings peaked between day 70 and day 80. However, deer were documented 
immediately after flowering and were recorded periodically throughout the study (Fig. 5). 
We could not confirm whether each vertebrate species was photographed with fruits in its 
mouth. 

4. Discussion 
In this study, the photographs did not necessarily confirm the mammals actually ate fruits. 
However, because there are correlations between fruit production and the number of 
photographs for some mammal species, we can conclude these mammals visited the trees to 
eat the P. jamasakura fruit. 

In this study, the cameras captured a smaller number of photographs in 2004 than in 2003. 
One reason for this may be the difference of fruit production. In 2004, the target trees 
produced a smaller amount of fruit than in 2003. Also, a correlation exists between fruit 
production and number of photographs for bears, martens, civets, squirrels, and macaques. 
These results indicate these mammal species moved and selected trees depending on the 
fruit production of each tree. For pine martens (Martes martes) in Mediterranean area, crop 
size was correlated with the frequency of occurrence and the proportion of fruits by volume 
in feces. Pine martens feed on fallen fruit and appeared to choose trees with a higher density 
of fruits under the canopy, that is, trees that produced larger crops (Guitian & Munilla, 2010). 
Tsuji, (2010) reported Japanese macaques change their home range, move, or select trees 
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depending on the availability of food generally and on the fruit production of each tree. 
There are no reports on the feeding behavior of bears that indicating bears select trees 
depending on the food availability of each tree. However, it is known bears can change their 
diet and movement behavior frequently depending on fruit production (Hashimoto, 2002; 
Hashimoto et al., 2003; Koike, 2010; Kozakai et al., 2011; Arimoto et al., in press).Thus bears 
may select trees based on the difference in fruit production for each individual tree. Our 
results indicate for the first time that the amount of fruit production of each tree may 
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Fig. 4. Sample camera trap photographs of verteblates as they visit under the crowns of 
Prunus jamasakura trees.( a) deer (Cervus nippon); (b) serow (Capricornis crispus); (c) bear with 
cub (Ursus thibetanus); (d) marten (Martes melampus); (e) is civet (Paguma larvata); (f) pheasant 
(Syrmaticus soemmerringii). 
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The average fruit production (number of fruits per tip of the branch) of target trees were 
57.6±17.6 (SD) in 2003, and 11.9±12.2 (SD) in 2004 (Table 1). 
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4). 
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deer with the number of days after the initiation of flowering (Fig. 5). Over 90% of the 
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In this study, the photographs did not necessarily confirm the mammals actually ate fruits. 
However, because there are correlations between fruit production and the number of 
photographs for some mammal species, we can conclude these mammals visited the trees to 
eat the P. jamasakura fruit. 

In this study, the cameras captured a smaller number of photographs in 2004 than in 2003. 
One reason for this may be the difference of fruit production. In 2004, the target trees 
produced a smaller amount of fruit than in 2003. Also, a correlation exists between fruit 
production and number of photographs for bears, martens, civets, squirrels, and macaques. 
These results indicate these mammal species moved and selected trees depending on the 
fruit production of each tree. For pine martens (Martes martes) in Mediterranean area, crop 
size was correlated with the frequency of occurrence and the proportion of fruits by volume 
in feces. Pine martens feed on fallen fruit and appeared to choose trees with a higher density 
of fruits under the canopy, that is, trees that produced larger crops (Guitian & Munilla, 2010). 
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Fig. 5. Relationships between the number of days after the initiation flowering and number 
of photographs of major mammals under the crowns of Prunus jamasakura trees. The period 
of P. jamasakura fruit maturation (maximum of fruit size, sugar concentration, and seed 
germination) is based on Koike et al., (2008a). Black bar is data of 2003, white bar is data of 
2004. 
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influence individual tree selection by bears; although this result doesn't necessarily clearly 
demonstrate bears have selective feeding behavior. The ecology of civets in Japan is poorly 
known (Ohdachi et al., 2009). However, in Southeast Asia, civets are also known to change 
food items frequently depending on fruit production (Zhou et al., 2008) although the level of 
fruit production may influence the feeding behavior of civets in Japan. Because some reports 
indicate squirrels consume the seeds (Ohdachi et al., 2009), squirrels may feed on the fruit of 
P. jamasakura, especially seeds, although documentation of food selection habits of squirrels 
is lacking. In this study, we recorded many squirrel photographs in 2003, but none in 2004. 
Because there are no other factors of environmental change such as increases in logging in 
the study area, fluctuations in the availability of mast may seriously influence the behavior 
of squirrels. 

A poor correlation exists between fruit production and number of photographs for foxes, 
deer, and rodents. In general, foxes do not inhabit only forest, and they depend strongly on 
animal food sources (Ohdachi et al., 2009). Also, foxes were not frequently photographed, so 
the amount of fruit might not affect their behavior much. It is unknown whether deer eat the 
fruit of P. jamasakura or not. Because deer primarily fed on herbaceous plants (Ohdachi et al., 
2009), and the presence of deer was recorded before the fruit matured, the fluctuation of 
fruit production might not affect their behavior. There was also poor correlation between 
rodent sightings and fruit production. Because rodents eat a variety of foods (Ohdachi et al., 
2009), fluctuations in fruit production in one tree species might not affect their behavior. 
Future research is needed to document the importance of fleshy fruit such as P. jamasakura 
fruit as a food resource for deer and rodents. 

Most mammals except deer were photographed after day 50. Koike et al., (2008a) indicated 
bears consume fruit with high energy content around day 60. The peak for photographs of 
bears, martens, and civets was between day 50 and day 70. This was earlier than 
photographs of deer, boars, and foxes. Previous studies indicated the proportion of 
persisting fruit decreased gradually until day 60, then decreased rapidly by 64.7% in the 
next 10 days (Koike et al., 2008a). Because bears, martens, and civets can climb tall trees 
(Hosoda & Tatara, 1996; Huygens et al., 2003; Ohdachi et al., 2009), they can feed on the fruit 
before it falls. On the other hand, because deer, boars, and foxes cannot climb trees well they 
feed mainly on fallen fruit. These results indicate the frequency or the peak of photographs 
of mammalian species reflects their ecological characteristics such as climbing ability and 
habitat preference. 

We show mammals, aside from deer, were recorded after day 50 and they have potential to 
feed on fruit including mature seed. Previous studies indicate carnivores such as bears, 
martens foxes, and civets can act as seed disperses for some fleshy-fruited plants (Koike et 
al., 2008b; Nakashima et al., 2010 ). This paper clarifies these mammals are not seed eaters in 
that they don’t eat fruit with immature seeds. Although few studies of seed dispersal by 
ungulates (endozoochory) have been made in Britain, deer have been shown to be effective 
seed dispersers for a number of plant species. Recent research shows deer do function as 
seed dispersal agents (Malo et al., 2000; 2001; Myers et al., 2004; Brathen et al., 2007).  

5. Conclusions 
We investigated the relationship between the fruit phenology of Prunus jamasakura and the 
fruit feeding period of mammals. Our research cannot confirm actual feeding behavior.  
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Fig. 5. Relationships between the number of days after the initiation flowering and number 
of photographs of major mammals under the crowns of Prunus jamasakura trees. The period 
of P. jamasakura fruit maturation (maximum of fruit size, sugar concentration, and seed 
germination) is based on Koike et al., (2008a). Black bar is data of 2003, white bar is data of 
2004. 
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influence individual tree selection by bears; although this result doesn't necessarily clearly 
demonstrate bears have selective feeding behavior. The ecology of civets in Japan is poorly 
known (Ohdachi et al., 2009). However, in Southeast Asia, civets are also known to change 
food items frequently depending on fruit production (Zhou et al., 2008) although the level of 
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the study area, fluctuations in the availability of mast may seriously influence the behavior 
of squirrels. 
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animal food sources (Ohdachi et al., 2009). Also, foxes were not frequently photographed, so 
the amount of fruit might not affect their behavior much. It is unknown whether deer eat the 
fruit of P. jamasakura or not. Because deer primarily fed on herbaceous plants (Ohdachi et al., 
2009), and the presence of deer was recorded before the fruit matured, the fluctuation of 
fruit production might not affect their behavior. There was also poor correlation between 
rodent sightings and fruit production. Because rodents eat a variety of foods (Ohdachi et al., 
2009), fluctuations in fruit production in one tree species might not affect their behavior. 
Future research is needed to document the importance of fleshy fruit such as P. jamasakura 
fruit as a food resource for deer and rodents. 

Most mammals except deer were photographed after day 50. Koike et al., (2008a) indicated 
bears consume fruit with high energy content around day 60. The peak for photographs of 
bears, martens, and civets was between day 50 and day 70. This was earlier than 
photographs of deer, boars, and foxes. Previous studies indicated the proportion of 
persisting fruit decreased gradually until day 60, then decreased rapidly by 64.7% in the 
next 10 days (Koike et al., 2008a). Because bears, martens, and civets can climb tall trees 
(Hosoda & Tatara, 1996; Huygens et al., 2003; Ohdachi et al., 2009), they can feed on the fruit 
before it falls. On the other hand, because deer, boars, and foxes cannot climb trees well they 
feed mainly on fallen fruit. These results indicate the frequency or the peak of photographs 
of mammalian species reflects their ecological characteristics such as climbing ability and 
habitat preference. 

We show mammals, aside from deer, were recorded after day 50 and they have potential to 
feed on fruit including mature seed. Previous studies indicate carnivores such as bears, 
martens foxes, and civets can act as seed disperses for some fleshy-fruited plants (Koike et 
al., 2008b; Nakashima et al., 2010 ). This paper clarifies these mammals are not seed eaters in 
that they don’t eat fruit with immature seeds. Although few studies of seed dispersal by 
ungulates (endozoochory) have been made in Britain, deer have been shown to be effective 
seed dispersers for a number of plant species. Recent research shows deer do function as 
seed dispersal agents (Malo et al., 2000; 2001; Myers et al., 2004; Brathen et al., 2007).  

5. Conclusions 
We investigated the relationship between the fruit phenology of Prunus jamasakura and the 
fruit feeding period of mammals. Our research cannot confirm actual feeding behavior.  
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However, because the most of photographs for some mammal species were recorded during 
fruit mature period, we can conclude these mammals visited the trees to eat the P. 
jamasakura fruit. And, these results indicate that some mammal species are potentially 
effective seed dispersers. We suggest the combination of information gained from camera 
trap data with information related to fruiting phenology and fruit production will make 
more intelligent discussion of these relationships possible. Future similar research on other 
tree species and in other regions will facilitate research related to vertebrate forest ecology 
by obtaining data that is difficult to observe directly. 
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However, because the most of photographs for some mammal species were recorded during 
fruit mature period, we can conclude these mammals visited the trees to eat the P. 
jamasakura fruit. And, these results indicate that some mammal species are potentially 
effective seed dispersers. We suggest the combination of information gained from camera 
trap data with information related to fruiting phenology and fruit production will make 
more intelligent discussion of these relationships possible. Future similar research on other 
tree species and in other regions will facilitate research related to vertebrate forest ecology 
by obtaining data that is difficult to observe directly. 
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1. Introduction 
Periodicity in the life of plants and animals is considered to be an indirect indicator for the 
periodicity in the climate. This is because plants and animals continuously respond to 
changing climatic influences. It is at the same time a supporting science for biogeography, 
ecology and phytocenology. Phenology is a branch of science which deals with the study of 
periodically recurring natural life cycles in the course of time, called phenological phases of 
plants and animals, as they relate to environmental conditions, particularly climate and 
weather. The base of the word phenology emanates from the Greek word fainó, which means 
“I reveal” (Krška, 2006). Dating from ancient times, the observation of the surrounding 
environment has been one of the basic features of everyday life, specific expressions in the 
acquired pieces of knowledge arise from weather proverbs e.g.  “September brews the wine, in 
October we drink it”. The weather proverbs had of course great importance even for peasants 
and other professions. Phenological observations, which are according to the kind of observed 
organisms divided into phytophenological and zoophenological. In climatology the basic time 
period is a year together with its months but the growth and subsequent development of 
plants and animals do not follow our calendar. Natural life cycles of organisms are 
determined, simply said, by internal (genetic) and external (climatological) conditions. And we 
divide the year into phenological periods according to the response of nature to the real course 
of the weather (Rožnovský & Havlíček, 1999). Phenology season onset in relation to synoptic 
situation studied Hájková & Kožnarová & Sulovská (2011). Agroclimatological classification is 
based on relation of plants to selected climatological characteristics as well as 
agroclimatological indicator of temperature, agroclimatological indicator of irrigation and 
agroclimatological indicator of hibernation (Žalud, 2010).  

In this chapter we briefly describe history of phenological observations in the Czech 
Republic and phenological observations at present including concisely description of 
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current methodology used at CHMI (Czech Hydrometeorological Institute) phenological 
stations. The Czech Hydrometeorological Institute cooperates with other European 
countries within the phenology research, very short description is provided.  From all 
observed species we have chosen the Common Hazel as one of the most important pollen 
allergen. Phenological results in the Common Hazel were evaluated in the Czech Republic 
within the period 1991–2010 including climatological characteristics.    

2. History of phenological observation in the Czech Republic 
Phenological observations have a long tradition in Czech Lands. We can divide it into two 
parts – phenological observations executed in the last centuries and observation of 
phenological stages at present.  

2.1 History of phenological observations in 18th and 19th century in Czech countries 

The first Czech meteorologists J. Stepling, A. Strnad and M. A. David, whose activities are 
known from the second half of the 18th century and David’s from the 19th century as well, 
devoted themselves to studying the influence of weather on the life of plants and animals. 
A. Strnad attached his remarks to regular measures, which he carried out at the Prague 
observatory from the 1st January, 1775 up to nearly the end of his life (23rd September, 1799). 
A number of these phenological observations is also attached to his paper 
“Meteorologischer Beytrag auf das Jahr 1792”. A longer article, containing an economic 
survey of the year 1791, was published by Strnad in Mannheim Eefemeridas with the 
heading „Conditio anni generalis“ (Seydl, 1954). 

The Mannheim or Falc meteorological society (Societas meteorologica Palatina), was 
assigned on the 15th September 1780 as a “meteorological class” to the Academy of Sciences, 
which has been in existence in Mannheim since 1763, and worked till 1799. The society 
welcomed, apart from meteorological measurement, also notes on phenology and nosology, 
especially the reports on the blossoming and ripening of fruits of the most important 
cultural plants, on the results of haymaking, harvest and fruit harvest, both from the point 
of view of the quantity and quality, and the data on the diseases of plants and on damage 
caused by insects. And the reports on arrivals and departures of migrating birds, e.g. storks, 
swallows, nightingales and cuckoos were welcomed. The first phenological calendar in our 
literature was published by Med. Dr. Tadeáš Haenke in his longer paper „Blumenkalendar 
fűr Noumen in Jahre 1786“. The author carried out in the years 1784 and 1785 a detailed 
observation on the earlier and later beginning of spring, on its course and the changes of 
plants during this time (Seydl, 1954). 

The principles for regular and methodologically unified phenological observations in a station 
net were laid by the Swedish botanist Carl von Linné. He established the network of 18 
stations in Sweden in the years 1752–1755. Professor ing. Dr. Octavianus Farský (Farský, 1942) 
said, that phenology of botany cultivated from the time of Linné has not only purely scientific 
(biological, phyto - a zoographical, ecological and climatological), but first of all practical 
importance. Regular phenological observations in the Czech countries were first introduced by 
the Patriotic – economic company, the successor of K. k. Ackerbau-Gesellschaft, based in 1769 
as an order of the Empress Maria Teresia in Prague for the enhancement of agriculture. The 
following phenological elements were observed: the development of buds into leaves, the 
beginning of blossoming, the end of blossoming and maturation of seeds. Further, some 
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animals e.g. bats, hamsters, badgers, snakes and lizards, frogs, which do not leave our 
countries and hibernate in winter, mainly their awakening in spring and the beginning of 
hibernation were observed. The Prague lawyer Karl Fritsch as a significant part of his work in 
the field of phenology. His first work on phenology was devoted to the influence of weather 
on vegetation. In the paper „Elemente zu einer Untersuchung űber den Einfluss der Witterung 
auf die Vegetation“Fritsch explained the link between the yearly amount of warmth and 
moisture to the most important phases of the development of a plant, he presents eight charts 
of meteorological data (e.g. gradual total of positive values of the air temperatures, the 
differences in gradual total of precipitation) (Seydl, 1954). 

2.2 The first phenological observations in the Czech Republic in the 20th century 

The state phenological service was organized in Moravia by the Department for soil science 
and agricultural meteorology of the Regional research office of agriculture in Brno. Prof. Ing. 
Dr. Václav Novák (1888–1967) set up in 1923 one of the first national phenological services 
in the world. The observation net was soon so extensive (with 650 observers involved in its 
activities), that it was unsustainable in the long term. The organization of phenological 
services was so sophisticated, several challenges in newspapers and professional press were 
published in order to acquire other observation sites, national schools and public 
corporations were asked for cooperation. The results of these observations were gradually 
processed in a long-term average of phenological phases, the so-called phenography. 
Coming out of these observations, phenological yearbooks were published, with map 
enclosures for the years 1923 and 1924 – and thus the principles of the beginning of the 
Czech phenography were laid. The material was processed together with professor Novák 
and professional officer ing. Josef Šimek. Phenological yearbooks were put together in the 
years 1927–1937 (Novák & Šimek, 1926).  

In the year 1931 prof. ing. Dr. Bohuslav Polanský (1901–1983) jointed in by organizing 
phenological observations in the Moravian – Silesian country. In the year 1942 docent ing. 
Dr. Octavianus Farský, later professor at the School of agriculture in Brno, tried to introduce 
hunting – phenological observations in the area of the Bohemia and Moravia protectorate. 
He collectively described his hunting – phenological observations in the journal „Stráž 
myslivosti“, no. 27, volume XIX (Farský, 1942).  

As O. Farský stated, already in the last century the „Fysiokratická společnost“, based on the 
impulse of the author, teacher and naturalist Dr Karel Slavomil Amerling (1807–1884), 
started to practise phenology and gained merit in the development of our applied natural 
sciences and progress in agriculture and forestry. In hunting – phenological observations, 
the following species of our commercial game were observed: feathered: Scolopax rusticola L., 
Tetrao tetrix L., Tetrao urogallus L., Perdix perdix L., Phasianus colchicus L. and furry: Lepus 
europaeus Pall., Sus scrofa L., Ovis musimon Pall., Dama dama L., Cervus elaphus L., Capreolus 
capreolus L. (Farský, 1942). 

The phenological phases follow one after the other in a certain stable order; the first 
phenological calendar was published by the above mentioned T. Haenke. Arising from these 
long-term phenological observations, we can create the so called “Calendars of nature” for a 
certain place and its surrounding. We can also add a border data of the beginnings of these 
phases (the earliest and the latest, their amplitudes, phenoanomaly, the curve of 
phenodynamics) (Brablec, 1952).  
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Fig. 1. Report of phenological observations at station in Střednice, year 1924. 
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The operative of the Hydrometeorological institute Josef Brablec processed and published 
the calendar of nature for Plumlov in Moravia during the period 1926–1947 (Brablec, 1952), 
for Hodonín in Moravia during the period 1924–1949 and for Střednice at Mělník in 
Bohemia during the period 1923–1949 (Brablec, 1953). At the above mentioned station 
Střednice at Mělník, Vladimír Nový, a farmer, carried out some meteorological observations 
and noticed not only prescribed species of plant and field crops (Fig. 1), but he also recorded 
data about weeds and other plants and his records have been up to the present the only 
long-term observation rows at our disposal.  

In 1939, all meteorological services in the area of protectorate Bohemia and Moravia were 
brought together and the Central meteorological institute for Bohemia and Moravia was 
established, from the year 1940, phenological observations were overtaken by the Czech 
meteorological service with the whole net (about 1 000 places) and the archive of data since 
1923.  From that time up to the present, the phenology makes up a part of the meteorological 
service, included in 1954 in the Hydrometeorological institute (Miháliková, 1983; Krška & 
Vlasák, 2008). Phenological observations were conducted according to the principles 
included in the Handbook for phenological observers from the year 1956 (Pifflová et al., 
1956). It was determined for the observers of the institutes for general phenology, which 
served mainly the needs of agriculture production (Fig. 2).  

 

Fig. 2. Handbook for phenological observers  (1956) – demonstration. 

A constituent part of the handbook was also zoophenological observations. The following 
phenomena were observed e.g. the date of arrival, mass arrival, the first singing, herding 
and departure of thrushes, martins, quails, cuckoos, swifts, larks, starlings and swallows. 
With bee melliferous, the first flight and the first congeries of pollen were observed. 



 
Phenology and Climate Change 

 

74

 

Fig. 1. Report of phenological observations at station in Střednice, year 1924. 

 
Phenological Observation in the Czech Republic – History and Present 

 

75 

The operative of the Hydrometeorological institute Josef Brablec processed and published 
the calendar of nature for Plumlov in Moravia during the period 1926–1947 (Brablec, 1952), 
for Hodonín in Moravia during the period 1924–1949 and for Střednice at Mělník in 
Bohemia during the period 1923–1949 (Brablec, 1953). At the above mentioned station 
Střednice at Mělník, Vladimír Nový, a farmer, carried out some meteorological observations 
and noticed not only prescribed species of plant and field crops (Fig. 1), but he also recorded 
data about weeds and other plants and his records have been up to the present the only 
long-term observation rows at our disposal.  

In 1939, all meteorological services in the area of protectorate Bohemia and Moravia were 
brought together and the Central meteorological institute for Bohemia and Moravia was 
established, from the year 1940, phenological observations were overtaken by the Czech 
meteorological service with the whole net (about 1 000 places) and the archive of data since 
1923.  From that time up to the present, the phenology makes up a part of the meteorological 
service, included in 1954 in the Hydrometeorological institute (Miháliková, 1983; Krška & 
Vlasák, 2008). Phenological observations were conducted according to the principles 
included in the Handbook for phenological observers from the year 1956 (Pifflová et al., 
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Fig. 2. Handbook for phenological observers  (1956) – demonstration. 

A constituent part of the handbook was also zoophenological observations. The following 
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and departure of thrushes, martins, quails, cuckoos, swifts, larks, starlings and swallows. 
With bee melliferous, the first flight and the first congeries of pollen were observed. 
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3. Phenological observation in the CHMI at present 
A significant change in phenological observations came in the year 1983; observation sites 
were divided into stations observing field crops and fruit trees. Separate instructions for 
both types of stations were issued for observers. The transformation was finished in the year 
1987 by issuing methodological instructions for the activities of phenological stations 
observing forest plants (from January 1st 1987). From January 1st 2005, Phenological atlas 
(Coufal et al., 2004) became an aid for observers in the net of the CHMI. 

In the year 2004 a trial run of the database Oracle Phenodata started, for acquiring and 
storing phenological data (application pod Clidata in environment Oracle) and since 1st Jan. 
2005 phenological data have been stored in this database up to the present. Older data were 
transferred to this database from environment Excel, where they had been stored till that 
time.  

The present phenological net in the area of the Czech Republic is consisting of the three 
types of stations (forest plants, fruit trees, field crops). Voluntary observers monitor the 
beginnings of phenophases according to the methodological instructions of the CHMI (art. 
2, 3 and 10 – in the year 2009 new, updated instructions for observers were issued), data are 
recorded in the phenological notepad and then transferred to current reports. The current 
reports are sent by post or in the electronic version to the branch offices of the CHMI, where 
the data are checked and transferred to application Oracle Phenodata by the phenologists of 
the branch offices of the institute. Current reports of field crops are sent once a week from 
10th to 49th week of the year, reports on fruit trees 10 times a year and reports on forest 
plants 14 times a year.  

3.1 Present methodology for phenological observations 

Phenological observations are carried out at three types of stations – at field, fruit and forest 
stations (Fig. 3). The stations are selected with regard to that fact that their position should 
represent the respective area, it should not defy the local conditions in any way (e.g. 
clenched valley, frost basin, slopes with geographical polarity, places with atypical soil 
conditions), and at the same time it has to be close to a climatological station. The Czech 
phenological network consists of 79 field phenological stations, 34 fruit trees phenological 
stations and 49 wild plants phenological stations at present.  

With field stations, such areas are chosen, which are in the given land register and used as 
arable land. Within these, selected parts of the overgrowth of the plant were then observed, 
where the plant was sown in the respective year, and the species of it are recorded. With 
fruit stations, such sections of the soil with cultivated fruit trees were chosen, where the 
plants are homogeneous in terms of the terrain, slope and its orientation, spacing etc. and at 
the same time they are uniformly cultivated, i.e. the same pruning, nutrition, cultivation and 
protection. In these areas 5 to 15 individuals are selected, which have identical biological 
features (the same species, variety, age, rootstock and shape) such individuals are then 
monitored until they perish or their health state is considered sufficiently representative. In 
the case of forest station, where plants are found in the surroundings, not standardized by 
the human, the rules are as follows: the locality has to be sufficiently far from any built-up 
area, outside the reach of urbanization, industrial, building, mining or agricultural activities; 
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it should contain just one type of botanical community and one type of macro relief, it 
should be rich in varieties, which means preferably mixed forests to cultural pine groves, or 
forest edges to their denser and poorer centres, and the plant should have optimal living 
conditions. In these localities such areas are chosen, which are homogenous from the 
ecological point of view. From these approximately five healthy individuals are chosen, in 
the case of shrubs 20–40 years old, in the case of trees 40–60 years old. Within each area, the 
location, elevation, exposition and slope, soil characteristics, irrigation or moisture 
conditions, in the case of forest stations also subsoil, botanical community, irradiation and 
the grade of legal protection are registered. 

 

Fig. 3. Map of CHMI phenological station at present (situation in 2010). 

The observer then carries out observations each lasting two days during the vegetation 
period, and outside the vegetation period once or twice a week. The vegetation period is 
defined at field stations from March to November, at fruit stations from April to October 
and at forest stations from March to October. The results of the observations are to be 
reported during the vegetation period at field stations every week, at fruit stations in the 
given terms from April to May each fortnight, from June to mid July once every three 
weeks, till the beginning of October once every six weeks and then at the beginning of 
December, at forest stations they should be handed in from March to June once a fortnight, 
from July to December always at the end of a month. Besides the data about the observed 
phenophases, the observer has to provide information concerning possible damage, both the 
damage caused by weather conditions, insects and fungi and other pathogenic agents, in the 
case of field crops also concerning the length of plants and the number of leaves and agro 
technological interventions carried out. If any of the station conditions in the observed area 
significantly change, (e.g. a change in cultivation, new building site nearby, the dehydration 
of the area), the observation there has to terminate. 
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At field station, 19 crops are observed: Winter and Spring Wheat (Triticum vulgare) - Fig. 4, 
Winter and Spring Barley (Hordeum vulgare), Winter Rye (Secale cereale), Oat (Avena sativa), 
Sugar Beet and Fodder Beet (Beta vulgaris), Potato (Solanum tuberosum), Mays (Zea mays), Broad 
Bean (Vicia faba), Field Pea (Pisum sativum), Green Bean (Phaseolus vulgaris), Cultivated Flax 
(Linum usitatissumum, Winter Rape (Brasica napus), Oppium Poppy (Papaver somniferum), 
Lucerne (Medicago sativa), Trifolium (Trifolium pratense) and Hops (Humulus lupulus). With 
these crops, the following phenophases are observed: 1) sowing, 2) emergence, 3) leaf bud 
burst, 4) first leaves, 5) tillering, 6) the beginning of leaf sheath elongation, 7) the beginning of 
stem elongation, 8) first node, 9) second node,10) swelling of the sheath of the last leaf, 
booting, 11) heading, 12) closing rows of the growth, 13) total closing of the growth, 14) 
beginning of the side shoots growth, 15) beginning of decortications, 16) inflorescence 
emergence, 17) beginning of flowering, 18) beginning of male flowers flowering, 19) beginning 
of female flower flowering, 20) full flowering, 21) end of flowering, 22) cone development, 23) 
green ripeness, 24) milky ripeness, 25) milky wax ripeness, 26) yellow ripeness, 27) full 
ripeness, 28) harvest ripeness, 29) dead tops, 30) harvest. 

 

Fig. 4. Winter Wheat (Triticum vulgare) – full ripeness (Photo: Lenka Hájková). 

At fruit tree stations the following 15 plants are observed: Apple (Malus domestica) – Fig. 5, 
European Pear (Pyrus communis), Prunus (Prunus domestica & P. insititia), Wild Cherry 
(Cerasus avium), Sour Cherry (Cerasus vulgaris), Apricot (Armeniaca vulgaris), Peach (Persica 
vulgaris), Red Current (Ribes rubrum), Black Current (Ribes nigrum), Gooseberry (Grossularia 
uva-crispa), Common Walnut (Juglans regia), Common Hazel (Corylus avellana), and Vine 
(Vitis vinifera). The following phenophases in the respective plants are observed: 1) 
beginning of blooding, 2) leaf bud burst, 3) flower bud burst, 4) mixed bud burst, 5) first 
leaves, 6) inflorescence emergence, 7) beginning of flowering, 8) beginning of flowering 
(male flowers), 9) beginning of flowering (female flowers), 10) full flowering, 11) beginning 
of petal fall, 12) end of flowering, 13) bud creation, 14) end of shoots elongation, 15) bunches 
begin to hang, 16) softening of berries, 17) harvest ripeness, 18) harvest, 19) end of leaf fall. 
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Fig. 5. Apple – variety Champion (Malus domestica) – flowering (Photo: Lenka Hájková). 

 

Fig. 6. Blackthorn (Prunus spinosa) – flowering (Photo: Lenka Hájková). 

At wild plants stations are 24 species of wood plants and 21 species of herbs observed. 
Among the wood plants are: Norway Spruce (Picea excelsa), European Larch (Larix decidua), 
Scotch Pine (Pinus sylvestris, Scrub Pine (Pinus mugo subsp. Mughus), Wild Cherry (Cerasus 
avium), Blackthorn (Prunus spinosa) – Fig. 6, Rowan (Sorbus aucuparia), Midland Hawthorn 
(Crataegus oxyacantha), Robinia (Robinia pseudoacacia), European Hornbeam (Carpinus 
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betulus), Common Hazel (Corylus avellana), Silver Birch (Betula pendula), Common Alder 
(Alnus glutinosa), Grey Alder (Alnus incana), European Beech (Fagus sylvatica), Pedunculate 
Oak (Quercus robur), Goat Willow (Salix caprea), Harewood (Acer pseudoplatanus), Norway 
Maple  (Acer platanoides), Lime Tree (Tilia cordata), European Dogwood (Cornus sanguinea), 
Cornelian Cherry (Cornus mas), Black Elder (Sambucus nigra) and Racemic Elder (Sambucus 
racemosa).  

Observed herbs are as follows: Marsh Marigold (Caltha palustris), Wood Anemone (Anemone 
nemorosa) – Fig. 7, Hepatica (Hepatica nobilis), Meadow Buttercup (Ranunculus acris), Wild 
Strawberry (Fragaria vesca), Trefoil (Trifolium repens), Perforate St. John’s-wort (Hypericum 
perforatum), Rosebay Willowherb (Chamerion angustifolium), Heath (Calluna vulgaris), Bilberry 
(Vaccinium myrtillus), White Dead Nettle (Lamium album), Ox-eye Daisy (Chrysanthemum 
leucanthemum), Coltsfoot (Tussilago farfara), Butterbur (Petasites hybridus), White Butterbur 
(Petasites albus), Colchium (Colchicum autumnale), Lily of the Valley (Convallaria majalis), 
Common Snowdrop (Galanthus nivalis), Cocks Foot (Dactylis glomerata), Meadow Foxtail 
(Alopecurus pratensis) and Reed (Phragmites australis). The following phenophases are 
observed in these plants: 1) bud burst, 2) first leaves, 3) fully leaved, 4) inflorescence 
emergence, 5) beginning of flowering, 6) end of flowering, 7) bud creation, 8) first fruit 
visible, 9) St. John’s sprouts, 10) pulpy sprouts begin to lignifying, 11) leaves colouring, 12) 
leaves fall, 13) fruit ripeness, 14) haymaking and second haymaking. 

 

Fig. 7. Wood Anemone (Anemone nemorosa) – flowering (Photo: Lenka Hájková). 

4. The Czech phenology and Europe  
The Czech Hydrometeorological Institute is involved in the international cooperation in 
phenological observations in the project called IPG – International Phenological Garden 
since the end of 1990s. Since the half of the 20th century, the network of international 
phenological gardens has been working, supervised by the Humboldt University in Berlin. 

 
Phenological Observation in the Czech Republic – History and Present 

 

81 

The network contains more than 70 stations, in the Czech Republic there are 3 stations: at 
the observatory in Doksany (50°28' N, 14°10' E, 158 m asl, IPG–No. 85), in the arboretums of 
forestry schools in Kostelec nad Černými lesy (50°00' N, 14°52' E, 345 m asl, IPG–No. 86) and 
Křtiny at Brno (49°19' N, 16°45' E, 475 m asl, IPG–No. 87). The administrator of IPG 
delivered the observed trees from the nursery for trees in Ahrensburg at Hamburg for free, 
the biological material is thus genetically identical. The removal and planting is ensured by 
the operator. The observation is not paid, after the end of each calendar year, a report is sent 
to the administrator, who processes the results, prepares a yearbook and sends it for free to 
all the stations of the network (Nekovář et al., 2008). The main idea of the IPG was to 
standardise the conditions for observation – to use unified regulations for observations 
realized in similar surroundings only for professionals and thus on clone plants coming 
from one nursery. The aim of the project IPG is to study the presupposed impacts of 
changes in the climate on forest plants.  

 

Fig. 8. 3-D model of phenological station in Doksany. 

The International Phenological Garden in Doksany was set up in the year 2000 on the premises 
of the CHMI observatory, thanks to the Humboldt University in Berlin, which provided forest 
plants for free. The IPG is situated about 50 km of Prague, in the Ústí region. Its elevation is 
158 m above sea level, its average yearly air temperature is 8.5 º C and the average amount of 
precipitation is 450 mm. The IPG in Doksany was established as a first in the framework of the 
entire Czech Republic. In total, 9 phenological phases in 19 plants are observed. The wood 
plants have been placed in an area of the observatory in Doksany in such a manner, that they 
will either impede each other in the future, or influence the phenological measuring. The IPG 
is situated in a representative place, which is not influenced by local microclimatic conditions. 
The situation of the IPG is apparent in Fig. 8, which has been created by means of a 3D model, 
showing the garden in spring, summer, autumn and winter. Phenological observations in 
forest growth can be very demanding especially in difficult to access terrain. In recent years, an 
effort has been gathering strength, to use automatic monitoring with the help of phenological 
cameras and satellites. A greater objectification and an increase in the precision of phenological 
observations is thus to be expected.  
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Fig. 9. Foliage within the year – Common Hazel (Corylus avellana) (Photo: Martin Možný). 

In September 2006, in the CHMI, a piloting project of an all-year-long monitoring of 
phenological phases by a digital camera was commenced, within the framework of the 
phenological garden (IPG) in Doksany. Figure 9 shows an example of the phenological 
development taken in automatic regime. A digital camera Canon PowerShot S3 IS was used, 
it was positioned in a closed container with a sight, its interior heated by the heating foil and 
it was attached to a swivel stand.  

In Europe, the international cooperation in phenological observation and the analyses of 
data by the use of programme COST is greatly intensifying (European Cooperation in 
Scientific and Technological Research). The CHMI was a member of COST 725 
(Establishing a European Phenological Data Platform for Climatological Applications) 
and COST ES603 (Assessment of production, release, distribution, health impact of 
allergenic pollen in Europe). 

In the year 2010, the project PEP 725 (Pan European Phenology DB) was commenced. It was 
another step in the continuation and enlargement of the European phenological database for 
scientific purposes, education and research. Project PEP 725 is proposed to run until 2014 
with the presumption of prolongation at a later date. 

Further cooperation was initiated by the activities of the Joint Research Centre (JRC) of the 
European Committee in the town of Ispra in Italy. The European Agrophenological Net 
(EAgPN) was established, which will provide “country truth” for calibration of satellite 
snaps and for calculation of the quantity and quality of the harvest of cereals, corn, rape and 
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sunflower. Since the end of the 90s, the University of Waningen initiated the European 
Phenological Net (EPN), which is the creation of purpose-built websites, informing about 
national nets, general number of stations, plants and phases (Nekovář & Rožnovský, 2006).  

5. “A case study - phenology observations of Common Hazel (Corylus 
avellana) in Czechia” 
5.1 Climatological characteristics of the Czech Republic during the period 1991–2010 

The country's natural and environment is characterized by a moderate, humid climate and 
four alternating seasons. Its vegetation is determined by the merging of the Hercynian and 
Carpathian forest areas and the warm Pannonian steppe. The overall character of the 
landscape reflects vertical variation in the georelief. 

The climate is generally favourable and has rather maritime character. Despite the small 
surface area of the country, the climate is highly varied. The elongated shape of the territory 
results in a slight increase in continentality as one moves east (Tolasz et al, 2007).  

The maps (Fig. 10–12) introduce the average values of the selected climatic elements (air 
temperature, atmospheric precipitation, duration of sunshine) in the Czech Republic during 
the period from 1991–2010 in the warm half of the year, i.e. from April to September. 

Air temperature, sunshine and precipitation are closely connected with growth of plants. 
The average values of air temperature ranges between 10 and 16 °C (the maximum values 
are in the South Moravia and Polabská Lowland), the sunshine duration oscillates between 
1,050 and 1,350 hours (in the part of south and North Moravia show the maximum values) 
and the precipitation totals are between 300 and 650 mm (the highest values are in the 
mountain areas of Krkonoše, Jeseníky, Beskydy and Šumava Mts.).  

 

Fig. 10. Average air temperature in warm half-year (April–September). 



 
Phenology and Climate Change 

 

82

 

Fig. 9. Foliage within the year – Common Hazel (Corylus avellana) (Photo: Martin Možný). 
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Fig. 11. Average precipitation total in warm half-year (April–September). 

 

 

Fig. 12. Average total of sunshine duration in warm half-year (April–September). 
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5.2 Botanical description and occurrence of the Common Hazel in the Czech Republic 

Common Hazel – Corylus avellana is a medium sized spherical shrub 2 to 8 m high, with 
straight branches with diameter of 30 cm. The bark is smooth, brown-gray. The young twigs 
are densely hairy. The buds are sessile, glabrous, oval, and bluntly spiky. They have simple, 
rounded leaves with double–serrated margins, shortly petiolated, 7 to 12 cm long, on the 
face sparsely and densely hairy on the back. The roots are mainly spreaded on the surface. 
The male flowers are arranged in pendant catkins, 10 cm long. The new unblooming catkins 
occur on the shrubs in mid of summer. Small female flowers are sessile to twig, unobtrusive, 
similar to buds. They grow usually in pairs, and are completely enclosed in support scales, 
which protrude from red stigmas. The plant is monoecious. The Hazel flowers as early as 8–
10 years, however, it becomes, that pistil’s flowers are damaged by frost, and it does not 
produce fruit annually. The fruit is a nut surrounded by an involucres (husk) which partly 
to fully encloses the nut, it called „punčoška“. Shell (pericarp) is cinnamon brown. The 
Hazel can be found as undergrowth in light forest, in forest edges, as a part of shrubs in the 
surrounding of water, in the clear-cut areas and bounds, it is often planted. It reaches ages of 
60–80 years. Taxonomy classification is mentioned in Table 1. 
 

Order Fagales 
Family Corylaceae 
Genus Corylus 
Species Corylus avellana L. 

Table 1. Taxonomy subsumption. 

The Hazel has no special moisture requirements and grows even in the areas of poor 
rainfall. It is modest in demands on soil, hates peat and muddy soil. It is resistant to climate, 
it is a thermophilic tree species in our country that searches often thermally favourable 
position with the southern exposure. 

It expanded in the Termophyticum and the Mesophyticum scattered  to abundantly (Hejný 
& Slavík et al., 2003), rarely in the Oreophyticum. The Hazel is very abundant at some 
localities, particularly in the upper hill country belt to submontane belt of southwest 
Bohemia and part of south Bohemia (here is rich in shrub forest floor, but it also creates 
extensive separate bushes formation). In the lowland belt to the submontane belt,  
exceptionally above the cirques (max.: Hrubý Jeseník Mts., Velká kotlina, 1,310 m asl; 
Krkonoše Mts., Schlusterova zahrádka, 1,100 m asl). 

In forestry is considered for weed tree species, are grown mainly large–bed cultivars for the 
nuts. Nuts have a high content of protein, fats and vitamins B. Pressed oil is used in 
parfumery and painting. Hazel rods are used in basket making. Hazel is the first grazing for 
bees due to early flowering period. Infusions of the leaves are used in folk medicine (skin 
rashes and intestinal illnesses treatment). Dried leaves were used during the war as a 
tobacco substitutes.  

5.3 The Common Hazel as an allergen 

Pollen grains of Hazel are triangular, flat, about a size of 20 up to 27 µm in diameter with 
three porous apertures, smooth and unsticky (Fig. 13). The production of pollen is plentiful, 
if species does not grow in the shrub floor and is overshadowed (Rybníček et al., 1997). 
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Fig. 12. Average total of sunshine duration in warm half-year (April–September). 
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Fig. 13. Common Hazel (Corylus avellana) – pollen (Photo: Lenka Hájková). 

 

 

Fig. 14. Common Hazel (Corylus avellana) – flowering (Photo: Jana Škvareninová) 
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Pollen is transmitted by wind very well. Pollen grains of the Hazel contain at least allergen  
Cor a 1 (Špičák, Panzner et al., 2004). The Hazel belongs among moderately significant to 
very important pollen allergens. Primarily it reacts across with pollen botanically related 
species (birch – hornbeam – alder), (beech – oak).  

The flowering of the Common Hazel (Fig. 14) lasts on average 22–23 days in the selected 
elevation zones, standard deviation ranges between 2.3 and 5.3 days. Common Hazel begins 
to flower on average between 24th February and 24th March. The probability of the 
beginning of flowering between 12th March and 21st March is 19 %, between 2nd and 11th 

March 16 % and between 21st and 29th February 16 %. The earliest beginning of flowering 
was recorded on 12th January 1994 (Lednice), the latest onset was registered on 12th April 
2006 (Měděnec).  

5.4 Analysis of phenological data in the Common Hazel 

Within the framework of phenological observations and according to the methodology of 
the CHMI, the following phenophases of the Common Hazel are observed: the bud burst (10 
%), the first leaves (10, 50, 100 %), the fully leaved (100 %), the inflorescence emergence (10 
%), the beginning of flowering (10, 50, 100 %), the end of flowering (100 %), the bud creation 
(10 %), the first fruit visible (10 %), the herb sprouts begin to lignifying (10 %), the leaves 
colouring (10, 100 %), the leaves fall (10, 100 %), the fully ripe (10, 50, 100 %). The size of the 
crop has also been recorded. The Common Hazel is in the network of CHMI phenological 
stations (wild plants) observed at stations at elevations from 155 m (Doksany) to 830 m 
(Měděnec). The observed areas are located at stations on plains or on moderate slopes (slope 
up to 10°), at very bright stands. Typical moisture conditions are mainly hygromezophytic 
and mezophytic. 

The phenological data of the selected plants were evaluated in the environment Excel, but 
especially a space analysis in the environment of geographical information systems was 
carried out. For the depiction of maps, the method Clidata-DEM was used with a horizontal 
differentiation of 500 m and of regressive semi-diameter 40 km. This method is based on 
local linear regression between the measured value (average data of the onsets of the 
selected phenophases in the period 1991–2010) and a digital model relief. For each station, 
regressive coefficients from the nearest stations by means of the method of the smallest 
squares were calculated, which were later consequently interpolated in the space 
distribution, and by means of map algebra, and a straight line equation, a space distribution 
of the given phenophase was acquired. The maps are processed from the observed data 
from the phenological stations; in the area above the boundaries of the present occurrence 
the map expresses potentially possible values. Termopluviograms were constructed 
according Kožnarová et al. (1997), some results of termophenopluviograms have already 
been published with Apple, Pear, Apricot, Morello and Walnut (Kožnarová & Sulovská & 
Hájková, 2011). 

In place of a phenological observation station, which climatological stations lack in most 
cases, so-called technical rows for necessary methodological elements for geographical 
coordinates of phenological stations were assessed for the calculation of complementing 
meteorological characteristics. The methodology for the calculation was as follows: before 
the individual calculation of technical rows, the entrance data from climatological stations of 
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the CHMI were carefully checked from the point of view of their quality using the software 
ProClimDB (Štěpánek, 2009). The methodology of the error detection in calculation 
combines several procedures e.g. comparison of differences between neighbouring stations, 
comparison with the expected value calculated by means of geostatistical methods and so 
on, the result of this combination is that it is easy to automate. After the error correction, the 
rows were homogenised by the use of several statistical tests, different reference rows, 
iteration testing-assessment-correction of nonhomogenities. The correction of 
nonhomogenities was carried out directly in the daily data (more e.g. in Štěpánek et.al, 
2009). For each station, the missing values from the period 1991–2010 were further 
completed by means of geostatistical methods. And with the use of these homogenised and 
completed station rows, new technical rows in selected points were finally calculated (in 
relation to the position of the original stations). The calculation of technical rows itself arises 
from the methodology IDW, whereby the applied data of the neighbouring stations are at 
first standardised for elevation of the point at which we calculate a new row (Štěpánek et.al, 
2011) and then a new value by means of weighted average is calculated. The adjustment of 
parameters for the calculation differs for each meteorological element. The results of the 
onsets of phenological phases of plant species of the corresponding phenological station in 
the given year were associated with technical rows for geographical coordinates of 
phenological stations in the period 1991–2010 for further processing. And such prepared 
data were used for calculating meteorological characteristics according to the following 
procedure: pentad air temperature was calculated as the average air temperature for five 
consecutive days before the day of the onset of the selected phenophase in the given year. 
The sum of the air temperatures, the total of sunshine duration and the number of days with 
precipitation total of at least 1 mm during the selected phenophase intervals were calculated 
during the entire mentioned interval (so they include the day of the phenophase onset). The 
accumulated temperatures are processed as sums of average daily air temperatures in the 
given phenophase interval (ºD e.g. DD), the duration of sunshine as a total of daily amounts 
of sunshine in the phenophase interval (hour) and the number of days with precipitation 
total of 1 mm or more comes out of daily precipitation totals in the selected days of the 
phenophase interval corresponding to the selected criterion. 

5.5 Temporal and spatial variation in Common Hazel phenology 

Temporal and spatial variation of phenophase onsets in Common Hazel is very different in 
given year. Fig. 15 and 16 show annual deviations of phenophase onsets (the bud burst, the 
inflorescence emergence, the beginning and the end of flowering, the leaves fall) of 
Common Hazel from the average within the twenty year period 1991–2010.  

The years 2007, 2008, 1998, 2002, 1994 and 1995 had earlier onset with hazel, the years 2006, 
1996, 2005 and 2010 were recorded later phenological phases onsets. The highest negative 
deviations, i.e. an earlier phenophase onsets, were as follows: the sprouting –9 days (2007), 
the inflorescence emergence –28 days (2007), the beginning of flowering –28 days (2007),  the 
end of flowering –23 days (2007) and the leaves fall –7 days (1994). The highest positive 
deviations, i. e. later phenophase onsets, were with the sprouting +12 days (2006), the 
inlorescence emergence +28 days (2006), the beginning of flowering +29 days (1996), the end 
of flowering +25 days (2006) and the leaves fall +11 days (2001). The differences in the 
deviations with the inflorescence emergence, beginning and end of flowering are almost one 
month. 

 
Phenological Observation in the Czech Republic – History and Present 

 

89 

19
91

19
91

19
92

19
92

19
93

19
93

19
94

19
94

19
95

19
95

19
96

19
96

19
97 19

97

19
98

19
98

19
99

19
9920

00

20
00

20
01

20
01

20
02

20
02

20
03

20
03

20
04

20
04

20
05

20
05

20
06

20
06

20
07

20
07

20
08

20
08

20
09

20
09

20
10

20
10

-40

-30

-20

-10

0

10

20

30

40

Bud burst Inflorescence emergence

de
vi

at
io

n
(d

ay
s)

 

Fig. 15. Annual deviations of phenophase onsets (bud burst, inflorescence emergence) of 
Common Hazel (Corylus avellana) from the long term average 1991–2010. 
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Fig. 16. Annual deviations of phenophase onsets (beginning of flowering, end of flowering) 
of Common Hazel (Corylus avellana) from the long term average 1991–2010. 
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Fig. 15. Annual deviations of phenophase onsets (bud burst, inflorescence emergence) of 
Common Hazel (Corylus avellana) from the long term average 1991–2010. 
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Fig. 16. Annual deviations of phenophase onsets (beginning of flowering, end of flowering) 
of Common Hazel (Corylus avellana) from the long term average 1991–2010. 
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t = average monthly air temperature (°C); r = average monthly total precipitation (mm); tyear = average 
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I = average monthly minimum of air temperature of the coldest month; abs tmin = absolute minimum 
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count of days with air temperature  > 0.0 °C; abs rmax = absolute maximum of daily total 
precipitation;  r ≥ 0.1 mm= average count of days with total precipitation ≥ 0.1 mm; r ≥ 1.0 mm = 
average count of days with total precipitation ≥ 1.0 mm; r ≥ 10.0 mm = average count of days with 
total precipitation ≥ 10.0 mm. 

Fig. 17. Climagram of Lednice. 

For detailed analyse of phenological phases were used two stations Lednice (165 m asl) and 
Přibyslav (533 m asl). The average duration of growing season  in Lednice station is 231 
days, in Přibyslav station it is 223 days. The length of growing season or more precisely the 
growth of plants and phenological phases onsets are closely connected with climate, mainly 
temperature influences the course of phenological stages. Figures 17 and 18 present 
climatological conditions at stations in Lednice and Přibyslav by means of climagram. The 
climagram provides overall climatological description of specified station. In the climagram 
are described the course of main climatological elements (air temperature - average, 
minimum, maximum; precipitation total; number of days with precipitation total > 0.1; 1.0; 
10.0 mm). These climatological characteristics were evaluated in the same period as 
phenological phase's onsets (1991–2010) to show the climatological conditions of the 
Common Hazel in the selected stations. The stations are situated at different conditions  – 
Lednice station is situated in Dyje  lowland at elevation of 165 m and Přibyslav station is 
situated in  „Českomoravská vysočina“ at elevation of 530 m. The air  temperature has the 
principal influence on phenological phase onset. The onsets of phenological phases in 
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Přibyslav station are delayed – it is correlated with the course of average  monthly air 
temperature. The average year air temperature in Přibyslav is 7.4 °C; in Lednice it is 10.1 °C, 
also the occurrence of absolute minimum temperature < 0 °C is higher at station in Přibyslav 
within months IX–XII and I–VI; in Lednice station is the occurrence of  days with absolute 
minimum temperature < 0 °C minor just during months X–XII and I–V.  On other side the 
number of days with tmin > 0.0 °C is higher at station in Lednice (263 days). The absolute 
minimum temperature is lower in Přibyslav station (-26.4 °C). Even though the precipitation 
total has not so important influence on phenological stages onsets, the climagram includes it 
to present the whole climatological conditions. The annual precipitation total is naturally 
higher at station in Přibyslav (693.8 mm)  in comparison with Lednice station (541.7 mm). 
Number of days with precipitation total above 0.1mm; 1.0 mm and 10.0 mm is also higher in 
Přibyslav station.  
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Fig. 18. Climagram of Přibyslav. 

Duration of the flowering at stations in Lednice and Přibyslav illustrates Fig 19.  Each year 
is very variable and the time of flowering is different in Lednice and Přibyslav station. 
The average time of flowering at station in Lednice is 23 days; at station in Přibyslav is 19 
days. The shortest duration of flowering was in station at Lednice 6 days (2010), in 
Přibyslav station it was 7 days (1994).  On the other hand the longest duration of 
flowering was recorded in the year 1997 (45 days) in Lednice station; in Přibyslav station 
the longest duration of flowering was in the year 2008 (37 days). The extreme duration of 
flowering was not recorded in the same year at both stations. The average onset of the 
beginning of flowering within the whole Czech Republic starts  on  6th March, the average 
onset of the end of flowering begins on 28th March. The average duration of flowering is 
22 days. 
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flowering was not recorded in the same year at both stations. The average onset of the 
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Fig. 19. Average time of flowering of Common Hazel (Corylus avellana).  
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Fig. 20. Average time of growing season (bud burst–leaves fall) of Common Hazel (Corylus 
avellana). 
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The duration of growing season (bud burst–leaves fall) at both stations demonstrates Fig. 
20. The average duration of growing season at station in Lednice is 231 days, at station in 
Přibyslav 223 days. The average onset of the bud burst of the Common Hazel within the 
whole Czech Republic begins on 7th April; the average onset of the leaves fall is on 5th 
November. The shortest duration of growing season was 213 days (2007) and the longest 
duration of growing season was 252 days (1993) in Lednice station. At station in Přibyslav 
was the shortest duration of vegetation season was recorded in the year 1992 with 194 
days, the longest duration of vegetation season was recorded in the year 1997 with 253 
days. 

The phenotermopluviogram on Fig. 21 represents relations between air temperature and 
precipitation total in period of flowering on location Lednice and Přibyslav. The longest 
period of Common Hazel on location Lednice was 50 days (1997), with sum of temperature 
(∑t) 255.7 DD and precipitation total (∑r) 43.4 mm, on location Přibyslav 37 days (2008), ∑t = 
75.5 DD and ∑r = 49.6 mm. The shortest interval of flowering was in location Lednice 6 
 days (2010); ∑t = 56.7 DD and ∑r = 0 mm, and in Přibyslav 7 days (1994), ∑t = 26.5 DD and 
∑r = 9.8 mm. Long-term mean of Lednice ∑t = 119.1 DD; ∑r = 25.0 mm; duration of 
flowering = 23 days. Long-term mean of Přibyslav ∑t = 35.1 DD; ∑r = 30.1 mm; duration of 
flowering = 19 days. 
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Fig. 21. Phenotermopluviogram of flowering of Common Hazel (Corylus avellana). 

In Tables 2–5 some statistic results (average, median, 25% quartile, 75 % quartile, standard 
deviation and variation coefficient) of selected phenophase are enunciated. The variation 
coefficient presents the balance of time interval, it means a ratio of standard deviation and 
average. In the Common Hazel were chosen subsequent phenophase stages: the bud burst 
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Fig. 21. Phenotermopluviogram of flowering of Common Hazel (Corylus avellana). 

In Tables 2–5 some statistic results (average, median, 25% quartile, 75 % quartile, standard 
deviation and variation coefficient) of selected phenophase are enunciated. The variation 
coefficient presents the balance of time interval, it means a ratio of standard deviation and 
average. In the Common Hazel were chosen subsequent phenophase stages: the bud burst 
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(BBCH 07), the beginning of flowering (BBCH 61), the end of flowering (BBCH 69) and the 
leaves fall (BBCH 97). From the results is apparent the dependence on elevation. Table 6 
presents the pentad air temperature to phenophase onset at elevation zones. 
 

Statistical characteristic Elevation (m) 
≤ 200 201–400 401–600 601–800 ≥ 801 

Average 4. IV. 8. IV. 14. IV. 20. IV. 27. IV. 
Median 31. III. 2. IV. 9. IV. 19. IV. 25. IV. 
25 % quartile 27. III. 27. III. 1. IV. 13. IV. 20. IV. 
75 % quartile 4. IV. 9. IV. 16. IV. 27. IV. 29. IV. 
Standard deviation 8.9 6.5 8.9 10.3 6.3 
Variation coeff. (sx %) 9.47 6.63 8.56 9.36 5.38 

Table 2. Statistical characteristics of bud burst (BBCH 07). 
 

Statistical characteristic Elevation (m) 
≤ 200 201–400 401–600 601–800 ≥ 801 

Average 24. II. 28. II. 7. III. 15. III. 24. III. 
Median 23. II. 1. III. 9. III. 22. III. 22. III. 
25 % quartile 12. II. 13. II. 21. II. 6. III. 13. III. 
75 % quartile 9. III. 15. III. 21. III. 31. III. 3. IV. 
Standard deviation 11.2 10.0 11.2 8.8 8.7 
Variation coeff. (sx %) 20.36 16.95 16.96 11.89 10.48 

Table 3. Statistical characteristics of  beginning of flowering 10 % (BBCH 61). 
 

Statistical characteristic Elevation (m) 
≤ 200 201–400 401–600 601–800 ≥ 801 

Average 18. III. 23. III. 30. III. 7. IV. 15. IV. 
Median 22. III. 22. III. 2. IV. 5. IV. 20. IV. 
25 % quartile 7. III. 10. IV. 19. III. 17. III. 18. IV. 
75 % quartile 30. III. 4. IV. 13. IV. 17. IV. 25. IV. 
Standard deviation 10.6 6.2 9.2 10.7 11.4 
Variation coeff. (sx %) 13.77 7.56 10.34 11.03 10.86 

Table 4. Statistical characteristics of  end of flowering (BBCH 69). 
 

Statistical characteristic Elevation (m) 
≤ 200 201–400 401–600 601–800 ≥ 801 

Average 15. XI. 12. XI. 8. XI. 4. XI. 29. X. 
Median 17. XI. 4. XI. 5. XI. 31. X. 18. XI. 
25 % quartile 10. XI. 29. X. 30. X. 27. X. 16. XI. 
75 % quartile 24. XI. 10. XI. 12. XI. 6. XI. 25. XI. 
Standard deviation 14.0 11.1 10.2 10.5 11.6 
Variation coeff. (sx %) 4.39 3.51 3.27 3.41 3.84 

Table 5. Statistical characteristics of  leaves fall (BBCH 97). 
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Elevation (m) Bud burst 
(BBCH 07) 

Beginning of flowering
(BBCH 61) 

End of flowering 
(BBCH 69) 

Leaves fall 
(BBCH 97) 

≤ 200 5.8 3.1 5.2 6.3 
201 až 400 5.9 3.0 4.9 5.9 
401 až 600 6.0 2.6 4.7 4.5 
601 až 800 6.6 2.8 4.6 3.5 
≥ 801 6.8 2.8 4.8 1.5 

Table 6. Pentad air temperature (°C) to phenophase onset. 

 

Fig. 22. The average date of bud burst of Common Hazel (BBCH 07). 

The average date of selected phenological phase's onsets within the period 1991–2010 show 
figures 22–25. The onset of the bud burst of the Common Hazel begins between 31st March 
(lowlands) and 25th April (mountain areas), the beginning of flowering starts between 24th 
February (south Moravia, Polabská lowland) and 26th March (Krušné hory Mts., Šumava 
Mts., Krkonoše Mts., Jeseníky Mts., Beskydy Mts.), the end of flowering occurs between 16th 
March and 20th April and the leaves fall comes between 2nd November (the highest 
mountain elevations) and 14th November (Polabská Lowland, South Moravia). 

The Common Hazel reveals a great variability of different phenophase onset in the observed 
period 1991 to 2010. The phenological phases were most accelerated in the year 2007; on the 
contrary the onsets were most delayed in the year 2006. 

The vertical phenological gradient (it means gradient of average date of phenological stage 
onset) for selected phenological stages are subsequent: for the bud burst 2 days/100 m of 
elevation, for the beginning of flowering is 3 days/100 m of elevation, for the end of 
flowering is 3 days/100 m of elevation and for the leaves fall 2 days/100 m of elevation. 
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Table 3. Statistical characteristics of  beginning of flowering 10 % (BBCH 61). 
 

Statistical characteristic Elevation (m) 
≤ 200 201–400 401–600 601–800 ≥ 801 

Average 18. III. 23. III. 30. III. 7. IV. 15. IV. 
Median 22. III. 22. III. 2. IV. 5. IV. 20. IV. 
25 % quartile 7. III. 10. IV. 19. III. 17. III. 18. IV. 
75 % quartile 30. III. 4. IV. 13. IV. 17. IV. 25. IV. 
Standard deviation 10.6 6.2 9.2 10.7 11.4 
Variation coeff. (sx %) 13.77 7.56 10.34 11.03 10.86 

Table 4. Statistical characteristics of  end of flowering (BBCH 69). 
 

Statistical characteristic Elevation (m) 
≤ 200 201–400 401–600 601–800 ≥ 801 

Average 15. XI. 12. XI. 8. XI. 4. XI. 29. X. 
Median 17. XI. 4. XI. 5. XI. 31. X. 18. XI. 
25 % quartile 10. XI. 29. X. 30. X. 27. X. 16. XI. 
75 % quartile 24. XI. 10. XI. 12. XI. 6. XI. 25. XI. 
Standard deviation 14.0 11.1 10.2 10.5 11.6 
Variation coeff. (sx %) 4.39 3.51 3.27 3.41 3.84 

Table 5. Statistical characteristics of  leaves fall (BBCH 97). 
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Elevation (m) Bud burst 
(BBCH 07) 

Beginning of flowering
(BBCH 61) 

End of flowering 
(BBCH 69) 

Leaves fall 
(BBCH 97) 

≤ 200 5.8 3.1 5.2 6.3 
201 až 400 5.9 3.0 4.9 5.9 
401 až 600 6.0 2.6 4.7 4.5 
601 až 800 6.6 2.8 4.6 3.5 
≥ 801 6.8 2.8 4.8 1.5 

Table 6. Pentad air temperature (°C) to phenophase onset. 

 

Fig. 22. The average date of bud burst of Common Hazel (BBCH 07). 

The average date of selected phenological phase's onsets within the period 1991–2010 show 
figures 22–25. The onset of the bud burst of the Common Hazel begins between 31st March 
(lowlands) and 25th April (mountain areas), the beginning of flowering starts between 24th 
February (south Moravia, Polabská lowland) and 26th March (Krušné hory Mts., Šumava 
Mts., Krkonoše Mts., Jeseníky Mts., Beskydy Mts.), the end of flowering occurs between 16th 
March and 20th April and the leaves fall comes between 2nd November (the highest 
mountain elevations) and 14th November (Polabská Lowland, South Moravia). 

The Common Hazel reveals a great variability of different phenophase onset in the observed 
period 1991 to 2010. The phenological phases were most accelerated in the year 2007; on the 
contrary the onsets were most delayed in the year 2006. 

The vertical phenological gradient (it means gradient of average date of phenological stage 
onset) for selected phenological stages are subsequent: for the bud burst 2 days/100 m of 
elevation, for the beginning of flowering is 3 days/100 m of elevation, for the end of 
flowering is 3 days/100 m of elevation and for the leaves fall 2 days/100 m of elevation. 
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Fig. 23. Average date of beginning of flowering of Common Hazel (BBCH 61).  

 

 

 

Fig. 24. Average date of end of flowering of Common Hazel (BBCH 69). 
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Fig. 25. Average date of leaves fall of Common Hazel (BBCH 97). 

The Common Hazel  begins to sprout on average between 4th and 27th April, the beginning 
of flowering comes between 24th February and 24th March, the end of flowering starts 
between 18th March and 15th April and the leaves fall is between 29th October and 15th 

November at elevation zones. The period between the bud burst and leaves fall takes from 
185 and 225 days on average with the sum of air temperatures from 2,277 to 3,261 °D, the 
duration of sunshine 1,286–1,366 hours, precipitation total from 430 to 460 mm and 63.5 till 
67.8 days with precipitation total of at least 1 mm. 

6. Summary 
Phenological observations in the Czech Republic have a long tradition; the beginning of 
phenological research began already in the 18th century. The Hydrometeorological 
Institute assumed existing phenological data in 1954 and phenological network  
within the Hydrometeorological Institute has been developed according the own 
methodology (Pifflová et al., 1956). There were some changes in the methodology of 
phenological observation till present, nowadays is the phenological network divided  
into three types of stations (field crops, fruit trees, forest plants). Data are stored in 
database FENODATA including historical records. The Czech Republic cooperates  
with other European countries within the phenology research (e.g. IPG, COST 725, COST 
ES603 and PEP725). From all observed species in the CHMI phenological network was 
processed detailed evaluation of phenological results in the Common Hazel within the 
period 1991–2010. The Common Hazel is very important pollen allergen; the time of 
flowering appears between 24th February and 24th March and lasts 22–23 days on average. 
The vegetation period takes 185–225 days (bud burst–leaves fall) on average. The 
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Fig. 25. Average date of leaves fall of Common Hazel (BBCH 97). 
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duration of sunshine 1,286–1,366 hours, precipitation total from 430 to 460 mm and 63.5 till 
67.8 days with precipitation total of at least 1 mm. 

6. Summary 
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Institute assumed existing phenological data in 1954 and phenological network  
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methodology (Pifflová et al., 1956). There were some changes in the methodology of 
phenological observation till present, nowadays is the phenological network divided  
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database FENODATA including historical records. The Czech Republic cooperates  
with other European countries within the phenology research (e.g. IPG, COST 725, COST 
ES603 and PEP725). From all observed species in the CHMI phenological network was 
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phenophase onsets are closely connected with climate, detailed analysis is shown in 
climagrams and phenotermopluviogram. 
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Life Cycle in Natural Populations 
of Canna indica L. from Argentina  

María de las Mercedes Ciciarelli 
Laboratorio de Estudios de Anatomía Vegetal Evolutiva y Sistemática (LEAVES), 

Facultad de Ciencias Naturales y Museo, Universidad Nacional de La Plata, 
Argentina 

1. Introduction  
Several species of genus Canna L. (Cannaceae-Zingiberales) from Argentina, such as C. 
ascendens Ciciarelli, C. coccinea Mill., C. glauca L., C. indica L., C. fuchsina Ciciarelli and 
C.variegatifolia Ciciarelli were observed to grow mainly by vegetative multiplication of 
underground rhizomes (Ciciarelli, 1989, 1995, 2007, Ciciarelli & Rolleri 2008, 2010). For a 
long time, rhizomes have been considered as the most important propagation mode of many 
weeds to ensure plant growth and genetic uniformity. Some species, such as C. indica, are 
particularly invasive and even become weeds. This occurs both in the wild and urban areas 
of several tropical or subtropical American and Asian countries, precisely because of the 
ease of vegetative propagation through its rhizomes (Maas Van de Kamer & Maas, 2010; 
Tanaka 2001). Indeed, extensive populations are formed mostly by vegetative multiplication 
of rhizomes in Province of Buenos Aires, Argentina (Ciciarelli & Rolleri, 2008). Field work 
carried out during several seasons (2003-2011) demonstrated that, after removal of plant 
populations by human action, seeds germinate easily in the substrate assisted by external 
factors such as sun radiation, dew and rainfall distributed throughout the year.  

This work aims at contributing with knowledge of the life cycle of some herbaceous 
geophytes such as species of the genus Canna, and with studies of the reproductive 
mechanisms (sexual or asexual) prevailing throughout several seasons. The present research 
also includes morphological and histochemical studies of rhizomes and seeds to understand 
underlying growth factors such as energy, water availability, and resistance to cold. Finally, 
germination of C. indica seeds under natural and in vitro conditions is studied to make a 
contribution to the understanding of this process in species bearing very hard seedcoats.  

Although all species of the genus Canna mentioned above were studied in their phenology 
and life cycle, this analysis will focus mainly in C. indica: its wide distribution, resistance 
to eradication by human action, ability to reach a rapid coverage, capacity to cover new 
fields with dense colonies, to produce many flowers, fruits, and to have seeds with high 
and quick germination, make this species an interesting example of the characteristics of a 
typical weed. 

Canna indica is a plant of tropical or subtropical origin in South America, distributed over a 
vast area, reaching southern regions as Province of Buenos Aires (PBA) in Argentina (35° 
south latitude). In this area, climate is temperate, soils are rich in humus, and the short 
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Fig. 1. (a) Canna indica colony (in May, autumn ). (b) Detail of leaves and flowers in the same 
colony. 
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periods of winter frost may constitute a threat for populations. Winter frost may begin in 
May, and continue over June, July and August causing decay in the aerial parts of the plant 
until September-October, when they begin to recover. (Fig. 1a, b) 

1.1 Description of the species 

Canna indica L. Sp.Pl.1, 1753, is a mesophyte colonial terrestrial plant 2.5m height. Rhizomes 
are sympodial underground, with chestnut- brown cataphylls and abundant adaxial and 
abaxial roots. The aerial shoots are 1-3 cm diameter, with 7 – 11 sheathing leaves, patent to 
reflexed the inferior, ascending the superiors, and sometimes convolutes. The phyllotaxis is 
distichuous to spirally, and foliar sheaths are light green. Leaves are glabrous, green 
yellowish, adaxially fasciate, and abaxially greyish green and dull. The contour of leaves is 
narrow ovate with a length/ width ratio of 2:1. The third leaf is 19-37 (55) cm in length x 10-
18 (30) cm wide. The apices are acute, acuminate, twisted and mostly dry at the tops, with 
cuneate decurrent asymmetric bases. Venation is eucamptodrome. Primary vein and foliar 
margins are colourless, with light green foliar sheaths and bracts. Inflorescences are 
politelicae, intermediate, of 40- 41 cm in length carrying 1-2 paracladia, each one bearing 1-4 
nodes, each node carrying 2 flowers. The principal florescence carries 6-8 nodes and the 
basal internode is of 16-17 cm long. Flowers with 11-12 pieces are 7 cm long, concolours red 
or yellow or bicolorous, bright light red at the base and yellow in the third basal part. The 
floral tube is 3-4 cm long. The ovarium is inferior and green. Pollen grains are spherical or 
subspherical 38-61-(63) µm, equinatae, spinules conical of 3 x 3 µm. Capsules are spherical, 
subespherical, green of 2-3 x 2-4 cm. Capsules have 20-28 seeds, ovoid in shape, dark 
chestnut-brown or black in colour, and of 0,5-0,7 cm diameter. 

1.2 Materials and methods 

Populations were observed in situ to study the life cycle and phenology. Field trips were 
carried out over the years 2003 to 2010, from September (spring in the Southern hemisphere) 
to June (winter), to observe flowering and pollination processes, fruit and seed production, 
autumn decay of green parts and the initial emergence of new plants in each colony. 
Specimens were also collected and cultivated; original plants were grown from rhizomes in 
an experimental plot and similar observations were conducted. Rhizome branching was 
studied in the field, carefully digging areas of 2 m2, previously removing green vegetative 
parts. The rhizomes can be studied throughout the year, but the better period is late winter, 
before the emergence of aerial stems. Parts of rhizomes were planted again and successive 
visits during the phenological study showed a rapid recovery. The terms used in describing 
rhizome branching were taken from Font Quer (1982). For germination in vitro, the seeds 
collected were briefly immersed in boiling water for three times then were placed in a petri 
dish and covered with wet cotton. 

For studies of the internal morphology of rhizomes, fresh material was fixed in FAA 
(Johanssen, 1940). Permanent and non permanent samples of longitudinal and transverse 
sections of adult rhizomes were prepared. Permanent samples were coloured by safranine-
fast green 2% in methyl cellosolve and mounted in Canada balsam. Characterization tests 
were carried out to detect the presence of mucilage (Bismarck Brown) tannins (Ferrous 
sulphate), and starch (iodine) (Johanssen, 1940). For MEB observations, samples of 
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Fig. 1. (a) Canna indica colony (in May, autumn ). (b) Detail of leaves and flowers in the same 
colony. 
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periods of winter frost may constitute a threat for populations. Winter frost may begin in 
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parenchymatous tissue were scrapped and placed on a double face adhesive tape, metalized 
with gold-palladium and examined with a JEOL JSM T-1100, from the Electronic 
Microscopy Service of the Facultad de Ciencias Naturales y Museo de La Plata. 

1.3 Key results 

Germination in vitro took about 18 days to produce a new independent plant. Immediately 
after contacting the boiling water, the seed imbibition lid was expelled and the coat began to 
soften. At the 3rd day the white cotyledon appeared and pushed the radicle through the 
micropilar region. At the 7 th day, the white cotyledon, 2.5 cm long, was observed with the 
cotyledon node, a short hipocotyle and the tiny radicle. Inside the seed, part of the 
cotyledon remains in contact with the endosperm with haustorial functions, such as 
solubilizing, translocating and storing nutrients through the cotyledon towards the growing 
point.  

 

 
Fig. 2. Seedlings of C. indica. CS, cotyledon sheath; CR, collar root. 

At the 9th day the positive geotropism of the cotyledon makes it to curve forming the 
cotyledon knee and directing the primary root towards the earth. The hypocotile is short and 
bears many endogenous collar roots and a short radicle at the top.  
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At the 18th day, the resulting axis is 6 cm long, with the growing apex being protected by 
the cotyledon sheath. The first green leaf appears at the top end of the sheath (before the 
first leaves reaches daylight, the plantlet had been nourished from the seed). The 
photosynthetic process starts as well as the independent life of the plant. At this time, 
several white ramifications are observed in the radicle, as described by Tillich (1959). 
Seedlings are composed of three primary leaves, the cotyledon with the haustorial part 
and the tubular cotyledon sheath. The hipocotyle, with endogenously shoot-borne roots, 
and the collar with several endogenous roots. The primary root has exogenous, short root 
hairs (Fig. 2). 

Germination in the field was observed in a small wetland of the area under study. An adult 
colony of Canna indica completely cut down by human action, had been associated with 
other herbaceous plants as Typha latifolia, Iris pseudoachorus, Verbena intermedia and Acmella 
decumbens. After the complete removal of plants a black and humid soil was exposed, and 
seedlings of Canna indica took about two weeks to appear again. Seedlings were carefully 
removed from the soil to confirm that they had grown from seeds ( Fig. 3). No other species 
grew there until that moment.  

 
Fig. 3. Seedlings of C. indica. Seed ( 0.6-0.8 cm in diameter) is indicated in a frame. 

1.4 Life cycle in C. indica 

The life cycle of C. indica and other species of Canna is of about 9 months. It begins in the 
first week of September when buds from underground rhizomes start to produce the first 
green leaves, while aerial foliage of the previous year is completely dry.  
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Fig. 4. (a) Seeds of C. indica in the soil (one is framed).  
(b) unburied parts of rhizomes, one dried, the other growing. 

The weather conditions in La Plata, in Province of Buenos Aires during the first ten days 
of September are the following: rainfall, 54 mm; mean average temperature, 13.7ºC (with 
average minimum of 9,2ºC and average maximum temperature is of 18,2ºC). The average 
relative humidity in this month is of 79%, with 11.8 hours of solar radiation (Servicio 
Meteorológico Nacional, 2011; (National Weather Forecast Service)). At the second week 
of September plants have 2 or three leaves and continue growing along 45 days to reach 
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their adult length (2,5 m) and 7 to 11 leaves. Thus vegetative grow from underground 
rhizomes takes place from the beginning of September to the end of October. Blooming 
begins in late October- early November and continues until the end of May in late 
Autumn. During summer, and particularly at the end of February, colonies reach their 
maximum size and plants exhibit abundant fruits and seeds. In C. indica one infrutescence 
carries about 5-6 capsules, each bearing 4-7 seeds, so 20-28 seeds are produced in one 
infrutescence of the plant. Considering the whole colony, the average number of seeds in 
C. indica is relevant and greater than in other wild species of Canna growing in the 
Province of Buenos Aires. Infrutescences of other species of Canna produce the following 
average number of seeds: C. ascendens, 1-3; C. coccinea, 6-8; C. fuchsina 6-10; C. glauca 6-9 
and C. variegatifolia, 3-6.  

During the 6 months of Summer and Autumn seeds are abundantly produced and fall to the 
ground remaining there or else germinating if conditions are adequate. In 2011 the first frost 
( May 6 th) produced a slight damage in some flowers. On May 26th, after a second frost, 
some upper leaves, tops of inflorescences and flowers were dried. On June 2nd the 
vegetative part of plants was completely dried though some flowers still remained fresh. On 
the 26 th of June the last flowers were completely frozen. During Winter dried plants and 
fallen seeds remain on the ground. (Fig. 4a).  

It was observed that over the last three years, the life cycle of C. indica has been extended 
one additional month as well as the size of colonies in the field. 

2. Rhizomes 
2.1 External morphology  

Rhizomes may be monopodial or sympodial, stoloniferous or tuberous according to the 
species. Concerning C. indica, the most vigorous species growing in this area, rhizomes are 
sympodial with Y-shaped axes (Ciciarelli & Rolleri, 2008) and abundant roots growing both 
adaxially and abaxially from the nodes. Monopodial or stoloniferous rhizomes are less 
common than the other types and are observed in C. glauca and C. variegatifolia, while 
sympodial types are observed in the other species. Tuberous rhizomes only appear in C. 
coccinea, and in spite of their diverse external morphology, all species of Canna store 
abundant starch granules. 

In C. indica, the rhizome is sympodial, and the plagiotropic axis after producing 5-6 nodes, 
curves its direction upwards to form the aerial plant. From the base of the last node an 
axillary bud restarts propagation by repeating the pattern. These “active” nodes can also 
produce up to three aerial branches, so three new plants grow very close to each other. From 
the base of those active nodes, abaxial and adaxial roots are abundant. By repeating this 
growth mecanism, one row of plants can be formed. Besides, the main axis can also divide 
into two other branches forming a “Y” branching mode, so other 2 rows of plants are 
produced parallel to the previous row. “Y” branching propagation of the rhizome increases 
not only the number of plants but also the underground connection among them, occupying 
a wider soil surface. This pattern is usually disordered and crossover of branches coming 
from different axes may occur. This branching system is similar to that of Alpinia speciosa 
(Bell, 1979). (Fig. 4b, 5a).  
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Fig. 5. (a) Simpodial rhizome of C.indica. “Y” ramification, and 3 aerial branches. 
(b) Early development of simpodial rhizome in C. fuchsina  

2.2 Internal morphology  

The rhizome of Canna, as seen in transverse section, has the following organization: 
epidermis, hypodermis, cortex, endodermis, pericycle, vascular plexus and central cylinder. 
In all species the epidermis cell walls are scarcely cutinized. Beneath the epidermis there is a 
three layered hypodermis, which exhibits cells with subpolygonal outline and thickened 
walls. The cortex is a relatively thin zone placed between the hypodermis and the 
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endodermis. It is mainly composed by a parenchymatous tissue, which store abundant 
starch granules and tanniferous contents. It also reveals an outer ring of fibrous strands, 
many internally spread fibrovascular strands as well as foliar and root traces. In the 
palustrine species of C. glauca, schyzogenous lacunae are also observed in the cortex. One 
endodermal layer may be present as a continuous ring in C. ascendens, C. coccinea, C. glauca, 
C. indica and C. variegatifolia or as several arcs separated by parenchymatous tissue in C. 
coccinea and C. compacta. In the former species a well defined cortex is observed and most 
endodermal cells present Casparian bands. In C. compacta the thickening of the cell walls is 
complete or in “O“. A pericycle is always evident and presents one layer of cells. It 
surrounds a zone composed of close and anastomosing vascular strands with many xylem 
vessels. These are disposed between parenchymatous cells, some with tanniferous contents. 
The presence of abundant xylem elements in this zone of the rhizome is related to the 
production of root and cataphylls traces. According to Tomlinson (1962) this zone is called 
“vascular plexus”, and is quoted for rhizomes of families belonging to the Order Scitaminae. 

 

 
Fig. 6. (a) Central cylinder in C. glauca. I. starch granules (ga) and tanniferous cells (ct). 
II. Mucilage duct. Black bars represent 100 µm 
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The central cylinder presents a parenchymatuous tissue specialized in storage of ovoidal 
and excentric starch granules, and other substances as tannins, and prismatic crystals of 
calcium oxalate (fig. 6a, I). Fibro-vascular and collateral bundles are irregularly scattered in 
the cylinder. In C. glauca, each one bears 1-2 metaxylem elements and phloem, adaxially and 
abaxially surrounded by fibres. In the other species the bundles are bigger in size and have 
more metaxylem elements, until 10 as in C. coccinea. Mucilage ducts, are regularly 
distributed in the central cylinder, they have a circular outline in C. glauca ( fig. 6b, II ) and 
ellipsoidal in the other species.  

 
Fig. 6. (b) Scanning electron micrograph of starch granules and calcium oxalate crystals in 
Canna sp. The white bar at the bottom represents 100 µm 

In C. glauca, the central cylinder bears an aerenchyma with large cells, surrounding the 
lacunae. Many cells of this tissue also contain starch granules. Aerenchyma is not present in 
other species, and there are other differences in shape and size of mucilage ducts. C. coccinea 
and C. compacta have elliptical mucilage ducts, not circular as in the other species.  

3. Seeds 
Seeds are regularly produced in all species and strewn out of the capsule when moved by 
the wind or touched by passing animals. The production of seeds is different in each species 
of Canna. Thus, C. indica presents 20-28 seeds, C. coccinea 6-8 seeds, C. variegatifolia 3-6, C. 
ascendens 1-3, C. glauca 6-12, and C. fuchsina 6-10. Seeds initially white and when mature, 
black or black, with chestnut brown spots are protected with a smooth coat. In C. indica, C. 
ascendens and C. variegatifolia, seeds are spheroidal, black, small (0.6 to 0.8 cm). In turn, seeds 
are spheroidal black and larger (1– 1.2 cm) in C. coccinea and C. compacta, while they are 
ellipsoidal and black, spotted of chestnut brown, 0,5- 0,9 cm in size, for C. glauca.   

Seed microstructure consists of a massive chalaza, surrounded by an extremely hard, 
completely impermeable seedcoat. No germination is possible under normal conditions of 
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temperature and humidity, because the seed cannot absorb water, therefore, it does not 
swell, remaining hard. The embryo is linear and bears one large cotyledon and a tiny 
plumule and rootlet. 

According to Grootjen & Bouman (1988), the seed coat is mostly formed by chalaza tissue 
and in a lower proportion of integumentary and raphal tissue. 

The chalazal part of the seed coat consists of four layers: the exotesta which is formed by the 
epidermis, and the three-layered endotesta. 

The epidermis is composed by a palisade layer of long and narrow cells with very thickened 
walls called “Malphigian cells” : in them, Graven et al. (1996) recognise two zones, the lower 
hydrophilic and the upper hydrophobic. The first zone is mainly composed by cellulose, 
while the upper one contains silica, callose, and lignin. In Cannaceae the epidermis becomes 
the seed exotesta. 

The endotesta comprises three layers of chalazal origin: the subepidermal, the vascularized 
as well as the “tanniferous“. In the latter layer, polyphenols are abundant cell contents, 
which are considered to impart a secondary dormancy after shedding of the seed imbibition 
lid (Graven et al. 1997). 

 
Fig. 7. Details of developing ovule and seed (CH = chalazal tissue, II=inner integument; IL = 
imbibition lid; M= micropyle; OI = outer integument; R= raphal tissue; RL = rupture layer.) a. 
Longitudinal section of developing ovule; b.Mature ovule; c.Developing seed showing rupture 
layer; d.Developing seed with vestigial micropylar collar; e. Mature seed, showing imbibition 
lid; F.Germinating seed after shedding of imbibition lid (After Grootjen & Bouman 1988).  
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Canna sp. The white bar at the bottom represents 100 µm 

In C. glauca, the central cylinder bears an aerenchyma with large cells, surrounding the 
lacunae. Many cells of this tissue also contain starch granules. Aerenchyma is not present in 
other species, and there are other differences in shape and size of mucilage ducts. C. coccinea 
and C. compacta have elliptical mucilage ducts, not circular as in the other species.  

3. Seeds 
Seeds are regularly produced in all species and strewn out of the capsule when moved by 
the wind or touched by passing animals. The production of seeds is different in each species 
of Canna. Thus, C. indica presents 20-28 seeds, C. coccinea 6-8 seeds, C. variegatifolia 3-6, C. 
ascendens 1-3, C. glauca 6-12, and C. fuchsina 6-10. Seeds initially white and when mature, 
black or black, with chestnut brown spots are protected with a smooth coat. In C. indica, C. 
ascendens and C. variegatifolia, seeds are spheroidal, black, small (0.6 to 0.8 cm). In turn, seeds 
are spheroidal black and larger (1– 1.2 cm) in C. coccinea and C. compacta, while they are 
ellipsoidal and black, spotted of chestnut brown, 0,5- 0,9 cm in size, for C. glauca.   

Seed microstructure consists of a massive chalaza, surrounded by an extremely hard, 
completely impermeable seedcoat. No germination is possible under normal conditions of 

 
Life Cycle in Natural Populations of Canna Indica L. from Argentina 

 

111 

temperature and humidity, because the seed cannot absorb water, therefore, it does not 
swell, remaining hard. The embryo is linear and bears one large cotyledon and a tiny 
plumule and rootlet. 

According to Grootjen & Bouman (1988), the seed coat is mostly formed by chalaza tissue 
and in a lower proportion of integumentary and raphal tissue. 

The chalazal part of the seed coat consists of four layers: the exotesta which is formed by the 
epidermis, and the three-layered endotesta. 

The epidermis is composed by a palisade layer of long and narrow cells with very thickened 
walls called “Malphigian cells” : in them, Graven et al. (1996) recognise two zones, the lower 
hydrophilic and the upper hydrophobic. The first zone is mainly composed by cellulose, 
while the upper one contains silica, callose, and lignin. In Cannaceae the epidermis becomes 
the seed exotesta. 

The endotesta comprises three layers of chalazal origin: the subepidermal, the vascularized 
as well as the “tanniferous“. In the latter layer, polyphenols are abundant cell contents, 
which are considered to impart a secondary dormancy after shedding of the seed imbibition 
lid (Graven et al. 1997). 

 
Fig. 7. Details of developing ovule and seed (CH = chalazal tissue, II=inner integument; IL = 
imbibition lid; M= micropyle; OI = outer integument; R= raphal tissue; RL = rupture layer.) a. 
Longitudinal section of developing ovule; b.Mature ovule; c.Developing seed showing rupture 
layer; d.Developing seed with vestigial micropylar collar; e. Mature seed, showing imbibition 
lid; F.Germinating seed after shedding of imbibition lid (After Grootjen & Bouman 1988).  
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Integumentary tissue: the area around the micropyle and the micropyle itself (which 
represents only about 1/15th part of the seedcoat surface) is formed by the inner integument 
(Fig.7, a, II). The integumentary seed coat is similarly composed of 4 layers: epidermis or 
palisade layer, subepidermal, vascularized, and tanniferous layer. The subepidermal layer 
grows inwards around the apex of the embryonal root, to form a small micropylar collar 
(Fig.7 d).  

Raphal tissue: the raphal part of the seed coat form an ‘imbibition lid’ of 1.5–3 mm diameter. 
At the beginning of the imbibition process, the only visible part of the seed coat is an 
elevated circular area devoid of stomata close to the hilar-micropylar slit. As a consecuence 
of hydration the more or less circular boundaries surrounding the lid area loosen and the lid 
is expelled (Fig. 7c, RL). The lid itself is composed of only the two outer layers of the seed 
coat, the exotesta, and the lowermost subepidermal layer of endotesta which both 
constitutes the rupture layer. It is suggested that during imbibition, a difference in pressure 
between the hydrophylic and hydrophobic parts of the Malpighian cells is developed in the 
exotesta. This effect induces shedding of the lid along the rupture layer (Fig. 7 e, f). Graven 
et al.(1997) have found that the mechanism activating the opening of the imbibition lid is an 
elevated incubation temperature of 50 °C during 24 hours in wet surroundings.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. (a) C. indica seeds after 7 days of germination. CK= cotyledon knee; RA= radicle.  

Ciciarelli (2011) observed that germination, as well as the production of leafs from rhizome 
in the field, start in the beginning of September. Weather conditions at that time are an 
average temperature is of 13, 7º C, and average relative humidity of 79 % and 54 mm 
average of rainfall monthly. Seeds germinate under natural conditions when placed in a 
moist, airy, free and humiferous soil. A daily sun radiation of 11,8 h and maximum 
temperatures up to 18,2 ºC produces the necessary temperature raise that allows the 
shedding of the lid. Minimum average of temperature registered for the month of 9,2 ºC, 
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does not avoid germination once initiated. This last observation coincides with the opinion 
of Cooke (2001). Following this, hydration and translocation of water inside the seed are 
possible, especially through the vascularized layer of the inner integumentary in direction to 
the endosperm, where enzymatic reactions triggers germination, later allowing the 
emergence of the cotyledon-radicle from the seed (Fig. 8a).  

In Cannaceae the main mechanical properties of hardness and also the lid shedding 
mecanism through the rupture layer are provided mainly by the exotesta. The secondary 
dormancy is related to the tanniferous layer of the endotesta and the hydration and 
translocation of water is through the vascularized layer of endotesta.  

In horticulture, and in vitro conditions the imbibition lid is removed deliberately to make 
germination possible. 

This extremely hard coat and its indirect hydration mechanism allowed seeds of Canna 
compacta from the North West of Argentina to protect germ during 600 years under dry 
conditions (Sivori et al. 1968). After being brought to the laboratory one of the seeds 
germinated by scarification of the seed coat, growing a plant that bloomed and produced 
fruits and seeds.  

 
Fig. 8. (b) C. indica seedlings after 18 days of germination in vitro. The imbibition lid (framed) 
is shown.  

4. Discussion and conclusions  
The external morphology of the simpodial rhizome shows a very invasive “Y”-branching way 
of propagation similar to those of other colonial species as Alpinia speciosa ( Zingiberaceae), as 
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well as other species of Canna. In Cannaceae, C. indica produces the largest colonies in the 
Buenos Aires region. 

The most important features of the internal morphology of rhizomes are the presence of 
parenchyma with abundant starch granules, as well as mucilage ducts, calcium oxalate 
crystals, and tanniferous cells. It is suggested that tannins may provide impermeability in 
plants. In Cannaceae these substances are stored in cells of rhizomes, stems and leaves, and 
may provide cold resistance in rhizomes, and,according to Graven et al. (1996), a secondary 
dormancy in seeds. Mucilages have always been related to the storage and availability of 
water in plants. In Cannaceae (Ciciarelli,1989) these substances are visible in circular or 
ellipsoidal ducts of longitudinal and transverse sections of rhizomes, stems and 
inflorescences supposedly related to maintain internal moisture in plants as well as the 
functions mentioned above. Abundant starch granules provide the nutritious source of 
energy for cell division and growth. 

The presence of starch in species of Canna has been very important as a source of food for 
many cultures of the Peruvian Andes ( Gade, 1966), in other regions of South America and 
Mexico. Rhizomes are cultivated and eaten in China, Vietnam and Japan, among other asian 
countries. (Tanaka, 2001, 2004, 2006). 

Concerning the life cycle, if plants are not removed, the colonies will increase very much in 
size, due to asexual reproduction. The substrate is fully occupied by the growing colony and 
there are no room for seeds to grow from the soil, and, therefore, no seedlings are observed 
under adult plants. However, if part or the whole colony is cut down, and the substrate 
becomes exposed, fallen seeds from the progenitors are able to naturally grow. Weather 
conditions at the beginning of September in La Plata ( PBA) are adequate for the growth of 
leaves from underground rhizomes as well as the germination of seeds in the field. In the 
first ten days, warm temperatures were from 14-18 ºC, high average relative humidity of 
80% and rainfall of 54 mm. The humiferous, airy and fertile soil has to be cleared from other 
plants to allow seeds to germinate. Sun radiation of 11,8 h daily and warm temperatures 
with a water intake from rain and dew triggers the germination mechanism described above 
and posibilitates plant growth. Seedlings with two leaves arising from seeds are visible in 
one or two weeks in this region (Fig. 3 ). Germination “ in vitro” took about 18 days to 
produce a seedling with 2 leaves ( Fig 8 B). 

Seedlings were not observed in the surroundings of old colonies in PBA, but seeds remain in 
the soil under their progenitors. No germination was observed under adult plants, but in the 
boundaries, where the soil was free from plants, seeds can naturally grow.  

This situation is similar to that of forests of Sequoia sp in North America where a large 
colony of trees were produced from the neck of the roots (Jepson, 1923). When an old tree 
dies, buds from roots produce trees scattered in a circle surrounding the original stum. 
Sequoias are known to live up to 1300 years (Jepson, 1923). The author estimates that in 
such a forest the 80% of adult trees were produced by asexual reproduction while the 
remaining 20 % by seed germination. In the central part of the forest, reproduction is 
almost exclusively by buds, while seedlings settle down in open and peripheral zones 
(Grant, 1989).   

Some traits of Canna indica colonies as the remarkable height of plants, profuse seeds 
production, rapid growth, abundant descendants in adult colonies are, from an ecological 
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point of view, typical of an r-strategist. Descendants can be quickly produced from 
seedlings in 1 to 3 weeks. If plants are young when frosts kill them, small rhizomes may 
survive underground until the following spring. 

In Canna, seeds may represent a long term genetic reservoir that fell naturally from dried 
and opened fruits and remain in the ground or elsewhere. If the progenitors die, or the 
colony is destroyed by biotic or abiotic factors, or even remain in a very dried place, seeds 
are able to produce a new generation of plants with different genotypes from that of the 
original colony. This hypothesis has been confirmed in C. compacta, a species from the north 
west of Argentina, in which hard seedcoats are known to protect germ for centuries under 
dry conditions (Sivori et al.1968). However, when brought into the laboratory one of the 
seeds germinated, producing a plant that bloomed and produced fruits and seeds. Seedcoat 
hardness, extreme longevity, a water absorption-regulating mechanism consisting of an 
impermeable palisade layer and an imbibition lid are seed features that favor the insertion 
of the genotype in the environment.  

The genetic variability provided by sexual reproduction (seeds) may be useful to colonize a 
new environment, or cleared soil after cutting part of the original population.  

 Rhizomes may represent a short term genetic reservoir, safer and faster, it remains 
underground, and in spring, axillary buds start growing and continue the production of 
plants until June, resulting in a uniclonal colony. However, at the end of June (winter) seeds 
that fell from capsules remain in the ground, and if conditions are adequate as those 
described above, new genetically different clones can grow from seedlings and enrich the 
genetic reservoir of the colonies, and most importantly, of the species. Cross pollination 
between different colonies may occur, and provide an explanation for such a variability in 
several morphological traits, particularly flowers in this species. The variation in number, 
pattern of colour of staminodes and labella were characters utilized by authors to describe 
several varieties under the name of C. indica; for instance, Tanaka (2001) have described four 
varieties in Asia.  

The phenological studies of colonies in the field may contribute to improve knowledge on 
the life cycle of the plant, to evaluate the possibilities of cross- pollination between different 
colonies as well as the production of new viable genotypes from seeds. Phenological studies 
may also help elucidate taxonomic problems in the Cannaceae familiy which may even 
become prototype for other families as well.   

Possibly as a consequence of global warming, in the last three years colonies were observed 
to extend their survival period in one month compared with previous years.  

This longer life cycle of C. indica as a result of warmer seasons contributes to enlarge 
colonies in the field. 
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1. Introduction  
The roots of the Brosimum gaudichaudii Trécul., a plant of the Moreaceae family, frequent in 
the cerrado region and Northeast of Brazil, which is popularly known as "mamica de 
cadela", "mamacadela" and "algodão" (cotton), are employed by popular medicine  against 
vitiligo and skin deseases (Agra et al., 2008). Its fruit, of a yellow-orange color, is chewed as 
chewing gum, due to the latex it contains and due to its flavor, while the powder obtained 
of roots is used as a fragrance (Hoehne, 1946). 

Usually plants used for fighting vitiligo (leucomelanodermia), contain furocoumarins. 
Furocoumarins are of a broad spectrum of application in the treatment of 
leucomelanodermias, with photosensitizing activity upon the skin (Alchorne, 2001). Many 
studies have been carried out about this type of activity of the furocoumarins (Jimbow, 1998).  

The growth of most species of the Cerrado is related to seasonality, with frequent renewal of 
the leaves and flowering in the dry season. The study of phenology not only contributes to 
our understanding of the dynamics of the community, but also about the interaction with 
abiotic factors such as precipitation, photoperiod, radiation, soil quality or biotic factors 
such as presence / absence of predators, which are inextricably linked with the phenological 
pattern of species (Pedroni et al., 2002). 

Seasonality of fruiting is due to the seasonality of flowering. The great concentration of fruit 
in synchronized phenophase attracting disperser favoring seed dispersal in space, while 
asynchrony favors the dispersion over time (Pina-Rodrigues & Piratelli, 1993). 

The next occurrence of fruiting individuals may be related to their habit of scattering, 
however, each plant stage seems to be linked to the strategy of the plant to establish and 
perpetuate in the middle (Pina-Rodrigues & Piratelli, 1993). Early or late flowering can be a 
strategy linked to the present pollinators and seed dispersal by animals or mode anemocoric 
fruiting is linked to either the wet season, both in the dry season (Oliveira 1998). 
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1. Introduction  
The roots of the Brosimum gaudichaudii Trécul., a plant of the Moreaceae family, frequent in 
the cerrado region and Northeast of Brazil, which is popularly known as "mamica de 
cadela", "mamacadela" and "algodão" (cotton), are employed by popular medicine  against 
vitiligo and skin deseases (Agra et al., 2008). Its fruit, of a yellow-orange color, is chewed as 
chewing gum, due to the latex it contains and due to its flavor, while the powder obtained 
of roots is used as a fragrance (Hoehne, 1946). 

Usually plants used for fighting vitiligo (leucomelanodermia), contain furocoumarins. 
Furocoumarins are of a broad spectrum of application in the treatment of 
leucomelanodermias, with photosensitizing activity upon the skin (Alchorne, 2001). Many 
studies have been carried out about this type of activity of the furocoumarins (Jimbow, 1998).  

The growth of most species of the Cerrado is related to seasonality, with frequent renewal of 
the leaves and flowering in the dry season. The study of phenology not only contributes to 
our understanding of the dynamics of the community, but also about the interaction with 
abiotic factors such as precipitation, photoperiod, radiation, soil quality or biotic factors 
such as presence / absence of predators, which are inextricably linked with the phenological 
pattern of species (Pedroni et al., 2002). 

Seasonality of fruiting is due to the seasonality of flowering. The great concentration of fruit 
in synchronized phenophase attracting disperser favoring seed dispersal in space, while 
asynchrony favors the dispersion over time (Pina-Rodrigues & Piratelli, 1993). 

The next occurrence of fruiting individuals may be related to their habit of scattering, 
however, each plant stage seems to be linked to the strategy of the plant to establish and 
perpetuate in the middle (Pina-Rodrigues & Piratelli, 1993). Early or late flowering can be a 
strategy linked to the present pollinators and seed dispersal by animals or mode anemocoric 
fruiting is linked to either the wet season, both in the dry season (Oliveira 1998). 
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In general in the Cerrado, the pattern of seed dispersal of species is constant, occurring in 
the dry season, ensuring the germination of seeds at the beginning of the rainy season 
(Bulhão & Figueiredo, 2002). Flowering in this dry season occurs after the fall of leaf pattern 
generally observed in the deciduous species typical of the Cerrado region (Sarmiento & 
Monasterio, 1983). 

Thus, to know the phenology of a species is of fundamental importance for the 
programming of gathering fruits and seeds in order for an integrated management 
programs for reforestation and restoration of degraded areas. Whereas there may be 
variations between phenophases as the region where the species is included, the objective of 
this study was to evaluate the phenology of B. gaudichaudii and relate the phenology with 
environmental factors such as rainfall and temperature. 

2. Material and methods 
2.1 Study area 

The study was conducted from 2006 to 2008, in an area of 2264m2 with Cerrado in the 
community of Mata Cavalos, coordinates 15°50'34,9"S and 56°24'03,0"W and 10 km away 
from the town of Nossa Senhora do Livramento, Mato Grosso, Brazil. 

The climate is tropical and warm sub-humid and average annual temperature of 24ºC, the 
peak of 42ºC and less than 0ºC (Arruda et al., 2008). The study area lies in different levels of 
conservation due to human influence. The monthly data of precipitation and average 
temperature were obtained from records of agrometeorological Padre Ricardo Remetter in 
the Experimental Farm of Universidade Federal de Mato Grosso, located in Santo Antonio 
do Leverger, distant 33 km from Cuiaba city. 

2.2 Phenological data 

The phenological data were collected in a sample of 50 plants that were randomly selected, 
identified and numbered. As Fournier and Charpantier (1975), the number of 10 individuals 
per species is sufficient to monitor the phenological stages. However, some authors used the 
number of individuals ranging from 2 to 41 (Mantovani et al., 2003). The observations 
occurred every 20 days by registering the presence of phenophase flowering, fruiting, and 
proportion of budding leaves in the canopy. 

The intensity of the events was estimated for each individual according to the criteria of 
Fournier (1974), (0) absence of the phenological event; (1) presence of an event in a range of 
25%, (2) presence of event in a range of 26 to 50% (3) presence of event ranging from 51 to 
75% and (4) presence of event ranging from 76 to 100%. 

The botanical material was identified by taxonomist of Central Herbarium of the 
Universidade Federal de Mato Grosso, Dr Rosilene Rodrigues, and is deposited under the 
number 37693. 

2.3 Data analysis 

We used two methods of data analysis: a) percentage of intensity of phenophase where 
individuals were analyzed in a semi-quantitative scale ranging from 0 to 4, by calculating 
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the percentage of each plant stage (Fournier, 1974), b) activity index indicating the 
proportion of individuals who express specific phenology. Through these indices can 
estimate the synchrony of phenophase (Bencke & Morellato, 2002). To check synchrony (Z) 
between individuals of the sample was applied to the formula: 

 iX
Z

N
   (1) 

and 

  1 1n
i j iiX e N f


   (2) 

where, 

Xi = individual i synchrony with their conspecifics; 
N = total number of individuals in the sample 
ej = number of records in which individuals are in the same phenophase j, i ≠ j; 
fi = the number of reports in which individual i is on phenophase considered. 

This index ranges from zero (no synchrony), when there is no synchrony between 
individuals in the population, a (perfect synchrony), the event of all individuals of the 
species would have occurred in the same period during the year. 

3. Results and discussion 
During the 18 months of observations, the period of increased rainfall that characterizes the 
rainy season, occurred between October to May. It was found that in the month of 
September was one of the lowest rainfall in the region in October and the highest average 
monthly temperature, 28.1 ° C (Figure 1). 
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Fig. 1. Meteorological characterization of the study area: precipitation and monthly mean 
temperatures for the years 2006-2008. 
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Fig. 1. Meteorological characterization of the study area: precipitation and monthly mean 
temperatures for the years 2006-2008. 
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The presence of phenophases is very characteristic among individuals. The sprouting may 
be present in both apical buds as the whole length of stem and branches. The reproductive 
phenology, apparently did not affect the leaf fall, since individuals with the presence of 
leaves in the canopy showed shoots and inflorescences. 

In the dry season, abiotic factors such as photoperiod, thermoperiod and irradiance vary 
with seasonality in spite of their lower amplitudes. The length of day and the maximum and 
minimum temperatures also tend to increase this time of year (Bulhão & Figueiredo, 2002). 

In the period that coincided with the rainy season, from November 2006 to May 2007, a 
greater number of individuals at the stage of leaf (100% of subjects), but with intensity 
around 50%. The temperature rise in the period between September and October brought 
the issue of leaves and shoots, and number of individuals in the phenology of leaf increased 
by intensifying the phenological pattern, with synchrony index equal to 0.96, indicating high 
synchrony within the population (Figure 2). 

 
Fig. 2. Activity index and intensity of leaf phenophase of B. gaudichaudii in the region of 
Nossa Senhora do Livramento, Mato Grosso, Brasil in 2006-2008. 

Nunes et al. (2005) found that the falling leaves of G. ulmifolia happened in the months of 
dry and cold season, and observed that this occurs for species that are embedded in 
environments marked seasonality, which concentrate the rain in a restricted period of the 
year. However, for species in the study of leaf fall occurred in July, the month when we 
registered the lowest average temperature, 22.3°C (Figure 1), indicating that the low 
temperature effect was more striking in this event. In Heteropterys aphrodisiaca (Coelho & 
Spiller, 2008), and Lafoensia pacari (Santos et al., 2009) the drought period was more relevant 
to leaf fall.   

For the reproductive phase, the index of synchrony was equal to 0.69 and can be classified as 
average. Flowering occurs between June and December 2007, however, the peak intensity 
occurred in August with 52% of phenology among individuals while a larger number of 
plants (92%) developed stage in September 2007 (Figure 3). 
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Fig. 3. Activity index and intensity of flowering phenophase of B. gaudichaudii in the region 
of Nossa Senhora do Livramento, Mato Grosso, Brasil in 2006-2008. 
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Fig. 4. Activity index and intensity of fruiting phenophase of B. gaudichaudii in Nossa 
Senhora do Livramento, Mato Grosso, Brasil in 2006-2008. 
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temperature effect was more striking in this event. In Heteropterys aphrodisiaca (Coelho & 
Spiller, 2008), and Lafoensia pacari (Santos et al., 2009) the drought period was more relevant 
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average. Flowering occurs between June and December 2007, however, the peak intensity 
occurred in August with 52% of phenology among individuals while a larger number of 
plants (92%) developed stage in September 2007 (Figure 3). 
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Fig. 3. Activity index and intensity of flowering phenophase of B. gaudichaudii in the region 
of Nossa Senhora do Livramento, Mato Grosso, Brasil in 2006-2008. 
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Fig. 4. Activity index and intensity of fruiting phenophase of B. gaudichaudii in Nossa 
Senhora do Livramento, Mato Grosso, Brasil in 2006-2008. 
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For Bulhão and Figueiredo (2002), flowering in the dry season and / or early rainy season 
is an indication that the bloom, as well as issuance of sprouts probably depend on rainfall, 
a factor relative to other environmental factors that do not rains. Emission was observed 
in flowers and fruits to B. gaudichaudii during periods of absence of rain, suggesting a 
relative independence of the rainy season, as observed by Almeida et al. (1998). But 
Nunes et al. (2005) suggested that for Guazuma ulmifolia, the flowering phenology tended 
to occur early in the warm season, indicating that these events happen at specific times of 
year. 

The highest average temperature for the year 2007, the area surveyed, was recorded 
between the months of September (27.8ºC) and October (28.1ºC), the month when the 
highest indexes of coincident activity for both clones sprouting (95%) and flowering (92%) of 
subjects analyzed. One may suggest that these events would be more interconnected with 
thermoperiod than with the onset of the rainy season. 

However, fruiting phenophase in synchrony was greater among individuals in the event 
population index calculated as (Z = 0.72). This phenophase occurred between August and 
December 2007, coinciding for the month of October 2007 a number of higher frequency in 
individuals with fruits (91%), however with low intensity resulting in a lower production of 
fruits (25%) (Figure 4). 

Factors such as photoperiod and intensity of solar radiation also could influence the 
duration and intensity of phenological patterns evaluated. Mantovani and Martins (1988) 
observed that species that thrive in the rainy season are related to higher temperatures and 
longer photoperiods. The existence of xylopodium for support the period where there is lack 
of rain, the renewal of foliage and flowering in the dry season are indications that 
phenophases of woody species of Cerrado are not limited by the reduction of soil water as 
suggested Lenza and Klink (2006). As the photoperiod and leaf abscission could induce 
flowering in the dry season. 

Seasonality of fruiting species of the Cerrado would be related to the dispersal agent. Thus 
wind dispersed species produce fruits during the dry season (June to August) while the 
zoochorous tend to produce throughout the year would be conditioned or to biotic factors as 
the most appropriate time for the establishment of the plant (Pina-Rodrigues & Piratelli, 
1993). Ressel et al. (2004) observed that the dispersal of fruits of B. gaudichaudii is zoochorous 
and peak fruiting occurs at the beginning of the rainy season, as observed in this study area 
(Figure 4). 

The seed germination during the rainy season favors the establishment of seedlings. Species 
of the Cerrado as Copaifera langsdorfii, even dispersal of fruit occurs in the dry season, 
seedling growth begins in the next rainy season (Felfilli et al., 1999). In B. gaudichaudii, the 
fruiting period is classified as short-lived and occurs during the rainy season. The 
classification of short period for fruiting period less than five months in a study of 
phenology of species in gallery forest was used by Antunes and  Ribeiro (1999). 

4. Conclusions 
Phenology of the studied population of Brosimum gaudichaudii are asynchronous. The 
temperature factor is more relevant to the beginning of the reproductive phenology of the 
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rainfall factor. The most appropriate period for collecting the fruits of Brosimum gaudichaudii 
in Mato Grosso State is from October to December. 
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For Bulhão and Figueiredo (2002), flowering in the dry season and / or early rainy season 
is an indication that the bloom, as well as issuance of sprouts probably depend on rainfall, 
a factor relative to other environmental factors that do not rains. Emission was observed 
in flowers and fruits to B. gaudichaudii during periods of absence of rain, suggesting a 
relative independence of the rainy season, as observed by Almeida et al. (1998). But 
Nunes et al. (2005) suggested that for Guazuma ulmifolia, the flowering phenology tended 
to occur early in the warm season, indicating that these events happen at specific times of 
year. 

The highest average temperature for the year 2007, the area surveyed, was recorded 
between the months of September (27.8ºC) and October (28.1ºC), the month when the 
highest indexes of coincident activity for both clones sprouting (95%) and flowering (92%) of 
subjects analyzed. One may suggest that these events would be more interconnected with 
thermoperiod than with the onset of the rainy season. 

However, fruiting phenophase in synchrony was greater among individuals in the event 
population index calculated as (Z = 0.72). This phenophase occurred between August and 
December 2007, coinciding for the month of October 2007 a number of higher frequency in 
individuals with fruits (91%), however with low intensity resulting in a lower production of 
fruits (25%) (Figure 4). 

Factors such as photoperiod and intensity of solar radiation also could influence the 
duration and intensity of phenological patterns evaluated. Mantovani and Martins (1988) 
observed that species that thrive in the rainy season are related to higher temperatures and 
longer photoperiods. The existence of xylopodium for support the period where there is lack 
of rain, the renewal of foliage and flowering in the dry season are indications that 
phenophases of woody species of Cerrado are not limited by the reduction of soil water as 
suggested Lenza and Klink (2006). As the photoperiod and leaf abscission could induce 
flowering in the dry season. 

Seasonality of fruiting species of the Cerrado would be related to the dispersal agent. Thus 
wind dispersed species produce fruits during the dry season (June to August) while the 
zoochorous tend to produce throughout the year would be conditioned or to biotic factors as 
the most appropriate time for the establishment of the plant (Pina-Rodrigues & Piratelli, 
1993). Ressel et al. (2004) observed that the dispersal of fruits of B. gaudichaudii is zoochorous 
and peak fruiting occurs at the beginning of the rainy season, as observed in this study area 
(Figure 4). 

The seed germination during the rainy season favors the establishment of seedlings. Species 
of the Cerrado as Copaifera langsdorfii, even dispersal of fruit occurs in the dry season, 
seedling growth begins in the next rainy season (Felfilli et al., 1999). In B. gaudichaudii, the 
fruiting period is classified as short-lived and occurs during the rainy season. The 
classification of short period for fruiting period less than five months in a study of 
phenology of species in gallery forest was used by Antunes and  Ribeiro (1999). 

4. Conclusions 
Phenology of the studied population of Brosimum gaudichaudii are asynchronous. The 
temperature factor is more relevant to the beginning of the reproductive phenology of the 

Phenology of Species in The Cerrado of  
Mato Grosso State, Brazil – Brosimum gaudichaudii Trécul (Moraceae) 

 

123 

rainfall factor. The most appropriate period for collecting the fruits of Brosimum gaudichaudii 
in Mato Grosso State is from October to December. 
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1. Introduction 
Tropical dry forests (TDFs) are forest formations that occur in regions with two marked 
seasons (dry and wet) and are characterized by some degree of foliar deciduousness 
(Murphy & Lugo, 1986). Recent estimates show that 1,048,700 km2 of TDFs exist worldwide 
(Miles et al., 2006). The two largest continuous areas of this physiognomy are located in 
South America and include northeastern Brazil and the region incorporating southeastern 
Bolivia, Paraguay and northern Argentina (Miles et al., 2006). 

In Brazil, these forests, usually called dry forests (Seasonally Deciduous Forests sensu Veloso 
et al., 1991), lose over 50% of their leaf area (Nascimento et al., 2004) as a physiological 
response to water shortages (Zalamea & González, 2008). Thus, the structural and 
ecophysiological properties of TDFs are significantly determined by the duration and timing 
of the dry season, which selects for adaptations associated with avoidance, resistance or 
tolerance to water stress (Singh & Kushwaha, 2005). Therefore, the floristic composition of 
TDFs is diverse, and they contain numerous liana, shrub and large tree species (Madeira et 
al., 2009). In particular, these forests show a great diversity of phenological patterns and 
large inter-annual variations, particularly at the level of individuals (Singh & Kushwaha, 
2005). 

In general, Brazilian TDFs are naturally fragmented and occur in different biomes: Cerrado 
and Caatinga in the Southeast, Central West and Northeast, and they are interspersed with 
evergreen formations, such as the Amazon and Atlantic Forest, in the North and South, 
respectively (Scariot & Sevilha, 2005). TDFs also occur in the transition zones of different 
biomes. However, according to the Brazilian classification of vegetation, Seasonally 
Deciduous Forests are included as part of the Atlantic Forest biome, specifically that found 
in Minas Gerais State (Veloso et al., 1991), and this biome is one of the most endangered in 
Brazil, with only 8% its original forest cover remaining. Therefore, human use is restricted in 
TDFs and is legally enforced by Brazilian environmental laws (Lima, 2001). 

Although protected by law, TDFs are continuously converted to agricultural uses (Maass, 
1995), as they generally occur on high fertility soils (Ribeiro & Walter, 1998). Moreover, 
different political, social and economic pressures have increased the human impact on these 
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1. Introduction 
Tropical dry forests (TDFs) are forest formations that occur in regions with two marked 
seasons (dry and wet) and are characterized by some degree of foliar deciduousness 
(Murphy & Lugo, 1986). Recent estimates show that 1,048,700 km2 of TDFs exist worldwide 
(Miles et al., 2006). The two largest continuous areas of this physiognomy are located in 
South America and include northeastern Brazil and the region incorporating southeastern 
Bolivia, Paraguay and northern Argentina (Miles et al., 2006). 

In Brazil, these forests, usually called dry forests (Seasonally Deciduous Forests sensu Veloso 
et al., 1991), lose over 50% of their leaf area (Nascimento et al., 2004) as a physiological 
response to water shortages (Zalamea & González, 2008). Thus, the structural and 
ecophysiological properties of TDFs are significantly determined by the duration and timing 
of the dry season, which selects for adaptations associated with avoidance, resistance or 
tolerance to water stress (Singh & Kushwaha, 2005). Therefore, the floristic composition of 
TDFs is diverse, and they contain numerous liana, shrub and large tree species (Madeira et 
al., 2009). In particular, these forests show a great diversity of phenological patterns and 
large inter-annual variations, particularly at the level of individuals (Singh & Kushwaha, 
2005). 

In general, Brazilian TDFs are naturally fragmented and occur in different biomes: Cerrado 
and Caatinga in the Southeast, Central West and Northeast, and they are interspersed with 
evergreen formations, such as the Amazon and Atlantic Forest, in the North and South, 
respectively (Scariot & Sevilha, 2005). TDFs also occur in the transition zones of different 
biomes. However, according to the Brazilian classification of vegetation, Seasonally 
Deciduous Forests are included as part of the Atlantic Forest biome, specifically that found 
in Minas Gerais State (Veloso et al., 1991), and this biome is one of the most endangered in 
Brazil, with only 8% its original forest cover remaining. Therefore, human use is restricted in 
TDFs and is legally enforced by Brazilian environmental laws (Lima, 2001). 

Although protected by law, TDFs are continuously converted to agricultural uses (Maass, 
1995), as they generally occur on high fertility soils (Ribeiro & Walter, 1998). Moreover, 
different political, social and economic pressures have increased the human impact on these 
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forests, leading to severe disturbance and intense deforestation (Murphy & Lugo, 1986; 
Maass, 1995). In fact, tropical dry forests are the most threatened tropical ecosystems (Miles 
et al., 2006; Pezzini, 2008). Additionally, most studies in tropical forests were conducted in 
tropical humid or wet forests, and only 14% of the published articles on tropical forests 
focused on dry forests (Sánchez-Azofeifa et al., 2005). Therefore, given their relevance and 
degree of threat, studies on TDFs at the population and community level are essential to 
understanding their dynamics, maintaining their biodiversity and developing conservation 
policies to protect these ecosystems (Pezzini, 2008). 

In this context, phenological studies of plant species in TDFs may help to understand the 
dynamics of plant communities (Spina et al., 2001) and act as an indicator of plant responses 
to climate and soil conditions in a region (Fournier, 1974). Information gathered from 
phenology studies can be used as a tool to support forest management when developing 
conservation strategies for the regional fauna and flora (Fournier, 1974). 

The phenology of plants in TDFs has been largely associated with exogenous factors, such as 
precipitation, temperature and photoperiod (Bullock & Solís-Magallanes, 1990), which 
mainly influence vegetative phenophases (Lobo et al., 2003), and endogenous factors, such 
as competition for pollinators and dispersers and pressure from flower, fruit and seed 
predators (Lobo et al., 2003). Thus, because seasonal cues are more pronounced in TDFs, 
phenological patterns are particularly important to understanding how dry forests function 
(Justiniano & Fredericksen, 2000). The mix of evergreen and deciduous species gives the 
forest a phenological complexity that is not found in other tropical forest formations 
(Burnham, 1997). Nevertheless, information on the phenology of TDF species is scarce 
(however, see Borchert, 1994; Borchert et al., 2002; Borchert et al., 2004; Nunes et al., 2005; 
Nunes et al., 2008). This study addresses two basic questions aimed at increasing knowledge 
regarding the phenology of TDF tree species populations: (i) whether there any 
reproductive and vegetative phenological patterns in TDF tree species populations and (ii) 
whether the phenological responses of these populations are determined primarily by 
precipitation and temperature. 

2. Methods 
2.1 Study sites 

This study was conducted in three sites located in northern Minas Gerais State (Fig. 1): 
Parque Estadual da Mata Seca (Mata Seca State Park, hereafter PEMS) (Site 1), CROS 
Reserve (Site 2) and Juramento Reservoir Reserve (Site 3). According to the Thornthwaite 
climate classification (Thornthwaite, 1948), the climate in northern Minas Gerais is dry sub-
humid (C1), with two marked seasons (dry and wet) during the year (Antunes, 1994). The 
average annual precipitation ranges from 733-1,305 mm, with average annual temperatures 
between 16.8ºC and 26.2ºC. Rain usually falls from October to March, with November, 
December and January as the wettest months, while the driest period occurs from June to 
August (Nimer & Brandão, 1989). The study sites are located in the transition between the 
Cerrado and Caatinga biomes (Rizzini, 1997). 

The PEMS was created in 2000 and currently has an area of 15,360 ha. The park is located in 
the city of Manga (14º97’02”S and 43º97’02”W) and represents the only conservation area on 
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the left margin of the São Francisco River with dry forests growing in flat soils (Madeira et 
al., 2009). Based on its forest structure, the PEMS is a mosaic of different successional stages 
(Madeira et al., 2009). The average annual temperature in the PEMS area is 24.4ºC, and the 
average annual precipitation is 871 mm (Antunes, 1994), with less than 60 mm of this rain 
falling in a seven month period (Espírito-Santo et al., 2008). 

The CROS Reserve, owned by the Rocha & Souza Mining Construction Company, is located 
in the city of Montes Claros (16°38’53”S and 43°53’30”W) approximately 10 km from the 
urban area. The total area of the property is 49 ha, with 20% (9.8 ha) assigned as a 
permanent protection area (PPA). Dry forests and cerrado (savanna) are the main vegetation 
types in this area. Exposed rocks can be found on the soil surface and are typical of soils 
under limestone outcrops of basaltic origin (Silva & Scariot, 2004). The average annual 
precipitation is 1,000 mm, and the average temperature is 23ºC. 

The Juramento Reservoir Reserve is located in the city of Juramento (16º46’20”S and 
43º39’56”W) and has an area of 3,100 ha. The reserve, owned by the Minas Gerais State 
Water Company (COPASA), has a 7.63 km2 reservoir. This reservoir was formed by the 
damming of the Juramento, Saracura and Canoas Rivers, which are part of the Verde 
Grande River sub-basin and the São Francisco River basin. The area surrounding the 
reservoir is 23.37 km2 and has been under protection since the reservoir’s construction in 
1986 (Nunes et al., 2005). The average annual temperature is 23ºC, and precipitation is 
approximately 1,000 mm/year (Nunes et al., 2005). 

 
Fig. 1. Geographical location of the study sites in southeastern Brazil (Minas Gerais State). 
Site 1: Parque Estadual da Mata Seca, PEMS (Manga); Site 2: CROS Reserve (Montes Claros); 
Site 3: Juramento Reservoir Reserve (Juramento). 
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forests, leading to severe disturbance and intense deforestation (Murphy & Lugo, 1986; 
Maass, 1995). In fact, tropical dry forests are the most threatened tropical ecosystems (Miles 
et al., 2006; Pezzini, 2008). Additionally, most studies in tropical forests were conducted in 
tropical humid or wet forests, and only 14% of the published articles on tropical forests 
focused on dry forests (Sánchez-Azofeifa et al., 2005). Therefore, given their relevance and 
degree of threat, studies on TDFs at the population and community level are essential to 
understanding their dynamics, maintaining their biodiversity and developing conservation 
policies to protect these ecosystems (Pezzini, 2008). 
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to climate and soil conditions in a region (Fournier, 1974). Information gathered from 
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conservation strategies for the regional fauna and flora (Fournier, 1974). 
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phenological patterns are particularly important to understanding how dry forests function 
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(however, see Borchert, 1994; Borchert et al., 2002; Borchert et al., 2004; Nunes et al., 2005; 
Nunes et al., 2008). This study addresses two basic questions aimed at increasing knowledge 
regarding the phenology of TDF tree species populations: (i) whether there any 
reproductive and vegetative phenological patterns in TDF tree species populations and (ii) 
whether the phenological responses of these populations are determined primarily by 
precipitation and temperature. 

2. Methods 
2.1 Study sites 

This study was conducted in three sites located in northern Minas Gerais State (Fig. 1): 
Parque Estadual da Mata Seca (Mata Seca State Park, hereafter PEMS) (Site 1), CROS 
Reserve (Site 2) and Juramento Reservoir Reserve (Site 3). According to the Thornthwaite 
climate classification (Thornthwaite, 1948), the climate in northern Minas Gerais is dry sub-
humid (C1), with two marked seasons (dry and wet) during the year (Antunes, 1994). The 
average annual precipitation ranges from 733-1,305 mm, with average annual temperatures 
between 16.8ºC and 26.2ºC. Rain usually falls from October to March, with November, 
December and January as the wettest months, while the driest period occurs from June to 
August (Nimer & Brandão, 1989). The study sites are located in the transition between the 
Cerrado and Caatinga biomes (Rizzini, 1997). 

The PEMS was created in 2000 and currently has an area of 15,360 ha. The park is located in 
the city of Manga (14º97’02”S and 43º97’02”W) and represents the only conservation area on 
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the left margin of the São Francisco River with dry forests growing in flat soils (Madeira et 
al., 2009). Based on its forest structure, the PEMS is a mosaic of different successional stages 
(Madeira et al., 2009). The average annual temperature in the PEMS area is 24.4ºC, and the 
average annual precipitation is 871 mm (Antunes, 1994), with less than 60 mm of this rain 
falling in a seven month period (Espírito-Santo et al., 2008). 

The CROS Reserve, owned by the Rocha & Souza Mining Construction Company, is located 
in the city of Montes Claros (16°38’53”S and 43°53’30”W) approximately 10 km from the 
urban area. The total area of the property is 49 ha, with 20% (9.8 ha) assigned as a 
permanent protection area (PPA). Dry forests and cerrado (savanna) are the main vegetation 
types in this area. Exposed rocks can be found on the soil surface and are typical of soils 
under limestone outcrops of basaltic origin (Silva & Scariot, 2004). The average annual 
precipitation is 1,000 mm, and the average temperature is 23ºC. 

The Juramento Reservoir Reserve is located in the city of Juramento (16º46’20”S and 
43º39’56”W) and has an area of 3,100 ha. The reserve, owned by the Minas Gerais State 
Water Company (COPASA), has a 7.63 km2 reservoir. This reservoir was formed by the 
damming of the Juramento, Saracura and Canoas Rivers, which are part of the Verde 
Grande River sub-basin and the São Francisco River basin. The area surrounding the 
reservoir is 23.37 km2 and has been under protection since the reservoir’s construction in 
1986 (Nunes et al., 2005). The average annual temperature is 23ºC, and precipitation is 
approximately 1,000 mm/year (Nunes et al., 2005). 

 
Fig. 1. Geographical location of the study sites in southeastern Brazil (Minas Gerais State). 
Site 1: Parque Estadual da Mata Seca, PEMS (Manga); Site 2: CROS Reserve (Montes Claros); 
Site 3: Juramento Reservoir Reserve (Juramento). 
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2.2 Sampling of phenological data 

Populations from 20 TDF tree species were selected for monitoring of phenological patterns 
(Table 1). The circumference of marked trees at breast height (cbh, 1.3 m above ground) was 
greater than 15 cm. Each species had 20 individuals marked (Nunes et al., 2005; 2008), except 
for Cedrela odorata L. and Sapium glandulosum (L.) Morong, which had 14 and 15 individuals 
 

Family Species Dispersion 
syndrome 

Study 
Site 

Source 

Anacardiaceae Astronium fraxinifolium
Schott ex Spreng. 

Ane 3 Maragon et al. 2010 

 Myracrodruon urundeuva 
Allemão 

Ane 1 Barbosa et al. 2005 

 Spondias tuberosa Arruda Zoo 1 Maia 2004 
Burseraceae Commiphora leptophleos (Mart.) 

J. B. Gillet 
Zoo 1 Barbosa et al. 2005 

Cactaceae Pereskia bahiensis Gurke Zoo 1 Britton & Rose 1963 
 Pilosocereus pachycladus Ritter Zoo 1 Obs. pes. 1 
Euphorbiaceae Jatropha mollissima (Pohl) 

Baill. 
Auto 1 Santos et al. 2005 

 Sapium glandulosum (L.) 
Morong 

Zoo 1 Maia 2004 

Fabaceae Anadenanthera colubrina (Vell.) 
Brenan 

Auto 3 Barbosa 2005 

 Chloroleucon tortum Mart. 
Pittier  

Zoo 3 Obs. pes. 1 

 Copaifera langsdorffii Desf. Zoo 3 Pereira et al. 2008 
 Senna spectabilis DC. H. S. 

Irwin & Barneby 
Auto 1 Barbosa et al. 2005 

 Senegalia polyphylla DC. Auto 2 Obs. pes. 1 
 Mimosa hostilis Benth. Auto 1 Barbosa et al. 2005 
 Pseudopiptadenia contorta

(Benth.) 
Auto 1 Obs. pes. 1 

Malvaceae Guazuma ulmifolia Lam. Zoo 3 Moreira et al. 2009 
 Heteropterys byrsonimifolia

Lam. 
Ane 3 Stefanello et al. 2009 

Meliaceae Cedrela odorata L. Ane 2 Silva e Rodal 2009 
Polygonaceae Ruprechtia fagifolia Meisn. Ane 2 Obs. pes.1 
Sapindaceae Dilodendron bipinnatum Radlk. Zoo 2 Obs. pes.1 

Table 1. Species selected for phenological survey at three tropical dry forest sites in Minas 
Gerais, southeastern Brazil. (Ane = anemochorous, Auto = autochorous, Zoo = zoochorous). 
1- Personal observation. 
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marked, respectively. In each field trip, phenophases were recorded through careful 
observation of the canopy with binoculars. The phenology of individual trees was recorded 
for 12 months, beginning in July and ending in June of the following year. The phenological 
survey at Site 1 was conducted in 2008 and 2009, at Site 2 in 2007 and 2008 and at Site 3 in 
2002 and 2003. 

 
Fig. 2. Phenophases observed in the species studied: flower buds of Spondias tuberosa Arruda 
(a) and Pereskia bahiensis Gurke (b); flower opening in Senna spectabilis DC. H. S. Irwin & 
Barneby (c); ripe fruits of S. tuberosa (d); fruiting in Mimosa hostilis Benth. (e), P. bahiensis (f), 
Pilosocereus pachycladus Ritter (g), Jatropha molissima (Pohl) Baill. (h), Myracrodruon urundeuva 
Allemão (i) and Pseudopiptadenia contorta (Benth.) (j); total deciduousness (k) and young 
leaves (l) in M. urundeuva. 

The following reproductive phenophases were recorded: (1) flower buds, from the 
formation of the floral structure to the opening of flower buds; (2) flower opening (anthesis), 
from the opening of flower buds to flower fall; (3) fruiting, from fruit formation until 
ripening, represented by the presence of green fruits; and (4) ripe fruits, represented by the 
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for 12 months, beginning in July and ending in June of the following year. The phenological 
survey at Site 1 was conducted in 2008 and 2009, at Site 2 in 2007 and 2008 and at Site 3 in 
2002 and 2003. 
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(a) and Pereskia bahiensis Gurke (b); flower opening in Senna spectabilis DC. H. S. Irwin & 
Barneby (c); ripe fruits of S. tuberosa (d); fruiting in Mimosa hostilis Benth. (e), P. bahiensis (f), 
Pilosocereus pachycladus Ritter (g), Jatropha molissima (Pohl) Baill. (h), Myracrodruon urundeuva 
Allemão (i) and Pseudopiptadenia contorta (Benth.) (j); total deciduousness (k) and young 
leaves (l) in M. urundeuva. 

The following reproductive phenophases were recorded: (1) flower buds, from the 
formation of the floral structure to the opening of flower buds; (2) flower opening (anthesis), 
from the opening of flower buds to flower fall; (3) fruiting, from fruit formation until 
ripening, represented by the presence of green fruits; and (4) ripe fruits, represented by the 
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presence of dark-brown, yellow or yellowish-green fruits, depending on species. The 
following vegetative phenophases were also recorded: (5) leafing, represented by emergence 
of small leaves of different coloration (bright green or red); (6) leaf fall, characterized by 
leaves falling under a soft breeze and fallen leaves under the tree canopy; and (7) full 
deciduousness, characterized by total absence of leaves (Nunes et al., 2005; 2008) (Fig. 2). 

2.3 Data analyses 

The activity index observation method was used to quantify phenological events of the 
species (Bencke & Morellato, 2002). The activity index refers to the percentage of individuals 
displaying an event at each sampling date, with the presence or absence of the particular 
phenophase being recorded. In addition to indicating the occurrence of an event, this 
method also estimates the synchrony among individuals in a population (Pedroni et al., 
2002). 

To test whether species populations are differently affected by climate variables, the 
phenological data of each phenophase were correlated with total precipitation and average 
temperature, in the same period (month), using Spearman correlation tests (Zar, 1996) and 
were qualitatively compared with the climatological norms for each site (Fig. 3). The average 
temperature and total precipitation data for each month were collected at three weather 
stations located near the study sites in the cities of Itacarambi (Site 1), Montes Claros (Site 2) 
and Juramento (Site 3). Climatological norms for each city from 1991-2007 (Site 1), 2001-2006 
(Site 2) and 1987-2002 (Site 3) were also used to discriminate between dry and wet seasons. 
So, for the climatological norms we used total precipitation and mean temperature of each 
year and extract the mean of these variables for all the period, 17 years to Site 1, five years to 
Site 2 and 16 years to Site 3. These differences in data period are associated to the time of 
station installation and the availability of the data. 

To verify whether populations of the different species exhibit similar reproductive and 
vegetative phenophases at the different sites, a cluster analysis of the activity index of 
each species was performed, with Euclidean distance as the coefficient of association 
(Ludwig & Reynolds, 1988). Moreover, the species studied were also classified according 
to seed dispersal syndrome (Table 1), following van der Pilj (1982) classification, in 
zoochorous, when the dispersal is done by animals; anemochorous, when the dispersion 
is carried by the wind; and autochorous, when the dispersion occurs by explosive 
dehiscence or gravity. The species classification was made according to information on 
the biology of the species found in literature (Briton & Rose 1963; Maia 2004; Barbosa 
2005; Barbosa et al. 2005; Santos et al. 2005; Pereira et al. 2008; Moreira et al. 2009; Silva & 
Rodal 2009; Stefanello et al. 2009; Maragon et al. 2010), expert consultation and increased 
knowledge of the authors. This classification was intended to detect patterns related to 
reproductive strategies of species. 

3. Results and discussion 
3.1 Reproductive phenology 

Synchronous flowering within populations and among species is more frequent in dry areas 
(Bullock, 1995). In general, flower bud (late dry season) and anthesis (late wet season) 
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phenophases were concentrated in the wet season. Flower buds occurred in September and 
October for 50% of the species at Site 1, from August to November for 50% of the species at 
Site 2 and in October for 67% of the species at Site 3 (Fig. 4a). For most species, anthesis was 
recorded from September to November; 60% of the species displayed this event in 
September at Site 1, 50% from September to November at Site 2 and 50% in September and 
October at Site 3 (Fig. 4b). This pattern seems to be common in seasonal tropical forests with 
well-defined dry and wet seasons, as several authors (Morellato et al., 1989; Morellato & 
Leitão-Filho, 1990; 1992; 1996) have also observed flowering in the wet season or during the  

 
Fig. 3. Climate description of the study sites in southeastern Brazil: total precipitation (bars) 
and average monthly temperatures (line) for (a) Site 1 (Parque Estadual da Mata Seca, 
Manga: 2008-2009), (b) Site 2 (CROS Reserve, Montes Claros: 2007-2008) and (c) Site 3 
(Juramento Reservoir Reserve, Juramento: 2002-2003); climatological norms for (d) Site 1 
(Itacarambi, 1991-2007), (e) Site 2 (Montes Claros, 2001-2006) and (f) Site 3 (Juramento, 1987-
2002). For d, e and f the black color refer to the monthly rainfall greater than 100 mm (hydric 
surplus), the gray color to the drought period and the ratched the humid period. 
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transition from the dry to wet season. According to Morellato et al. (1989), most species 
produce flowers during this period because the first rains and the increasing photoperiod 
stimulate the onset of flowering. This notion has also been advanced by Pereira et al. (2008) 
who suggested that, prior to anthesis, flower primordia are in a dormant state imposed by 
drought, which can be interrupted when moisture levels in the environment increase. 
Moreover, higher precipitation levels and temperatures in the wet season lead to increased 
litter decomposition and nutrient availability to plants (Morellato, 1992), which in turn are 
able to invest in reproductive phenophases. During this period, population density and 
pollinator activity are also higher (Wikander, 1984). 

 
Fig. 4. Reproductive phenology of 20 tropical dry forest tree species in southeastern Brazil 
from July to June (12 months). Number of species displaying phenophase (a) flower buds, 
(b) anthesis, (c) green fruits and (d) ripe fruits at the three study sites in Minas Gerais  
(Site 1 = Parque Estadual da Mata Seca - Manga; Site 2 = CROS Reserve - Montes Claros; and 
Site 3 = Juramento Reservoir Reserve - Juramento). 

Fruiting varied among sites, with 50% of the species fruiting in February at Site 1, 50% 
between July and November at Site 2 and 67% in May and June at Site 3 (Fig. 4c). The 
emergence of ripe fruits occurred from September to February at Site 1 for 50% of the 
species, in October at Site 2 for 75% of the species and at from October to June Site 3 for 67% 
of the tree species analyzed (Fig. 4d). Thus, unlike flowering, green fruits and ripe fruits 
appear at different times during the year, both in the dry and wet seasons. The timing and 
duration of reproduction may differ greatly among plant groups with different pollination 
or dispersal vectors (Bullock, 1995). The fruiting patterns observed in this study are likely 
associated with the seed dispersal mode of each species. In TDFs, fleshy fruits are abundant 
in the wet season and rare in the dry season, while anemochorous and autochorous fruits 
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are almost inconspicuous in the wet season but abundant in the dry season (Frankie et al., 
1974). In fact, five species fruiting in the dry season and five in the wet season. The majority 
of species that fruiting in the dry season (60%) was wind-dispersed (anemochorous), while 
the fruiting for most species in the wet season (80%) was dispersed by animals (zoochorous). 
Another interesting pattern, several species (45%) had fruits in both season, most of these 
(44.4%) belonging to autochorous syndrome. However, one species (Dilodendron bipinnatum 
Radlk.) not fruiting during the study period. 

In tropical forests, the most frequent seed dispersal syndrome is zoochory, followed by 
anemochory and autochory (Howe & Smallwood, 1982). Nevertheless, wind dispersal is 
relatively common in deciduous forests (Van Schaik et al., 1993) and is largely present in 
TDFs (Bullock, 1995). In these forests, plants lose leaves seasonally, allowing for greater 
wind movement not only in the canopy but also in lower vegetation strata (Griz & 
Machado, 2001). Thus, reduction in physical obstacles resulting from greater deciduousness 
of tree species promotes the longer distance transport of anemochorous seeds (Janzen, 1967). 
Conversely, as activity of dispersers is higher in wet seasons (Smythe, 1970), the fruiting of 
most zoochorous species was concentrated in this season. It should also be noted that 
autochorous species (e.g., Mimosa hostilis Benth. and Senna spectabilis DC. H. S. Irwin & 
Barneby) with fruiting distributed throughout the year do not rely on any single dispersal 
agent and maximize seed dispersal over time (Piña-Rodrigues & Aguiar, 1993). Although 
dispersal is not primarily zoochorous, fruiting spread throughout the year provides an 
important food source to fauna. As food availability is limited during dry seasons, the 
dispersal of several species relies on secondary zoochorous dispersal. 

3.2 Vegetative phenology 

All of the species studied produced new leaves in the wet season. Leafing pick was recorded 
from October to February at Site 1, in October and November at Site 2 and from October to 
December at Site 3 (Fig. 5a). Conversely, leaf fall occurred from March to May for 90% of the 
species at Site 1, from July to October and in May and June for 100% of the species at Site 2 
and from July to September and in May and June for 100% of the species at Site 3 (Fig. 5b). 
Full deciduousness was recorded for 90% of the species in August and September at Site 1, 
for all of the species from July to October at Site 2 and for 66% of the species in October at 
Site 3 (Fig. 5c). Thus, the onset of leafing at all sites occurred during the dry/wet season 
transition, whereas leaf fall was strongly associated with dry seasons, with the full absence 
of leaves observed for some species during these periods. 

A widespread feature of tropical dry forests is the seasonal production of new leaves 
(Longman & Jenik, 1987), which is stimulated by increased water and light availability 
(Lieberman & Lieberman, 1984; Borchert, 1994). Besides, the existence of synchrony in 
leafing, in tropical dry forests, has been suggested as a strategy to avoid the emergence of 
young leaves at unfavorable times (van Schaik et al., 1993). This synchrony, observed in 
the present study, affects herbivore communities leading to fluctuations in population 
size, as most food resources are present for only a few months (Peters et al., 2001). 
Therefore, leaves produced during flushing peaks sustain less damage than those 
produced out of synchrony because herbivores are more easily satiated when food 
availability increases (Janzen, 1975). 
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or dispersal vectors (Bullock, 1995). The fruiting patterns observed in this study are likely 
associated with the seed dispersal mode of each species. In TDFs, fleshy fruits are abundant 
in the wet season and rare in the dry season, while anemochorous and autochorous fruits 
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are almost inconspicuous in the wet season but abundant in the dry season (Frankie et al., 
1974). In fact, five species fruiting in the dry season and five in the wet season. The majority 
of species that fruiting in the dry season (60%) was wind-dispersed (anemochorous), while 
the fruiting for most species in the wet season (80%) was dispersed by animals (zoochorous). 
Another interesting pattern, several species (45%) had fruits in both season, most of these 
(44.4%) belonging to autochorous syndrome. However, one species (Dilodendron bipinnatum 
Radlk.) not fruiting during the study period. 

In tropical forests, the most frequent seed dispersal syndrome is zoochory, followed by 
anemochory and autochory (Howe & Smallwood, 1982). Nevertheless, wind dispersal is 
relatively common in deciduous forests (Van Schaik et al., 1993) and is largely present in 
TDFs (Bullock, 1995). In these forests, plants lose leaves seasonally, allowing for greater 
wind movement not only in the canopy but also in lower vegetation strata (Griz & 
Machado, 2001). Thus, reduction in physical obstacles resulting from greater deciduousness 
of tree species promotes the longer distance transport of anemochorous seeds (Janzen, 1967). 
Conversely, as activity of dispersers is higher in wet seasons (Smythe, 1970), the fruiting of 
most zoochorous species was concentrated in this season. It should also be noted that 
autochorous species (e.g., Mimosa hostilis Benth. and Senna spectabilis DC. H. S. Irwin & 
Barneby) with fruiting distributed throughout the year do not rely on any single dispersal 
agent and maximize seed dispersal over time (Piña-Rodrigues & Aguiar, 1993). Although 
dispersal is not primarily zoochorous, fruiting spread throughout the year provides an 
important food source to fauna. As food availability is limited during dry seasons, the 
dispersal of several species relies on secondary zoochorous dispersal. 

3.2 Vegetative phenology 

All of the species studied produced new leaves in the wet season. Leafing pick was recorded 
from October to February at Site 1, in October and November at Site 2 and from October to 
December at Site 3 (Fig. 5a). Conversely, leaf fall occurred from March to May for 90% of the 
species at Site 1, from July to October and in May and June for 100% of the species at Site 2 
and from July to September and in May and June for 100% of the species at Site 3 (Fig. 5b). 
Full deciduousness was recorded for 90% of the species in August and September at Site 1, 
for all of the species from July to October at Site 2 and for 66% of the species in October at 
Site 3 (Fig. 5c). Thus, the onset of leafing at all sites occurred during the dry/wet season 
transition, whereas leaf fall was strongly associated with dry seasons, with the full absence 
of leaves observed for some species during these periods. 

A widespread feature of tropical dry forests is the seasonal production of new leaves 
(Longman & Jenik, 1987), which is stimulated by increased water and light availability 
(Lieberman & Lieberman, 1984; Borchert, 1994). Besides, the existence of synchrony in 
leafing, in tropical dry forests, has been suggested as a strategy to avoid the emergence of 
young leaves at unfavorable times (van Schaik et al., 1993). This synchrony, observed in 
the present study, affects herbivore communities leading to fluctuations in population 
size, as most food resources are present for only a few months (Peters et al., 2001). 
Therefore, leaves produced during flushing peaks sustain less damage than those 
produced out of synchrony because herbivores are more easily satiated when food 
availability increases (Janzen, 1975). 
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Fig. 5. Vegetative phenology of 20 tropical dry forest tree species in southeastern Brazil. 
Number of species displaying phenophase (a) leafing, (b) leaf fall and (c) full deciduousness 
at the three study sites in Minas Gerais (Site 1 = Parque Estadual da Mata Seca - Manga; Site 
2 = CROS Reserve - Montes Claros; and Site 3 = Juramento Reservoir Reserve – Juramento). 

Leaf fall, on the contrary, is likely a consequence of increased water stress and leaf ageing 
(Elliott et al., 2006). Leaf fall is intense during the early dry season because 
evapotranspiration increases, leading to greater nutrient removal from soil by roots 
(Morellato, 1992). At the end of the dry season, the air is drier and water availability 
decreases, nutrient uptake is inhibited and most species shed their leaves, reducing 
evapotranspiration (Morellato, 1992). Synchronous leaf fall, showed in this study, may be 
the result of various processes (Janzen, 1980), for example, for many deciduous species in 
tropical forests, the retention of leaves may be costly when water availability is reduced; 
besisde, as trees shed leaves with the arrival of the dry season, the need for any individual 
tree to retain its leaves for canopy space is reduced; and also, when green foliage disappears 
from the community, plant species without major anti-herbivore defenses will likely sustain 
greater damage to the rest of their leaves. 

3.3 Phenophases versus climate variables 

Despite the variations in phenological behavior among species, the climate variables 
influenced more the vegetative phenology than the reproductive phenology. There was a 
correlation between the production of flower buds and precipitation in 20% of the species 
and with temperature only in C. odorata and D. bipinnatum. Precipitation and temperature 
also affected the opening of flowers in three (15%) species. These data show that both 
climate variables affect the flowering of tropical dry forest species. According to Mantovani 
& Martins (1988), these environmental variables affect pollinator availability, which are 
directly related to the flowering patterns of plant species. These individuals likely share the  
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same pollinator agents (mostly insects), which have high population densities at that time of 
year (Souza-Silva et al., 2001). Conversely, fruiting was only correlated with precipitation, 
and 20% of the species were influenced by this variable. Ripe fruits were negatively 
correlated with precipitation in C. odorata and M. hostilis and positively with temperature in 
Ruprechtia fagifolia Meisn. Water availability is an important factor in the production of 
fleshy, succulent fruits that are attractive to dispersers (Piña Rodrigues & Piratelli, 1993). 
Among the dispersal guilds of tree species, zoochory is positively correlated with 
precipitation (Bullock, 1995). Therefore, there is a connection between the production of 
energy-rich fruits and the attraction of effective dispersers. However, in the present study 
there is no association among dispersion guilds, climate variables and fruit production, 
because the association of precipitation and fruiting and ripe fruits phenophases occurred in 
different dispersion guilds. 

Precipitation and temperature are important environmental variables that determine tree stem 
water stress in the dry tropics (Singh & Kushwaha, 2005). Precipitation positively influenced 
leafing in 55% of the species, while temperature positively influenced occurrence of this 
phenophase only in Anadenanthera colubrina (Vell.) Brenan. Leaf fall was also negatively 
correlated with precipitation in eight species (40%) and with temperature in R. fagifolia. There 
was a negative correlation between full deciduousness and precipitation in 50% of the species. 
Negative correlations between leaf fall and environmental variables indicate that this 
phenophase is associated with a reduction in temperature and precipitation (Nunes et al., 
2005). Leaf fall during drier periods represents an economization of water by plants (Borchert 
et al., 2002), as it results in large nutrient losses. Full deciduousness is particularly evident in 
nutrient-rich soils, in which plants can retrieve nutrients that are lost in this process from the 
soil (Jaramillo & Sanford, 1995). Therefore, the soil conditions of TDFs enable plants to shed 
leaves because they grow in high fertility soils (Oliveira-Filho et al., 1998). A marked 
seasonality in vegetative phenological patterns has been observed in several studies focusing 
on dry forests (Lieberman, 1982; Bullock & Solís-Magallanes, 1990; Machado et al., 1997). Tree 
species in this study behaved consistently with this phenological pattern, which evolved 
through leaf fall to avoid water stress during dry periods, thus reducing transpiration and 
pronounced dehydration (Bullock & Solís-Magallanes, 1990). 
 

Site Species Climate variable Phenophase Activity 
    r p 

1 Commiphora leptophleos P Full deciduousness -0.63 0.03 
1 Jatropha mollissima P Fruiting 0.58 0.05 
  P Leafing 0.67 0.02 
  P Full deciduousness -0.72 0.01 

1 Mimosa hostilis P Ripe fruits -0.77 0.00 
  P Leafing 0.74 0.01 

1 Myracrodruon urundeuva P Flower buds -0.88 0.00 
  P Anthesis -0.72 0.01 
  P Full deciduousness -0.72 0.01 

1 Pereskia bahiensis P Fruiting 0.61 0.04 
  P Full deciduousness -0.75 0.01 
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Fig. 5. Vegetative phenology of 20 tropical dry forest tree species in southeastern Brazil. 
Number of species displaying phenophase (a) leafing, (b) leaf fall and (c) full deciduousness 
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the result of various processes (Janzen, 1980), for example, for many deciduous species in 
tropical forests, the retention of leaves may be costly when water availability is reduced; 
besisde, as trees shed leaves with the arrival of the dry season, the need for any individual 
tree to retain its leaves for canopy space is reduced; and also, when green foliage disappears 
from the community, plant species without major anti-herbivore defenses will likely sustain 
greater damage to the rest of their leaves. 

3.3 Phenophases versus climate variables 

Despite the variations in phenological behavior among species, the climate variables 
influenced more the vegetative phenology than the reproductive phenology. There was a 
correlation between the production of flower buds and precipitation in 20% of the species 
and with temperature only in C. odorata and D. bipinnatum. Precipitation and temperature 
also affected the opening of flowers in three (15%) species. These data show that both 
climate variables affect the flowering of tropical dry forest species. According to Mantovani 
& Martins (1988), these environmental variables affect pollinator availability, which are 
directly related to the flowering patterns of plant species. These individuals likely share the  
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same pollinator agents (mostly insects), which have high population densities at that time of 
year (Souza-Silva et al., 2001). Conversely, fruiting was only correlated with precipitation, 
and 20% of the species were influenced by this variable. Ripe fruits were negatively 
correlated with precipitation in C. odorata and M. hostilis and positively with temperature in 
Ruprechtia fagifolia Meisn. Water availability is an important factor in the production of 
fleshy, succulent fruits that are attractive to dispersers (Piña Rodrigues & Piratelli, 1993). 
Among the dispersal guilds of tree species, zoochory is positively correlated with 
precipitation (Bullock, 1995). Therefore, there is a connection between the production of 
energy-rich fruits and the attraction of effective dispersers. However, in the present study 
there is no association among dispersion guilds, climate variables and fruit production, 
because the association of precipitation and fruiting and ripe fruits phenophases occurred in 
different dispersion guilds. 

Precipitation and temperature are important environmental variables that determine tree stem 
water stress in the dry tropics (Singh & Kushwaha, 2005). Precipitation positively influenced 
leafing in 55% of the species, while temperature positively influenced occurrence of this 
phenophase only in Anadenanthera colubrina (Vell.) Brenan. Leaf fall was also negatively 
correlated with precipitation in eight species (40%) and with temperature in R. fagifolia. There 
was a negative correlation between full deciduousness and precipitation in 50% of the species. 
Negative correlations between leaf fall and environmental variables indicate that this 
phenophase is associated with a reduction in temperature and precipitation (Nunes et al., 
2005). Leaf fall during drier periods represents an economization of water by plants (Borchert 
et al., 2002), as it results in large nutrient losses. Full deciduousness is particularly evident in 
nutrient-rich soils, in which plants can retrieve nutrients that are lost in this process from the 
soil (Jaramillo & Sanford, 1995). Therefore, the soil conditions of TDFs enable plants to shed 
leaves because they grow in high fertility soils (Oliveira-Filho et al., 1998). A marked 
seasonality in vegetative phenological patterns has been observed in several studies focusing 
on dry forests (Lieberman, 1982; Bullock & Solís-Magallanes, 1990; Machado et al., 1997). Tree 
species in this study behaved consistently with this phenological pattern, which evolved 
through leaf fall to avoid water stress during dry periods, thus reducing transpiration and 
pronounced dehydration (Bullock & Solís-Magallanes, 1990). 
 

Site Species Climate variable Phenophase Activity 
    r p 

1 Commiphora leptophleos P Full deciduousness -0.63 0.03 
1 Jatropha mollissima P Fruiting 0.58 0.05 
  P Leafing 0.67 0.02 
  P Full deciduousness -0.72 0.01 

1 Mimosa hostilis P Ripe fruits -0.77 0.00 
  P Leafing 0.74 0.01 

1 Myracrodruon urundeuva P Flower buds -0.88 0.00 
  P Anthesis -0.72 0.01 
  P Full deciduousness -0.72 0.01 

1 Pereskia bahiensis P Fruiting 0.61 0.04 
  P Full deciduousness -0.75 0.01 
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1 Pseudopiptadenia contorta P Leafing 0.64 0.02 
  P Full deciduousness -0.67 0.02 

1 Pilosocereus pachyladus P Flower buds -0.65 0.02 
  P Leafing -0.63 0.03 

1 Sapium glandulosum P Full deciduousness -0.75 0.00 
1 Senna spectabilis P Full deciduousness -0.80 0.00 
1 Spondias tuberosa P Full deciduousness -0.74 0.01 
2 Cedrela odorata T Flower buds 0.60 0.04 
  P Ripe fruits -0.71 0.01 
  P Leafing 0.87 0.00 
  P Leaf fall -0.86 0.00 
  P Full deciduousness -0.86 0.00 

2 Dilodendron bipinnatum P Flower buds -0.67 0.02 
  T Flower buds -0.82 0.00 
  P Leafing 0.79 0.00 
  P Leaf fall -0.79 0.00 
  P Full deciduousness -0.76 0.00 

2 Senegalia polyphylla P Leafing 0.93 0.00 
  P Leaf fall -0.82 0.00 

2 Rupretchia fagifolia T Ripe fruits 0.67 0.02 
  T Leaf fall -0.78 0.00 
  P Leaf fall -0.74 0.01 

3 Anadenanthera colubrina T Leafing 0.58 0.05 
  P Fruiting -0.60 0.04 
  P Leaf fall -0.65 0.02 

3 Astronium fraxinifolium T Anthesis -0.60 0.04 
  P Leafing 0.74 0.02 
  P Leaf fall -0.68 0.02 

3 Chloroleucon tortum P Fruiting -0.59 0.04 
  P Leafing 0.59 0.05 
  P Leaf fall -0.63 0.03 

3 Copaifera langsdorffii P Leaf fall -0.63 0.03 
3 Guazuma ulmifolia P Flower buds 0.81 0.00 
  P Anthesis 0.63 0.03 
  P Leafing 0.70 0.01 
  P Leaf fall -0.62 0.03 

3 Heteropterys byrsonimifolia P Leafing 0.67 0.02 
 

 

Table 2. Correlation between the climate variables precipitation (P) and temperature (T) and 
the reproductive and vegetative phenophase activity of 20 tropical dry forest tree species in 
southeastern Brazil (Site 1 = Parque Estadual da Mata Seca - Manga; Site 2 = CROS Reserve - 
Montes Claros; and Site 3 = Juramento Reservoir Reserve – Juramento). 
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3.4 Phenophases versus sites 

Few phenological studies have compared populations located in sites under different 
environmental conditions (Frankie et al., 1974; Borchet, 1980). This experimental approach, 
however, is valid for understanding the extent of phenological variability as a survival 
strategy and to determine how environmental factors influence these patterns (Goulart et al., 
2005). Although this study did not address variation between populations of the same 
species in different regions, phenological patterns generated by different populations may 
indicate local environmental variation, both in climate and soil conditions. In general, there 

 
Fig. 6. Similarity dendrogram of the reproductive and vegetative phenophase activity of 20 
tropical dry forest tree species in southeastern Brazil. (a) Species and (b) species location in 
the different study sites (Site 1 = Parque Estadual da Mata Seca - Manga; Site 2 = CROS 
Reserve - Montes Claros; and Site 3 = Juramento Reservoir Reserve – Juramento). 
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Table 2. Correlation between the climate variables precipitation (P) and temperature (T) and 
the reproductive and vegetative phenophase activity of 20 tropical dry forest tree species in 
southeastern Brazil (Site 1 = Parque Estadual da Mata Seca - Manga; Site 2 = CROS Reserve - 
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3.4 Phenophases versus sites 

Few phenological studies have compared populations located in sites under different 
environmental conditions (Frankie et al., 1974; Borchet, 1980). This experimental approach, 
however, is valid for understanding the extent of phenological variability as a survival 
strategy and to determine how environmental factors influence these patterns (Goulart et al., 
2005). Although this study did not address variation between populations of the same 
species in different regions, phenological patterns generated by different populations may 
indicate local environmental variation, both in climate and soil conditions. In general, there 
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was a tendency of species to group by site (Fig. 6). This result suggests that there is a 
difference between phenological patterns of species in different sites and that these patterns 
are grouped by site. In fact, two large groups composed primarily of species from Sites 1 
(PEMS, Manga) and 3 (Juramento Reservoir Reserve, Juramento) were formed in the cluster 
analysis, while species from Site 2 (CROS Reserve, Montes Claros) were not included in any 
of these groups. 

The extent and intensity of seasonal drought may differ due to the geographical location of the 
study sites (Singh & Kushwaha, 2005). For instance, Site 1 is at a northern location, and this 
location determines its climatic differences to the other sites. According to the climatological 
norms of the study sites (Fig. 2), there are differences in the average temperature (Site 1 = 
24.2ºC, Site 2 = 23ºC and Site 3 = 23ºC) and precipitation (Site 1 = 871 mm, Site 2 = 1,000 mm 
and Site 3 = 1,000 mm) among sites, especially between Site 1 and the others. In addition to 
climate variables, soil conditions may also determine the phenological behavior of plants 
(Morellato, 1992). The differences between Sites 2 and 3 are likely caused by such factors. In 
fact, the TDF at Site 3 is growing in limestone outcrops (slope seasonal dry forest or dry 
calcareous forest), while at Site 2, the TDF is growing in flat soils. Therefore, although the 
proximity of the sites results in similar climates, differences in soil and topography may 
determine the occurrence of similar phenological patterns in different species. The water 
availability in the soil is considered to be the determining factor of leaf dynamics in the dry 
tropics (Borchert, 1994). The amount and timing of water that is available to plants on rocky 
outcrops is likely different from that of plants growing in deep soils. 

4. Conclusion 
This study showed different reproductive and vegetative phenological patterns among TDF 
tree species. Flowering and fruiting occurred in the wet season, whereas leaf fall was 
concentrated in the dry season. Nevertheless, fruiting seemed to be associated with the 
dispersal guilds of the different species. Temperature and precipitation were correlated with 
all phenophases analyzed, and the correlations were more robust with vegetative 
phenology. Species occurring in the same site showed phenological patterns that were more 
similar than species from different sites. 

Climate and soil conditions may influence the occurrence of adaptations that result in 
similar phenological patterns among different species. Despite strong biotic interactions 
with processes such as pollination, propagule dispersal, predation and herbivory, the 
environmental factors that act directly upon the phenological behavior of species also affect 
these biotic agents and determine the occurrence of both vegetative and reproductive 
phenological patterns in TDF species. 
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was a tendency of species to group by site (Fig. 6). This result suggests that there is a 
difference between phenological patterns of species in different sites and that these patterns 
are grouped by site. In fact, two large groups composed primarily of species from Sites 1 
(PEMS, Manga) and 3 (Juramento Reservoir Reserve, Juramento) were formed in the cluster 
analysis, while species from Site 2 (CROS Reserve, Montes Claros) were not included in any 
of these groups. 

The extent and intensity of seasonal drought may differ due to the geographical location of the 
study sites (Singh & Kushwaha, 2005). For instance, Site 1 is at a northern location, and this 
location determines its climatic differences to the other sites. According to the climatological 
norms of the study sites (Fig. 2), there are differences in the average temperature (Site 1 = 
24.2ºC, Site 2 = 23ºC and Site 3 = 23ºC) and precipitation (Site 1 = 871 mm, Site 2 = 1,000 mm 
and Site 3 = 1,000 mm) among sites, especially between Site 1 and the others. In addition to 
climate variables, soil conditions may also determine the phenological behavior of plants 
(Morellato, 1992). The differences between Sites 2 and 3 are likely caused by such factors. In 
fact, the TDF at Site 3 is growing in limestone outcrops (slope seasonal dry forest or dry 
calcareous forest), while at Site 2, the TDF is growing in flat soils. Therefore, although the 
proximity of the sites results in similar climates, differences in soil and topography may 
determine the occurrence of similar phenological patterns in different species. The water 
availability in the soil is considered to be the determining factor of leaf dynamics in the dry 
tropics (Borchert, 1994). The amount and timing of water that is available to plants on rocky 
outcrops is likely different from that of plants growing in deep soils. 

4. Conclusion 
This study showed different reproductive and vegetative phenological patterns among TDF 
tree species. Flowering and fruiting occurred in the wet season, whereas leaf fall was 
concentrated in the dry season. Nevertheless, fruiting seemed to be associated with the 
dispersal guilds of the different species. Temperature and precipitation were correlated with 
all phenophases analyzed, and the correlations were more robust with vegetative 
phenology. Species occurring in the same site showed phenological patterns that were more 
similar than species from different sites. 

Climate and soil conditions may influence the occurrence of adaptations that result in 
similar phenological patterns among different species. Despite strong biotic interactions 
with processes such as pollination, propagule dispersal, predation and herbivory, the 
environmental factors that act directly upon the phenological behavior of species also affect 
these biotic agents and determine the occurrence of both vegetative and reproductive 
phenological patterns in TDF species. 
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1. Introduction  
West tropical Africa (WTA) is known to be one of the most exposed regions in the world to 
climate change. The seasonality of rainfall and of atmospheric conditions, including a dry 
season lasting for several months in most of the area, strongly influences vegetation activity 
(Bourlière & Hadley, 1983; Breman & Kessler, 1995). Indeed, this region was already affected 
by severe and prolonged droughts in the 1970s-1980s. These events represent one of the 
major climate variations of the 20th century recorded at the global scale (Giorgi, 2002; Neelin 
et al., 2006; Redelsperger et al., 2006). The average annual rainfall deficit varied by ± 20% in 
higher rainfall zones and by 50% in lower rainfall zones. However, while these droughts 
were relatively uniform over most of WTA, the 1990–2007 period was characterised by a 
more complex pattern including large spatial variability (Lebel & Ali, 2009). Current 
projections of global change predict higher temperatures and lower rainfall, although 
opinions on temperatures are contradictory (Mearns et al., 2001; Haarsma et al., 2005;  IPCC, 
2007; Funk & Brown, 2009). More frequent extreme events are also expected in some parts of 
Africa (Hély et al., 2006; Frappart et al., 2009; Lebel & Ali, 2009).  

In WTA, the current vulnerability of agro- and eco-systems to climate change is dramatically 
amplified by the rapidly growing population (Thornton et al., 2008; Heubes et al., 2011). In 
the next half century, the fastest growing populations will be mainly located in sub-Saharan 
Africa (Garrity et al., 2010). Current projections predict a doubling of the population (Funk 
& Brown, 2009). To feed these increasing numbers of people, between 1990 and 2006 the 
area of cultivated land already grew by more than 10% annually, to the detriment of the 
natural woody cover. However, woody cover is still a crucial component of the agro-sylvo-
pastoral ecosystems in WTA.  

The phenology of woody plants could be thus a significant indicator of the vulnerability and 
ability of existing agro-sylvo-pastoral ecosystems to respond to local and global changes, 
through their relationships with regional climate, soil distribution, and land use (Chuine & 
Beaubien, 2001; Scheiter & Higgins, 2009). On the other hand, changes in the woody cover 
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may also interact with the effect of global change on ecosystems through changes in leaf 
phenology (variations in the leaf area index). The relationships between environmental 
conditions and woody plant phenology are still poorly known, notably in seasonally dry 
tropics (Eamus & Prior, 2001). Studies on this topic and long-time series of phenological data 
are particularly rare in WTA. Deciduous and evergreen species are recognized as being the 
two extremes of a continuum of survival strategies which optimise annual carbon gain and 
water use under environmental constraints such as seasonal or prolonged droughts 
(Givnish, 2002; Scheiter & Higgins, 2009). Knowledge of their distribution along the WTA 
bioclimate gradient and of the factors that control their phenophases is thus of great value 
for large scale modelling of carbon and water cycles, and for forecasting land surface 
responses to climate change (Harrison et al., 2010). This chapter thus has three objectives: (1) 
to present a state of the art of the knowledge on woody species phenology along the WTA 
bioclimatic gradient, (2) to examine available information on the environmental causes of 
phenological variation, and on phenophase predictors and triggers, (3) to make 
recommendations for future phenological studies to help identify the possible consequences 
of global changes in WTA.  

The first phenological studies in the humid part of the gradient were conducted in the 1960s 
and mainly concerned leaf shedding and increments of the stand basal area, especially in 
forests. Studies in the driest part of the gradient were mainly classical qualitative 
characterisation of leafing, flowering and fruiting at the population scale. However, the 
most recent studies conducted in Sahelian and Sudanian bioclimates included quantitative 
data analyses and modelling and made a thorough study of the most probable determining 
factors of phenology. Given their importance, these approaches are presented in this 
chapter.  

Most studies were conducted along a transect from Guinean to Sahelian areas, and focused 
on the description of specific phenological strategies. The aim of most of these studies was 
to determine the distribution of the availability of woody forage over the year (Le Houerou, 
1980; Hiernaux et al., 1994; Breman & Kessler, 1995; Ickowicz et al., 2007; Sanon et al., 2007). 
The aim of more theoretical studies was to understand the functioning of the savanna by 
characterising the general phenological patterns of their components at the community 
scale. Most authors concentrated on the adaptive strategies which enable species both to 
survive in a particular local environment and to coexist with other species (Fournier 1991; 
Seghieri et al. 1995; De Bie et al., 1998; Devineau 1999, Mahamane et al., 2007). They 
described species-specific annual phenology. We reviewed these studies to identify the 
distribution of phenological strategies along the WTA bioclimatic gradient.  

2. Methods used 
2.1 Definitions of bioclimates and phenological strategies 

In WTA, the strong gradient of climate and surface conditions from the sub-humid area in 
the south to the arid area in the north, and its possible impacts at global scale have attracted 
international research programs on climate and global changes including the Hydrological 
and the Atmospheric Pilot Experiment (HAPEX-Sahel, Goutorbe et al., 1994), the SAvannas 
on the Long Term (SALT, core IGBP program, Koch et al., 1995), and more recently, the 
African Monsoon Multidisciplinary Analysis (AMMA, Redelsperger et al., 2006). WTA 
supports a wide range of natural vegetation along its south-north bioclimatic gradient: 
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moist forests, mosaics of forests and wooded savannas, dry deciduous forests, bush-grass 
savannas, and arid steppes (grass bush and thickets) just before the Sahara desert begins. 
The area is characterised by two rainy seasons which progressively decrease to become one 
summer rainy season which, in turn, becomes progressively shorter. In parallel,  the average 
annual rainfall decreases, and the variability of rainfall distribution increases. The part of the 
transect used for the analysis of the phenological strategies along the bioclimate gradient 
stretches from the Guinean to the north-Sahelian bioclimates (table 1).  

 
Table 1. Definition of WTA bioclimates according to several authors , and areas concerned in 
the present work (boxes surrounded by dotted lines). 

In the studies we reviewed, which mainly focused on savannas and steppes, we identified 
four groups:  

1. Deciduous species with a short leafing period whose canopies are bare for more than 
two months in the year; 

2. Deciduous species with a long leafing period. These include species for which no case 
of canopy evergreeness has yet been reported, despite the shortness of the leafless 
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period, which rarely lasts more than two months. The flush of new leaves rapidly 
follows leaf shedding.  

3. Semi-evergreen species. Unfortunately the authors used different criteria when 
assigning this strategy to species, which makes them difficult to compare. The group 
includes species which shed their leaves over a short period, two months at the most 
according to Breman & Kessler (1995) (which corresponds to our group 2), but also 
species in which a smaller proportion of trees in the sample population shed their 
leaves than those which remained evergreen (Devineau, 1999; Seghieri et al., 
submitted), and finally species which lose more than 50% of their canopy (Eamus & 
Prior, 2001; Do et al., 2005). We found it more convenient to classify as “semi-
evergreen” species referred to in the literature as evergreen (if not riparian) in at least 
one location, and otherwise as “long leafing”. In this way, we show that these species 
can actually be both evergreen and deciduous, depending on environmental conditions. 

4. Evergreen species. This group comprises species for which no leafless period of the 
canopy has been reported in the literature at any time during the year and irrespective 
of where their phenology was studied, except due to damage to the canopy by fire or 
locust attacks, for example. In these species, old leaves were still on the tree when the 
new leaf flush occurred. 

Before presenting the results, we summarise the most widely used methods of field 
observation at the tree scale and at the twig scale, then the more common and the more recent 
data analysis. The discussion focuses on the explanation of the group distribution along the 
bioclimate gradient and on the role of leafing in the maintenance of the tree water balance. 

2.2 Inventory of field observation methods 

In WTA, most field observations at local scale were qualitative and concerned the individual 
tree. However, some authors quantified leaf development, and the number and density of 
leaves at the twig scale. These observations were generally combined with monitoring of 
environmental variables (rainfall, soil water availability, radiative energy, 
evapotranspiration, temperature, air humidity, day length, etc.).  

2.2.1 At the tree scale  

At the wettest end of the gradient, phenological studies mainly concerned leaf shedding 
patterns and variations in trunk size. Periodic observations identified variations in leaf 
shedding, and band dendrometers were used to measure variations in trunk girths. Annual 
variations in cambial activity (Liming, 1957) and periods of water stress undergone by trees 
(Borchert, 1999) can be deduced from the latter. An important study was carried out in the 
semi-deciduous forest at Lamto (Guinean bioclimate) by Devineau (1984, 1991). Band 
dendrometers were installed on all trees with a trunk diameter of more than 20 cm at breast 
height. Leaf shedding and trunk girths were monitored monthly over a period of ten years 
(1972-1981).  

However, most reports on dry forests, savannas, and steppes in WTA were based on periodic 
observations of successive phenophases of the canopy: leafing, flowering and fruiting. A few 
individuals to a few dozen trees were usually sampled per species. Phenophases were 
recorded at different stages, which varied in number depending on author. They 
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corresponded to the percentage of the canopy covered by buds, mature, or senescent organs. 
By far the most commonly used method in WTA was developed by Grouzis & Sicot (1980). 
The stages of each phenophase were recorded using the following classification:   

1. Organs are absent. 
2. Beginning of the phase, buds are swelling, expanded leaves and open flowers are rare, 

fruits are in the early setting stage. 
3. Early development, both buds and open organs are present, 10-50% of the canopy is 

covered with mature or ripe organs, fruits are at all stages up to maturity. 
4. Peak development, most leaves and flowers are open, more than 50% of the canopy is 

covered with mature or ripe organs, fruits are mature. 
5. Decline, leaves and flowers are open and dry, 10-50% of the canopy is covered with 

senescent organs, fruits are ripe and dissemination is beginning (fruits starting to fall).  
6. End, over 50% of the canopy is covered with senescent, dry, and falling organs, 

shedding flower elements, fruits falling or in open pods.   

More often, to establish phenograms, the stages were combined as follows:  

0, 1 and 5 combined as “non occurring”,  
2, 3 and 4 combined as “occurring”.  

Considering a tree as leafing, flowering or fruiting from stage 2 to 4 enabled exclusion of 
miscarrying primary states and long periods during which woody plants still displayed 
sparse organs at the end of a phenophase (especially fruiting, Grouzis & Sicot, 1980; Seghieri 
et al., 1995; Seghieri & Simier, 2002). But to express the magnitude of canopy fullness, Do et 
al. (2005) preferred to use the midrange percentage values of the stages to estimate the 
percentage of branches bearing mature green leaves: stage 0 = 0%; stages 1 and 5 = 5%; 
stages 2 and 4 = 30%, stage 3 = 75 %.  

2.2.2 At the twig scale  

Although small-scale approaches at the twig scale are time and labour consuming, they 
provide significant details about phenological processes such as the number of leaves, leaf 
area, biomass, and life span, and facilitate quantitative analysis. First, Hiernaux et al. (1994) 
randomly selected one calibrated twig, whose basal diameter was 1 cm, from 6-20 shrubs 
per species. The twig was representative of the mean phenological stage and leaf density of 
the canopy. Total leaf biomass and leaf area were estimated for each twig. Samples were 
harvested every two weeks, once a month during the rainy season, and less frequently 
during the dry season. Later, Goudiaby (2003) combined classical phenological observations 
on leafing at the canopy scale on 40 individual trees with detailed observations on 12 tagged 
twigs on three trees. Following tree architectural concepts (Hallé et al., 1978), the terminal 
branches or twigs were divided into growth units of successive age according to their length 
and basal diameter. The appearance and development of buds, leaves, stem ramification 
and growth, average leaf area and average leaf life span were quantified.  

2.3 Summary of data analyses 

2.3.1 Characterisation of phenology and its variations 

Analyses of time series from dendrometer data revealed trends and periodic components of 
trunk growth for each indivual tree. Multifactorial analysis made it possible to ordinate trees 
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corresponded to the percentage of the canopy covered by buds, mature, or senescent organs. 
By far the most commonly used method in WTA was developed by Grouzis & Sicot (1980). 
The stages of each phenophase were recorded using the following classification:   

1. Organs are absent. 
2. Beginning of the phase, buds are swelling, expanded leaves and open flowers are rare, 

fruits are in the early setting stage. 
3. Early development, both buds and open organs are present, 10-50% of the canopy is 

covered with mature or ripe organs, fruits are at all stages up to maturity. 
4. Peak development, most leaves and flowers are open, more than 50% of the canopy is 

covered with mature or ripe organs, fruits are mature. 
5. Decline, leaves and flowers are open and dry, 10-50% of the canopy is covered with 

senescent organs, fruits are ripe and dissemination is beginning (fruits starting to fall).  
6. End, over 50% of the canopy is covered with senescent, dry, and falling organs, 

shedding flower elements, fruits falling or in open pods.   

More often, to establish phenograms, the stages were combined as follows:  

0, 1 and 5 combined as “non occurring”,  
2, 3 and 4 combined as “occurring”.  

Considering a tree as leafing, flowering or fruiting from stage 2 to 4 enabled exclusion of 
miscarrying primary states and long periods during which woody plants still displayed 
sparse organs at the end of a phenophase (especially fruiting, Grouzis & Sicot, 1980; Seghieri 
et al., 1995; Seghieri & Simier, 2002). But to express the magnitude of canopy fullness, Do et 
al. (2005) preferred to use the midrange percentage values of the stages to estimate the 
percentage of branches bearing mature green leaves: stage 0 = 0%; stages 1 and 5 = 5%; 
stages 2 and 4 = 30%, stage 3 = 75 %.  

2.2.2 At the twig scale  

Although small-scale approaches at the twig scale are time and labour consuming, they 
provide significant details about phenological processes such as the number of leaves, leaf 
area, biomass, and life span, and facilitate quantitative analysis. First, Hiernaux et al. (1994) 
randomly selected one calibrated twig, whose basal diameter was 1 cm, from 6-20 shrubs 
per species. The twig was representative of the mean phenological stage and leaf density of 
the canopy. Total leaf biomass and leaf area were estimated for each twig. Samples were 
harvested every two weeks, once a month during the rainy season, and less frequently 
during the dry season. Later, Goudiaby (2003) combined classical phenological observations 
on leafing at the canopy scale on 40 individual trees with detailed observations on 12 tagged 
twigs on three trees. Following tree architectural concepts (Hallé et al., 1978), the terminal 
branches or twigs were divided into growth units of successive age according to their length 
and basal diameter. The appearance and development of buds, leaves, stem ramification 
and growth, average leaf area and average leaf life span were quantified.  

2.3 Summary of data analyses 

2.3.1 Characterisation of phenology and its variations 

Analyses of time series from dendrometer data revealed trends and periodic components of 
trunk growth for each indivual tree. Multifactorial analysis made it possible to ordinate trees 
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according to the seasonal distribution of their trunk growth (Devineau 1984, 1991). 
Cumulative trunk growth provided the stand basal area increments. 

Over time, analytical approaches based on observations of the canopy stages (0-5) of each 
phenophase (leafing, flowering and fruiting) evolved from qualitative to more quantitative 
analyses. In the first studies, individual phenograms (figure 1) showed inter-individual 
variability, and enabled the calculation of the mean duration of each phenophase or each 
stage. Phenological spectra (figure 1) were the basic tools used to describe phenological 
patterns of woody species. They revealed the same characteristics as phenograms but at the 
population scale. In this way, variations in the magnitude of stages or phenophases were 
quantified and linked to the seasonal course of environmental variables (Grouzis & Sicot, 
1980). Until recently, the influence of environmental factors was mainly assessed using this 
type of analysis (Poupon, 1979; Menaut, 1983; Seghieri et al., 1995; De Bie et al., 1998).  

An original analysis based on the same observations consisted of comparing species 
plasticity using a synchrony index (Devineau, 1999). For each species sampled, the index 
was the ratio of the mean individual duration of a given phenophase to its overall duration 
at the scale of the sample population. The higher the ratio, the greater the coincidence 
between individuals. 

To describe between-species variability, Seghieri & Simier (2002) used centred principal 
components analysis (PCA). This graphical representation was enhanced by plotting the 
centres of gravity for each site and the link between shrubs and sites, representing 
respectively between- and within-site variability. In addition, to obtain an unbiased 
typology of fallows, these authors performed hierarchical cluster analysis using the average-
linkage method originally developed by Sokal & Michener (1958).  

 (a)

 (b)

 (c)

 
Fig. 1. Examples of phenograms of ten woody individuals among a sample  population (a), 
average phenogram of the same sample  population (N=35 individuals) (b), phenological 
spectrum of the same sample population over one phenological cycle, i.e., percentage of the 
trees leafing (Le, solid line) and without leaf (Le, dotted line), flowering (Fl, hatch patterns), 
and fruiting (Fr, stippling pattern) (c), after Grouzis & Sicot (1980).  
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2.3.2 Quantification of the relationships between phenophases and environmental 
factors  

Recently, attempts have been made to quantify the relationships between ordinal 
phenological observations and quantitative environmental predictors in WTA (Do et al., 
2005; Seghieri et al., 2009, Seghieri et al., submitted). These studies tackled difficulties 
inherent in analysing time series dealing with temporal auto- and inter-correlations among 
variables. These authors quantified the level of statistical significance of the correlation 
between the occurrence of phenophases and variations in environmental variables using 
logistic regression models. Do et al. (2005) focused on the predictions of interannual 
variations in leaf flush and leaf shedding peaks respectively, while Seghieri et al. (2009) and 
Seghieri et al. (submitted) analysed the global occurrence of the phenophases in the sample 
population. The models linked the cumulative log of the odds of an occurrence of a given 
phenophase to quantitative (environmental) predictors in linear form (Agresti, 1996).  

Generally, different time lags of environmental variables were included as predictors to 
account for the inertia of the vegetation response. The coefficients of the models were 
computed using maximum likelihood estimation. The global quality of each model was 
assessed by the Akaike information criterion (AIC), which compares the fit of a given model 
including predictors (constrained model) with the fit of a model excluding predictors 
(unconstrained model). McFadden's Pseudo R2 indicated the proportion of the phenophase 
variance explained by the model (Seghieri et al., 2009). The level of significance of the model 
coefficients (validity of the regression for each variable) was assessed by the Wald test. The 
c-statistic provides a measure of the discriminative power of the logistic equation, i.e., a 
comparison of the predictive power of environmental variables (Do et al., 2005). It measures 
the degree to which probabilities agree with actual outcomes, and is a quick and simple 
indicator of the accuracy of a predictive model.  

However, to obtain relevant results from logistic regression models certain conditions have 
to be fulfilled. Indeed, the multicolinearities between environmental variables (especially 
climate variables) are rarely taken into account, which may lead to bias in the results. To 
avoid skewed results, Seghieri et al. (submitted) ran logistic regression models with 
uncorrelated pseudo-predictors generated from the principal axis of a PCA applied to 
original environmental predictors. However, the direct meaning of the coefficients obtained 
in the models is then lost. To identify the most significant predictors, these authors mapped 
the PCA pseudo-variables back to the original environmental predictors, i.e. they fitted a 
multivariate linear regression model that links pseudo-observations in the PCA space to 
observations in the environmental space. 

The main results synthetized from the literature are displayed in the following part. They 
focus on the characteristics of each phenological group and their distribution along the 
bioclimate gradient, and then on environmental and human factors that have been reported 
as determining. 

3. Review of main results  
3.1 Phenological strategies: characteristics and distribution  

In the literature we reviewed, the phenophases (leafing, flowering, fruiting) of 125 species 
were described along a transect from the Guinean to the Sahelian bioclimate (table 1). 
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2.3.2 Quantification of the relationships between phenophases and environmental 
factors  
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phenological observations and quantitative environmental predictors in WTA (Do et al., 
2005; Seghieri et al., 2009, Seghieri et al., submitted). These studies tackled difficulties 
inherent in analysing time series dealing with temporal auto- and inter-correlations among 
variables. These authors quantified the level of statistical significance of the correlation 
between the occurrence of phenophases and variations in environmental variables using 
logistic regression models. Do et al. (2005) focused on the predictions of interannual 
variations in leaf flush and leaf shedding peaks respectively, while Seghieri et al. (2009) and 
Seghieri et al. (submitted) analysed the global occurrence of the phenophases in the sample 
population. The models linked the cumulative log of the odds of an occurrence of a given 
phenophase to quantitative (environmental) predictors in linear form (Agresti, 1996).  

Generally, different time lags of environmental variables were included as predictors to 
account for the inertia of the vegetation response. The coefficients of the models were 
computed using maximum likelihood estimation. The global quality of each model was 
assessed by the Akaike information criterion (AIC), which compares the fit of a given model 
including predictors (constrained model) with the fit of a model excluding predictors 
(unconstrained model). McFadden's Pseudo R2 indicated the proportion of the phenophase 
variance explained by the model (Seghieri et al., 2009). The level of significance of the model 
coefficients (validity of the regression for each variable) was assessed by the Wald test. The 
c-statistic provides a measure of the discriminative power of the logistic equation, i.e., a 
comparison of the predictive power of environmental variables (Do et al., 2005). It measures 
the degree to which probabilities agree with actual outcomes, and is a quick and simple 
indicator of the accuracy of a predictive model.  

However, to obtain relevant results from logistic regression models certain conditions have 
to be fulfilled. Indeed, the multicolinearities between environmental variables (especially 
climate variables) are rarely taken into account, which may lead to bias in the results. To 
avoid skewed results, Seghieri et al. (submitted) ran logistic regression models with 
uncorrelated pseudo-predictors generated from the principal axis of a PCA applied to 
original environmental predictors. However, the direct meaning of the coefficients obtained 
in the models is then lost. To identify the most significant predictors, these authors mapped 
the PCA pseudo-variables back to the original environmental predictors, i.e. they fitted a 
multivariate linear regression model that links pseudo-observations in the PCA space to 
observations in the environmental space. 

The main results synthetized from the literature are displayed in the following part. They 
focus on the characteristics of each phenological group and their distribution along the 
bioclimate gradient, and then on environmental and human factors that have been reported 
as determining. 

3. Review of main results  
3.1 Phenological strategies: characteristics and distribution  

In the literature we reviewed, the phenophases (leafing, flowering, fruiting) of 125 species 
were described along a transect from the Guinean to the Sahelian bioclimate (table 1). 
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Riparian species were excluded from our analysis since in the three studies which mention 
this particular category of tree, they were all classified as evergreen (Breman & Kessler, 
1995; De Bie et al., 1998; Mahamane et al., 2007).  

Fifty-seven percent of the species were deciduous, including short-leafing and long-leafing 
types. Twenty-six percent were evergreen, and 17% were semi-evergreen species (according 
to our definition).  

Short-leafing deciduous species: 89% started leafing at the end of the dry season or at the 
beginning of the rainy season (figure 2). Forty-nine percent shed their leaves at the 
beginning of the following dry season, and 33% later. Eighteen percent had a short leafing 
period limited to the rainy season sensu stricto, including Acacia seyal, Adenium obesum, 
Commiphora africana, Euphorbia balsamifera. Most often, they flowered at the same time as 
leafing during the rainy season, and 55% started flowering at the end of the dry season or at 
the beginning of the rainy season (figure 3). However, 25% completed reproduction entirely 
during the dry season, including Pterocarpus erinaceus and Ziziphus mucronata. Consequently, 
only 20% reproduced during the most favourable season after a minimum of photosynthetic 
activity (Acacia adansonii, Feretia apodanthera, Acacia gerardii, Detarium microcarpum). Several 
species were also reported to have either variable or several flowering periods, including 
Adansonia digitata, Grewia bicolor, Grewia lasiodiscus, Grewia venusta. Atypical phenologies 
were also found in this group, especially in the Sahel. This is the case of Leptadenia 
pyrotechnica which bears atrophied ephemeral leaves and is able to flower continuously, the 
peak of abundance being at the end of the rainy season (Seghieri et al. submitted).  
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Fig. 2. Distribution of the start of leafing periods for each phenological strategy (see 
definition in section 2.1.) of the woody species in west tropical Africa cited in the literature. 
Leafing started at the end of the dry season or at the beginning of the rainy season (dark 
grey), leafing started in the middle of the rainy season (white), leafing started in the middle 
of the dry season (light grey). 

Long-leafing deciduous species: 82% started leafing at the end of the dry season or at the 
beginning of the rainy season vs. 13% which started leafing in the middle of the dry season. 
Only five percent of species in this group started leafing in the middle of the rainy season 
(figure 2). Forty-four percent bore leaves during the dry season and shed them in the middle 
or at the end of the dry season. But 52% shed their leaves at the beginning of the dry season 
like in the previous group. This is not surprising since 37% of the species in this group were 
observed in the Sudanian bioclimate vs. 31% in the Sudano-Sahelian area (figure 4), despite 
the fact that most species recorded in the literature were monitored in the Sudano-Sahelian 
area (50% vs. 25% in the Sudanian area). Forty-five percent of species belonging to this 
group started flowering while leafing at the end of the dry season or at the beginning of the 
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rainy season, while 30% completed reproduction entirely during the dry season (figure 3). 
The contribution of this group to flora were higher in Sudanian and Guinean bioclimates - 
including in the mosaic landscape of savannas and forests in the Lamto region (Menaut, 
1971; Menaut & César, 1979) - than in drier bioclimates (figure 5). One species with reverse 
phenology was observed in this group: Faidherbia (Acacia) albida. This species bore leaves 
during the dry season and was leafless during the rainy season (Hiernaux et al., 1994; 
Depommier, 1998; Roupsard et al., 1999).  
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Fig. 3. Distribution of reproductive periods according to each phenological strategy (see 
definition in section 2.1.) of the woody species in WTA reported in the literature: flowering 
started at the end of the dry season or at the beginning of the rainy season (dark grey), in the 
middle of the rainy season (white), reproduction completed during the dry season (light grey).  

Semi-evergreen species: like in the previous group, most (78%) of the species replaced their 
leaves at the end of the dry season or at the beginning of the rainy season (figure 2). Only 18% 
replaced their leaves in the middle of the dry season. However, 42% shed their leaves in the 
middle or at the end of the dry season. Twenty-nine percent shed their leaves during the rainy 
season and 29% at the beginning of the dry season. Unlike in the two previous groups, in this 
group, 59% reproduced entirely during the dry season, and started flowering at the end of the 
rainy season, at the beginning or in the middle of the dry season (figure 3). Only Guiera 
senegalensis was observed by Devineau (1999) to flower at any time in the Sudanian bioclimate.  
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Fig. 4. Proportions of the bioclimates investigated along the WTA latitudinal gradient  in the 
literature as a function of each phenological strategy (definition in section 2.1.), from the 
driest to the wettest bioclimate: Sahelian (dark grey), Sahelo-Sudanian (light grey), Sudanian 
(black), Guinean (white).  

Evergreen species: these species were mainly observed in Sahelo-Sudanian bioclimate 
(figure 4), in which they contribute to a greater part of the flora (figure 5). Their contribution 
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rainy season, while 30% completed reproduction entirely during the dry season (figure 3). 
The contribution of this group to flora were higher in Sudanian and Guinean bioclimates - 
including in the mosaic landscape of savannas and forests in the Lamto region (Menaut, 
1971; Menaut & César, 1979) - than in drier bioclimates (figure 5). One species with reverse 
phenology was observed in this group: Faidherbia (Acacia) albida. This species bore leaves 
during the dry season and was leafless during the rainy season (Hiernaux et al., 1994; 
Depommier, 1998; Roupsard et al., 1999).  
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Fig. 3. Distribution of reproductive periods according to each phenological strategy (see 
definition in section 2.1.) of the woody species in WTA reported in the literature: flowering 
started at the end of the dry season or at the beginning of the rainy season (dark grey), in the 
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Semi-evergreen species: like in the previous group, most (78%) of the species replaced their 
leaves at the end of the dry season or at the beginning of the rainy season (figure 2). Only 18% 
replaced their leaves in the middle of the dry season. However, 42% shed their leaves in the 
middle or at the end of the dry season. Twenty-nine percent shed their leaves during the rainy 
season and 29% at the beginning of the dry season. Unlike in the two previous groups, in this 
group, 59% reproduced entirely during the dry season, and started flowering at the end of the 
rainy season, at the beginning or in the middle of the dry season (figure 3). Only Guiera 
senegalensis was observed by Devineau (1999) to flower at any time in the Sudanian bioclimate.  
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Fig. 4. Proportions of the bioclimates investigated along the WTA latitudinal gradient  in the 
literature as a function of each phenological strategy (definition in section 2.1.), from the 
driest to the wettest bioclimate: Sahelian (dark grey), Sahelo-Sudanian (light grey), Sudanian 
(black), Guinean (white).  

Evergreen species: these species were mainly observed in Sahelo-Sudanian bioclimate 
(figure 4), in which they contribute to a greater part of the flora (figure 5). Their contribution 
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was also high in the Sahel. They replaced their old leaves at any time (Balanites aegyptiaca, 
Cadaba farinosa, Maytenus senegalensis) or at a specific period, mostly (72%) at the end of the 
dry season or at the beginning of the rainy season (figure 2), and 25% in the middle of the 
dry season (Balanites aegyptiaca, Maytenus senegalensis, Nauclea latifolia, Piliostigma 
reticulatum). Their reproductive period mostly occurred at a fixed time of the year: 42% 
started flowering at the end of the dry season or at the beginning of the rainy season, and 
42% completed reproduction during the dry season (figure 3). Several flowering periods 
were observed in Balanites aegyptiaca, but generally only one was followed by fruiting 
(Seghieri et al., 1995; Seghieri et al., submitted), with peak flowering during the dry season.  
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Fig. 5. Contribution of each phenological strategy cited in the literature (see definition in 
section 2.1.) to the woody flora investigated in the successive bioclimates along the WTA 
latitudinal gradient: short leafing deciduous species (dark grey), long leafing deciduous 
species (light grey), semi-evergreen species (black), evergreen species (white).  

There was a clear decrease in the proportion of short-leafing deciduous woody plants from 
the driest to the wettest bioclimate, along with an increase in the proportion of semi-
evergreens (figure 5).  

3.2 Factors controlling phenology and its variations 

3.2.1 Environmental factors  

The total rainfall amount and the length of the rainy season were most often suggested to 
explain global variations in woody phenology along the south-north gradient of increasing 
climatic aridity (Fournier, 1991). This explanation is well illustrated along the whole WTA 
bioclimatic gradient from rain forests to Sahelian steppes (table 1). 

At the wettest extremity of the gradient, studies were performed in a natural tropical rain 
forest in southern Ivory Coast (Bernhard, 1970; Bernhard-Reversat et al., 1972), which has a 
typical equatorial climate. At the community level, a distinct unimodal seasonal rhythm of 
leaf shedding was observed during the main dry season, although leaf shedding continued 
throughout the year (litter-fall, figure 6a). In a tropical dry semi-deciduous forest in the 
Guinean bioclimate (Hall & Swaine, 1981), both basal area increment and leaf shedding 
were found to be more seasonal (figure 6b; Devineau, 1976).  

Further north in the dry forests and savannas, basal area increment and leaf shedding 
were found to be more closely linked to climate seasonality. The period with no (or 
reduced) cambial activity, which lasted one month in the semi-deciduous forest (figure 
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6b), lasted almost three months in the Anogeissus leiocarpa dry forest (figure 7a) and for 
five to eight months in the North Sudanian savanna (figure 7b). However, in both the dry 
forest and the savanna, where woody plants are not active throughout the year, the 
proportion of leafing trees varied between communities but was never nil (Devineau 1982, 
1999). 

(a)

(b)

 
Fig. 6. Leaf phenology and stand basal area increments as a function of rainfall distribution 
in a typical equatorial bioclimate, the Banco National Park (5.39N -4.05W) with four seasons 
and 2 100  mm of mean annual rainfall (a) compiled from Bernhard-Reversat et al. (1972), 
and in a tropical dry semi-deciduous forest, at the Lamto research station (6.22° N, -5.02°W) 
with four seasons and 1 280 mm of mean annual rainfall (b) compiled from Devineau (1984, 
1991). 

In the most arid open environments along the bioclimate gradient, phenological variations 
gave way to a number of different strategies in response to water stress and its variations. 
Poupon (1979) found significant between-year variability in the beginning and in the length 
of the leafing period in a Sahelian woody community. Significant variations in the duration 
of the leafing period were also observed between years (up to two months over 5.5 years) 
and between individuals (25% of 39 individuals on average) in the semi-evergreen species 
A. tortilis ssp. raddiana in the northern part of the  Sahel (Do et al., 2005).  
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was also high in the Sahel. They replaced their old leaves at any time (Balanites aegyptiaca, 
Cadaba farinosa, Maytenus senegalensis) or at a specific period, mostly (72%) at the end of the 
dry season or at the beginning of the rainy season (figure 2), and 25% in the middle of the 
dry season (Balanites aegyptiaca, Maytenus senegalensis, Nauclea latifolia, Piliostigma 
reticulatum). Their reproductive period mostly occurred at a fixed time of the year: 42% 
started flowering at the end of the dry season or at the beginning of the rainy season, and 
42% completed reproduction during the dry season (figure 3). Several flowering periods 
were observed in Balanites aegyptiaca, but generally only one was followed by fruiting 
(Seghieri et al., 1995; Seghieri et al., submitted), with peak flowering during the dry season.  
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Fig. 5. Contribution of each phenological strategy cited in the literature (see definition in 
section 2.1.) to the woody flora investigated in the successive bioclimates along the WTA 
latitudinal gradient: short leafing deciduous species (dark grey), long leafing deciduous 
species (light grey), semi-evergreen species (black), evergreen species (white).  
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In the most arid open environments along the bioclimate gradient, phenological variations 
gave way to a number of different strategies in response to water stress and its variations. 
Poupon (1979) found significant between-year variability in the beginning and in the length 
of the leafing period in a Sahelian woody community. Significant variations in the duration 
of the leafing period were also observed between years (up to two months over 5.5 years) 
and between individuals (25% of 39 individuals on average) in the semi-evergreen species 
A. tortilis ssp. raddiana in the northern part of the  Sahel (Do et al., 2005).  
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Nevertheless, locally, a number of other factors were also reported to determine woody 
phenology. In the natural tropical rain forest in southern Ivory Coast (2 100 mm of annual 
rainfall), at the community level, leaf shedding was significant throughout the year and 
appeared to be correlated with the number of hours of sunshine, while the role of day length 
was questioned. In spite of this clear pattern, Bernhard (1970) and Bernhard-Reversat et al. 
(1972) reported wide diversity and asynchrony in leaf phenology and in cambial activity 
between species and between individuals. In these moist forests, a large part of the within 
and between species variability of growth patterns was mainly related to biotic interactions, 
resulting in competitive or niche partitioning strategies. For instance, Devineau (1984, 1991) 
showed that the phenology of cambial growth in a moist semi-evergreen forest (1 280 mm of 
annual rainfall) varied according to the position of the tree in the vertical strata, its 
biological type, and its stage of maturity. In dominant trees, cambial growth peaked during  
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Fig. 7. Leaf phenology and stand basal area increments as a function of rainfall distribution 
in an Anogeissus leiocarpa dry forest, Ouango Fitini. (9.58N , 4.02W) with 1080 mm of mean 
annual rainfall (a) compiled from Devineau (1984, 1982), and in a north Sudanian savanna 
(Bondoukuy 11.85°N, -3.73 W) with 900 mm of mean annual rainfall (b) compiled from 
Devineau (1997, 1999). 
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the rainy season (June, July), whereas in the understory strata, significant cambial activity 
occurred during the dry season (December-May). Understory strata took advantage of leaf 
shedding by taller trees to access more light, and were consequently more active during this 
period. In this semi-evergreen forest, cambial activity peaked at the beginning of the main 
rainy season, but did not appear to be linked to rainfall distribution. However, the same 
author also reported that stand basal area growth rates varied according to rainfall 
distribution and to the evaporation rate, especially their extreme values, as well as to the 
water deficit in the preceding months (Devineau, 1989). Even if leaf shedding was most 
abundant during the main dry season, it also occurred during the rainy season. A large part 
of the dominant trees were deciduous whereas understory woody species were evergreen. 

Menaut (1983) reviewed the most frequently cited determining factors of phenophase in 
studies conducted in African savannas. This author pointed to an increase in atmospheric 
vapour pressure or in relative humidity. Indeed, both occur just before the beginning of the 
rainy season, when most species start leafing. He also indicated the seasonal change in day 
length and an increase in temperature, in terms of values as well as diurnal ranges. In the 
north Sudanian savanna, in most species he studied at Bondoukuy, Devineau (1997) found 
that trunk shrinkage peaked just before the beginning of the rainy season, when the leaf 
flush occurred (Entada africana, Terminalia avicennioides, T. laxiflora, Vittelaria paradoxa, 
Pteleopsis suberosa). Then, at the beginning of the rainy season, trunk girth increased rapidly 
with the first regular heavy rainfalls and soil water supply. Growth generally did not begin 
before at least half the canopy was covered by new foliage (Ashton et al., 1983). As soon as 
the soil dried out at the end of the rainy season, trunks started to shrink again and 
continued throughout the dry season. In drier areas, phenological variability was also 
related to variations in both climatic and soil water conditions, depending on the individual 
and on the species. Seghieri et al. (1995), Seghieri & Galle (1999), and Seghieri & Simier 
(2002) confirmed the possibility of high phenological within-species variability according to 
soil water regimes in southern Sahel and northern Sudanian bioclimates (table 1). These 
authors showed that this determining factor depends not only on topography and soil 
texture (Seghieri et al., 1995; Seghieri & Simier, 2002), but also on the nature and distribution 
of soil surface crusts (Seghieri & Galle, 1999). 

Based on observations at the twig scale, Goudiaby (2003) demonstrated that the annual 
phenological pattern observed over a year in A. tortilis ssp. raddiana in North Senegal 
(northern Sahel) corresponded to the overlap of successive leaf cohorts of different 
magnitudes, three of which appeared to be particularly high. The first leafing period started 
between April and May, two months before the onset of rains. The second started in July, in 
the middle of the rainy season, and had the longest leaf life span (6-7 months). The last 
occurred in December. This author deduced that in this species, the annual duration of 
leafing mainly depended on the life span and density of the first and the last cohorts 
because they are the most exposed to the risk of atmospheric and soil drought. In addition, 
Diouf (2003) found that the individuals with the longest annual leafing duration had a better 
leaf water status (less negative predawn leaf water potential) and were mainly located on 
the downslope of micro-topography with more water available in the upper soil layers. 

Finally, whatever the bioclimate, the magnitude and duration of leafing and growth rates 
were found to be more closely linked to the regularity of rainfall distribution than to heavy 
rainfall events which do not infiltrate, or annual rainfall amount. Unfortunately, very few 
authors quantitatively tested the  environmental factors actually most strongly related to 
woody phenology in WTA and evidence is consequently still very scarce.  
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the rainy season (June, July), whereas in the understory strata, significant cambial activity 
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shedding by taller trees to access more light, and were consequently more active during this 
period. In this semi-evergreen forest, cambial activity peaked at the beginning of the main 
rainy season, but did not appear to be linked to rainfall distribution. However, the same 
author also reported that stand basal area growth rates varied according to rainfall 
distribution and to the evaporation rate, especially their extreme values, as well as to the 
water deficit in the preceding months (Devineau, 1989). Even if leaf shedding was most 
abundant during the main dry season, it also occurred during the rainy season. A large part 
of the dominant trees were deciduous whereas understory woody species were evergreen. 

Menaut (1983) reviewed the most frequently cited determining factors of phenophase in 
studies conducted in African savannas. This author pointed to an increase in atmospheric 
vapour pressure or in relative humidity. Indeed, both occur just before the beginning of the 
rainy season, when most species start leafing. He also indicated the seasonal change in day 
length and an increase in temperature, in terms of values as well as diurnal ranges. In the 
north Sudanian savanna, in most species he studied at Bondoukuy, Devineau (1997) found 
that trunk shrinkage peaked just before the beginning of the rainy season, when the leaf 
flush occurred (Entada africana, Terminalia avicennioides, T. laxiflora, Vittelaria paradoxa, 
Pteleopsis suberosa). Then, at the beginning of the rainy season, trunk girth increased rapidly 
with the first regular heavy rainfalls and soil water supply. Growth generally did not begin 
before at least half the canopy was covered by new foliage (Ashton et al., 1983). As soon as 
the soil dried out at the end of the rainy season, trunks started to shrink again and 
continued throughout the dry season. In drier areas, phenological variability was also 
related to variations in both climatic and soil water conditions, depending on the individual 
and on the species. Seghieri et al. (1995), Seghieri & Galle (1999), and Seghieri & Simier 
(2002) confirmed the possibility of high phenological within-species variability according to 
soil water regimes in southern Sahel and northern Sudanian bioclimates (table 1). These 
authors showed that this determining factor depends not only on topography and soil 
texture (Seghieri et al., 1995; Seghieri & Simier, 2002), but also on the nature and distribution 
of soil surface crusts (Seghieri & Galle, 1999). 

Based on observations at the twig scale, Goudiaby (2003) demonstrated that the annual 
phenological pattern observed over a year in A. tortilis ssp. raddiana in North Senegal 
(northern Sahel) corresponded to the overlap of successive leaf cohorts of different 
magnitudes, three of which appeared to be particularly high. The first leafing period started 
between April and May, two months before the onset of rains. The second started in July, in 
the middle of the rainy season, and had the longest leaf life span (6-7 months). The last 
occurred in December. This author deduced that in this species, the annual duration of 
leafing mainly depended on the life span and density of the first and the last cohorts 
because they are the most exposed to the risk of atmospheric and soil drought. In addition, 
Diouf (2003) found that the individuals with the longest annual leafing duration had a better 
leaf water status (less negative predawn leaf water potential) and were mainly located on 
the downslope of micro-topography with more water available in the upper soil layers. 

Finally, whatever the bioclimate, the magnitude and duration of leafing and growth rates 
were found to be more closely linked to the regularity of rainfall distribution than to heavy 
rainfall events which do not infiltrate, or annual rainfall amount. Unfortunately, very few 
authors quantitatively tested the  environmental factors actually most strongly related to 
woody phenology in WTA and evidence is consequently still very scarce.  
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3.2.2 Predictive power of some factors 

Do et al. (2005) focused on the comparison of water environmental triggers which could 
explain inter-annual variation in the peaks of leaf flush and leaf shedding in A. tortilis ssp. 
raddiana in northern Senegal. Logistic models including upper soil water availability and 
rainfall as predictors did not predict variation in either of these two phenophases, but 
models including the daily maximum vapour pressure deficit, i.e., the driver of leaf 
transpiration, did. 

Seghieri et al. (2009) tested a global predictive approach at the stand scale by mixing species 
and studying the occurrence of phases (binary response) over the course of the year. The test 
included data from a two-year monitoring period at a Sahelian site (370 mm mean annual 
rainfall) and from a three-year monitoring period at a Sudanian site (1 200 mm mean annual 
rainfall). Only a small proportion of phenophase variability was explained by 
environmental factors. Nevertheless, significant relationships were identified and provided 
global insights. Leafing probability was linked to an increase in cumulative rainfall at the 
Sahelian site but not at the Sudanian site. Conversely, 66% of leafing occurrence was highly 
significantly explained by an increase in day length and a decrease in air temperature at the 
Sudanian site but not at the Sahelian site. These results suggest that the water regime is not 
limiting at Sudanian sites but is at Sahelian sites at the scale of the community.  

At the species scale, Seghieri et al. (submitted) found that at the same Sahelian site, 
temperature variations during the preceding months with different time lags were often the 
strongest environmental predictor of flowering in Acacia raddiana and Acacia seyal, and of 
leafing and flowering in Balanites ægyptiaca and Acacia ehrenbergiana. Day length, air relative 
humidity and/or cumulative rainfall with different time lags were the best predictors of 
flowering in Combretum glutinosum, Leptadenia pyrotechnica and Acacia senegal.  

3.2.3 Human factors  

It is now widely recognized that fires are fully integrated in savanna ecosystems and favour 
the resilience and pseudo-stability of the system (Wright, 1974).  For this reason, savannas 
have been called "fire sub-climax" (Clements, 1936), despite the fact that in WTA, fires are 
currently mainly caused by human activities. As a result, a reduction in the number of -or an 
end to- fires can be observed in many Sudanian areas, where they were previously the most 
common. These modifications may lead to significant biological changes, particularly in 
phenology (Devineau et al., 2010). The main effect of fire is leaf burning. This synchronizes 
the natural diversity of leaf shedding patterns in a given site, but simultaneously 
desynchronizes leaf shedding between burned and unburned sites. Furthermore, in 
savannas, fires are mainly superficial. Their occurrence and intensity are mainly determined 
by existing biomass and the state of dehydration of the grass layer, which is the most 
abundant combustible. That is why Caillaut (2011) simulated current regional spatial 
patterns of fire in western Burkina Faso based on the simple assumption that fires occur as 
soon as the grass layer is flammable, i.e. has dried out. Consequently, the disturbance of leaf 
shedding-and-flush patterns of the woody cover depends on the phenological stage of the 
herbaceous layer when the fire occurs. However, no major phenological differences were 
observed by Menaut (1971) when he compared tree phenology between a burned savanna 
and a neighbouring unburned savanna. The phenological switch caused by fire disappeared 
after only a few weeks. Seghieri et al. (1995) reported limitation of the leafing period by fire 
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in northern Sudanian savannas, but only in semi-evergreen or evergreen species (Piliostogma 
reticulatum, Acacia hockii, Combretum glutinosum, Balanites aegyptiaca, Ziziphus mauritiana, 
Acacia seyal, Combretum fragrans), irrespective of when the fire occurred (early or late in the 
dry season). However, when fires occur early, they may also affect long leafing species. 
Finally, fire appears to exacerbate the impact of dryness, but does not seriously change 
phenophase periods, perhaps because of the long-term selection of adapted species to this  
human factor.  

Devineau (1999) compared the phenological plasticity of species in the north Sudanian 
savanna (Bondoukuy), taking into account within-species synchrony/asynchrony in leafing 
and flowering duration, fruit ripening and seed dispersal periods. His results pointed to 
land use as the discriminating factor. Along the axis of increasing plasticity, species were 
distributed from trees to shrubs and from species which dominate uncropped savannas to 
species which dominate younger fallows. In addition, Leguminosae were separated from 
Combretaceae, the latter generally being considered as an indicator of fallow agrosystems 
(White, 1983). According to Kochmer & Handel (1986) and Pau et al. (2011), the segregation 
of species phenology according to families suggests the possible influence of phylogenetic 
constraints. 

More particularly, it was reported that in south Sahelian agrosystems in Niger, there was a 
significant reduction in biodiversity due to pressure from crop and wood harvesting to the 
benefit of the semi-evergreen cut-resistant Combretaceae, Guiera senegalensis (Delabre, 1998; 
Seghieri & Simier, 2002; Seghieri et al., 2005). Thanks both to this species phenological and 
physiological plasticity (Seghieri & Simier, 2002, Seghieri & Laloë, 2004) combined with its 
relative drought resistance (Seghieri & Galle, 1999), it is increasingly dominating the woody 
cover on sandy soils (70-90% at present), a trend that is facilitated by its significant 
abundance in the original flora. 

Another reason for dominant woody phenological patterns in WTA to change locally is that 
when farmers clear land for cultivation, they do not eliminate woody species that are of 
economic interest to them. These species are now sparsely distributed in north-Guinean, 
Sudanian, and south-Sahelian agricultural parklands. Following cultivation, they become 
dominant in fallows. This is mainly true of long-leafing and semi-evergreen species 
Vittelaria paradoxa (shea tree), Parkia biglobosa (African locust bean), Faidherbia albida (Gao), 
and the short leafing Adansonia digitata (Baobab). Further south, evergreen Anacardiaceae 
plantations are becoming progressively more common along with mango (Mangifera indica), 
and cashew trees (Anacardium occidentale). These changes in vegetation composition may 
show up in remote sensing images and may alter the balance of the energy transfers 
between the surface and the atmosphere through modifications of the leaf area index and 
the vegetation functioning.  

4. Overall analysis 
4.1 Balance between deciduous and evergreen species 

Species which start leafing at the end of the dry season or at the beginning of the rainy 
season were found to be dominant in WTA, whatever the phenological group. In this way, 
these species minimise the risk of drought during the period of most intensive 
photosynthetic activity in young leaves, which do not yet have the necessary adaptative 
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3.2.2 Predictive power of some factors 

Do et al. (2005) focused on the comparison of water environmental triggers which could 
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raddiana in northern Senegal. Logistic models including upper soil water availability and 
rainfall as predictors did not predict variation in either of these two phenophases, but 
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transpiration, did. 
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included data from a two-year monitoring period at a Sahelian site (370 mm mean annual 
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species which dominate younger fallows. In addition, Leguminosae were separated from 
Combretaceae, the latter generally being considered as an indicator of fallow agrosystems 
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relative drought resistance (Seghieri & Galle, 1999), it is increasingly dominating the woody 
cover on sandy soils (70-90% at present), a trend that is facilitated by its significant 
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when farmers clear land for cultivation, they do not eliminate woody species that are of 
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show up in remote sensing images and may alter the balance of the energy transfers 
between the surface and the atmosphere through modifications of the leaf area index and 
the vegetation functioning.  
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4.1 Balance between deciduous and evergreen species 

Species which start leafing at the end of the dry season or at the beginning of the rainy 
season were found to be dominant in WTA, whatever the phenological group. In this way, 
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traits to limit transpiration. However, this implies that the dry period just before the rainy 
season is critical for most species, particularly if the first regular and abundant rains are 
delayed, as observed by Devineau (1997) in the Bondouky savanna or by Seghieri & Galle 
(1999) after they have prevented the runoff from arriving on a banded thicket in southern 
Niger. 

In dry tropical environments, deciduous species are acknowledged to “avoid drought”, 
while evergreens are assumed to be “drought resistant”, two contrasted strategies to 
optimize water use. But as we will see, the distinction between arido-passive and arido-
active species is not really clear.  

Short-leafing deciduous species were called also “drought deciduous” by Breman & Kessler 
(1995) because they almost always had no leaves during the dry season. These species limit 
water stress by reducing transpiration (leafing) during the unfavourable season, although 
most can survive short periods without rain. These species start leafing before regular 
abundant rains and are bare after the last rains of the season, often thanks to residual 
moisture available in the soil (Seghieri et al., 1995). However, in some Sahelian species in 
this group, other adaptative characters may compensate for the shortness of the leafing 
period. Hiernaux et al. (1994) reported thin chlorophyllous bark in Commiphora africana and 
Euphorbia balsamifera. An extreme case is Leptadenia pyrotechnica, which has flexible stems 
engorged with water which are permanently photosynthetically active. The stems 
compensate for atrophied and ephemeral leaves to such an extent that the species was 
classified among “evergreens” by Breman & Kessler (1995). Thanks to roots that were 
observed at a depth of 11.5 m, this shrub is able to tap sufficient water resources to grow 
and reproduce. Such stems and roots are an efficient adaptation to climatic droughts, even 
in desert conditions (Migahid et al., 1972; Batanouny & Abdel Wahab, 1973).  

The majority of long-leafing deciduous species take advantage of the longer favourable 
period of the Sudanian bioclimate. The fact that the majority of species in this group shed 
their leaves at the beginning of the dry season and flower when leafing during the rainy 
season justifies the closeness of this group to the previous one. Their longer leafing period 
appears to be mainly linked to the longer rainy season in the Sudanian bioclimate. The 
reverse leafing cycle in the Sudanian-Sahelian species Faidherbia albida is possible thanks to 
its deep roots. Roupsard et al. (1999) observed roots at a depth of 7 m, where they vanished 
in the vicinity of a permanent water table. The fraction of annual rainfall used by these trees 
was estimated to be less than 5%. 

Semi-evergreen species are generally assumed to have access to water resources during the 
dry season, e.g. internal plant reserves (root, trunk), deep soil layers, or the water table.  
Indeed, roots which accessed a 30 m deep water table were observed by Do et al. (2008)  in 
A. tortilis ssp. raddiana at a north Sahelian site. These authors cited root depth as the main 
determining factor of the length of leafing (6.7 months) as well as the intensity of 
transpiration throughout most of the dry season (Do et al., 1998; Do et al., 2005; Do et al., 
2008). Furthermore, some species (e.g. Combretaceae) have xeric traits or hairs on their 
leaves to limit transpiration, but not all (e.g. Fabaceae). Chlorophyllous bark was also 
observed in Acacia seyal by Hiernaux et al. (1994). These adaptations enable the majority of 
species in this group to reproduce during the dry season. 
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Like other arido-active plants, evergreen species are also assumed either to have access to 
water located deep below the surface or to mobilize reserves from the roots or the trunk. 
Most species in arid or semi-arid bioclimates have scleromorphic features (Boscia ssp., 
Combretum ssp.) to reduce water losses, but again not all.   

However, information is still lacking on adaptative arido-active traits in most of the species 
mentioned here irrespective of the group. Insufficient detailed information is available on 
their phenology and physiology, as well as on the strategies they use to access water during 
the unfavourable season.  

The dominance of deciduous species in WTA is assumed to be due to their higher 
competitive ability (Menaut, 1983). After Eamus & Prior (2001), analyses of the cost benefit 
of their maintenance and construction revealed significant differences in comparison with 
evergreens, not only in terms of water use. Species with short-lived leaves (e.g., < 6 months) 
displayed a suite of related characteristics including high N investment, high surface leaf 
area, a high rate of light-saturated assimilation, high relative growth rate, high maintenance 
cost, but low construction cost, high xylem hydraulic conductivity, but also marked 
sensitivity to embolism. These traits ensure high short term efficiency of carbon assimilation, 
and are an opportunistic strategy in terms of carbon gain. By contrast, long-lived leaves 
ensure long term efficiency and represent a conservative strategy in terms of carbon gain 
(Eamus & Prior, 2001). Evergreen species do not invest large amounts of nitrogen in their 
leaves. Their assimilation and relative growth rates are consequently lower.  Despite the fact 
they do not dominate, the contribution of evergreens sensu stricto was found to be higher in 
the driest bioclimates where their carbon gain strategy must consequently be more efficient 
than in the others.  

However, the schematic separation of deciduous and evergreen physiological traits 
concerns species at the extreme end of the two categories. A deciduous tree with a leaf life 
span of nine months probably has more in common with an evergreen tree with leaf life 
span of 12 months than with a deciduous tree with leaf life span of three months. This 
hypothesis is also supported by the following trend extracted from our review of the 
literature on WTA savannas and steppes (figure 2): the longer the leafing period, the lower 
the contribution of species which leaf at the end of the dry season or the beginning of the 
rainy season. The corollary, which we also stress in this chapter, is that the contribution of 
species that start leafing in the middle of the dry season increases with an increase in the 
length of the leafing period, at least in seasonally dry areas. 

At the ecosystem scale, Eamus & Prior (2001) reported  considerable variation in the relative 
proportions of different phenological strategies. These authors indicated that Indian savannas 
are dominated by deciduous species, whereas evergreen species dominate Llanos savannas in 
South America. In addition, seasonally dry forests in Costa Rica are dominated by semi-
evergreen or deciduous species, whereas tropical dry forests in Venezuela are dominated by 
deciduous species. Australian savannas differ from other savannas in having approximately 
the same number of species in each of the equivalent of our four groups, but evergreens 
dominate in terms of canopy cover (90%). Eamus & Prior (2001) presumed that this was a 
consequence of the extreme dominance of the predominantly evergreen Acacias and Eucalypts 
families. But this pattern would also be consistent with these authors’ emphasis on the relative 
photosynthetic return on the cost of investment. Indeed, the lower cost of replacing nutrients 
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traits to limit transpiration. However, this implies that the dry period just before the rainy 
season is critical for most species, particularly if the first regular and abundant rains are 
delayed, as observed by Devineau (1997) in the Bondouky savanna or by Seghieri & Galle 
(1999) after they have prevented the runoff from arriving on a banded thicket in southern 
Niger. 
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while evergreens are assumed to be “drought resistant”, two contrasted strategies to 
optimize water use. But as we will see, the distinction between arido-passive and arido-
active species is not really clear.  

Short-leafing deciduous species were called also “drought deciduous” by Breman & Kessler 
(1995) because they almost always had no leaves during the dry season. These species limit 
water stress by reducing transpiration (leafing) during the unfavourable season, although 
most can survive short periods without rain. These species start leafing before regular 
abundant rains and are bare after the last rains of the season, often thanks to residual 
moisture available in the soil (Seghieri et al., 1995). However, in some Sahelian species in 
this group, other adaptative characters may compensate for the shortness of the leafing 
period. Hiernaux et al. (1994) reported thin chlorophyllous bark in Commiphora africana and 
Euphorbia balsamifera. An extreme case is Leptadenia pyrotechnica, which has flexible stems 
engorged with water which are permanently photosynthetically active. The stems 
compensate for atrophied and ephemeral leaves to such an extent that the species was 
classified among “evergreens” by Breman & Kessler (1995). Thanks to roots that were 
observed at a depth of 11.5 m, this shrub is able to tap sufficient water resources to grow 
and reproduce. Such stems and roots are an efficient adaptation to climatic droughts, even 
in desert conditions (Migahid et al., 1972; Batanouny & Abdel Wahab, 1973).  

The majority of long-leafing deciduous species take advantage of the longer favourable 
period of the Sudanian bioclimate. The fact that the majority of species in this group shed 
their leaves at the beginning of the dry season and flower when leafing during the rainy 
season justifies the closeness of this group to the previous one. Their longer leafing period 
appears to be mainly linked to the longer rainy season in the Sudanian bioclimate. The 
reverse leafing cycle in the Sudanian-Sahelian species Faidherbia albida is possible thanks to 
its deep roots. Roupsard et al. (1999) observed roots at a depth of 7 m, where they vanished 
in the vicinity of a permanent water table. The fraction of annual rainfall used by these trees 
was estimated to be less than 5%. 

Semi-evergreen species are generally assumed to have access to water resources during the 
dry season, e.g. internal plant reserves (root, trunk), deep soil layers, or the water table.  
Indeed, roots which accessed a 30 m deep water table were observed by Do et al. (2008)  in 
A. tortilis ssp. raddiana at a north Sahelian site. These authors cited root depth as the main 
determining factor of the length of leafing (6.7 months) as well as the intensity of 
transpiration throughout most of the dry season (Do et al., 1998; Do et al., 2005; Do et al., 
2008). Furthermore, some species (e.g. Combretaceae) have xeric traits or hairs on their 
leaves to limit transpiration, but not all (e.g. Fabaceae). Chlorophyllous bark was also 
observed in Acacia seyal by Hiernaux et al. (1994). These adaptations enable the majority of 
species in this group to reproduce during the dry season. 
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Like other arido-active plants, evergreen species are also assumed either to have access to 
water located deep below the surface or to mobilize reserves from the roots or the trunk. 
Most species in arid or semi-arid bioclimates have scleromorphic features (Boscia ssp., 
Combretum ssp.) to reduce water losses, but again not all.   

However, information is still lacking on adaptative arido-active traits in most of the species 
mentioned here irrespective of the group. Insufficient detailed information is available on 
their phenology and physiology, as well as on the strategies they use to access water during 
the unfavourable season.  

The dominance of deciduous species in WTA is assumed to be due to their higher 
competitive ability (Menaut, 1983). After Eamus & Prior (2001), analyses of the cost benefit 
of their maintenance and construction revealed significant differences in comparison with 
evergreens, not only in terms of water use. Species with short-lived leaves (e.g., < 6 months) 
displayed a suite of related characteristics including high N investment, high surface leaf 
area, a high rate of light-saturated assimilation, high relative growth rate, high maintenance 
cost, but low construction cost, high xylem hydraulic conductivity, but also marked 
sensitivity to embolism. These traits ensure high short term efficiency of carbon assimilation, 
and are an opportunistic strategy in terms of carbon gain. By contrast, long-lived leaves 
ensure long term efficiency and represent a conservative strategy in terms of carbon gain 
(Eamus & Prior, 2001). Evergreen species do not invest large amounts of nitrogen in their 
leaves. Their assimilation and relative growth rates are consequently lower.  Despite the fact 
they do not dominate, the contribution of evergreens sensu stricto was found to be higher in 
the driest bioclimates where their carbon gain strategy must consequently be more efficient 
than in the others.  

However, the schematic separation of deciduous and evergreen physiological traits 
concerns species at the extreme end of the two categories. A deciduous tree with a leaf life 
span of nine months probably has more in common with an evergreen tree with leaf life 
span of 12 months than with a deciduous tree with leaf life span of three months. This 
hypothesis is also supported by the following trend extracted from our review of the 
literature on WTA savannas and steppes (figure 2): the longer the leafing period, the lower 
the contribution of species which leaf at the end of the dry season or the beginning of the 
rainy season. The corollary, which we also stress in this chapter, is that the contribution of 
species that start leafing in the middle of the dry season increases with an increase in the 
length of the leafing period, at least in seasonally dry areas. 

At the ecosystem scale, Eamus & Prior (2001) reported  considerable variation in the relative 
proportions of different phenological strategies. These authors indicated that Indian savannas 
are dominated by deciduous species, whereas evergreen species dominate Llanos savannas in 
South America. In addition, seasonally dry forests in Costa Rica are dominated by semi-
evergreen or deciduous species, whereas tropical dry forests in Venezuela are dominated by 
deciduous species. Australian savannas differ from other savannas in having approximately 
the same number of species in each of the equivalent of our four groups, but evergreens 
dominate in terms of canopy cover (90%). Eamus & Prior (2001) presumed that this was a 
consequence of the extreme dominance of the predominantly evergreen Acacias and Eucalypts 
families. But this pattern would also be consistent with these authors’ emphasis on the relative 
photosynthetic return on the cost of investment. Indeed, the lower cost of replacing nutrients 
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and sclerophyllous leaves to better survive drought would be advantageous for evergreens in 
these savannas, which are drier and hotter than elsewhere (Bowman & Prior, 2005). In WTA, a 
detailed comparison of trends in terms of cover has not yet been made. Breman & Kessler 
(1995) claimed that semi-evergreens are important both in Sahelian and Sudanian bioclimates, 
especially with regard to their canopy cover, but this literature review relativized their 
assertion in terms of the number of species concerned (figure 5).  

4.2 Leaf phenology: a physiological adjustment to the environment 

The increase in the proportion of semi-evergreen woody plants with a decrease in the 
severity of drought along the gradient, along with a decrease in the proportion of deciduous 
species, has been reported in all continents except Australia (Williams et al., 1996; Eamus & 
Prior, 2001). This review confirmed that leafing duration and basal area increments largely 
depend on water conditions. The distribution of phenological strategies in WTA reported in 
this chapter supports the hypothesis that the alternation of leaf and leafless conditions, 
which gives the characteristic seasonal physiognomy of the woody component of WTA 
savannas and dry forests, is directly linked to the high periodicity of the dry season. Under 
this hypothesis, deciduous species would dominate in climates with a clear boundary 
between favourable and unfavourable seasons for plant growth, and with moderately long 
unfavourable periods. The greater contribution of evergreens in the driest bioclimates could 
thus also result from reduced predictability of rainfall accompanied by a decrease in annual 
rainfall amount. Breman & Kessler (1995) concluded that, in terms of contribution to species 
diversity and canopy cover, the proportion of evergreen but also, contrary to our results, of 
semi-evergreen species decreases from the north to the south of the Sahelo-Sudanian 
gradient. Paradoxically, these authors recognize that water availability is a determining 
factor of leaf flush and shedding, and of flowering and fruiting. This apparent contradiction 
emphasises the crucial need in WTA for 1) generic definitions of phenological observations, 
analyses and partitioning of strategies, 2) regional monitoring networks of land surface 
phenology with sufficient permanent field observation sites. This would enable precise and 
robust characterisation of the phenology of the woody cover and of its variability along the 
gradient, which is indispensable for validating data acquired by remote sensing. 

Furthermore, it is now widely recognized that the general phenological patterns observed at 
the community scale conceal a wide range of behaviours both among species and among 
individuals (Seghieri & Galle, 1999; Seghieri & Simier, 2002; Pau et al., 2011). Seghieri & 
Simier (2002) showed that even if variability between topographical locations is highly 
significant, within-individual variability at the same topographical location could be even 
higher. Generally, species with highly variable phenological behaviour provide evidence for 
growth plasticity (Devineau, 1999). Studies in the literature report the existence of several 
competing climate drivers of phenology that are not directly linked to water conditions. This 
makes their initial interpretation difficult. However, all the drivers cited influence tree water 
status and support the hypothesis of control by endogenous plant water (Borchert et al., 
2002). Leaf flush may be under genetic control, which makes it to depend on day length, 
hours of sunshine or temperature, while its success may depend on water conditions. 
Indeed, leaf phenology and shoot growth are increasingly considered to be a way for a plant 
to fine-tune its water status to atmospheric conditions (Devineau, 1989; Fournier, 1995; Do et 
al., 2005). The concomitance found by Devineau (1997) between periods of the greatest trunk 
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shrinkage and of leaf flush is in accordance with observations made in other tropical 
vegetation under contrasting climates (Jeffers & Boaler, 1966; Daubenmire, 1972; Lieberman, 
1982; Asthon et al., 1983). ). This suggests that defoliation could prevent tissue dehydration. 

Indeed, it is increasingly acknowledged that differences in leaf phenology between species 
are linked to differences in their water regime and in their vulnerability to xylem cavitation, 
leading to differences in their responses to soil and atmospheric drought (Delzon et al., 
2010). These new insights underline the role of leafing rhythms in the internal water balance 
of woody plants, especially in semi-arid and arid environments. Leaf shedding limits water 
loss under prevailing evaporative demand and water availability (rainfall, soil water regime 
and access to the water table). When environmental changes exceed the plasticity of a given 
species, the species is eliminated. It may or not have been replaced by one or more other 
species with different phenology and plasticity, and resulted in the distribution of 
phenological strategies observed along the climate gradient (Fournier, 1991; Fournier et al., 
2001). Locally, whatever the location along the climate gradient, similar processes influenced 
by factors other than climate are thought to be at work. Topography and soil surface crusts, 
depth, texture, and fertility are probably the main factors that determine spontaneous 
species distribution through water and nutrient availability, as shown by Fournier & 
Planchon (1998) in herbaceous communities. The phenological plasticity of woody species 
and the wide range of strategies at the community scale contribute to the capacity of the 
woody plants to survive in the heterogeneous and unstable environments of WTA. Species 
plasticity, like their physiological independence from the rainy season, would be expected to 
increase with an increase in the length of the leafing period in the driest parts of the 
gradient. 

4.3 Implications in terms of land use and climate change effects: lack of support 
studies 

Phenological diversity between species allows vegetation in WTA to survive heterogeneous 
and changing conditions. Similarly, within-species phenological variability is a measure of 
species plasticity, which largely contributes to the survival and expansion of a species in 
such environments. Consequently, it is logical to claim that the most plastic species are 
predisposed to be the best candidates to survive global changes. 

The increasing dominance of the semi-evergreen species Guiera senegalensis in southern 
Niger (Seghieri & Simier, 2002; Seghieri & Laloë, 2004; Seghieri et al., 2005) can thus be 
explained as follows. The species was able to fill the niche gaps previously occupied by 
several deciduous species disappeared under the pressure of crop and wood harvest. With 
their larger environmental tolerance, semi-evergreens obtained a decisive competitive 
advantage from the disappearance of less resistant species. The fact they are more flexible 
than obligate deciduous plants contributes to their survival and expansion in the most 
exploited agro-systems (Poupon, 1979; Devineau, 1999; Williams et al., 1997; Seghieri & 
Simier, 2002; Seghieri & Laloë, 2004; Seghieri et al., 2005). However, this makes natural 
regeneration of the other original native species difficult, as water balance generally 
deteriorates with vegetation degradation (Casenave & Valentin, 1992; Seghieri et al., 1994, 
1995). That is why the WTA vegetation may follow the putative law of the “expansion drive 
of desert plants” reported in the Middle East and in Mediterranean areas (Blondel & 
Aronson, 1999): “when following human transformation of ecosystems, plants from more 
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and sclerophyllous leaves to better survive drought would be advantageous for evergreens in 
these savannas, which are drier and hotter than elsewhere (Bowman & Prior, 2005). In WTA, a 
detailed comparison of trends in terms of cover has not yet been made. Breman & Kessler 
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severity of drought along the gradient, along with a decrease in the proportion of deciduous 
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Prior, 2001). This review confirmed that leafing duration and basal area increments largely 
depend on water conditions. The distribution of phenological strategies in WTA reported in 
this chapter supports the hypothesis that the alternation of leaf and leafless conditions, 
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gradient. Paradoxically, these authors recognize that water availability is a determining 
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emphasises the crucial need in WTA for 1) generic definitions of phenological observations, 
analyses and partitioning of strategies, 2) regional monitoring networks of land surface 
phenology with sufficient permanent field observation sites. This would enable precise and 
robust characterisation of the phenology of the woody cover and of its variability along the 
gradient, which is indispensable for validating data acquired by remote sensing. 

Furthermore, it is now widely recognized that the general phenological patterns observed at 
the community scale conceal a wide range of behaviours both among species and among 
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Simier (2002) showed that even if variability between topographical locations is highly 
significant, within-individual variability at the same topographical location could be even 
higher. Generally, species with highly variable phenological behaviour provide evidence for 
growth plasticity (Devineau, 1999). Studies in the literature report the existence of several 
competing climate drivers of phenology that are not directly linked to water conditions. This 
makes their initial interpretation difficult. However, all the drivers cited influence tree water 
status and support the hypothesis of control by endogenous plant water (Borchert et al., 
2002). Leaf flush may be under genetic control, which makes it to depend on day length, 
hours of sunshine or temperature, while its success may depend on water conditions. 
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shrinkage and of leaf flush is in accordance with observations made in other tropical 
vegetation under contrasting climates (Jeffers & Boaler, 1966; Daubenmire, 1972; Lieberman, 
1982; Asthon et al., 1983). ). This suggests that defoliation could prevent tissue dehydration. 

Indeed, it is increasingly acknowledged that differences in leaf phenology between species 
are linked to differences in their water regime and in their vulnerability to xylem cavitation, 
leading to differences in their responses to soil and atmospheric drought (Delzon et al., 
2010). These new insights underline the role of leafing rhythms in the internal water balance 
of woody plants, especially in semi-arid and arid environments. Leaf shedding limits water 
loss under prevailing evaporative demand and water availability (rainfall, soil water regime 
and access to the water table). When environmental changes exceed the plasticity of a given 
species, the species is eliminated. It may or not have been replaced by one or more other 
species with different phenology and plasticity, and resulted in the distribution of 
phenological strategies observed along the climate gradient (Fournier, 1991; Fournier et al., 
2001). Locally, whatever the location along the climate gradient, similar processes influenced 
by factors other than climate are thought to be at work. Topography and soil surface crusts, 
depth, texture, and fertility are probably the main factors that determine spontaneous 
species distribution through water and nutrient availability, as shown by Fournier & 
Planchon (1998) in herbaceous communities. The phenological plasticity of woody species 
and the wide range of strategies at the community scale contribute to the capacity of the 
woody plants to survive in the heterogeneous and unstable environments of WTA. Species 
plasticity, like their physiological independence from the rainy season, would be expected to 
increase with an increase in the length of the leafing period in the driest parts of the 
gradient. 

4.3 Implications in terms of land use and climate change effects: lack of support 
studies 

Phenological diversity between species allows vegetation in WTA to survive heterogeneous 
and changing conditions. Similarly, within-species phenological variability is a measure of 
species plasticity, which largely contributes to the survival and expansion of a species in 
such environments. Consequently, it is logical to claim that the most plastic species are 
predisposed to be the best candidates to survive global changes. 

The increasing dominance of the semi-evergreen species Guiera senegalensis in southern 
Niger (Seghieri & Simier, 2002; Seghieri & Laloë, 2004; Seghieri et al., 2005) can thus be 
explained as follows. The species was able to fill the niche gaps previously occupied by 
several deciduous species disappeared under the pressure of crop and wood harvest. With 
their larger environmental tolerance, semi-evergreens obtained a decisive competitive 
advantage from the disappearance of less resistant species. The fact they are more flexible 
than obligate deciduous plants contributes to their survival and expansion in the most 
exploited agro-systems (Poupon, 1979; Devineau, 1999; Williams et al., 1997; Seghieri & 
Simier, 2002; Seghieri & Laloë, 2004; Seghieri et al., 2005). However, this makes natural 
regeneration of the other original native species difficult, as water balance generally 
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1995). That is why the WTA vegetation may follow the putative law of the “expansion drive 
of desert plants” reported in the Middle East and in Mediterranean areas (Blondel & 
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xeric habitats, since they are pre-adapted to a large range of conditions, tend to invade more 
mesic ones rather than the reverse” (Zohary, 1973). In addition, the plasticity of leafing and 
flowering appears to be an adaptive trait to resist crop pressure as well as savanna fires 
(Devineau, 1999). Among species whose leaves persist up to the disturbance, those that 
should be preferentially selected are those whose leaves rapidly reappear afterwards and 
are still able to flower. 

In WTA, the main climate changes expected are an increase in temperature and in rainfall 
variability, with an increasing proportion of extreme events (Hély et al., 2006; Frappart et al., 
2009; Lebel & Ali, 2009). Lack of water disturbs carbon assimilation most when temperatures 
are too high. This could explain why in the Sahel, where temperatures can be very high and 
lack of water is a major limitation, most of the phenological processes were found by 
Seghieri et al. (submitted) to depend on variations in temperature. But the multiple 
environmental factors that appear to influence phenology may also contribute to species 
survival thanks to compensatory effects. For example, the effect of an increase in 
temperature may be compensated by the beneficial effects of an increase in CO2 
concentrations on carbon gain, especially in C3 plants. High plasticity and the many 
strategies which enable them to remain photosynthetically active independently of the 
presence of leaves, also probably buffer the negative effects of severe but temporary 
droughts on Sahelian species. Indeed, changes in the patterns of density, size and species 
composition of woody populations were documented in 24 rangeland sites along the north–
south bioclimatic gradient in the Sahel monitored from 1984 to 2006 by Hiernaux et al. 
(2009). In the short term, woody populations were seriously affected by the droughts that 
occurred in 1983–1984. Drought-induced mortality was not more severe under drier 
climates but occurred sooner after drought in shallow soils. Active recruitment started 
immediately, i.e. in 1985, Acacias species being among the first pioneers. Thanks to the 
drought, which reduced competition from the other components of the vegetation cover, 
recruitment was successful. The resulting species composition was first interpreted as a shift 
towards more arid tolerant flora (Balanites aegyptiaca, Maerua crassifolia and Commiphora 
africana), but diversification started in the mid 1990s (Combretum aculeatum, Combretum 
glutinosum and Guiera senegalensis) supporting the hypothesis of the resilience of Sahelian 
vegetation. Unfortunately, no phenological observations were reported in this interesting 
study, which concerned only the Sahel. 

At present, woody cover is still an integral part of the whole agro-sylvo-pastoral system in 
WTA. Parkland systems are increasing in Sahelo-Sudanian areas. Some species of great 
economic interest are thus protected by farmers even if none are planted. In this way, some 
local agro-pastoral landscapes in the Sahel have considerably more tree cover than they did 
30 years ago (Reij et al., 2009). Vast expanses of Sahelian farmlands which were devoid of 
uncontrolled vegetation in the early 1980s are now studded with trees, shrubs, and crops 
(WRI, 2008). Elsewhere, deep disturbances of agro-ecosystems have occurred due to crop 
pressure, which have 1) reduced the woody cover with major hydrological effects in Sahelo-
Sudanian areas (Leblanc et al., 2008), 2) modified fire regimes in Guinean areas (Devineau, 
1999), and 3) expanded tree plantations in the wettest areas. Impacts on remote sensing 
(Brown et al., 2010), and consequences in terms of the carbon and water balances (Boulain et 
al., 2009) remain to be analysed. 

In the past decade, the study of phenology has acquired a new legitimacy in climate change 
research. A conference entitled "The times they are a-changin’; Climate change, phenological  
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responses and their consequences for biodiversity, agriculture, forestry, and human health" 
was held in Wageningen in December 2001 (Van Vliet &  Schwartz, 2002). It revealed that a 
change in natural event timing is underway in a wide range of locations and is affecting a 
wide range of species. The recommendations made on this occasion are still applicable to 
future studies in WTA where the woody stratum is a key component of the surface-
vegetation-atmosphere interface.  

5. Challenges for the future 
In the context of climate change, the increased interest in phenology sends a clear signal that 
long term monitoring networks on woody phenology are required in WTA to provide better 
regional understanding, and hence to improve global forecasting. The main defy at global 
scale is to foresee the possible consequences of environmental and socioeconomic changes 
on phenological responses. In WTA, the main challenges are 1) to measure the impacts of 
land use (wood harvest, pasture, fire, and agriculture) on the phenology of both woody 
species and canopy cover, 2) to increase our knowledge of the processes involved in their 
relationships with environmental factors. To take up the challenges, it is extremely 
important for phenologists to exchange information and ideas with scientists from other 
disciplines. There are many opportunities for collaborative studies, including methods of 
data analysis, scenario development, and ecological complexity modelling, as well as 
monitoring phenology at different scales. Remote sensing approaches, for instance, can 
provide appropriate tools for upscaling the results of functional (canopy phenology, leaf life 
span, plant physiological and morphological traits) and demographic (population 
dynamics) approaches combined. Finally, riparian species have rarely been studied up to 
now, despite the fact they play a major role in surface-vegetation-atmosphere transfers, 
given their high density along streams and their probable permanent access to free water. 

In this chapter, we have described and explained the distribution of phenological strategies 
along the WTA gradient in terms of the number of species, and of the dominance of 
deciduous species. However, replications of environmental situations in which a given 
species can be found would improve the identification of specific survival strategies in 
changing environments. We have shed light on the role of leaf phenology in the plant water 
balance and its adaptation to periodically dry environments. This aspect now needs to be 
investigated at greater depth. In the future studies on phenology of the woody cover in 
WTA, we recommend to systematically include knowledge of the relative importance of a 
given species or of a given strategy in the stand cover. Studies that attempt to quantify 
relationships between environmental factors and woody phenology are rare and should be 
encouraged. Implementing these recommendations would provide the essential link with 
remote sensing data and surface-atmosphere transfer models. 

6. Appendix 
Phenology of woody species reported in the literature in West Tropical Africa, mostly in 
savannas and steppes, after Apko, 1992; De Bie et al., 1998; Depommier, 1998; Devineau, 
1997; Devineau, 1999; Diouf, 1996; Diouf, 2003; Do et al., 2009; Fournier A., 1991; Grouzis & 
Sicot, 1980; Hiernaux et al., 1994; Ickowicz et al., 2005; Mahamane et al., 2007; Poupon, 1979; 
Roupsard et al., 1999; Sanon et al., 2007; Seghieri et al., 1995; Seghieri & Galle, 1999; Seghieri 
& Simier 2002 (full references in the reference list below). 
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Deciduous species Phenology
Acacia adansonii ← Leafing

← Flowering
← Fruiting

Acacia ataxacantha ← Leafing
Flowering
Fruiting

Acacia dudgeoni ← ← ← — — — → Leafing
← ← ← — — — → Flowering

← — — — → Fruiting
Acacia erythrocalyx ← ← ← — — — — — → Leafing

← — → Flowering
— — → ← — — — Fruiting

Acacia gourmaensis ← — — — — — — → Leafing
← — — — — → Flowering

← — → Fruiting
Acacia macrostachya ← — — — — — — → Leafing

← — — — → Flowering
← — — — → Fruiting

Acacia nilotica ← Leafing
Flowering
Fruiting

Acacia polyacantha ← Leafing
Flowering
Fruiting

Acacia senegal ← ← ← — → — → — → Leafing
← — → Flowering
← — — — — — → Fruiting

Acacia sieberiana ← Leafing
Flowering
Fruiting

Adansonia digitata ← ← — → → → Leafing
↔ ← — → ↔ Flowering

↔ ↔ ← — — → Fruiting
Adenium obesum ← — — — → Leafing

← — — → Flowering
← — — → Fruiting

Albizia chevalieri ← Leafing
Flowering
Fruiting

Bombax costatum ← — — — — — — → Leafing
→ ← Flowering
— — → ← Fruiting

Boswellia dalziellii ← Leafing
Flowering
Fruiting

Bridelia ferruginea ← — — — — → Leafing
← ← Flowering

← ← — — → Fruiting
Burkea africana ← Leafing

Flowering
Fruiting

Cassia sieberana ← — ← — — — — — — — → Leafing
↔ ↔ ↔ ← — ← — — → ↔ ↔ ↔ Flowering
↔ ↔ ↔ ↔ ← — → ↔ ↔ ↔ ↔ ↔ Fruiting

Cassia singueana ← Leafing
Flowering
Fruiting  
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Deciduous species Phenology
Cochlospermum planchoni ← — — — → Leafing

← — → Flowering
← — → Fruiting

Combretum lecardii Leafing
no detail available Flowering

Fruiting
Commiphora africana ← — — — → Leafing

→ ← — Flowering
← — — → Fruiting

Commiphora pedunculatum ← — Leafing
Flowering
Fruiting

Cordyla pinnata ← — Leafing
Flowering
Fruiting

Crateva adansonii ← — Leafing
Flowering
Fruiting

Dalbergia melanoxylon ← — Leafing
Flowering
Fruiting

Detarium microcarpum ← — — — — → Leafing
← → Flowering

→ → → ← — — → Fruiting
Dichrostachys cinerea ← — — ← — → — → Leafing

← — — → → Flowering
← — → Fruiting

Dichrostachys glomerata ← — — — → Leafing
← → Flowering

← → Fruiting
Dombeya quiqueseta ← — — — → Leafing

— → ← Flowering
← — → Fruiting

Entada abyssinica ← — Leafing
Flowering
Fruiting

Entada africana ← ← — — → → Leafing
← — ← — → Flowering

← — → Fruiting
Erythrina senegalensis ← — Leafing

Flowering
Fruiting

Euphorbia balsamifera ← — ← — → → Leafing
← → Flowering

← → Fruiting
Feretia apodanthera ← — — — ← — → — → Leafing

← — ← — → Flowering
— — → ← — — → — Fruiting

Gardenia ternifolia ← — ← — — — — — — → Leafing
← → ← → Flowering

← ← — ← — — — Fruiting
Grewia bicolor ← — ← — — → — → Leafing

↔ ← → ↔ Flowering
← → Fruiting

Grewia flavescens ← Leafing
Flowering
Fruiting  
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Deciduous species Phenology
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Deciduous species Phenology
Grewia lasidiscus ← — — — — → — → Leafing

↔ ↔ Flowering
↔ ↔ Fruiting

Grewia tenax ← — — — — → Leafing
← → Flowering

↔ Fruiting
Grewia venusta ← — ← — — — → — → Leafing

↔ ← — ↔ Flowering
← → ↔ Fruiting

Hexalobus monopetalus ← — Leafing
Flowering
Fruiting

Lannea humilis ← — — — → Leafing
← → Flowering

← → Fruiting
Pericopsis laxiflora ← — — — — — → Leafing

← — → Flowering
← → Fruiting

Pseudocedrela kotschyi ← Leafing
Flowering
Fruiting

Pteleopsis suberosa ← ← — → Leafing
— — — — — → ← — — Flowering

← → Fruiting
Pterocarpus erinaceus ← — — — — — → — → Leafing

← → Flowering
← → Fruiting

Pterocarpus lucens ← ← — — — → — → Leafing
← ↔ → → Flowering

← — — → → Fruiting
Sclerocarya birrea ← ← — — — — → — → Leafing

← — → ← → Flowering
← ← — — → → Fruiting

Securidaca longipedunculata → ← ← — — — — → — — Leafing
— — — — ← ← → ← — Flowering

↔ ↔ ↔ Fruiting
Securigena virosa ← ← — — — — → — → Leafing

← ← — — → → Flowering
← ← — — → — → Fruiting

Sterculia setigera ← ← — — — — → — → Leafing
← — → ← ← → Flowering

← → ← — → Fruiting
Stereospermum kunthianum ← — Leafing

Flowering
Fruiting

Strychnos spinosa ← ← — — → — → — → Leafing
← — ← → Flowering

← — ← — — — → Fruiting
Terminalia laxiflora ← — ← — — — — — → Leafing

← — → Flowering
← — — → Fruiting

Terminalia macroptera ← — Leafing
Flowering
Fruiting

Xeroderris stühlmannii ← ← — — — → → Leafing
← — → Flowering

Fruiting
Ziziphus mucronata ← → Leafing

Flowering
Fruiting  
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Long leafing species Phenology
Acacia albida — — — — — — → ← ← — — Leafing

→ — → ← — — Flowering
← — — → Fruiting

Acacia gerardii → ← — — — — — — — — — Leafing
← — → Flowering

← — — → Fruiting
Annona senegalensis ← — — — ← — — — — → Leafing

← — — — — — ↔ → ← — Flowering
— — — — — — — ← → ← ← Fruiting

Anogeissus leiocarpus → ← ← — — — — → — — Leafing
— — → ← — — — ← — → — — Flowering
↔ — → ← ← — Fruiting

Combretum aculeatum ← ← — — — — — → Leafing
← ← — ← → Flowering

— → ← ← — → — Fruiting
Combretum micranthum → ← — ← ← — — — — — — — Leafing

← — ← ← → ← — → Flowering
→ — → ← ← — — — Fruiting

Combretum molle — — — → ← — — — — — — — Leafing
← — — → Flowering

← — Fruiting
Crossopteryx febrifuga ↔ — — ↔ ← — — — — → — — Leafing

— — — ← ← — → ← — Flowering
← — — — — → Fruiting

Gardenia erubescens ← — — → ← — — — — — → — Leafing
← — — — — — → ← — Flowering
↔ ↔ ↔ ↔ ↔ ↔ ← → ↔ ↔ ↔ ↔ Fruiting

Lannea acida ← — — — — — — — → Leafing
↔ ↔ ← — → Flowering

↔ ↔ Fruiting
Lannea microcarpa ← — — — — — — — → Leafing

← ← → Flowering
← → → Fruiting

Lannea vetulina ← — — — — — — — → Leafing
← → Flowering

← → Fruiting
Lonchocarpus laxiflorus ← — — — — — — — → Leafing

← → Flowering
← → Fruiting  
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Deciduous species Phenology
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Lonchocarpus laxiflorus ← — — — — — — — → Leafing

← → Flowering
← → Fruiting  
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Semi-evergreen species Phenology
Acacia hockii → ← — — — — → — → Leafing

← — → Flowering
← — → Fruiting

Acacia raddiana → — → ← ← — — — — — → — Leafing
← — — → ← ← — → Flowering

— → ← — — ← → Fruiting
Acacia seyal → ← ← — — — — → — — Leafing

— — → ← ← — — — — — — — Flowering
← — → Fruiting

Combretum collinum ← — — ← — — — — — → → Leafing
— — — ← ← — → ← — — Flowering
— — → ← — — ← — — — Fruiting

Combretum nigricans → ← ← — → — — — — — Leafing
← — ← → — → Flowering

→ — → ← — — → — — Fruiting
Cordya mixa Leafing

Flowering
Fruiting

Daniellia oliveri ← — → ← — — — — — → → Leafing
← ← — → Flowering

← — — — — → Fruiting
Diospyros mespiliformis ← — — — — — — — — → Leafing

← → ← → Flowering
→ ← — — → ← Fruiting

Ficus thonningii Leafing
Flowering
Fruiting

Gardenia sokotensis Leafing
Flowering
Fruiting

Guiera senegalensis → — ↔ — ← — — ← — — — → Leafing
→ — → ← — ← — → Flowering
→ — — → → ← — — Fruiting

Isoberlinia doka ← — — — ← — — — — — ↔ Leafing
← — ↔ — — — → Flowering

← ← — — → Fruiting
Ozoroa insignis → ← — — — — — — — — — Leafing

← — — → Flowering
← — — → Fruiting

Parkia biglobosa ← — — — — — — → → Leafing
← — → ← — Flowering

← — — → Fruiting
Piliostigma thonningii → ← — — — — — — → → — Leafing

↔ ← — → ↔ → Flowering
↔ — ← — — — → ← ← — ↔ → Fruiting

Prosopis africana ↔ — ↔ — — — — — — — — — Leafing
← ← — → Flowering

→ ← — — — — → — Fruiting
Pterocarpus santalinoides Leafing

Flowering
Fruiting

Tamarindus indica → ← — — — — — — — — Leafing
← — ← — ← → → ← — — Flowering

← → ← — — → Fruiting
Terminalia avicennioides ← — — ← ← — — — — → → Leafing

← ← — → Flowering
← — ← → → Fruiting

Vittelaria paradoxa ← — — → — ← — — — → Leafing
← — → ← ← → → ← — — Flowering

← ← — → Fruiting
Ximenia americana ↔ — — — — — — — — — — — Leafing

← — — → — — → Flowering
← — — ↔ → Fruiting

Ziziphus mauritiana → ← ← — ← → — → — — Leafing
→ ← ↔ ↔ → ← — — Flowering
← → ← → ← → Fruiting  
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Evergreen species Phenology
Alfezia africana — — ↔ — — — — — — — — — Leafing

← → Flowering
← — → Fruiting

↔ — — ↔ ↔ — ↔ — — — — — Leafing
← — → ← — → ← — → Flowering

← — — — ← — → — — → Fruiting
Berlinia grandiflora Leafing

no detail available Flowering
Fruiting

Borassus aethiopium Leafing
no detail available Flowering

Fruiting
Boscia angustifolia Leafing

no detail available Flowering
Fruiting

Boscia salicifolia Leafing
no detail available Flowering

Fruiting
Boscia senegalensis — — ↔ — — — — — — — ↔ — Leafing

→ ← — — — ← ← — Flowering
← — — — — — — — — — → Fruiting
— — ↔ — — — — — — — — — Leafing

← — — — — → Flowering
← — → Fruiting

Calotropis procera Leafing
no detail available Flowering

Fruiting
Capparis fascicularis Leafing

no detail available Flowering
Fruiting

— — — — — — — — — — — — Leafing
← — — → Flowering

← — — → Fruiting
Celtis integrifolia Leafing

no detail available Flowering
Fruiting

Cola cordifolia Leafing
no detail available Flowering

Fruiting
Combretum fragrans — — — — — ↔ — — — — — — Leafing

Flowering
Fruiting

Combretum glutinosum — — ↔ — — ↔ — — — — — — Leafing
← → ↔ — — → ← → ← — Flowering
— ← ↔ — — → ← — ← — Fruiting

Ficus glumosa Leafing
no detail available Flowering

Fruiting
Ficus ingens Leafing

no detail available Flowering
Fruiting

Ficus platyphylla Leafing
no detail available Flowering

Fruiting
Ficus sycomor Leafing

no detail available Flowering
Fruiting

Flemingia faginea Leafing
no detail available Flowering

Fruiting
Hippocrates africana Leafing

no detail available Flowering
Fruiting

Holarrhena floribunda Leafing
no detail available Flowering

Fruiting

Balanites aegyptiaca (1)

Cadaba farinosa (1)

Capparis sepiaria (2)
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Semi-evergreen species Phenology
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Evergreen species Phenology
Alfezia africana — — ↔ — — — — — — — — — Leafing
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Fruiting
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← — — → Flowering

← — — → Fruiting
Celtis integrifolia Leafing

no detail available Flowering
Fruiting

Cola cordifolia Leafing
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Fruiting
Combretum fragrans — — — — — ↔ — — — — — — Leafing

Flowering
Fruiting

Combretum glutinosum — — ↔ — — ↔ — — — — — — Leafing
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— ← ↔ — — → ← — ← — Fruiting

Ficus glumosa Leafing
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Ficus ingens Leafing

no detail available Flowering
Fruiting

Ficus platyphylla Leafing
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Fruiting
Ficus sycomor Leafing

no detail available Flowering
Fruiting

Flemingia faginea Leafing
no detail available Flowering

Fruiting
Hippocrates africana Leafing

no detail available Flowering
Fruiting

Holarrhena floribunda Leafing
no detail available Flowering

Fruiting

Balanites aegyptiaca (1)

Cadaba farinosa (1)

Capparis sepiaria (2)
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Evergreen species Phenology
Leptadenia hastata Leafing

no detail available Flowering
Fruiting

↔ — — ↔ — — — — — — — — Leafing
↔ — — ↔ — → Flowering

← — → Fruiting
Nauclea latifolia ↔ ↔ ↔ — — — — — — — — — Leafing

← — → Flowering
← — — — — → Fruiting

Opilia celtidifolia Leafing
no detail available Flowering

Fruiting
Parinari curatellifolia — — — — — ↔ — — — — — — Leafing

← — — — → Flowering
← — — — — — — — — — → Fruiting

Piliostigma reticulatum ↔ — ↔ — — — — — — — — — Leafing
← — — → Flowering

→ — → ← — — Fruiting
Rotula aquatica riparian Leafing

no detail available Flowering
Fruiting

Saba senegalensis Leafing
no detail available Flowering

Fruiting
Salix subserrata riparian Leafing

no detail available Flowering
Fruiting

Sarcocephalus latifolius Leafing
no detail available Flowering

Fruiting
Syzygium guineense Leafing

no detail available Flowering
Fruiting

Vitex simplicifolia Leafing
no detail available Flowering

Fruiting
(1)  several periods of leaf turn over and at any times
(2) period of leaf turn-over non mentionned

Maytenus senegalensis (1)

 
← Beginning of the phenophase
— Current phenophase
→ End of phenophase
↔ Overlape between the beginning and the end

either on the same or between two sites
Dry season
Transition between seasons
Sahelian sudanian and guinean rainy season  
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1. Introduction  
Teak (Tectona grandis. Linn. f.) is an important timber species preferred all over the world 
because of its versatile range of uses (Katwal, 2005). Its matchless timber properties include 
strength, workability, attractiveness, lightness, resistance to termite, fungus and weather, as 
well as seasoning capacity without splitting or cracking. Teak occurs in natural forests 
between 9° to 26° N latitude and 73° to 104° E longitude, which includes southern and 
central India, Myanmar, Laos People's Democratic Republic and northern Thailand (White, 
1991). The species is a dominant component of diverse forest types. For instance in India, 
teak forests are spread over a large geographic area of 8.9 million ha which range from very-
dry to very-moist types. As a consequence, natural populations exhibit great genetic 
variability for economically important traits (Katwal, 2005). In fact the Indian subcontinent 
is considered the center of diversity for teak because of the huge genetic variation for 
economically important traits such as bole form, timber quality, biochemical traits and 
others (Anmol Kumar et al., 1997). Further teak is emerging as one of the predominant 
plantation species in the Indian subcontinent as well as in 30 other countries of tropical Asia, 
Africa and Latin America. Though teak plantations account for 5-8 per cent of the total forest 
area in the tropics (Ball et al. 1999), about 90 per cent of the quality hardwood plantations 
for timber production belongs to only teak (Granger, 1998). As per 1990 data, globally, area 
under teak plantations was 2.2 million ha, with 94 per cent in Tropical Asia, especially in 
India and Indonesia, followed by Tropical Africa (about 4.5 %) and remaining area in 
Tropical America (FAO, 1995). Presently about 1.5 million ha of teak plantations exist in 
India and around 50,000 ha are raised annually (Subramanian et al., 2000). This has resulted 
in a huge demand for quality planting stocks in astronomical quantities.  

Genetic improvement of teak in India, started in the year 1954, has focused mainly on 
identifying phenotypically superior trees from diverse growing regions and deploying them 
as vegetatively propagated clones in seed orchards (Gunaga & Vasudeva, 2005). Seed 
orchard is essentially a collection of phenotypically superior and diverse individuals of a 
species, which is silviculturally managed to produce genetically superior seed crop through 
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in a huge demand for quality planting stocks in astronomical quantities.  

Genetic improvement of teak in India, started in the year 1954, has focused mainly on 
identifying phenotypically superior trees from diverse growing regions and deploying them 
as vegetatively propagated clones in seed orchards (Gunaga & Vasudeva, 2005). Seed 
orchard is essentially a collection of phenotypically superior and diverse individuals of a 
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the process of open pollination (Askew, 1986). Establishment of seed orchards using 
superior clones from diverse regions has been an important strategy of genetic improvement 
programme of teak. It is assumed that the offspring developed through a random mating 
among the superior types would also be genetically superior. The main purpose of 
establishing seed orchard is to mass-produce such genetically superior seeds, which are 
easily accessible and collectable. Thus, seed orchards form an important link between on-
going tree improvement programme and commercial planting activity. The establishment of 
seed orchards would be a genetic dead-end unless full potential of an orchard is realized 
through harvesting of genetically improved seed crops. Unfortunately, low fruit production 
in clonal seed orchards has been an important limitation in teak improvement programmes 
of India and worldwide (Gunaga & Vasudeva, 2005; Indira, 2005).  

1.1 Importance of flowering in seed orchards and the basic assumptions  

The assumption made while establishing a seed orchard is that diverse genotypes are highly 
compatible and completely overlap in their flowering phenology and the process would 
lead to big genetic gain. Synchronous flowering among different clones helps to achieve 
random mating (panmixis) and hence good seed output. Further, it also reduces the foreign 
pollen contribution in the process of pollination, if any. In general the following 
requirements are assumed to be fulfilled in an idealized seed orchard (Askew, 1986, 
Vasudeva et al.  1999) 

 The orchard is completely isolated from the influence of undesirable pollen from 
outside 

 Natural self-pollination occurs only in insignificant amounts 
 Clones are equally productive in male and female flowers (in case of unisexual species) 
 Pollen flight and female flower receptivity coincides especially in monoecious types  
 The gamete contributions of the parents are in the same proportions as they were in the 

orchard  
 The pollen contributions to the seed crop are either uniform for all parents or that they 

are in similar proportions to the seed crop. 

Unfortunately, the above assumptions have not been tested among established clonal seed 
orchards. It is well known that in a seed orchard, the levels of variation for reproductive 
traits among the constituent genotypes influence fruit production. Further, the variation in 
flowering behavior among the clones influence the extent of gene exchange between clones 
and consequently the genetic composition of the seeds produced (Gunaga & Vasudeva, 
2002; Vasudeva et al., 2005). Hence, understanding variation for reproductive phenology is 
fundamental to the successful operation of any seed orchard. Since superior genotypes 
identified from diverse regions are used in a clonal seed orchard (CSO), understanding the 
flowering phenology of the constituent clones becomes imperative to achieve maximum 
synchrony. A large of number of reports is available for temperate species, which document 
asynchronous flowering among the clones in a seed orchard, especially among monoecious 
species (Gunaga, 2000; Vasudeva et al., 2001). Any factor that affects the seed production in 
seed orchards would be a hindrance for logical end of tree improvement programmes 
(Griffin, 1984). Therefore any variation in flowering phenology within a seed orchard can 
potentially alter the quantity as well as genetic quality of fruits (Sedgley & Griffin, 1989). 
Although, there seems to be a direct association between the extent of flowering synchrony 
among the constituent clones and the fruit production in a seed orchard, surprisingly, there 
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are very few reports in India that focus on these issues. A few authors, however, have also 
identified this gap of information earlier (Subramanian et al., 1994; Nagarajan et al., 1996; 
Radhamani et al., 1998, Gunaga & Vasudeva, 2002). Anmol Kumar (1992) has reported that 
flowering among local clones belonging to the Maharashtra province of India was early as 
compared to the clones from other parts (provenance) of India. Rawat et al. (1992) have 
reported that flowering in teak seed orchard established at New forest, Dehra Dun, 
Northern India was asynchronous and recognized that these patterns may cause lower fruit 
production in the seed orchard. A few reports on these lines are also available in south east 
Asia. For instance, Palupi & Owens (1998) have shown asynchronous flowering among 
clones of teak at clonal seed orchard established at East Java of Malaysia. A lack of a suitable 
tool for an objective measurement of flowering synchrony among different clones has also 
contributed to the negligence!! Hence there is a need for development of objective criteria to 
evaluate flowering phenological events. In this chapter we firstly bring out patterns genetic 
variation for reproductive phenology in teak seed orchards; review a novel method of 
computing the overlap of flowering among individuals in an orchard and discuss its 
implications to seed orchard fertility from a management perspective. 

2. Flowering phenology in teak and its genetic control  
Flowering phenological patterns are most diverse and least understood in the tropics 
(Corlett, 1998). Pattern of flowering is well studied in most of the temperate and sub-
temperate species like radiata pine (Griffin,1984), loblolly pine (Askew, 1986), douglas fir 
(EL-Kassaby & Askew, 1991), black pine (Matziris, 1994) and Eucalyptus citriodora (Verma et 
al., 1989). Studies of the reproductive biology and pollination in teak (Hedegrat, 1973; 
Kaosa-ard, 1991) have shown that teak is predominantly an out crossed species and 
pollinated by insects. Isozyme analysis of seeds from different clones by Kjaer & Suangtho 
(1995) has confirmed these results. Self-incompatibility and short stigmatic receptive period 
(which ranges for just about few hours in one morning) are the main reasons for higher out 
crossing rates (Hedegrat, 1973).  

2.1 Variation for flowering phenology among teak clones  

Despite extensive planting programmes and the importance of increasing fruit production 
in seed orchards, little is known about the clonal variation for reproductive biology of teak. 
To use floral traits as a criterion while selecting the clones, it is essential to understand their 
genetic control. Hence, in order to achieve better genetic gain, it is imperative to assess 
variation and genetic control of the floral and fecundity traits in an orchard. However, in 
general, reproductive traits have been consistently ignored while selecting plus trees of teak 
as well as while upgrading the existing seed orchards. There is only one report on the extent 
of genetic control of floral features in teak (Hanumatha et al., 2001). Perhaps the only study 
that focuses on estimating the genetic parameters of flowering phenophases in teak was 
published by Gunaga & Vasudeva (2005). In their study the authors have assessed the clonal 
variation for flowering phenology and estimated the extent of genetic control over flowering 
phenophases. Phenophases of 407 rametes of 24 teak clones arising from diverse regions of 
southern India were monitored every week in a 19-year-old-teak CSO of southern India. The 
passport data on the clones used in the study are provided in the Table 1. The time taken for 
commencement of flower buds, flowering and peak flowering were calculated as the 
number of days from 1st January to the date of their first appearance on every tree. Peak 
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number of days from 1st January to the date of their first appearance on every tree. Peak 



 
Phenology and Climate Change 

 

182 

flowering was defined as the time when approximately 75 per cent of the flowers on a tree 
are in bloom. Duration of all phenophases was considered as total number of days of 
respective events. 
 

Sl. 
No 

Teak 
Clone I.D. 

Provenance of the 
clone 

Latitude 
(North) 

Longitude 
(east) 

Altitude 
(meters a msl) 

1 MYHD1 North 15o 17’ 74o 38’ 573 
2 MYHD2 North 15o 17’ 74o 38’ 573 
3 MYHD3 North 15o 17’ 74o 38’ 573 
4 MYHD4 North 15o 17’ 74o 38’ 573 
5 MYHV1 North 15o 06’ 74o 36 570 
6 MYHV3 North 15o 06’ 74o 36 570 
7 MYHV4 North 15o 06’ 74o 36 570 
8 MYHV5 North 15o 06’ 74o 36 570 
9 MYHV6 North 15o 06’ 74o 36 570 
10 MYHV7 North 15o 06’ 74o 36 570 
11 MyHaK1 North 15o 11’ 74o 41’ 500 
12 MyHaK2 North 15o 11’ 74o 41’ 500 
13 MyHaK3 North 15o 11’ 74o 41’ 500 
14 MYSA1 Central 13o 53’ 74o 28 571 
15 MYSA2 Central 13o 53’ 74o 28 571 
16 MYSS2 Central 13o 53’ 74o 28 571 
17 MyBL1 Central 13o 40’ 75o 39’ 571 
18 MYHuT1 South 12o 13’ 76o 00’ 850 
19 MYHuT2 South 12o 13’ 76o 00’ 850 
20 MYHuT3 South 12o 13’ 76o 00’ 850 
21 MYHuT6 South 12o 13’ 76o 00’ 850 
22 MYHuT7 South 12o 13’ 76o 00’ 850 
23 MYHuT8 South 12o 13’ 76o 00’ 850 
24 MyMK3 South 11o 55’ 76o 11’ 690 

Table 1. Passport data of teak clones of a Clonal Seed Orchard (CSO) in Karnataka, southern 
India. 

2.2 Influence of provenance on flowering phenology among teak clones  

Generally in South Indian conditions, the period of 'flowering' to 'fruit maturity' in teak 
takes about nine months. Flower buds appear during April, coinciding with the on-set of 
monsoon showers, and continue through August. However, Palupi & Owens (1998) have 
shown that among the teak clones of East Java, flower initiation started from January 
through middle of February, while the initiation of peak flowering varied from mid January 
to March first week. Blooming in a clonal seed orchard of south India started in the second 
week of May and continued until fourth week of September, with peak flowering from 
fourth week of May to second week of September (Gunaga & Vasudeva, 2005). Thus huge 
variations for flowering phenology naturally occur in the populations of Teak.  
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Reports from a wide range of commercial tree species of temperate regions has shown that 
the variation for time of flowering is genetically based (Griffin, 1984 in Radiata pine; Askew, 
1986 in loblolly pine; EL-Kassaby & Askew, 1991 in Douglas fir; Matziris, 1994 in Black pine 
and Verma et al., 1999 in Eucalyptus citriodora). Similarly, as shown by Gunaga & Vasudeva 
(2005), large genetic variation occurs among teak clones for different flowering phenophases 
(Figure 1). A few other authors have also reported clonal variation in flowering pattern of 
teak. Anmol Kumar (1992) reported that flowering among local clones belonging to 
Maharashtra, Central India, was early when compared to the clones from other states. 
Drastic variation for flowering among clones in a 10-year old model teak seed orchard in 
Dehra Dun, Northern India was reported by Rawat et al. (1992).  

 
Fig. 1. Phenogram showing clonal variation for duration of flowering (thin line) and peak 
flowering (bold line) in a clonal seed orchard (CSO) of teak in southern India. 
 

Provenance Flowering 
initiation 

Peak flowering 
initiation 

Duration of 
flowering 

Duration of 
peak flowering 

Mean ±SD Mean ±SD Mean ±SD Mean ±SD 
Northern 184.78 24.04 207.11 21.78 51.79 15.89 15.57 7.56 
Central 147.50 10.15 174.78 13.55 57.09 12.11 16.24 8.9 
Southern 152.18 15.05 178.27 18.29 54.75 11.58 17.23 9.26 
F Ratio 114.85 97.30 3.05 1.24 
P. level <0.001 <0.01 NS NS 
CV (%) 12.25 10.26 27.86 50.56 

Table 2. Provenance variation for time of budding, flowering, peak flowering (expressed as 
number of days from 1st January 1999) and duration of flowering and peak flowering (number 
of days) in the Clonal Seed Orchard of teak. NS= non-significant. CV = Coefficient of variation. 

Interestingly, Gunaga & Vasudeva (2005) have also shown strong provenance influence 
on flowering phenology among the clones of a CSO. Teak clones from central and 
southern Indian provenances were early in commencement of flower buds, flowers, and 
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peak flowering (by about 30-40 days) when compared to clones from northern provenance 
(Table 2; Figure 2). In their study, clearly two peaks for flowering among teak clones were 
observed -the first, during May to June corresponding mainly to the Central and Southern 
clones; the second, during July corresponding to those from northern clones (Figure 2). 
However, duration of flowering and peak flowering among clones of different 
provenances did not differ. Clearly, a significant proportion of rametes of clones from 
southern and central regions escaped peak rainfall period in the orchard when compared 
to those from northern region (Figure 2). Perhaps this is the first empirical evidence 
among the CSOs of teak in India confirms that clones of diverse origin do not contribute 
equally to the resultant seed crop. Such genetically based geographical variation in 
phenology is shown to occur in several plant species. For instance, Yanninen et al. (1988) 
have shown that northern and southern clones of Viccinium myrtillus differ in their spring 
and autumn phenology. Female flower production in loblolly pine varied between Texas 
and Arkansas sources (Richmond & Mc Kinley, 1986). Weinstein (1989) reported that the 
development of flower and the vegetative bud in Pinus halepensis and P. brutia showed 
differences among altitudinal races. 

2.3 Estimation of genetic parameters for flowering phenophases 

Though flowering phenology has been the most conserved life history trait, estimates of 
genetic parameters such as heritability has been attempted only for few timber species. 
Gunaga & Vasudeva (2005) have adopted an Analysis of Variance (ANOVA) approach to 
decompose total variability in flowering phenology into genetic and environmental 
components using the following model: 
 

Sl.no  Source d.f. Expected mean square 
1 Between clones (c-1) 2 +n0 2C 
2 Error   (ni-1) 2 

Where,  

c =  number of clones 
2 =  sum of squares due to error 
2c =  sum of squares due to clones (genotypic variance) 
n0 =  ni - { (ni-1)/ ni } as suggested by Kedharnath (1982) 
ni = number of rametes of ith clone  

From this analysis, following genetic parameters were estimated: 
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following Matziris (1994). 
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Fig. 2. Distribution of teak ramets of 24 clones from different provenances (a-c) and from 
overall CSO (d) with respect to initiation of flowering across time. Y- axis represents the per 
cent ramets in each class. The red line in panel (d) suggests the rainfall pattern in the CSO 
located in southern India. N= total number of ramets.  

Standard error for heritability on individual ramete basis was calculated as follows 
(Kedharnath, 1982): 
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Where,  
c = number of clones 
n0 = Coefficient of 2c 
n = Total number of observation 
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2 =  sum of squares due to error 
2c =  sum of squares due to clones (genotypic variance) 
n0 =  ni - { (ni-1)/ ni } as suggested by Kedharnath (1982) 
ni = number of rametes of ith clone  

From this analysis, following genetic parameters were estimated: 
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following Matziris (1994). 
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Fig. 2. Distribution of teak ramets of 24 clones from different provenances (a-c) and from 
overall CSO (d) with respect to initiation of flowering across time. Y- axis represents the per 
cent ramets in each class. The red line in panel (d) suggests the rainfall pattern in the CSO 
located in southern India. N= total number of ramets.  

Standard error for heritability on individual ramete basis was calculated as follows 
(Kedharnath, 1982): 

      
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1 2
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Where,  
c = number of clones 
n0 = Coefficient of 2c 
n = Total number of observation 
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The authors have shpwn that among the different flowering phenophases commencement of 
flower buds, flowering and that of peak flowering recorded high heritabilities on individual 
tree basis (h21= 0.734, 0.637 and 0.709, respectively; Table 4). The values on clonal mean basis 
were much higher. The low values of standard errors of h21 indicate that these estimates were 
reliable. However, the duration of flowering and peak flowering were strongly influenced by 
environmental factors and hence weakly inherited (h21 = 0.03 and 0.004, respectively). These 
results are in complete agreement with Matziris (1994) who reported that in black pine, the 
heritabilities on individual tree basis were high for the initiation of male flowering and female 
receptivity, while that for the duration of flowering stages were lower. Matziris (1997) reported 
that heritability for female flowering initiation in Aleppo Pine was high. 
 

Variable Variance h21 SE (h21) h22 
2P 2c 

Commencement of flower buds 676.09 496.57 0.734 0.0171 0.979 
Commencement of flowering 830.39 529.21 0.637 0.0218 0.967 
Commencement of peak flowering 629.97 446.88 0.709 0.0184 0.976 
Duration of Flowering 224.22 6.80 0.030 0.0213 0.344 
Duration of peak flowering 65.09 0.27 0.004 0.0187 0.064 

2P  = Phenotypic variance 
2c  = Variation due to clones 
h21 = Heritability on individual tree basis 
h22 = Heritability on clonal mean basis 
SE(h21)  = Standard error for h21 

Table 4. Estimation of components of variance for flowering phenology in clones of teak in a 
CSO, southern India. 

These results suggests that teak clones are genetically predisposed to initiate flowering 
during the time to which their respective mother plants have been adapted to, while the 
duration of these events will be under the control of local environmental factors of the 
orchard. This also suggests that while the time of initiation of phenophases is highly 
conserved, the duration may be shaped to be plastic such that maximum reproductive 
success could be obtained. Hence, the results of the present study could be extrapolated and 
used as indicator to select clones for future seed orchards such that their flowering time 
could be properly matched. Further, it also hints that the duration of flowering is more 
amenable for modification through silvicultural practices to suit to the needs of the orchard 
manager such that maximum flowering synchrony can be obtained.  

3. Measures of synchronous flowering  
Till recently, reproductive phenologies were qualitatively described as phenograms 
developed by Mahall & Bormann (1978) which were nothing but bands on a time line. This 
technique was readily adaptable to display the synchrony patterns male and female 
flowering in conifers. However it only provided a qualitative idea about synchrony and was 
impractical to be adopted whenever large number of clones is to be included. Askew and 
Blush (1990) have developed an index to measure the overlap between male and female 
flowering synchrony in monoecious loblolly pine. However, their measure doesn’t 
correspond to species with bisexual perfect flowers such as teak. Evaluating the 
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effectiveness of gamete exchange in a cross pollinated species requires a standard measure 
of the relative probabilities of crossing between all possible pairs of parents or clones. A 
quantitative index should have the following criteria: 

1. The index should be based on simple observations that could be taken even by a field 
level worker and it should be simple to compute as well as to interpret 

2. The index should be able to characterize a teak clone or a group clones with a single 
value which truthfully depicts its flowering overlap with either one or a group of clones 
over a time window. 

3. The index should be able to be used as a tool routinely even in orchards with large 
number of clones to track development of young orchards as well as in monitoring the 
stability of established orchards.  

4. The index must reach its maximum value of 1 if the phenograms of two clones are 
identical. 

5. The index must show its minimum value of 0 if the phenograms of two clones are 
completely dissimilar.  

6. If the phenograms of two clones show some overlap the value of the index must lie 
between 0 and 1.  

Gunaga & Vasudeva (2009) have developed a general overlap index to quantify the exact 
overlap in flowering phenology among different clones. The authors have adopted the principle 
of computing similarity in species richness proposed by Morisita (1959) and Horn (1966) and 
extended to the teak seed orchard scenario. The following is the general formula for computing 
overlap in any phenophase. The time of peak flowering has been shown an example: 

Overlap Index  
 

 2 2

2
n

ij ik
t i

ikij

P P
C

P P









 
 

Where, 
Pij = is the proportion of ramets of jth clone in peak flowering for a given period i 
Pik = is the proportion of ramets of kth clone in peak flowering for a given period i 
n = number of weeks in which the flowering was observed. 
Pij x Pik = the joint probability of flowering by two clones 

The index is a simple, useful quantitative expression of phenological relationship among 
clones. The value of overlap index ranges from 0 i.e. when there is no overlap between two 
clones to 1 i.e. when there is full overlap between two clones. A higher value of the overlap 
index is suggestive of greater overlap. This index can be conveniently adopted to compute 
overlap of flowering between any two clones or between groups of clones belonging to 
different provenances or to know the flowering synchrony between a clone and rest of the 
clones in a CSO. The overlap index of a clone with all other clones of the CSO indicates its 
potentiality to contribute effectively to the ensuing seed crop. 

An experimental verification of the new method was also reported by Gunaga & Vasudeva 
(2009). In their study synchrony among clones for peak flowering was assessed through 
phenograms (Figure 1) as well as through a novel overlap index (Table- 5). The perusal of 
trend in the phenogram suggests that generally there are two peak periods in flowering. The 
first peak during early May to July corresponds mainly to the clones of central and southern 



 
Phenology and Climate Change 

 

186 

The authors have shpwn that among the different flowering phenophases commencement of 
flower buds, flowering and that of peak flowering recorded high heritabilities on individual 
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that heritability for female flowering initiation in Aleppo Pine was high. 
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Table 4. Estimation of components of variance for flowering phenology in clones of teak in a 
CSO, southern India. 
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during the time to which their respective mother plants have been adapted to, while the 
duration of these events will be under the control of local environmental factors of the 
orchard. This also suggests that while the time of initiation of phenophases is highly 
conserved, the duration may be shaped to be plastic such that maximum reproductive 
success could be obtained. Hence, the results of the present study could be extrapolated and 
used as indicator to select clones for future seed orchards such that their flowering time 
could be properly matched. Further, it also hints that the duration of flowering is more 
amenable for modification through silvicultural practices to suit to the needs of the orchard 
manager such that maximum flowering synchrony can be obtained.  

3. Measures of synchronous flowering  
Till recently, reproductive phenologies were qualitatively described as phenograms 
developed by Mahall & Bormann (1978) which were nothing but bands on a time line. This 
technique was readily adaptable to display the synchrony patterns male and female 
flowering in conifers. However it only provided a qualitative idea about synchrony and was 
impractical to be adopted whenever large number of clones is to be included. Askew and 
Blush (1990) have developed an index to measure the overlap between male and female 
flowering synchrony in monoecious loblolly pine. However, their measure doesn’t 
correspond to species with bisexual perfect flowers such as teak. Evaluating the 
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effectiveness of gamete exchange in a cross pollinated species requires a standard measure 
of the relative probabilities of crossing between all possible pairs of parents or clones. A 
quantitative index should have the following criteria: 

1. The index should be based on simple observations that could be taken even by a field 
level worker and it should be simple to compute as well as to interpret 

2. The index should be able to characterize a teak clone or a group clones with a single 
value which truthfully depicts its flowering overlap with either one or a group of clones 
over a time window. 

3. The index should be able to be used as a tool routinely even in orchards with large 
number of clones to track development of young orchards as well as in monitoring the 
stability of established orchards.  

4. The index must reach its maximum value of 1 if the phenograms of two clones are 
identical. 

5. The index must show its minimum value of 0 if the phenograms of two clones are 
completely dissimilar.  

6. If the phenograms of two clones show some overlap the value of the index must lie 
between 0 and 1.  

Gunaga & Vasudeva (2009) have developed a general overlap index to quantify the exact 
overlap in flowering phenology among different clones. The authors have adopted the principle 
of computing similarity in species richness proposed by Morisita (1959) and Horn (1966) and 
extended to the teak seed orchard scenario. The following is the general formula for computing 
overlap in any phenophase. The time of peak flowering has been shown an example: 
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Where, 
Pij = is the proportion of ramets of jth clone in peak flowering for a given period i 
Pik = is the proportion of ramets of kth clone in peak flowering for a given period i 
n = number of weeks in which the flowering was observed. 
Pij x Pik = the joint probability of flowering by two clones 

The index is a simple, useful quantitative expression of phenological relationship among 
clones. The value of overlap index ranges from 0 i.e. when there is no overlap between two 
clones to 1 i.e. when there is full overlap between two clones. A higher value of the overlap 
index is suggestive of greater overlap. This index can be conveniently adopted to compute 
overlap of flowering between any two clones or between groups of clones belonging to 
different provenances or to know the flowering synchrony between a clone and rest of the 
clones in a CSO. The overlap index of a clone with all other clones of the CSO indicates its 
potentiality to contribute effectively to the ensuing seed crop. 

An experimental verification of the new method was also reported by Gunaga & Vasudeva 
(2009). In their study synchrony among clones for peak flowering was assessed through 
phenograms (Figure 1) as well as through a novel overlap index (Table- 5). The perusal of 
trend in the phenogram suggests that generally there are two peak periods in flowering. The 
first peak during early May to July corresponds mainly to the clones of central and southern 
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provenances; the second peak during July to August corresponds to those from northern 
provenance (also see Figure 2). Table 5 shows the overlap index for peak flowering for all 
clone pairs of 25 clones in a clonal seed orchard of teak in southern India, Karnataka. It also 
shows the overlap index of a clone with all other clones of the CSO (except with itself). In 
nearly a fifth of the bi-clonal interaction with respect to peak flowering period, there was 
less than 0.6 overlap suggesting a lack of synchrony. In fact in 12.55 per cent of interactions, 
the overlap was less than 0.5. This suggests a gross violation of basic assumption, of random 
mating among clones, made while establishing a CSO.  

Strong provenance influences on flowering phenology was also observed (Table 6). 
Comparison of overlap index between groups of clones from different provenances yielded 
several interesting results (Table 6). The overlap index between northern clones and those 
from southern was least (0.778); while it was 0.798 between northern clones and those of 
central. Highest overlap of 0.997 was found between clones of southern and central. Clones 
from central and southern provenances were early in commencement of flower buds, 
flowers and peak flowering (by about 30-40 days) when compared to clones from northern 
provenance (Figure 1). It clearly indicates that a significant proportion of ramets of clones 
from southern and central provenances escape early showers in the orchard when compared 
to those from northern provenance.  
 

Overlap of clones of  Index Value 
Northern provenances and central provenance 0.778 
Northern provenances and southern provenance 0.798 
Southern provenances and central provenance 0.997 

Table 6. Overlap index for peak flowering between provenances. 

Genetically based geographical variation was recorded in the present study and it was also 
shown to occur in several plant species. Hence, simple geographical continuity of the clonal 
origin could be considered as thumb rule while selecting right clones for seed orchard. 
Effimov (1987) has also suggested the selection of plus trees based on synchronized 
flowering while establishing second-generation clonal seed orchards. In fact in Australia 
constraints for Pinus caribaea seed production has prompted a co-operative arrangement 
wherein special clonal seed orchards would be established using local clones alone. The 
overlap index between ‘early flowering clones’ (those clones blooming during May-June 
month corresponding to Figure 2 b, c) with ‘late flowering clones’ (those bloomed during 
July to August months corresponding to Figure 2a) was 0.739. This suggested that about 70 
per cent synchrony can be expected between clones which flowered early i.e. during June 
month, with clones that flowered late (during July to August; Figure 1). In order to improve 
the seed production level in CSO, seed orchards need to be established considering the 
flowering synchrony of the constituent clones.  

4. Management implications  
Having a measure of flowering synchrony of each clone with the reminder of the clones in 
the orchard plays an important role in assessing the genetic value of the orchard crop 
(Askew & Blush, 1990). Rating an entire orchard for its relative degree of flowering 
synchronization is effective with this new measure. This helps to track the changes in 
flowering on a quantitative scale through out the orchard life and hence help in evaluating 
the panmixia/ genetic gain. The index is a simple, useful quantitative expression of 
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provenances; the second peak during July to August corresponds to those from northern 
provenance (also see Figure 2). Table 5 shows the overlap index for peak flowering for all 
clone pairs of 25 clones in a clonal seed orchard of teak in southern India, Karnataka. It also 
shows the overlap index of a clone with all other clones of the CSO (except with itself). In 
nearly a fifth of the bi-clonal interaction with respect to peak flowering period, there was 
less than 0.6 overlap suggesting a lack of synchrony. In fact in 12.55 per cent of interactions, 
the overlap was less than 0.5. This suggests a gross violation of basic assumption, of random 
mating among clones, made while establishing a CSO.  

Strong provenance influences on flowering phenology was also observed (Table 6). 
Comparison of overlap index between groups of clones from different provenances yielded 
several interesting results (Table 6). The overlap index between northern clones and those 
from southern was least (0.778); while it was 0.798 between northern clones and those of 
central. Highest overlap of 0.997 was found between clones of southern and central. Clones 
from central and southern provenances were early in commencement of flower buds, 
flowers and peak flowering (by about 30-40 days) when compared to clones from northern 
provenance (Figure 1). It clearly indicates that a significant proportion of ramets of clones 
from southern and central provenances escape early showers in the orchard when compared 
to those from northern provenance.  
 

Overlap of clones of  Index Value 
Northern provenances and central provenance 0.778 
Northern provenances and southern provenance 0.798 
Southern provenances and central provenance 0.997 

Table 6. Overlap index for peak flowering between provenances. 

Genetically based geographical variation was recorded in the present study and it was also 
shown to occur in several plant species. Hence, simple geographical continuity of the clonal 
origin could be considered as thumb rule while selecting right clones for seed orchard. 
Effimov (1987) has also suggested the selection of plus trees based on synchronized 
flowering while establishing second-generation clonal seed orchards. In fact in Australia 
constraints for Pinus caribaea seed production has prompted a co-operative arrangement 
wherein special clonal seed orchards would be established using local clones alone. The 
overlap index between ‘early flowering clones’ (those clones blooming during May-June 
month corresponding to Figure 2 b, c) with ‘late flowering clones’ (those bloomed during 
July to August months corresponding to Figure 2a) was 0.739. This suggested that about 70 
per cent synchrony can be expected between clones which flowered early i.e. during June 
month, with clones that flowered late (during July to August; Figure 1). In order to improve 
the seed production level in CSO, seed orchards need to be established considering the 
flowering synchrony of the constituent clones.  

4. Management implications  
Having a measure of flowering synchrony of each clone with the reminder of the clones in 
the orchard plays an important role in assessing the genetic value of the orchard crop 
(Askew & Blush, 1990). Rating an entire orchard for its relative degree of flowering 
synchronization is effective with this new measure. This helps to track the changes in 
flowering on a quantitative scale through out the orchard life and hence help in evaluating 
the panmixia/ genetic gain. The index is a simple, useful quantitative expression of 
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phenological relationship among clones. The overlap index of a clone with all other clones of 
the CSO indicates its potentiality to contribute effectively to the ensuing seed crop. 
Assuming there are no variations in the pollen grain fertility, it may also represent a value 
akin to the general combining ability of a parent. Flowering synchrony and parental balance 
would influence on panmictic equilibrium (random mating). It may be one of the causes for 
low fruit production in seed orchards (Gunaga & Vasudeva, 2005). For production of 
genetically superior seed, abundant and synchronized flowering of all clones in a seed 
orchard is very necessary, other wise the seed produced cannot guaranteed as genetically 
superior (Rawat et al., 1992). To overcome these problem, selecting a clone with high 
overlap index to establish future CSOs could be a good practice to increase the panmixis and 
hence the genetic quality of the seed crop from a CSO.  

5. Conclusion 
Genetic improvement of teak has focused mainly on identifying phenotypically superior 
trees from diverse growing regions and deploying them as vegetatively propagated clones 
in seed orchards. One of the most important aspects in a seed orchard is the synchrony 
among the clones for reproductive phenology. This will decide the extent of random mating 
among the constituent clones and hence the genetic gain in the resultant progeny. Although, 
there seems to be a direct association between the extent of flowering synchrony among the 
constituent clones and the fruit production in a seed orchard, surprisingly, there are very 
few reports in India that focus on these issues. A lack of a suitable tool for an objective 
measurement of flowering synchrony among different clones has also contributed to the 
negligence!! Hence there is a need for development of objective criteria to evaluate flowering 
phenological events. The patterns genetic variation for phenology in teak seed orchards 
have shown that the reproductive initiation events have strong genetic basis and show 
moderately high heritable values. A novel index to measure flowering among individuals in 
an orchard has been developed and the experimental verification of the same has shown 
that there is a large asynchrony among the clones guided by the provenance influence. 
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phenological relationship among clones. The overlap index of a clone with all other clones of 
the CSO indicates its potentiality to contribute effectively to the ensuing seed crop. 
Assuming there are no variations in the pollen grain fertility, it may also represent a value 
akin to the general combining ability of a parent. Flowering synchrony and parental balance 
would influence on panmictic equilibrium (random mating). It may be one of the causes for 
low fruit production in seed orchards (Gunaga & Vasudeva, 2005). For production of 
genetically superior seed, abundant and synchronized flowering of all clones in a seed 
orchard is very necessary, other wise the seed produced cannot guaranteed as genetically 
superior (Rawat et al., 1992). To overcome these problem, selecting a clone with high 
overlap index to establish future CSOs could be a good practice to increase the panmixis and 
hence the genetic quality of the seed crop from a CSO.  

5. Conclusion 
Genetic improvement of teak has focused mainly on identifying phenotypically superior 
trees from diverse growing regions and deploying them as vegetatively propagated clones 
in seed orchards. One of the most important aspects in a seed orchard is the synchrony 
among the clones for reproductive phenology. This will decide the extent of random mating 
among the constituent clones and hence the genetic gain in the resultant progeny. Although, 
there seems to be a direct association between the extent of flowering synchrony among the 
constituent clones and the fruit production in a seed orchard, surprisingly, there are very 
few reports in India that focus on these issues. A lack of a suitable tool for an objective 
measurement of flowering synchrony among different clones has also contributed to the 
negligence!! Hence there is a need for development of objective criteria to evaluate flowering 
phenological events. The patterns genetic variation for phenology in teak seed orchards 
have shown that the reproductive initiation events have strong genetic basis and show 
moderately high heritable values. A novel index to measure flowering among individuals in 
an orchard has been developed and the experimental verification of the same has shown 
that there is a large asynchrony among the clones guided by the provenance influence. 
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1. Introduction 
There are two phases that characterize the annual cycle of apple (Malus domestica Borkh.): 
hibernal period (dormancy) and shoot growth. Temperature is the main factor related to 
dormancy, specifically low temperatures. The evolution of the apple phenological stages 
during the vegetative phase: induction and flower differentiation, budbreak, full bloom, 
fruit development and maturation, and yield and production quality, may be visually 
detected and are affected by climate conditions, mainly by temperature. 

Plant-related factors such as cultivar and rootstock also influence this evolution dynamic.  
The type of the fruit structure and its foliar area affect the fruit formation, and are important 
parameters to the phenological evolution. Growing apples in the warm winter regions 
where the chilling requirement is not adequate, can cause the trees to develop a series of 
anomalies in the phenology referent to budbreak, flowering, growth and development of 
both fruit and tree (Skinner, 1964; Saure, 1985; Chariani & Stebbins, 1994; Bulon & Faust, 
1995; Petri et al., 1996; Iuchi, 2002; Petri & Leite, 2004). 

At the end of the dormancy, vegetative and reproductive apple buds evolve and pass 
through different external phases that are known as phenological stages. According to 
Saraiva (1973), the study of phenology is based on observations and measurements of a 
series of plant organs in a determined period. This constitutes an essential element to 
evaluate the adaptability of fruits species under particular environmental conditions. 

The knowledge of the phenological stages is important under a practical viewpoint to 
manage some cultural practices such as fruit thinning and phytosanitary treatments. These 
phenological changes have been intensely studied and classified according their 
development from dormancy to fruitset. Flower differentiation, phenological stages, growth 
and fruit maturation could be correlated with the climate variables, making possible a 
forecast of each evolution by mathematical equations. The study of the variability indexes of 
the evolution of the flower phenological stages are also important, since may indicate the 
reproductive regularity of cultivars as well as to identify cultivars with coincidence of 
flowering to be able to recommend pollinators. 
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The methodology of correlations between chilling units and date of flowering allows to 
predict in advance the flowering date and consequently to estimate the date of maturation. 
Estimation of the growth and development of fruits is fundamental in warm winter regions 
because it is not only related to fruit caliber, but also to alterations that environmental 
conditions could cause regarding visual aspects mainly fruit form. 

2. Flower induction and flower bud development in apple trees 
Apple trees have two distinct phases regarding their metabolism: the period of dormancy or 
vegetative phase. Both are affected by climate conditions, mainly by temperature which 
leads to an alteration in the phenological phases, including induction and flower 
differentiation.  

Induction and differentiation of the apple flower buds take place just after the last year’s 
flowering. Although it is possible to distinguish the different fruiting organs for the 
external appearance sometimes buds might not differentiate into flower bud. The flower 
formation coincides temporally with the shoot and fruit formation. So, that means fruitset 
affects the metabolism of young shoots and furthermore can inhibit the flowering the 
following year. 

Analysis of bud permits to define the flower percentage and quality. The predicted 
knowledge of the flower bud formation will give important information about pruning 
intensity, fruit thinning, fertilization and pollination. In addition, the retrospective of last 
year’s production  also aids in the cultural practices to be adopted. 

Flowering intensity is one of the parameters to set pruning. Consequently, to minimize the 
possible faults of this practical, however it does not full assure the fruitset since the latter is 
year dependent. The quantification of the flower buds will permit to make an equilibrated 
pruning, avoiding a winter heavy pruning what would promote a large vegetative growth 
and therefore nutrients competition with the new fruits. Excessive tree vigor reduces fruit 
set and flower induction. 

The process of induction and flower differentiation is affected by several factors such as 
climatic, nutritional, cultural, physiological and genetic. Flower induction is privileged by 
the presence of leaf area and negative influenced by excessive fruits on tree. Tree defoliation 
before induction, excessive fruits and later fruit thinning prejudice the flower induction 
process. 

The period of the apple flower induction occurs in the beginning of shoot growth which 
means around 45 to 60 days after full bloom. However, there are evidences that induction 
may occur later, even after fruit harvest in warm regions. As reported by Petri (2002) the 
period of induction can vary according to cultivar, bud position on tree, climate conditions 
and nutritional factors. Most flower induction occurs in the beginning of summer but may 
be extended up to begin of fall under subtropical conditions. 

After flower induction flower differentiation takes place. It proceeds throughout vegetative 
cycle until the next year flowering. The sequence of the differentiation process begins with 
the appearance of sepals, then stamens, ovary, anthers, pollen and ovule. Since ovary and 
anthers are formed it is possible to distinguish the flower buds using a stereoscopic 
microscope. 
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Though the external appearance of most apple fruit organs is an indicative of flower bud, 
precise information about the real percentage of flower bud and on which organ or branch 
it is located is important to the pruning purposes. Old spurs tend to produce small fruits 
of low quality in relation to new spurs developed from three or younger year old 
branches  

The knowledge of the fruiting habit is important to the definition of cultural practices such 
as pruning, thinning and the use of growth regulators, aiming higher productions and fruit 
quality. Several studies have been developed on which type of flower structure is 
responsible for the formation of the largest fruit with commercial quality (Madail et al., 
2010). Apple fruit buds are mixed buds, which means presence of flowers and leaves in the 
same bud. They are borne terminally or laterally on fruiting structure classified as brindle, 
and terminally on spurs. Brindles (10-40cm) are formed in the previous year and spurs are 
two or more year old buds. Axillar buds are located in the insertion of leaves along the 
brindles (Petri & Leite, 2006). 

 
Fig. 1. Flower bud (left) and vegetative bud (right) of apple trees. 

Leaf area is a factor of great importance to the fruit development, to the cell division process 
and to the fruitset. Fruiting structure with larger leaf area shows higher photosynthetic 
capacity, higher production of assimilates and lesser competition among the different tree 
organs (Costes, 2003). Nevertheless, other authors affirm that the number of leaves is not 
sufficient to determine the bud performance (Lauri & Trottier, 2004; Lauri et al., 2006). The 
bud position in the canopy influences the fruit form. Webster (1976) observed that terminal 
buds of brindles of ‘McIntosh’ apples provided more elongated fruits than fruits from 
axillary buds. Rodrigues & Rodrigues (1977) verified better fruits formed in the basal 
portion of the brindle, since at this position the size of the fruiting structure and leaf area are 
larger than in the brindle tip. 

From 15th January under the climate conditions of Southern Brazil, it was possible to identify 
flower and vegetative buds using a stereoscopic microscope (Fig. 1). In this case, the cultivar 
Gala already had showed well developed flowers, whereas in the cultivar ‘Fuji’ there was a 
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delay in flower development. There is little difference among fruiting structures regarding 
percentage of flower buds (Table 1). It is observed that brindle and spurs showed little 
difference for both cultivars, being numerically superior in spurs. This could cause a delay 
in the stopping of shoots growth. 
 

Cultivar 
Fruiting structures 

Brindle Spur 
Gala 71.6 88.3 
Fuji 75.0 78.3 

Table 1. Flower buds percentage in Gala and Fuji apples under subtropical climate 
conditions. Caçador, Santa Catarina, Brazil, 2009. 
 

Fruiting structures 
‘Gala’ ‘Daiane’ 

Leaf area 
(cm2)* 

Fruit diameter 
(mm) 

Leaf area 
(cm2) 

Fruit diameter 
(mm) 

1. Weak spur 34.3 c 56.4 c 43.6 c 51.0 c 
2. Intermediate spur 60.4 c 62.1 b 58.4 c 57.3 b 
3. Strong spur 107.2 b 66.2 a 103.1 b 65.9 a 
4. Brindle 323.9 a 66.5 a 346.9 a 67.8 a 

*Means followed by same letter do not differ by Duncan test (p<0.05) 

Table 2. Leaf area and fruit diameter of ‘Gala’ and ‘Daiane’ apples in different fruiting 
structures. Caçador, Santa Catarina, Brazil, 2009. 
 

 
Fig. 2. Percentage of the return of bloom at brindles in different defoliation dates in the 
apple cvs. Gala, Fuji and Daiane. Caçador, SC, 2009. 
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Tree precocious defoliation affects negatively the following year’s crop. At Fig. 2, it is 
possible to observe a reduction in the return bloom when defoliation was done up to 16th 
February in the cvs. Gala, Fuji and Daiane. The reduction was higher in fruiting spurs than 
in brindle (Table 2). Up to 16th February the reduction of the return bloom was higher in 
‘Gala’ and ‘Fuji’. From 16th February reduction was lesser accentuated in the brindles of 
Daiane (Table 2). This difference among cultivars could be attributed to the longer 
differentiation process seen in the cvs. Gala and Fuji. However, whether defoliation was 
done on 1st May the return of bloom was higher, pointing out that at this time the flower 
differentiation had already occurred. The results show that the apple flower induction 
process under warm climate conditions is prolonged for a period superior to 60 days after 
full bloom. Also, it was observed that the flower induction of axillary buds is associated to 
the growth period, mainly in the cultivar Gala what shows higher flowering intensity in the 
axillary buds whether compared to ‘Fuji’ and ‘Daiane’. 

 
Fig. 3. Mean fruit weight (g fruit-1) and seed per fruit in different bud types of ‘Fuji’ apples. 
Caçador, Santa Catarina, Brazil, 2009. Means followed by same letter do not differ by Tukey 
test (p<0.05). 
 

Treatment 
Fruit diameter 

23/11* 05/12 20/12 03/01 20/01 11/04 C.V. (%) 
1 fruit/cluster 21.4 abF 27.8 abE 34.3 abD 39.9 abC 45.4 aB 59.6 aA 14.9 
2 fruit/cluster 21.3 abF 28.1 aE 35.4 aD 41.5 aC 46.5 aB 59.1 aA 13.0 
3 fruit/cluster 22.6 aF 28.9 aE 35.4 aD 41.0 aC 45.5 aB 61.0 aA 8.64 
4 fruit/cluster 19.9 bE 27.2 abD 34.3 abC 39.4 abB 43.6 abA - 13.0 
5 fruit/cluster 19.3 bE 25.7 bD 32.0 bC 37.3 bB 41.1 bA - 13.4 
C.V. (%) 17.8 12.8 12.1 11.4 11.0 14.1  

*Means followed by lowercase letters in the column, and means followed by uppercase letter in the line, 
do not differ by Duncan test (p<0.05) 

Table 4. Fruit diameter according the number of fruits per cluster in Fuji apple trees. 
Caçador, Santa Catarina, Brazil, 2008. 

Leaf area is variable, depending on fruiting structure. It was observed reduced leaf area in 
fruiting spurs, principally in weak spurs (Table 2). The largest leaf area is found in brindles 
where the largest fruits are produced. This increase in leaf area is not only determined by the 
size of leave, but also by the number of leaves, being smaller in weak spurs e higher in brindles 
(Table 2). The type and quality of fruiting organs also affect fruitset. Madail et al. (2010) 
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delay in flower development. There is little difference among fruiting structures regarding 
percentage of flower buds (Table 1). It is observed that brindle and spurs showed little 
difference for both cultivars, being numerically superior in spurs. This could cause a delay 
in the stopping of shoots growth. 
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Leaf area is variable, depending on fruiting structure. It was observed reduced leaf area in 
fruiting spurs, principally in weak spurs (Table 2). The largest leaf area is found in brindles 
where the largest fruits are produced. This increase in leaf area is not only determined by the 
size of leave, but also by the number of leaves, being smaller in weak spurs e higher in brindles 
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observed a significant increase of fruitset in longer brindles when compared to spurs. Larger 
leaf area structures also showed larger-diameter fruits, showing a direct relation between these 
two variables (Table 2). The lowest fruit fresh mass was observed in axillary buds, followed by 
spurs and brindles. The difference could be related to the number of seed per fruit which was 
superior in brindles whether compared to spurs and axillary buds (Fig. 3). 

The results of mean diameter of fruits, growth index and fresh mass of fruits in relation to 
the number of fruits per inflorescence showed little differences. The presence of one or five 
fruits per inflorescence showed similar results (Table 4, 5 and 6). So, at fruit thinning and 
pruning period it must be given preference to fruit production in fruiting structure such as 
brindles and vigorous spurs.  
 

Treatment 

Fruit growth rate (%) 
23/11-
05/12* 

(12 days) 

05/12-
20/12 

(15 days) 

20/12-
03/11 

(13 days) 

03/01-
20/01 

(17 days) 

20/01-
11/04 

(81 days) 
C.V. (%) 

1 fruit/cluster 131.2 aA 123.4 aB 116.0 aC 113.9 aC 134.8 aA 5.8 

2 fruit/cluster 136.4 aA 124.4 aB 116.3 aBC 112.5 abC 135.8 aA 8.0 
3 fruit/cluster 129.3 aA 123.0 aB 116.6 aC 110.3 bD 122.8 aB 3.4 

4 fruit/cluster 139.5 aA 126.2 aB 117.5 aC 112.4 abC — 8.0 
5 fruit/cluster 135.6 aA 124.7 aB 116.9 aC 112.8 abC — 7.7 

C.V. (%) 10.41 3.52 3.60 2.8 8.3  
*Means followed by lowercase letters in the column, and means followed by uppercase letter in the line, 
do not differ by Duncan test (p<0.05) 

Table 5. Fruit growth rate according the number of fruits per cluster in Fuji apple trees. 
Caçador, Santa Catarina, Brazil, 2008. 
 

Treatment 
Harvest 14/11/2006 

Fruit diameter 
(mm)* 

Fruit length 
(mm) Mean fruit weight (g) 

1 fruit/cluster 59.6 a 47.6 a 104.3 a 
2 fruit/cluster 59.1 a 49.6 a 112.9 a 
3 fruit/cluster 61.0 a 54.4 a 147.0 a 
C.V. (%) 14.1 14.9 40.7 

*Means followed by same letter do not differ by Duncan test (p<0.05) 

Table 6. Diameter, length and mean fruit weight of Fuji apples according the number of 
fruits per cluster in Fuji apple trees. Caçador, Santa Catarina, Brazil, 2008. 

3. Apple phenological stages 
The method used to determine the evolution of the phenological stages consists in the 
observation of the different stages of the buds, permitting to determine chronologically their 
development (Fig. 4). The result will provide information about the flower biology, will 
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Fig. 4. Apple phenological stages: A (dormant bud); B (silver tip); C-C3 (green tip); D-D2 
(bud bursted); E (green leaf); E2 (pink); F-F2 (full bloom); G (beginning of petal fall); H 
(completely petal fall); I (fruit set); and J (fruit development). 
 

Phenological 
Stages 

Annual means 
(days) 

Duration 
(days) Mean 

dates* 
1995 1996 1998 1999 2000 Mean Accumu-

lated 
B e C - 2 4 3 5 3.5 3.5 15/set. 
C3 5 2 3 2 3 3.0 6.5 18/set. 
D 3 1 2 2 2 2.0 8.5 21/set. 
E 2 1 2 2 2 1.8 10.3 23/set. 
E2 3 2 3 2 2 2.4 12.7 24/set. 
F 2 3 4 5 3 3.4 16.1 26/set. 
F2 2 2 3 3 3 2.6 18.7 29/set. 
G 3 2 2 3 3 2.6 21.3 2/out. 
H 3 2 2 3 4 2.8 24.1 4/out. 
I 5 6 4 7 4 5.2 29.3 7/out. 
J 3 6 5 7 - 5.2 34.5 12/out. 
Ʃ 31 29 34 39 31    

*Referent to the mean of five years 

Table 7. Duration of the different phenological stages of the cultivar Fuji during five years in 
Caçador, SC, Brazil. 
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superior in brindles whether compared to spurs and axillary buds (Fig. 3). 
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pruning period it must be given preference to fruit production in fruiting structure such as 
brindles and vigorous spurs.  
 

Treatment 

Fruit growth rate (%) 
23/11-
05/12* 

(12 days) 

05/12-
20/12 

(15 days) 

20/12-
03/11 

(13 days) 

03/01-
20/01 

(17 days) 

20/01-
11/04 

(81 days) 
C.V. (%) 

1 fruit/cluster 131.2 aA 123.4 aB 116.0 aC 113.9 aC 134.8 aA 5.8 

2 fruit/cluster 136.4 aA 124.4 aB 116.3 aBC 112.5 abC 135.8 aA 8.0 
3 fruit/cluster 129.3 aA 123.0 aB 116.6 aC 110.3 bD 122.8 aB 3.4 

4 fruit/cluster 139.5 aA 126.2 aB 117.5 aC 112.4 abC — 8.0 
5 fruit/cluster 135.6 aA 124.7 aB 116.9 aC 112.8 abC — 7.7 

C.V. (%) 10.41 3.52 3.60 2.8 8.3  
*Means followed by lowercase letters in the column, and means followed by uppercase letter in the line, 
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Caçador, Santa Catarina, Brazil, 2008. 
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1 fruit/cluster 59.6 a 47.6 a 104.3 a 
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C.V. (%) 14.1 14.9 40.7 
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observation of the different stages of the buds, permitting to determine chronologically their 
development (Fig. 4). The result will provide information about the flower biology, will 
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Fig. 4. Apple phenological stages: A (dormant bud); B (silver tip); C-C3 (green tip); D-D2 
(bud bursted); E (green leaf); E2 (pink); F-F2 (full bloom); G (beginning of petal fall); H 
(completely petal fall); I (fruit set); and J (fruit development). 
 

Phenological 
Stages 

Annual means 
(days) 

Duration 
(days) Mean 

dates* 
1995 1996 1998 1999 2000 Mean Accumu-

lated 
B e C - 2 4 3 5 3.5 3.5 15/set. 
C3 5 2 3 2 3 3.0 6.5 18/set. 
D 3 1 2 2 2 2.0 8.5 21/set. 
E 2 1 2 2 2 1.8 10.3 23/set. 
E2 3 2 3 2 2 2.4 12.7 24/set. 
F 2 3 4 5 3 3.4 16.1 26/set. 
F2 2 2 3 3 3 2.6 18.7 29/set. 
G 3 2 2 3 3 2.6 21.3 2/out. 
H 3 2 2 3 4 2.8 24.1 4/out. 
I 5 6 4 7 4 5.2 29.3 7/out. 
J 3 6 5 7 - 5.2 34.5 12/out. 
Ʃ 31 29 34 39 31    

*Referent to the mean of five years 

Table 7. Duration of the different phenological stages of the cultivar Fuji during five years in 
Caçador, SC, Brazil. 
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make possible to compare the capacity of adaptation of the different cultivars in a same 
region and to verify the buds development and the influence of environmental factors, and 
moreover will contribute to some cultural practices such as fruit thinning, pollination and 
pest and diseases control.  
 

Phenological 
Stages 

Annual means
(days) 

Duration
(days) Mean 

dates* 
1995 1998 1999 2000 Mean Accumu-

lated
C - - 2 4 3.0 3.0 20/set. 
C3 4 3 3 2 3.0 6.0 21/set. 
D 3 2 2 2 2.3 8.3 24/set. 
E 2 2 2 2 2.0 10.3 26/set. 
E2 2 4 3 4 3.3 13.6 28/set. 
F 2 4 3 3 3.0 16.6 1/out. 
F2 3 3 3 2 2.8 19.4 4/out. 
G 2 2 3 3 2.5 21.9 6/out. 
H 2 3 4 2 2.8 24.7 9/out. 
I 5 4 5 4 4.5 29.2 1/out. 
J 4 4 7 - 5.0 34.2 17/out. 
Ʃ 29 35 37 28  

*Referent to the mean of four years 

Table 8. Duration of the different phenological stages of the cultivar Golden Delicious 
during four years in Caçador, SC, Brazil.  
 

Phenological 
Stages 

Annual means
(days)

Duration
(days) Mean 

dates* 
1995 1996 1998 1999 2000 Mean Accumu-

lated
B e C - 3 3 3 1 2.5 2.5 18/set. 
C3 5 2 1 3 2 2.6 5.1 19/set. 
D 4 2 2 3 2 2.6 7.7 21/set. 
E 2 2 2 2 2 2.0 9.7 24/set. 
E2 3 3 3 3 2 2.8 12.5 26/set. 
F 2 3 5 5 3 3.6 16.1 29/set. 
F2 2 2 4 3 3 2.8 18.9 2/out. 
G 3 2 2 3 2 2.4 21.3 5/out. 
H 3 4 3 3 3 3.2 24.5 8/out. 
I 4 4 4 7 7 5.2 29.7 11/out. 
J 3 6 5 9 - 5.8 35.5 16/out. 
Ʃ 31 33 34 44 27  

*Referent to the mean of five years 

Table 9. Duration of the different phenological stages of the cultivar Gala during five years 
in Caçador, SC, Brazil.  
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The duration of the stages varies according year and it is influenced by climatical factors. 
The mean duration of the phenological stages from silver tip (B) to fruit development (J) 
varied from 31 to 44 days in apples ‘Gala’. The mean date of the occurrence of each 
phenological stage was estimated during five years of observation for the cvs. Fuji and Gala 
and four years for cv. Golden Delicious (Tables 7, 8 and 9). These variations were associated 
to the degree days (DD), the higher thermal amplitude the higher the sum of DD (see 
session 5). 

In subtropical regions, the insufficient chilling accumulation required to the physiological 
necessities of the buds induces to a prolonged bloom period whether compared to 
temperate regions (Fig. 5). Erratic budbreak and flowering observed in warm regions is 
originated by the maximization of the heterogeneity of the buds regarding to chilling 
requirement and to the negative influence of the paradormancy promoted by the vigorous 
and advanced buds (Leite et al., 2004).  

 
Fig. 5. Budbreak of the different buds along the brindle (t – terminal bud, m – median bud 
and b – basal bud) under natural conditions of chilling (left) and privation of chilling (right).  

4. Effect of rootstocks and interstocks on apple phenology 
In most economically explored temperate fruit species the use of rootstocks is an usual 
practice. The benefits of rootstocks are related to tree vigor control, precocious fruiting and 
high quality fruits (Jackson, 2003). The use of different rootstocks influences differently the 
vegetative and reproductive development of the trees and probably it would exert influence 
on the physiological process of the canopy dormancy (Erez, 2000). 

Exposing six apple rootstocks to chilling privation conditions, with the previous exposition 
of the scion to chilling, Young & Werner (1985) verified deficient development of budbreak 
of the scion cultivar. Contradictory, Erez (2000) did not observed the same response in 
peaches under similar experimental conditions tested by Young & Werner (1985). In order to 
Finetto (2004) rootstocks can have significant contribution in apple budbreak when scion 
was submitted to conditions of insufficient winter chilling accumulation. The same author 
evaluated ‘Golden Delicious’ apples grown on different rootstocks in Italy and observed the 
rootstocks affect the chilling requirement of the scion cultivar when conditions were not 
sufficient. Under Brazilian conditions, Couvillon et al. (1984) verified that apples of high 
chilling requirements such as Rome Beauty can grow and develop according to the 
rootstock chilling requirement. According Hauagge & Cummins (2000), the chilling 
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make possible to compare the capacity of adaptation of the different cultivars in a same 
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In most economically explored temperate fruit species the use of rootstocks is an usual 
practice. The benefits of rootstocks are related to tree vigor control, precocious fruiting and 
high quality fruits (Jackson, 2003). The use of different rootstocks influences differently the 
vegetative and reproductive development of the trees and probably it would exert influence 
on the physiological process of the canopy dormancy (Erez, 2000). 

Exposing six apple rootstocks to chilling privation conditions, with the previous exposition 
of the scion to chilling, Young & Werner (1985) verified deficient development of budbreak 
of the scion cultivar. Contradictory, Erez (2000) did not observed the same response in 
peaches under similar experimental conditions tested by Young & Werner (1985). In order to 
Finetto (2004) rootstocks can have significant contribution in apple budbreak when scion 
was submitted to conditions of insufficient winter chilling accumulation. The same author 
evaluated ‘Golden Delicious’ apples grown on different rootstocks in Italy and observed the 
rootstocks affect the chilling requirement of the scion cultivar when conditions were not 
sufficient. Under Brazilian conditions, Couvillon et al. (1984) verified that apples of high 
chilling requirements such as Rome Beauty can grow and develop according to the 
rootstock chilling requirement. According Hauagge & Cummins (2000), the chilling 
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requirement of the apples rootstocks is an important factor that affects budbreak of ‘Gala’. 
The use of the rootstocks ‘MM111’, ‘M9’ and ‘M26’ caused a delay on budbreak compared to 
‘MM106’ and ‘M7’; whereas the use of seedlings cultivar Anna tends to anticipate the 
budbreak. 

The effect of rootstocks in the scion dormancy can result differences in the phenology of 
apples cultivars. The combination rootstock/scion alters the date of the beginning of 
flowering as well as the period of flowering (Fig. 6). ‘Gala’ raised on the rootstock 
‘Marubakaido’ showed a delay in the beginning of flowering in comparison to ‘Fuji’ on the 
same rootstock. The duration of scion flowering on ‘Marubakaido’ was longer for ‘Gala’ 
than for ‘Fuji’, evidencing the scion cultivar dependence. 

The use of ‘M9’ as interstock on the rootstocks ‘MI.793’, ‘M.103’ and ‘Marubakaido’ brings 
forward the beginning of flowering of the cultivar Fuji in comparison to the no use of 
interstock. Similar results were found by Scarpare Filho et al. (2000) who observed that the 
presence of plums interstock ‘Januaria’ anticipated flowering and budbreak of the peaches 
cultivars Tropical and Ouromel-2. Tomaz et al. (2010) also observed an influence of the 
length of the interstock on the duration of flowering; the longer the interstock the more 
precocious was flowering. 

 
Fig. 6. Flowering period of ‘Gala’ and ‘Fuji’ apples grafted on different rootstocks and 
interstocks. Caçador, Santa Catarina state, Brazil, 2005. 

5. Duration of flowering and degree-days 
The physiological process and functions of the plants occur under thermal limits in their 
developing environmental. In order to complete every physiological subperiod of the life 
cycle some crops require an accumulation of certain heat amount. It is commonly expressed 
by degree-days index and represents the thermal sum above the minimum base temperature 
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to the development. To complete each subperiod of the development plants need among 
other factors a thermal sum (Lozada & Angelocci, 1999). 

The concept of degree-days admits that there is a base temperature which below plant 
growth and development are interrupted or extremely reduced. Besides, it is presupposed a 
linear relation between temperature and plant development since there is no limitation of 
other factors (Brunini et al., 1976). The sum of degree-days that plant requires to complete a 
subperiod or the whole cycle has been used to characterize the life cycle of the plants instead 
of the number of days. Also it is assumed as constant and independent from local and 
sowing time. 

For all phenological phase it is necessary to calculate the index of heat units differently 
during the period, because the heat unit sum is one of the basic parameters that 
characterize the duration of the period from a phenological stage to another 
(Yazdanpanah et al., 2010). 

Several models or expression have been suggested to the degree-days calculation or thermal 
units required to the plant to reach a certain stage of its development cycle (Brown, 1970; 
Arnold, 1959). 

The heat unit index to each stage can be calculated using the following equation: 

1

max min
2

n

i

T TGD Tb


   
 

  

where: GD (DD) is the total accumulated degree-days; Tmax is the daily maximum air 
temperature (ºC); Tmin is the daily minimum air temperature (ºC); Tb is the base 
temperature (ºC), normally used as 4.5ºC according Richardson et al. (1975); n is the number 
of days of the flowering period. 

 
Fig. 7. Relation between duration in days and growing degree days of blooming period of 
‘Lisgala’ and ‘Condessa’ apples during seven years of phenological observations. Caçador, 
Santa Catarina, Brazil. 



 
Phenology and Climate Change 

 

204 

requirement of the apples rootstocks is an important factor that affects budbreak of ‘Gala’. 
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Fig. 6. Flowering period of ‘Gala’ and ‘Fuji’ apples grafted on different rootstocks and 
interstocks. Caçador, Santa Catarina state, Brazil, 2005. 
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Under subtropical conditions there is a high correlation between the duration of flowering 
period (in days) with the accumulated thermal sum. It can be observed in the Fig. 7 a high 
correlation between the duration of flowering and thermal sum in apples ‘Lisgala’ and 
‘Condessa’ during seven years of phenological observation.  

The relation between the duration of flowering and thermal sum is also observed among the 
subperiods of flowering. Considering the phenological observations of eight wild species 
(Malus spp.) in a period of eight years, it can be observed in the Fig. 8 a high correlation 
between the duration of full bloom to the end of flowering with the thermal sum, in the 
same magnitude of the period comprised between the begin and the end of flowering.  

6. Phenology of wild apple species in subtropical climate conditions 
The study of phenology has had great importance in the new apple planting system using 
high density. Wild apples have been used as pollinators for commercial cultivars due to 
their flowering intensity. 

Aiming to define some pollinators Petri el al. (2008) studied the phenological behavior of trees 
belonging to 13 apple wild species (M. atrosanguinea, M. baccata, M. eleyi, M. floribunda, M. hopa, 
M. platycarpa, M. robusta, ‘John Downil’, ‘Prof. Spengler’, ‘Milalew imuni’, ‘Profusion’, ‘Winter 
gold’ and ‘Yellow Siberian’) and two commercial cultivars Gala and Fuji. The measurements 
were done from 2001 to 2007 in four trees per cultivar. It was recorded the dates of beginning 
of flowering, full bloom and end of flowering of each species. The beginning of flowering was 
considered when trees showed 5% of open flowers; full bloom when 80% of the flowers were 
opened and end of flowering with the last flowers open. 

The period of flowering and the percentage of coincidence of flowering among the wild 
species with the cultivars ‘Gala’ and ‘Fuji and their differences regarding the dates of full 
bloom were estimated for each year. At the end of the evaluation the mean behavior and the 
standard deviation for the percentage of coincidence among flowering and for differences 
among flowering date were estimated and the index of variability was obtained for each 
species. The index of variability is used as an estimative of regularity of the species or 
cultivars assessed throughout years. Thus, it could be identified the species/cultivars that 
showed great stability in relation to the coincidence of flowering (Table 10). 

The wild species showed a great variability in flowering and duration during years (Fig. 8), 
indicating larger difference regarding chilling requirements. In 2003 it was observed a 
decrease in the period of flowering and large coincidence of flowering of the wild species 
with the cultivars Gala and Fuji. This could be related to the accumulation of chilling 
observed in this year (Tables 10, 11 and 12). 2006 was characterized by low chilling 
accumulation and frequent alternation between high and low temperatures during hibernal 
period. This condition determined the prolonged period of flowering in most evaluated 
species (with medium/high chilling requirement). Species with low chilling requirement 
anticipated flowering in relation to ‘Gala’ and ‘Fuji’. According Petri et al. (1996) in warm 
winter conditions where chilling requirements are not fully satisfied to overcome dormancy 
it can occur variability in the date of flowering among years. Cultivars of low chilling 
requirement tend to flower earlier. 

Among the species studied, M. eleyi, M. floribunda, M. hopa, M. robusta, ‘Milalew Imuni’ and 
‘Yellow Siberian’ showed variation concerning flowering in the different years; and in some 
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years, except M. eleyi, they showed low density of flowering indicating their low potential of 
use as pollinators (Fig. 8). The occurrence of abundant flowering is an indispensable 
condition for any cultivar or species that would be used as pollinator. Cultivars or species 
that show low flowering density or have tendency to alternate bearing should not be used as 
pollinators.  

 
Fig. 8. Period of flowering of apple wild species and cultivars ‘Gala’ and ‘Fuji’ in seven years 
of phenological observation (2001-2007). Caçador, SC, Brazil, 2007. (Petri et al, 2008). 

The occurrence of simultaneous flowering period and full bloom between pollinators and 
commercial cultivars increases the probability of having high fruitset index (Soltész, 2003). 
Any of the studied species showed perfect coincidence in the date of full bloom with the 
cultivars Gala and Fuji. Considering the species that flowered in all years ‘John Downil’, M. 
platycarpa and M. baccata had the date of full bloom closer to the observed for ‘Gala’ (Table 11). 
M. baccata and ‘John Downil’ differed 5 and 8.1 days (mean of years) in the date of full bloom 
in relation to cv. Fuji, respectively. However, these species showed great variability along the 
years. ‘Gala’ and ‘Fuji’ showed the lowest difference in the dates of full bloom and the lowest 
variability of this behavior along the evaluated years in comparison to the wild species. The 
percentage of coincidence of flowering of the wild species with ‘Gala’ and ‘Fuji’ varied among 
years and species (Table 11 and 12). The mean percentage of coincidence of the flowering 
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years, except M. eleyi, they showed low density of flowering indicating their low potential of 
use as pollinators (Fig. 8). The occurrence of abundant flowering is an indispensable 
condition for any cultivar or species that would be used as pollinator. Cultivars or species 
that show low flowering density or have tendency to alternate bearing should not be used as 
pollinators.  

 
Fig. 8. Period of flowering of apple wild species and cultivars ‘Gala’ and ‘Fuji’ in seven years 
of phenological observation (2001-2007). Caçador, SC, Brazil, 2007. (Petri et al, 2008). 

The occurrence of simultaneous flowering period and full bloom between pollinators and 
commercial cultivars increases the probability of having high fruitset index (Soltész, 2003). 
Any of the studied species showed perfect coincidence in the date of full bloom with the 
cultivars Gala and Fuji. Considering the species that flowered in all years ‘John Downil’, M. 
platycarpa and M. baccata had the date of full bloom closer to the observed for ‘Gala’ (Table 11). 
M. baccata and ‘John Downil’ differed 5 and 8.1 days (mean of years) in the date of full bloom 
in relation to cv. Fuji, respectively. However, these species showed great variability along the 
years. ‘Gala’ and ‘Fuji’ showed the lowest difference in the dates of full bloom and the lowest 
variability of this behavior along the evaluated years in comparison to the wild species. The 
percentage of coincidence of flowering of the wild species with ‘Gala’ and ‘Fuji’ varied among 
years and species (Table 11 and 12). The mean percentage of coincidence of the flowering 
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period of the wild species with ‘Gala’ and ‘Fuji’ was 39.7 and 39.9%, respectively. In some 
years, some wild species had 100% of the flowering coinciding with the ‘Gala’ and ‘Fuji’, but in 
other years they did not coincide. This behavior highlights the high variability of some apple 
wild species regarding flowering under warm winter conditions. 
 

Species/Cultivar 
Difference of full bloom date in relation to ‘Gala’ apples 
Mean ±standart error Variability index 

 Days* % 
Malus eleyi 29.3±15.6 ab 53.2
‘Yellow Siberian’ 7.8±9.8 d 125.4 
‘Milalew Imuni’ 10.3±14.4 bcd 139.7 
Malus robusta 1.3±1.2 d 86.6
Malus floribunda 3.5±2.1 d 60.6
Malus platycarpa 8.3±2.9 cd 35.3
Malus baccata 8.9±7.0 bcd 79.1
Malus hopa 11.9±6.7 bcd 56.7
Malus atrosanguinea 36.4±22.1 a 60.8
‘Winter gold’ 10.9±5.7 bcd 52.2
‘John Downil’ 8.0±7.5 cd 93.3
‘Prof. Spengler’ 22.0±18.2 abcd 82.8
‘Profusion’ 29.0±17.4 abc 60.2
Fuji 6.1±4.5 d 72.5

Specie/Cultivar 
Difference of full bloom date in relation to ‘Fuji’ apples 
Mean ±standart error Variability index 

 days %
Malus eleyi 24.3±14.9 ab 61.0
‘Yellow Siberian’ 10.0±11.2 bc 112.0 
‘Milalew Imuni’ 14.0±19.9 abc 142.3 
Malus robusta 6.3±6.0 bc 95.2
Malus floribunda 6.0±5.7 bc 94.3
Malus platycarpa 11.0±5.7 bc 52.0
Malus baccata 5.0±5.4 c 107.7 
Malus hopa 12.0±4.9 bc 40.5
Malus atrosanguinea 31.1±18.4 a 59.2
‘Winter gold’ 11.0±8.8 bc 79.6
‘John Downil’ 8.1±9.4 bc 115.5 
‘Prof. Spengler’ 17.0±14.5 bc 85.1
‘Profusion’ 23.7±14.2 ab 59.9
Gala 6.1±4.5 bc 72.5

*Means followed by lowercase in the column do not differ by Tukey’s test (p<0.05). 

Table 10. Means and index of variability of the difference of full bloom date of apple wild 
species in relation to ‘Gala’ and ‘Fuji’ (Malus domestica Borkh.). Caçador/SC, 2007. (Petri et 
al, 2008). 
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Specie/cultivar 
Year Mean 

±standart error 
Variability 
index (%) 2001 2002 2003 2004 2005 2006 2007

Percentage of coincidence of the blooming period with 'Gala' apples (%) 
Malus eleyi 0.0* 0.0 56.3 0.0 82.4 38.5 0.0 25.3±34.0 ab 134.5 
‘Yellow Siberian’ 0.0* 0.0* 56.3 0.0 100.0 84.6 44.4 40.8±42.2 ab 103.5 
‘Milalew Imuni’ 0.0* 0.0* 0.0* 0.0* 41.2 20.5 55.6 16.7±23.2 b 138.7 
Malus robusta 0.0* 10.0 0.0* 0.0* 100.0 25.6 77.8 30.5±41.4 ab 135.9 
Malus 
floribunda 0.0* 0.0* 0.0* 0.0* 100.0 0.0* 55.6 22.2±40.1 ab 180.3 

Malus 
platycarpa 78.6 20.0 68.8 0.0 100.0 76.9 77.8 60.3±36.1 ab 59.9 

Malus baccata 0.0 20.0 50.0 0.0 11.8 43.6 100.0 32.2±35.8 ab 111.2 
Malus hopa 0.0 100.0 87.5 6.7 100.0 82.1 100.0 68.0±44.8 a 65.8 
Malus 
atrosanguinea 0.0 0.0 50.0 0.0 0.0 38.5 0.0 12.6±21.8 b 172.8 

‘Winter gold’ 35.7 20.0 100.0 0.0 100.0 46.2 100.0 57.4±42.3 ab 73.7 
‘John Downil’ 0.0 40.0 50.0 33.3 100.0 89.7 100.0 59.0±38.5 ab 65.2 
‘Prof. Spengler’ 0.0 0.0 43.8 0.0 100.0 38.5 66.7 35.6±38.7 ab 108.9 
‘Profusion’ 0.0 0.0 75.0 0.0 100.0 76.9 66.7 45.5±43.8 ab 96.1 
Fuji 35.7 70.0 43.8 53.3 29.4 12.8 100.0 49.3±28.7 ab 58.3 
Mean 10.7 20.0 48.7 6.7 76.1 48.2 67.5 39.7 107.5 

*no blooming; ns no significant; Means followed by lowercase in the column do not differ by Tukey’s 
test (p<0.05) 

Table 11. Coincidence of blooming period of wild species in relation to 'Gala' apples in seven 
years of phenological observations. Caçador, Santa Catarina, Brazil, 2007. (Petri et al., 2008). 

Petri (2006) reported that in areas with inconstant climate during winter apples have 
showed irregularity in flowering. These species not often coincide the flowering period with 
the main commercial cultivars grown in Southern Brazil, showing anticipation in the period 
more than 30 days. 

M. atrosanguinea, ‘Milalew imuni’, M. floribunda, M. eleyi, M. robusta, M. baccata, ‘Prof. 
Spengler’ and ‘Yellow Siberian’ exhibit coincidence of flowering inferior to 41% in the mean 
of the years for ‘Gala’ (Table 11). ‘Profusion’, Fuji, ‘Winter gold’, ‘John Downil’, M. platycarpa 
and M. hopa were the species that showed the greatest coincidence of flowering with ‘Gala’, 
highlighting ‘Profusion’ and M. hopa by the flowering regularity and intensity in the several 
years. Some species showed no coincidence at some years observed. 

‘Milalew imuni’, M. floribunda, M. atrosanguinea, M. robusta, ‘Yellow Siberian’, M. platycarpa 
and M. eleyi showed the lowest performance regarding to the coincidence of flowering with 
the cultivar Fuji (Table 12). Although M. eleyi does not show great coincidence of flowering 
with ‘Gala’ and ‘Fuji’ it has the advantage of having great density of flowering for a long 
period. ‘Winter gold’, ‘John Downil’, M. baccata, ‘Prof. Spengler’, ‘Profusion’, Gala and M. 
hopa were the species that better coincided the flowering with ‘Fuji’. From these, ‘Prof. 
Spengler’, ‘Profusion’ and M. hopa showed high flowering intensity. Williams (1977) 
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described the wild species as good producers of pollen, and were superior to commercial 
cultivars. He recommends two to four pollinators to make up for the difference of 
coincidence of flowering. 
 

Specie/cultivar 
Year Mean 

±standart error 
Variability 
index (%) 2001 2002 2003 2004 2005 2006 2007

Percentage of coincidence of the blooming period with 'Fuji' apples (%) 
Malus eleyi 0.0* 0.0 100.0 0.0 100.0 100.0 0.0 42.9±53.5 ns 124.7 
‘Yellow Siberian’ 0.0* 0.0* 33.3 23.1 55.6 25.0 44.4 25.9±20.9 80.8 
‘Milalew Imuni’ 0.0* 0.0* 0.0* 0.0* 55.6 0.0 55.6 15.9±27.1 170.8 
Malus robusta 0.0* 0.0 0.0* 0.0* 77.8 8.3 77.8 23.4±37.3 159.2 
Malus floribunda 0.0* 0.0* 0.0* 0.0* 100.0 0.0* 55.6 22.2±40.1 180.3 
Malus platycarpa 64.7 0.0 16.7 0.0 88.9 0.0 77.8 35.4±40.1 113.0 
Malus baccata 41.2 0.0 33.3 0.0 66.7 100.0 100.0 48.7±42.1 86.3 
Malus hopa 52.9 88.9 41.7 46.2 100.0 8.3 100.0 62.6±34.7 55.5 
Malus 
atrosanguinea 5.9 0.0 50.0 0.0 0.0 100.0 0.0 22.3±38.9 174.5 

‘Winter gold’ 82.4 0.0 16.7 38.5 88.9 0.0 100.0 46.6±43.3 92.8 
‘John Downil’ 47.1 11.1 33.3 76.9 55.6 0.0 100.0 46.3±35.3 76.2 
‘Prof. Spengler’ 29.4 0.0 41.7 7.7 100.0 100.0 66.7 49.3±40.9 83.0 
‘Profusion’ 41.2 0.0 75.0 7.7 100.0 100.0 66.7 55.8±40.9 73.3 
Gala 29.4 77.8 58.3 61.5 55.6 41.7 100.0 60.6±23.1 38.2 
Mean 28.2 12.7 35.7 18.7 74.6 41.7 67.5 39.9 107.7 

*no blooming; ns no significant; Means followed by lowercase in the column do not differ by Tukey’s 
test (p<0.05) 

Table 12. Coincidence of blooming period of wild species in relation to 'Fuji' apples in seven 
years of phenological observations. Caçador, Santa Catarina, Brazil, 2007. (Petri et al., 2008). 

As exposed in the Table 13 the chilling accumulation during the hibernal period differed 
among years, having repercussion on the coincidence of flowering among cultivars (Table 
11 and 12). Species that show lower variability along the years as for the coincidence of 
flowering with the cultivars Gala and Fuji, even when there was different chilling 
accumulation, show good ability as pollinators due their stable behavior at differentiated 
chilling regime during winter. The occurrence of low variability index in a determined 
pollinator may indicate that the pollinator responds similarly to the commercial cultivars 
under changeable chilling accumulation from one year to other. Considering the occurrence 
of winter with differenced chilling accumulation the use of pollinators that present similar 
behavior to their respective commercial cultivars is desirable in order to minimize the 
problems related to the non coincidence of pollination. Therefore, species showing the 
highest means of coincidence of flowering as well as the lowest index of variability are those 
that showed the best regularity regarding flowering period and are indicated to be used as 
pollinators whether considering the flowering period. It was observed that most cultivars 
showed index of variability superior to 100% which indicates that they have inconstant 
behavior along years and are greatly influenced by environmental conditions.  

 
Apple Phenology in Subtropical Climate Conditions 

 

211 

In general, it could be observed that no apple wild species had similar flowering 
phenological behavior to ‘Gala’ and ‘Fuji’. Consequently, the use of a single specie as 
pollinator does not permit to embrace all the period of flowering of the commercial 
cultivars.  

Soltész (2003) pointed out that it is necessary at least two cultivars to comprise the period of 
flowering of a particular cultivar of interest. Among those species ‘Prof. Spengler’, ‘Profusion’, 
‘Winter gold’ and ‘John Downil’ are the apple wild species showing good potential of use 
because of the coincidence of flowering with ‘Gala’. ‘Profusion’ and M. hopa were greater by 
the flowering regularity in the several years observed and flowering intensity in the year´s 
average. Some species showed no coincidence at some years observed. 

Although M. baccata and M. platycarpa have showed good coincidence of flowering with 
‘Gala’ and ‘Fuji’ they provided larger fruits which required to be eliminated after flowering 
to avoid alternating flowering. This condition makes these species inadequate.  
 

Year Chilling hours 
below 7.2oC 

Chilling units 
(Modified North Carolina model) 

2001 418 782 
2002 269 549 
2003 500 824 
2004 400 1056 
2005 309 571 
2006 363 939 
2007 535 918 

Table 13. Accumulation of chilling hours below 7.2oC and chilling units according the model 
of Modified North Carolina from May to August in the years 2001 to 2007. Caçador. SC. 
Brazil. 2007. 

7. Effect of budbreak promoters on apple phenology 
The occurrence of simultaneous flowering between cultivars of interest pollinators is an 
essential condition to assure adequate fruit production for the apple crop. Problems related 
to pollination and fecundation can reduce apple production and fruit quality due to the low 
fruitset and number of seed formed per fruit (Brault & Oliveira, 1995; Keulemans et al., 
1996). 

The flowering period of the cultivars is affected by environmental conditions (Soltész, 2003). 
Apple cultivars that normally flower in the same time in regions of good adaptation, when 
grown under warm winter conditions where the chilling exigencies are not totally satisfied 
trees might present great variability in the period of flowering causing pollination problems 
and consequently, affecting fruit production. Considering that most of the apple grower 
regions of the subtropical climate chilling are insufficient to deal with the chilling 
requirements of the main apple cultivars used, the adoption of management practices 
aiming coincidence of flowering between cultivars is of a great importance. According Erez 
(2000) the enhancement of the coincidence of flowering between cultivars can be reached 
with the use of budbreak promoters which anticipate flowering of the late flowering 
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described the wild species as good producers of pollen, and were superior to commercial 
cultivars. He recommends two to four pollinators to make up for the difference of 
coincidence of flowering. 
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cultivars. Budbreak promoter’s substances can be used to reduce the chilling requirement of 
cultivars of low and medium exigencies and to modify the budbreak period, flowering and 
fruit maturation of temperate fruit species (George et al., 2002). 

 
Fig. 9. Flowering period of ‘Imperial Gala’ and ‘Fuji Suprema’ apples treated with different 
budbreak promoters. Caçador, SC, Brazil, 2010. (Hawerroth et al., 2010). 

At Fig. 9 it can be observed that the duration of apple flowering differs between cultivars 
and among budbreak promoters. Results obtained by Hawerroth et al. (2010) under 
subtropical conditions show that when no budbreak promoter is applied the cultivars 
Imperial Gala and Fuji Suprema tend to increase the duration of flowering period. 
According Petri & Leite (2004) the prolongation of the budbreak and flowering phases in 
apple is a typical symptom of insufficiency of hibernal chilling. The longer the flowering 
period the more difficult will be the carrying out of some cultural practices such as fruit 
thinning and diseases control due to the occurrence of different phenological stages in the 
same tree. Under warm winter conditions, where the chilling exigencies are not 
completely satisfied, cultivars with distinct chilling requirements showed immense 
variability in the flowering period from year to year (Petri et al. 2008). The lack of 
synchrony of flowering between cultivars is clearly observed in the control treatment (Fig. 
9) where the full bloom of ‘Imperial Gala’ coincides with the end of flowering of ‘Fuji 
Suprema’.  
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The use of substances to induce budbreak can improve the synchrony of flowering between 
cultivars, evidenced by the greater coincidence in the dates of full bloom between cultivars 
treated with budbreak promoters (Fig. 10). The occurrence of simultaneous flowering of 
commercial cultivars and pollinators enhances the possibility to occur high indexes of 
fruitset (Soltész, 2003). 

In relation to flowering period the application of budbreak promoters can anticipate the 
apple flowering, reducing the time between the application of the treatments and full 
bloom. The application of budbreak promoters such as mineral oil and hydrogen cyanamid 
were efficient in the anticipation of flowering of ‘Imperial Gala’ and ‘Fuji Suprema’, as 
observed by Hawerroth et al. (2009) (Table 14). The differenced behavior among the level of 
the factor budbreak promoters regarding flowering time proves the importance of the use of 
budbreak promoters as strategies of management to maximize pollination. This is due to the 
greater synchronization of flowering between cultivars of commercial importance and their 
pollinators.  
 

Treatmet 
Interval between application of treatments and beginning of 

flowering 
Imperial Gala Fuji Suprema 

 Days 
Control 30.0Aa 26.0Ba 
MO 3.2% 28.0Ab 25.0Bb 
MO 3.2% + HC 0.20% 25.0Ac 23.0Bc 
MO 3.2% + HC 0.39% 25.0Ac 23.0Bc 
MO 3.2% + HC 0.59% 25.0Ac 23.0Bc 
Mean 26.6 24.0 
CV (%) = 1.12 F (budbreak promoters x genotype) = 29.90** 

** F value significant at 1% of probability. Means followed by uppercase letter in the line, and means 
followed by lowercase in the column do not differ by Tukey’s test (p<0.05) 

Table 14. Interval between application of treatments and beginning of bloom in ‘Imperial 
Gala’ and ‘Fuji Suprema’ cultivars treated with different concentrations of hydrogen 
cyanamide (CH) and mineral oil (MO). Caçador, SC, Brazil, 2008. (Hawerroth et al., 2009). 

8. Conclusions 
Under warm climate, such as the Brazilian conditions, the apple flower induction and 
differentiation tend to extend along growth cycle as there is vegetative growth.  That means 
that in the meantime as buds flowers are formed the process of induction is still occurring. 
This particular situation might lead to an alteration in the tree physiology making necessary 
a differentiated management on tree training. So, cultural and climatic conditions alters 
positively or negatively the flower development to the next year. 

In general, in fruit tree orchards, when trees are grown under unstable climate regions 
where cultural practices are altered, the timing of flowering and the phenology could have 
important impacts on fruit production because of possible indirect influences of phenology 
on pollination and fruit-set efficiency, and consequentially on bud differentiation. 
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1. Introduction 
Phenology is the study of the rhythm of repetitive biological events, the biotic and abiotic 
causes of these events, and the relationship between phenophases (i.e. periods during which 
specific phenological events occur) for individual or different species (Lieth, 1974). The 
knowledge of the phenological patterns of fruit tree crops is essential to estimate their 
behavior in a new growing area by extrapolation of experimental results from one region to 
another, or to predict changes in the tree phenology in a given area caused by the variation 
of the environmental factors between years (Broadhead et al., 2003). Thus, phenological 
studies can provide criteria for selection of suitable genotypes, helping to improve fruit 
yield and quality, and reduce environmental risk (Petri et al., 2008). 

The time of flowering strongly influences the reproductive traits of animal-pollinated plants 
(Kudo, 2006), being one of the most important phenological events of the temperate fruit 
tree crops. The occurrence of late frosts during blooming or at fruit set can severely affect 
the annual fruit tree production, mainly in early flowering plants such as stone fruits. 
Harvesting time also has a great agronomic interest in temperate fruit trees, since each 
variety of peach, plum and nectarine has its own specific harvest time which lasts for about 
10 days. Furthermore, these fruits have a short shelf life (Gorny et al., 1999); therefore, 
cultivation of a large number of crop varieties with a harvesting period in succession in time 
is required so that a farm or an entire production area can achieve a wide harvest period 
and a long presence in the regional market. 

Fruit tree production in Argentina is over 7.5 million T, mainly including citrus (32.5%), 
grape (31.5%), pomes fruits (26.5%), stone fruits (5.3%), tropical fruits (3%), and other minor 
fruits (1.3%) such as walnuts, cherries and figs (CFI, 2011). The Santa Fe province 
contributes a small proportion of the whole fruit tree production of Argentina (INDEC, 
2002), but there is an important encouragement for the expansion of fruit tree crops, due to 
the propitious ecological conditions, the abundant availability of high quality water, and the 
possibility of obtaining early fruit production (Gariglio et al., 2009). Nearly 50 new small-
scale enterprises over 50 hectares of different crops such as low chilling peach and apple, 
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raspberry, fig and citrus appeared in the last four years in the central area of the province, 
allowing the diversification of the production system characterized by the cultivation of 
annual horticultural crops.  

One of the most widespread fruit tree crops in Argentina is peach (Prunus persica L. Batsch), 
which is grown on 29,660 hectares mainly located in the Mendoza and Buenos Aires 
provinces (INDEC, 2002). Both area of production are characterized by the use of medium 
and high chilling varieties (Carrá de Toloza, 2001; Valentini, 2002). In contrast, in the central-
east area of Santa Fe, early maturing peach varieties are mainly used (Gariglio et al., 2009) 
because their low chilling requirements are compatible with the accumulation of cold in the 
region (≈ 300 chilling hours), which is lower than half in comparison with the traditional 
peach production areas of Argentina (Gariglio et al., 2006a).  

The quantity of chilling hours accumulated in a certain area is a very important ecological 
requirement for the adaptation of temperate fruit trees (Erez et al., 1998; Faust, 1989; Lang, 
1996; Squire, 1990) due to the influence of chilling on the release of dormancy (Dennis, 2002; 
Faust et al., 1997). Currently there is no valid method for the quantification of chilling 
accumulation in the region. Consequently, it is important to test the agronomic behavior of a 
wide range of varieties, mainly those with low chilling requirements, which are not widely 
grown and known in Argentina (Alayón Luaces et al., 2004). The introduction and 
evaluation of low chilling fruit trees in Santa Fe occurred from 1996, and now at least 10 
varieties have been recommended for cultivation in view of their adequate phenological and 
reproductive traits (Gariglio et al., 1999, 2006b, 2009; Ortiz de Zárate et al., 2007). However, 
these studies are still continuing due to the rapid varietal replacement and the interaction 
between environment and genotype, which requires many years of research. 

The phenology and the agronomic performance of peach trees may be greatly affected by 
some cultural practices. Autumn defoliation, for example, can modify the time of spring 
bloom. However, the results have been contradictory; in some cases it was observed that 
autumn defoliation delayed spring bloom of peach trees (Couvillon & Lloyd, 1978), whereas 
in others it was reported that warm field temperatures delayed defoliation extending the 
rest period (Walser et al., 1981). Moreover, removal of leaves of low chilling apple at the 
onset of winter released dormancy and advanced flowering (Mohamed, 2008). 

The study of dormancy is difficult under field conditions where solar radiation, diurnal 
fluctuations in temperature and other factors cannot be controlled (Dennis, 2003).  
Consequently, it is considered that experiments using isolated buds as one-node cuttings 
(Balandier et al., 1993) or excised shoots (Dennis, 2003) are appropriate methods for 
studying dormancy. This was the methodology adopted in our experiments. 

Pruning also greatly affects the performance of the fruit trees. The traditional pruning of 
peach trees is done during winter (Marini, 2003), and is a time-consuming cultural practice 
that demands highly skilled labor. In addition, low chilling peach trees in our region have a 
short period of winter rest which limits the time for winter pruning to only 30–40 days. As a 
consequence, this agronomical practice is difficult to implement and usually fails to be 
completed. However, low chilling peach has a long growing season after the harvest period. 
Thus, pruning the fruit-bearing shoots after harvesting is an alternative cultural practice that 
may be used to extend the time for pruning and to encourage the growth of the new 
desirable shoots (Weber et al., 2011). Summer pruning is generally used as a complementary 
method to winter pruning, but it has not been sufficiently evaluated as an alternative to 
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traditional winter pruning for reproductive shoots renovation. Thus, the effect of summer 
pruning on the phenology and on a range of vegetative and reproductive parameters of 
peach trees may be evaluated before recommending this cultural practice. 

The aim of this work was to study the phenological behavior and the reproductive traits of 
different peach and nectarine varieties in the central area of Santa Fe, Argentina. Extreme 
changes in the phenology of peach varieties in a nine-year period were analyzed taking into 
account temperature, chilling requirements of the varieties, and the influence of cultural 
practices such as artificial defoliation and summer pruning. 

2. Material and methods 
This research was carried out in Esperanza city (31° 26' S; 60° 56' W.; 40 m above sea level), in 
Santa Fe, Argentina. Table 1 summarizes temperature and rainfall conditions in the study area. 
 

 Average Maximum Minimum 
Annual temperature (ºC) 18.95 19.55 18.08 
Maximum annual temperature (ºC) 25.61 26.85 24.55 
Minimum annual temperature (ºC) 13.24 13.63 12.67 
Warmest month temperature (January) 25.94 27.20 25.10 
Coldest month temperature (July) 12.07 15.50 9.00 
Chilling accumulation (CH H) 301 493 183 
Annual rainfall 1004 1426 571 

Table 1. Main temperature and rainfall parameters in the central-east area of Santa Fe, 
Argentina. Data are the means of nine years (2002–2010).  

Four-year-old peach trees (Prunus persica L. Batsch) were used, planted 5 x 3 m apart in a 
silty–loamy soil and grafted onto ‘Cuaresmillo’ seedling rootstock, with complementary 
drip irrigation and trained to the standard open vase system. Fifteen peach and five 
nectarine (n) cultivars with different chilling requirements were evaluated: ‘Spring Lady’, 
(650 chilling hour (CH) requirement), ‘Maycrest’ (600 CH), ‘June gold’ (520 CH), 
‘Flavorcrest’ (509 CH), ‘Flordaking’ (450 CH), ‘Hermosillo’ (350 CH), ‘Don Agustín’ (Fla. 81-
12; 300 CH), ‘San Pedro 1633’ (297 CH), ‘Early grande’ (260 CH), ‘Tropic snow’ (250 CH), 
‘Flordastar’ (250 CH), ‘Flordaprince’ (150 CH) (Valentini, 2002), ‘Fla. 91-8c’ (100 CH, 
according to its behavior in Santa Fe, Argentina), ‘Fla 1-8’, ‘Fla 1-8 bis’, ‘Lara’ (n) (350 CH), 
‘Carolina’ (n) (325 CH) (INIA Salto Grande, 2003), ‘Nectarina 22’, ‘Nectarina 24’, and 
‘Nectarina 29’. Where cultivars’ chilling requirements are not presented, it is because they 
are unknown, but according to their vegetative and reproductive traits, using the 
methodology of excised shoots exposed to artificial chilling (Dennis, 2003), and observations 
of their behavior in the experimental orchards in the central area of Santa Fe (unpublished 
data), their need is lower than 350 CH.  

2.1 Phenology and reproductive traits of peach and nectarine 

Trees of each variety were chosen by their uniformity in size and vigor. During the winter, 
10 homogeneous current season shoots per plant were randomly selected at 1.8 m above the 
ground level and their length was measured. The phenological phases of leafing, beginning 
of flowering, full flowering, and fruit set, were observed weekly from the end of the winter 
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traditional winter pruning for reproductive shoots renovation. Thus, the effect of summer 
pruning on the phenology and on a range of vegetative and reproductive parameters of 
peach trees may be evaluated before recommending this cultural practice. 

The aim of this work was to study the phenological behavior and the reproductive traits of 
different peach and nectarine varieties in the central area of Santa Fe, Argentina. Extreme 
changes in the phenology of peach varieties in a nine-year period were analyzed taking into 
account temperature, chilling requirements of the varieties, and the influence of cultural 
practices such as artificial defoliation and summer pruning. 

2. Material and methods 
This research was carried out in Esperanza city (31° 26' S; 60° 56' W.; 40 m above sea level), in 
Santa Fe, Argentina. Table 1 summarizes temperature and rainfall conditions in the study area. 
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Maximum annual temperature (ºC) 25.61 26.85 24.55 
Minimum annual temperature (ºC) 13.24 13.63 12.67 
Warmest month temperature (January) 25.94 27.20 25.10 
Coldest month temperature (July) 12.07 15.50 9.00 
Chilling accumulation (CH H) 301 493 183 
Annual rainfall 1004 1426 571 

Table 1. Main temperature and rainfall parameters in the central-east area of Santa Fe, 
Argentina. Data are the means of nine years (2002–2010).  

Four-year-old peach trees (Prunus persica L. Batsch) were used, planted 5 x 3 m apart in a 
silty–loamy soil and grafted onto ‘Cuaresmillo’ seedling rootstock, with complementary 
drip irrigation and trained to the standard open vase system. Fifteen peach and five 
nectarine (n) cultivars with different chilling requirements were evaluated: ‘Spring Lady’, 
(650 chilling hour (CH) requirement), ‘Maycrest’ (600 CH), ‘June gold’ (520 CH), 
‘Flavorcrest’ (509 CH), ‘Flordaking’ (450 CH), ‘Hermosillo’ (350 CH), ‘Don Agustín’ (Fla. 81-
12; 300 CH), ‘San Pedro 1633’ (297 CH), ‘Early grande’ (260 CH), ‘Tropic snow’ (250 CH), 
‘Flordastar’ (250 CH), ‘Flordaprince’ (150 CH) (Valentini, 2002), ‘Fla. 91-8c’ (100 CH, 
according to its behavior in Santa Fe, Argentina), ‘Fla 1-8’, ‘Fla 1-8 bis’, ‘Lara’ (n) (350 CH), 
‘Carolina’ (n) (325 CH) (INIA Salto Grande, 2003), ‘Nectarina 22’, ‘Nectarina 24’, and 
‘Nectarina 29’. Where cultivars’ chilling requirements are not presented, it is because they 
are unknown, but according to their vegetative and reproductive traits, using the 
methodology of excised shoots exposed to artificial chilling (Dennis, 2003), and observations 
of their behavior in the experimental orchards in the central area of Santa Fe (unpublished 
data), their need is lower than 350 CH.  

2.1 Phenology and reproductive traits of peach and nectarine 

Trees of each variety were chosen by their uniformity in size and vigor. During the winter, 
10 homogeneous current season shoots per plant were randomly selected at 1.8 m above the 
ground level and their length was measured. The phenological phases of leafing, beginning 
of flowering, full flowering, and fruit set, were observed weekly from the end of the winter 
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rest to the end of harvest time in these twigs by using the Biologische Bundesanstalt, 
Bundessortenamt and Chemical industry (BBCH) scale for stone fruit (Meier et al., 1994). 
Furthermore, the number of new vegetative shoots, flowers and fruits were measured 
weekly on the one-year-old selected shoots from the release of dormancy to the stage of pit 
hardening. Data were expressed as the mean number of flowers per meter of shoot length, 
percentage of vegetative bud break, and percentage of fruit set. The percentage of fruit set 
was calculated as the ratio between the number of fruit at pit hardening and the maximum 
number of flowers measured at full bloom in each selected twig. The experiment was 
conducted over a nine-year period (2002–2010), with the exception of ‘Fla 1-8’, ‘Fla 1-8 bis’, 
‘Nectarina 22’, ‘Nectarina 24’, and ’Nectarina 29’, in which the study was conducted over 
three years (2008–2010). 

A randomized complete-block design with one-tree plots and eight replications per cultivar 
was used. Analysis of regression and variance was performed on the data, and means were 
compared by Tukey’s test (p ≤ 0.05). Extreme date of the occurrence of each phenological stage 
in the nine-year period were recorded and expressed in days. Extreme variation of the 
medium month temperature was also registered and expressed as a percentage of the medium 
value. The relationships between the variability of the phenological stage with the chilling 
requirement of the variety, and with climatic data were performed using the Infostat software.  

2.2 Autumn defoliation and peach phenology 

This experiment was conducted over three consecutive years (2005–2007) using trees of the 
cv. ‘Flordaking’. Two treatments were performed; at the beginning of leaf fall plants were 
manually defoliated (D) whereas another group of plants remains as control (C) in which 
the physiological process of autumn leaf fall occurred naturally. Ten twigs per tree were 
randomly and periodically collected from both treatments (20, 50, 65, and 90 days after leaf 
fall) from leaf fall to the end of July, to measure the evolution of dormancy during the rest 
period. Twigs were cut into segments 15 cm long obtaining 80 stem cuttings for each 
treatment. Only one node with three axillary buds (two floral buds and one central leaf bud) 
per stem cutting was kept, removing the remaining buds. 

Excised shoots were placed with their basal tip in water and forced in a phytotron with an 
8-h photoperiod (22.5 mmol m-2 s-1) (Citadin et al., 2001), at 20.0 ± 1.0 ºC. The basal ends of 
the shoots were cut weekly and water was replaced daily (Balandier et al., 1993; Citadin et 
al., 1998). Floral and leaf budbreak were observed three times a week. The number of buds 
that reached the balloon or green tip stage was recorded (Citadin et al., 2001). Results were 
expressed as the percentage of excised shoots that reached floral and vegetative budbreak, 
and as the mean time of budbreak (MTB). MTB was expressed in days (arithmetic mean of 
each eight groups of 10 excised shoots) (Balandier et al., 1993). This trial was conducted in a 
complete randomized design with eight replicates of 10 cuttings per treatment. In the field, 
phenological phases and reproductive traits of peach trees were observed on selected shoots 
as was described previously (see item 2.1). A randomized complete-block design with one-
tree plots of eight replications each was used. 

2.3 Summer pruning and peach phenology 

Two experiments were conducted over seven consecutive years (2002–2008), using six-year-
old peach trees [Prunus persica (L.) Batsch], cvs. ‛Flordaking’ and ‘Early grande’ grafted onto 
‛Cuaresmillo’ seedling rootstocks. 
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In the first experiment (2002–2004), representative trees of the cv. ‘Flordaking’ selected for 
their uniformity in size and trunk girths received different treatments after harvesting, 
during the first week of November. One group of plants remained unpruned (NP) as control 
trees, whereas a second group of plants was pruned each year (P). Summer pruning 
consisted of heading back the recently harvested bearing shoots to basal current season 
shoots which were at least 10 cm long; bearing shoots were thinned out when a new current 
season shoot (10 cm long) protruded directly from the branch framework. In order to avoid 
sunburn, care was taken not to prune branches that protected the scaffold from direct 
sunlight. In both treatments, vigorous watersprouts were removed after harvesting. NP 
trees received traditional dormant pruning 15–25 days before the beginning of their bloom; 
in P trees, a light pruning was also performed during the dormant period to remove 
branches that were previously left to avoid sunburn of the tree scaffold. 

In the second experiment, using the cv. ‘Early grande’, pruning was performed at different 
times from harvest to 15–20 days before the next flowering. Six times of pruning were 
evaluated: November, December, February, March, April, and June. The combination of 
summer pruning with traditional winter pruning (WP) was also evaluated, being performed 
on 11 treatments: (Nov-P, Nov-P+WP, Dec-P, Dec-P+WP, Feb-P, Feb-P+WP, Mar-P, Mar-
P+WP, Apr-P, Apr-P+WP and Jun-P). The last treatment, in which pruning was performed 
15–25 days before the beginning of blooming, was considered as control treatment. In trees 
that received summer and winter pruning, the last were performed to remove branches that 
were previously left to avoid sunburn of the tree scaffold and to adjust the number of 
bearing shoots.  

In both experiments, phenological phases and reproductive traits of the treatments were 
evaluated on selected shoots as was mentioned in section 2.1. Moreover, the number and 
distribution of fruits per plant were evaluated at harvest taking into account their 
distribution in three levels of plant height; L1: lower, up to 1.5 m height; L2: intermediate, 
from 1.5 to 2.5 m height; and L3: upper, from 2.5 m and higher.  

A randomized complete block design with a single tree plot of five replications was used. 
The data was tested for normal distribution and variance homogeneity and means were 
compared via an LSD test using the software Statgraphics plus for Windows 3.1 (Statistical 
Graphics Corp). A 5% probability level was used to indicate significant differences between 
treatments. 

3. Result and discussion 
3.1 Field behavior of peach and nectarine 

3.1.1 Time of occurrence of the different phenological stages 

The most precocious peach variety began to sprout the first week of July (‘Fla. 91-8c’), but 
80% of the low chilling cultivars sprouted during 10 days from July 11th. High chilling 
requirement genotypes (> 500 CH) showed sprouting during the second and third weeks of 
September, two months later than the low chilling group. With the exception of ‘Maycrest’ 
and ‘Spring Lady’, all cultivars reached over 60% of budbreak, despite its chilling 
requirement. These data did not show significant changes from data reported previously for 
a minor number of varieties and for a shorter period of analysis (Gariglio et al., 2009). 
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Full bloom occurred from the middle of July to the first week of August for the low 
chilling varieties; ‘Carolina’, ‘Lara’, ‘Flordaprince’, and ‘Flordaking’ being the later 
cultivars of this group (Fig. 1). On the other hand, full blooming was observed from 
September 10th to 20th for high chilling varieties. Most low chilling cultivars reached fruit 
set from August 10th to 23rd, whereas those varieties with higher chilling requirements 
reached fruit set from the end of September, around two months later than the most 
precocious genotypes (Fig. 1).  

Peach Varieties 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Fla. 91-8c 1

Flordastar 1

Earlygrande 1

Nectarine 24 (n) 2

Flordaking 1

Flordaprince 1

San Pedro 1633 1

Don Agustín (Fla. 81-12) 1

Nectarine 29 (n) 2

Maycrest 1

Nectarine 22 (n) 2

Lara (n) 1

June Gold 1

Tropic Snow 1

Spring Lady 1

Carolina (n) 1

Fla 1-8 2

Fla 1-8 bis 2

Hermosillo 1

Flavorcrest 1

Beginning of blooming (61) Petal fall (69)
Full blooming (65) Fruit set (72)

Harvest (87)

November December
Weeks

July August September October

 
Fig. 1. Main phenological stages for different peach and nectarine (n) cultivars grown in the 
central-east area of Santa Fe, Argentina. Data are the means of nine-year (2002–2010) (1) or 
three-year (2008-2010) (2) periods. Numbers in the color legend indicate the phenological 
stages according to the BBCH scale (Meier et al., 1994). 

Harvesting began on October 20th with the cv. ‘Flordastar’ (Fig. 1), which was around 10 
days before the harvesting date of the most important peach production areas of the 
central region of Argentina (Valentini & Arroyo, 2000), and finished in the middle of 
December with the cv. ‘Flavorcrest’. The period of harvesting was reduced in 10 days 
when only low chilling varieties were taken into account, with ‘Hermosillo’ as the latest 
harvest variety.  
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The harvest showed continuity but the incorporation of new low chilling varieties should be 
evaluated to prolong the harvesting period. The use of varieties more precocious than 
‘Flordastar’ does not seem to be appropriate because of the risk of late frost occurrence and the 
difficulty in obtaining a proper fruit size. However, it is possible to extend the whole harvest 
period, and improve fruit size and quality, with the use of varieties with a later harvest period 
than ‘Hermosillo’. In this way, new low chilling varieties recently incorporated in our 
experimental orchard are being tested with promising results; therefore, in the future, the 
harvest period would be extended, reaching nearly three months of duration.  

3.1.2 Influence of the chilling requirements of the variety and the climate on the tree 
phenology 

The extreme variation in the occurrence of the phenological stages of 15 varieties with different 
chilling requirements during nine years of study showed that the phenological variability 
diminished with the advance of the growing cycle (Fig. 2). The extreme variation at the 
beginning of flowering was nearly 35 days, whereas it reached 21 days at fruit set and only 11 
days at harvest (Fig. 2). However, it was observed that the variability at the beginning of 
blooming reached 55 days for the cv. ‘Flordastar’, and 48 and 49 days for the cvs. ‘Tropic snow’ 
and ‘Hermosillo’, respectively. On the other hand, the extreme variation at this stage reached 
only 18 days in ‘June gold’ and 23 days in ‘Maycrest’, indicating a reduction in the 
phenological variability with the increase of the chilling requirement of the variety (Table 2). 
The model that expresses the relationship between the chilling requirement (x) and the 
extreme variation (in days) of each variety at a given phenological stage (y) was significant (P 
< 0.05) from the beginning of flowering to the beginning of fruit set, despite the medium value 
reached by the coefficient of regression. In contrast, the variation of the phenological stages 
between extreme years did not show any relationship with the chilling requirement of the 
variety from the stages of fruit set to harvesting (Table 2).  
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Fig. 2. Maximum variation (in days) in the occurrence of different phenological stages of 
peach and nectarine trees in the central-east area of Santa Fe, Argentina. Data are the means 
of 15 varieties with different chilling requirements (150–650 CH) during nine years. 
Phenological stages according to the BBCH scale (Meiers et al., 1994): 60 = beginning of 
flowering; 65 = full flowering; 67 = beginning of fruit set; 69–72 = fruit set; 87 = harvesting. 
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Full bloom occurred from the middle of July to the first week of August for the low 
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days before the harvesting date of the most important peach production areas of the 
central region of Argentina (Valentini & Arroyo, 2000), and finished in the middle of 
December with the cv. ‘Flavorcrest’. The period of harvesting was reduced in 10 days 
when only low chilling varieties were taken into account, with ‘Hermosillo’ as the latest 
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Phenological stage Model r2 p-value 
Beginning of flowering y = −0,0344x + 46,65 0.23 0.046 
Full flowering y = −0,0280x + 40,39 0.32 0.045 
Beginning of fruit set y = −0,0239x + 34,21 0.38 0.025 
Fruit set y = −0,0023x + 22,43 0.003 0.850 
Harvesting y = 0,0078x + 8,184 0.071 0.380 

Table 2. Equation, coefficient of regression (r2) and p-value of the model that represents the 
relationships between the extreme variations (y, in days) of different phenological stage 
occurrence during the nine-year period (2002–2010) with the chilling requirement of the 
variety (x).  

The higher phenological variability observed in low chilling peach trees can be explained by 
taking into account the physiology of dormancy of peach and the temperature conditions in 
the central area of Santa Fe. The depth of dormancy (measured by the MTB value) declines 
with the accumulation of chilling in all peach varieties (Balandier et al., 1993; Citadin et al., 
2001; Gariglio et al., 2006b). This means that the need of heat, expressed as growing degree 
day (GDD) accumulation over 7ºC to reach flowering decreases with chilling (Balandier, 
1993; Citadin et al., 2001). However, low chilling peach trees have a very low depth of 
dormancy that allows them to reach more than 50% of floral budbreak in less than 30 days 
(MTB value) when they were forced at 25ºC and without any need of chilling (Gariglio et al., 
2006b). On the other hand, peach varieties with higher chilling requirements (> 500 CH) 
were unable to reach budbreak when they were forced at 25ºC due to their major depth of 
dormancy (major MTB value), and they need a certain accumulation of chilling to diminish 
their heat requirement for blooming. However, during May and June, only 120 chilling 
hours were accumulated as an average of the last nine years in the central area of Santa Fe 
(Gariglio et al., 2006a), which is insufficient to cause an important modification of the depth 
of dormancy of these varieties.  

Furthermore, the major variability of the average medium temperature and that of the 
monthly heat accumulation observed in the central area of Santa Fe occurs from May to 
August, being highest during July (Fig. 3), coinciding with the period of dormancy and 
flowering of low chilling peach. As a consequence, the variability of the temperatures between 
years that occurs during the first period of dormancy, and that modifies chilling and GDD 
accumulation, mainly affects the phenology of the next growing cycle of low chilling varieties, 
explaining the major variation of the phenology of these groups in comparison with that of 
high chilling varieties. This last group reaches blooming when the climatic variability decline 
and the GDD accumulation increases nearly 80% in comparison with that of the time of 
flowering of low chilling peach. Furthermore, the high GDD accumulation allows 
compensation for the differences in the phenology between years of high chilling varieties in a 
minor lapse of days, reducing its variability. In the same way, high GDD accumulation and the 
lower climatic variability can explain why the difference in the occurrence of the phenological 
events between years diminished with the advance of the growing cycle (Fig. 2).  

3.1.3 Reproductive traits of peach and nectarine 

Most of the studied varieties showed a flower density (FD) between 20 and 30 flowers per 
meter of mixed shoots (FMMS). Nectarines reached the higher FD, around 50 FMMS, with 
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the exception of ‘Nectarine 24’ (Fig. 4A). ‘Tropic snow’ and ‘Hermosillo’ were the only 
peach cultivars that were able to reach an FD like nectarines, whereas ‘Flordastar’, ‘Fla 1-8 
bis’, and ‘Nectarine 24’ showed more than 30 FMMS. The remaining cultivars presented 
lower values of FD, the lowest one being ‘Flavorcrest’ (Fig. 4A). Flower density showed 
relatively low values in comparison with other researches. ‘Springlady’ peach cultivated 
under Mediterranean climatic conditions showed an FD 2.2-fold higher (51.1 flowers m-1) 
(González Rossia et al., 2007), whereas the average FD of 33 peach germplasm was 67 
flowers m-1 in the highlands of central Mexico, with only two peach varieties that showed 
less than 30 flowers m-1 (Pérez, 2004).  
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Fig. 3. Maximum variability of the monthly growing degree day (GDD) accumulation and 
the medium month temperature (MT) during a nine-year period (2002–2010) in the central 
area of Santa Fe, Argentina. GDD was calculated using a base temperature of 7ºC. Standard 
error is represented by the vertical bar. 

Fruit set was around 30% in several varieties, with only three genotypes that reached over 
40% of fruit set (‘Flordastar’, ‘Flordaprince’ and ‘Flordaking’) (Fig. 4B). ‘Don Agustín’, 
‘Lara’, ‘Nectarine 22’ and ‘Nectarine 29’ were the low chilling varieties that showed the 
lowest fruit set, similar to that observed in high chilling ones (6.3% to 15.7%) (Fig. 4B).  

Fruit size showed great differences among genotypes. ‘Hermosillo’ and ‘Fla 1-8 bis’ had the 
biggest fruit size, whereas six other varieties reached a fruit size near 120 g fruit-1 (‘Early 
grande’, ‘Fla 1-8’, ‘Flordaking’, ‘June gold’, ‘Nectarine 22’, and ‘Tropic snow’) (Fig. 4C). 
‘Flordastar’ and nectarine ‘Carolina’ were the low chilling varieties that had the lower fruit 
size. High chilling varieties also showed low fruit size with the exception of ‘June gold’. 
‘Flavorcrest’ was not able to develop normal fruit, being small with a high percentage of 
aborted embryos. Fruit size was lower in this experiment than that observed in Valencia, 
Spain (Badenes et al., 1998), but these differences varied among varieties; it was slightly 
different for ‘Tropic snow’ but significant for ‘Flordaking’, ‘Flordastar’, and ‘Flavorcrest’. 

As a consequence of their better reproductive behavior, ‘Hermosillo’ and ‘Tropic snow’ had 
the highest fruit yield (Fig. 5). The other low chilling varieties (≤ 450 CH) had lower fruit 
yield than these varieties. In ‘Flordastar’ and ‘Carolina’, fruit yield was mainly limited by 
fruit size, whereas in ‘Don Agustín’, ‘Lara’, ‘Nectarine 22’, ‘Nectarine 24’ and ‘Nectarine 29’, 
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Phenological stage Model r2 p-value 
Beginning of flowering y = −0,0344x + 46,65 0.23 0.046 
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Harvesting y = 0,0078x + 8,184 0.071 0.380 
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occurrence during the nine-year period (2002–2010) with the chilling requirement of the 
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‘Lara’, ‘Nectarine 22’ and ‘Nectarine 29’ were the low chilling varieties that showed the 
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‘Flavorcrest’ was not able to develop normal fruit, being small with a high percentage of 
aborted embryos. Fruit size was lower in this experiment than that observed in Valencia, 
Spain (Badenes et al., 1998), but these differences varied among varieties; it was slightly 
different for ‘Tropic snow’ but significant for ‘Flordaking’, ‘Flordastar’, and ‘Flavorcrest’. 

As a consequence of their better reproductive behavior, ‘Hermosillo’ and ‘Tropic snow’ had 
the highest fruit yield (Fig. 5). The other low chilling varieties (≤ 450 CH) had lower fruit 
yield than these varieties. In ‘Flordastar’ and ‘Carolina’, fruit yield was mainly limited by 
fruit size, whereas in ‘Don Agustín’, ‘Lara’, ‘Nectarine 22’, ‘Nectarine 24’ and ‘Nectarine 29’, 
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fruit yield was limited by fruit set. Fruit yield of high chilling requirement varieties (≥ 500 
CH) was insignificant due to its lower fruit set (Fig. 4B), and late fruit drop.  
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(n) varieties grown in the central-east area of Santa Fe, Argentina. 
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Fig. 5. Fruit yield of different peach and nectarine (n) varieties grown in the central-east area 
of Santa Fe, Argentina. Data are the means of a nine-year period (2002–2010) beginning with 
four-year-old plants, with the exception of ‘Fla 1-8’, ‘Fla 1-8 bis’, ‘Nect. 22’, ‘Nect. 24’, and 
‘Nect. 29’, which are the means of a three-year period.  
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In the temperate fruit tree crops, the most critical phenological period affected by frost is 
from full bloom until fruit set (stages 71 and 72 in the BBCH scale for stone fruits) 
(Fideghelli, 1987). September 5th is the average date for last frost occurrence in the central 
area of the province of Santa Fe (Panigatti, 1980). Consequently, in our experiment, 
blooming and fruit set took place during the period of frequent late frost occurrence for low 
chilling but not for high chilling varieties. However, although high chilling varieties can 
avoid spring frost, they showed a very low fruit yield because they were unable to cover its 
chilling requirement in the central area of Santa Fe (Gariglio et al., 2006a), explaining the 
negative correlation between flowering density, fruit set and crop load with the chilling 
requirement of the cultivar that was observed for peaches and nectarines grown in the 
region (Gariglio et al., 2009). In contrast, low chilling varieties showed a better adaptation in 
spite of the high risk of late winter frost, because these cultivars exhibited an extended 
blooming period and had a higher opportunity for fruit set after the occurrence of low 
temperature (Pérez, 2004). Furthermore, in the central area of Santa Fe, the Paraná River 
tempers the intensity and duration of frosts. 

Low yield of the group of high chilling varieties can also be attributed to the reduction of the 
pollination and fertilization caused by relatively warm temperature occurrence at the time 
of flowering and fruit set as was mentioned for peach accessions with late blooming in the 
Mexican subtropics (Pérez, 2004). 

3.2 Modification of peach phenology caused by the time of autumn defoliation  

Artificial defoliation of ‘Flordaking’ peach performed at the beginning of natural leaf fall 
advanced sprouting and beginning of blooming of the next growing cycle by 15 days, in 
comparison with the control. This difference between treatments decreased to 8 days at full 
flowering and fruit set, and disappeared at harvest time. Furthermore, autumn defoliation 
did not affect the percentage of budbreak, but reduced fruit set (−40%) and crop load at 
harvest (−35%).  

The depth of dormancy (MTB value) of floral buds from shoots excised during winter rest 
was highest at leaf fall for both treatments, and decreased during 65 days, remaining 
constant until the end of dormancy (Table 3). However, artificial defoliation reduced to half 
the depth of dormancy at leaf fall in comparison with the control. Differences between 
treatments diminished one month later, and it disappeared from 50 days after leaf fall to the 
end of dormancy (Table 3). The MTB value of vegetative buds was also affected by 
defoliation but the reduction was only 12% at leaf fall and the differences between 
treatments disappeared 20 days later.  

Defoliation only modified MTB on shoots excised from the trees during the first 40–45 days 
after leaf fall because the endodormancy of ‘Flordaking’ peach is released at this time; the 
depth of dormancy (MTB value) of its buds did not decrease further over time, i.e. MTB 
does not show further decreases with chilling, indicating that buds are under eco-dormancy 
(Balandier et al., 1993; Dennis, 2003). Defoliation also reduced fruit set with regard to control 
trees, as in apple (Mohamed, 2008), perhaps for the major probability of lower temperature 
occurrence and lower activity of pollinators during flowering.  

The role of the presence of leaves during autumn in the onset and progression of dormancy 
is attributed to the perception of the photoperiodic stimulus via phytochrome-mediated 
signaling that triggers the onset of dormancy of deciduous trees under a shortening 

Influence of the Environmental Conditions, the Variety, and Different Cultural  
Practices on the Phenology of Peach in the Central Area of Santa Fe (Argentina) 

 

229 

photoperiod (Rinne & van der Schoot, 2004), mainly by the stimulation of the synthesis of 
ABA and other growth inhibitors (Tanino, 2004). Thus, defoliation near the period of natural 
leaf fall interferes with the physiological process of the onset of dormancy, explaining the 
great reduction of the depth of dormancy (Table 3) and the advances of blooming in the next 
spring that was observed in this work.  
 

Time of shoot 
extraction 

MTB (days) Significance Control Defoliation 
May 3rd 47.0 22.5 * 
May 24th 27.1 20.0 * 
June 22nd 11.5 11.0 ns 
July 7th 7.2 8.5 ns 
July 29th 6.5 8.8 ns 
* = significant; ns = not significant at P ≤ 0.05 

Table 3. Effect of autumn defoliation on mean time to budbreak (MTB) of floral buds from 
shoots of ‘Flordaking’ peach excised at different times of winter rest period and forced at a 
constant temperature (20ºC).  

3.3 Modification of peach behavior caused by summer pruning 

3.3.1 Summer pruning and autumn defoliation 

Summer pruning showed a great effect on the time of autumn leaf fall, and blooming in the 
next spring. Natural leaf fall of ‘Flordaking’ peach began at the end of March and pruning 
performed after harvest delayed it 11 days (Fig. 6). Summer pruning after harvest also 
changed the patterns of defoliation, which showed significant differences between 
treatments until late April. However, complete defoliation was reached during the first 
fortnight of May in both treatments (Fig. 6).  

When pruning was performed at a different time of the growing cycle using the cv. ‘Early 
grande’, it was observed that autumn defoliation was also delayed by summer pruning after 
harvest (November), regardless of whether the trees were pruned again during winter or 
were only summer pruned (Fig. 7). On the other hand, autumn defoliation occurred earlier 
when peach trees were pruned at the beginning of February or February and June; these 
trees reached 50% of defoliation in the middle of February, one month earlier than trees 
pruned during April or June, and nearly two months earlier in comparison with trees 
pruned during November (Fig. 7). Pruning performed at the beginning of April did not 
affect the evolution of leaf drop in comparison with trees that were pruned only during the 
winter period (Control = Jun-P, Fig. 7). 

In Japan, summer pruning after harvest also delayed leaf fall by two months in comparison 
with non-summer pruned trees (Hossain et al., 2005). Leaf senescence is an active process 
programmed by genetic information and modulated by several plant hormones and 
environmental factors, but basically it is an age dependent process (Srivastava, 2002). 
Consequently, the delay of leaf fall caused by summer pruning can be explained by the 
presence of younger leaves at the time of leaf fall in trees that were summer-pruned after 
harvest (November) in comparison with trees that were not summer-pruned or were pruned 
in February. Summer pruning after harvest but not summer pruning at the beginning of 
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February induces the appearance of new axes which are able to continue growing almost to 
the end of the vegetative period (Médiène et al., 2002; Weber et al., 2011; Weibel et al., 2003). 
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Fig. 6. Pattern of leaf senescence (percent of leaf defoliation) of peach trees, cv. ‘Flordaking’, 
pruned (P) or not pruned (NP) after harvest. Vertical bars represent the standard error for 
each sample. Arrows indicate the time at which each treatment reached 50% of defoliation. 
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WP; Apr-P + WP), or only during winter (Jun-P, control treatment). Data correspond to 2007.  
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3.3.2 Summer pruning and time of blooming 

As was discussed previously for the autumn defoliation experiment, the time of leaf fall can 
also affect dormancy induction and release. Thus, the delay of leaf senescence caused by 
summer pruning after harvest can explain why this treatment delayed the occurrence of the 
different phenological stages of flower buds of ‘Flordaking’ peach in the next spring. Non-
summer pruned plants reached the beginning of flowering eight days before and were 
harvested three days earlier in comparison with summer-pruned plants (Table 4). 

 

Phenological growth stage BBCH1 Date Difference 
(Days) NP P 

Full flowering 65 August 28th September 05th +8 
Fruit set 69–72 September 11th September 14th +3 
Harvest 87 November 10th November 13th +3 
First leaves emerging 10 August 15th August 18th +3 

 

(1)Phenological growth stage according to BBCH (Meiers et al., 1994) 

Table 4. Main phenological events of peach trees, cv. ‘Flordaking’, pruned (P) or not pruned 
(NP) after harvest.  

However, the modification of the tree phenology by summer pruning in relation with 
autumn defoliation was easier to observe in the experiment in which ‘Early grande’ peach 
was pruned at a different time of the growing cycle. The treatments of pruning that 
delayed autumn defoliation (Nov-P) also delayed spring bloom by 7 to 10 days in 
comparison with the control; on the other hand, the treatments that advanced autumn 
defoliation (Feb-P) also advanced spring bloom by 6 to 8 days (Table 5). This effect was 
explained by the modification of the depth of dormancy caused by summer pruning; 
pruning during February (late summer) showed the lowest depth of dormancy at leaf fall 
in comparison with the other treatments, and this effect was attributed to the early 
defoliation caused by pruning (Lloyd & Firth, 1993; Weber et al., 2010). Trees defoliated 
closer to the time of natural defoliation advanced the blooming date over naturally 
defoliated controls; however, this effect was variable when defoliation occurred early 
(Lloyd & Firth, 1990). 

 
Treatment Full flowering deviation (days) 
Nov-P +10 
Nov-P + WP +7 
Feb-P −8 
Feb-P + WP −6 
April-P −1 
April-P + WP 0 

Table 5. Phenology variation (days) regarding control (winter pruning; Jun-P) at the 
phenological stage of full flowering in peach trees, cv. ‘Early grande’, pruned only during 
summer (Nov-P; Feb-P; Apr-P), or both in summer and winter period (Nov-P + WP; Feb-P + 
WP; Apr-P + WP). 
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February induces the appearance of new axes which are able to continue growing almost to 
the end of the vegetative period (Médiène et al., 2002; Weber et al., 2011; Weibel et al., 2003). 
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3.3.3 Relationships between summer pruning, autumn defoliation and time of 
blooming 

Summer pruning treatments performed at a different time of the growing cycle modified the 
time of autumn defoliation and the time of spring blooming with a strong and direct 
relationship between both variables (Fig. 8). Treatments of pruning that advance autumn 
leaf fall also advanced spring bloom whereas treatment that delayed autumn defoliation 
also delayed flowering in the next spring. According to the slope value of the fit line (Fig. 8), 
the time of spring flowering was modified in one day when the time of autumn defoliation 
was changed in three days. However, this effect was clearly observed in only one of three 
years of experimentation.  
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Fig. 8. Relationships between the modification of the time of autumn defoliation and the 
consequent variation in the time of blooming in the next spring caused by summer pruning 
performed at a different time of the growing cycle. Data were expressed in comparison with 
trees that were pruned during winter rest, in peach trees, cv. ‘Early grande’. 

These results showed the relationships between summer pruning and artificial defoliation 
on the time of leaf fall, and provide further evidence of the importance of the presence of 
leaf during autumn and the time of leaf abscission on the phenology of low chilling peach 
varieties in the next spring. Any cause (abiotic, biotic, cultural practices) that modifies the 
time of leaf fall occurrence changes the period of tree exposition to the short day inductive 
condition, and may alter the physiological process of dormancy in temperate fruit trees 
(Heide, 2008). As low chilling peach also had a low depth of dormancy (Citadin et al., 2001; 
Gariglio et al., 2006b), any modification, however small, in the depth of dormancy seems to 
have a great effect on the tree phenology in the next spring. These observations can also 
explain different results obtained with the defoliation technique on the time of blooming in 
the next spring (Citadin et al., 2001; Egea et al., 2003; Ganji Moghadam & Mokhtarian, 2006). 
In addition, it is expected that the treatments that reduce the depth of dormancy can 
increase the variability of peach phenology as was previously discussed when the 
phenological variability of low and high chilling requirement varieties were mentioned (see 
Fig. 2). Otherwise, the time of sprouting was less affected by summer pruning in relation 
with blooming (Table 4).  
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It is important to mention that summer pruning performed during February caused an 
important density of flowering during the autumn period. In the middle of April, Feb-P 
trees showed open flowers in 21% of its mixed shoots, causing a budbreak that reached up 
to 35% of the flower buds of these branches. No vegetative budbreak during the autumn 
period was stimulated by this pruning. Clearly, the occurrence of autumn flowering was 
due to the reduction on the depth of dormancy caused by summer pruning performed at the 
beginning of February. Furthermore, as flower bud had lower depth of dormancy than leaf 
bud (Gariglio et al., 2006b), blooming but not sprouting was stimulated by summer pruning 
at the beginning of February.  

3.3.4 Summer pruning on vegetative and reproductive traits of peach trees 

The pattern of the percentage of sprouting evolution was also modified by summer pruning 
after harvest (Fig. 9); vegetative budbreak increased faster in non-summer pruned trees but 
not in pruned ones. Non-summer pruned trees reached 50% of sprouting before August 25th 
whereas summer pruned plants arrived at this threshold value during the second week of 
September. The final percentage of vegetative budbreak was slightly above 60% in both 
treatments (Fig. 9). This behavior of vegetative budbreak observed in summer pruned trees 
can be a consequence of the delays on the time of sprouting and blooming of the next 
growing cycle, and on the increases of the depth of dormancy of vegetative and 
reproductive buds caused by summer pruning after harvest, mentioned and discussed 
previously. 
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Fig. 9. Pattern of the vegetative budbreak evolution at the beginning of the growing cycle in 
‘Flordaking’ peach trees that were pruned (P) or not pruned (NP) after harvest. 

Summer pruning after harvest significantly reduced fruit size at the beginning of the fruit 
growth period (−23.7%), but this difference diminished from the last 15 days of fruit growth, 
becoming insignificant at harvest.  
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In addition, it is expected that the treatments that reduce the depth of dormancy can 
increase the variability of peach phenology as was previously discussed when the 
phenological variability of low and high chilling requirement varieties were mentioned (see 
Fig. 2). Otherwise, the time of sprouting was less affected by summer pruning in relation 
with blooming (Table 4).  
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It is important to mention that summer pruning performed during February caused an 
important density of flowering during the autumn period. In the middle of April, Feb-P 
trees showed open flowers in 21% of its mixed shoots, causing a budbreak that reached up 
to 35% of the flower buds of these branches. No vegetative budbreak during the autumn 
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Fig. 9. Pattern of the vegetative budbreak evolution at the beginning of the growing cycle in 
‘Flordaking’ peach trees that were pruned (P) or not pruned (NP) after harvest. 

Summer pruning after harvest significantly reduced fruit size at the beginning of the fruit 
growth period (−23.7%), but this difference diminished from the last 15 days of fruit growth, 
becoming insignificant at harvest.  
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In relation to the reproductive traits of peach trees, summer pruning after harvest did not 
affect flower density and fruit set of ‘Flordaking’ peach. Floral induction of low and 
medium chilling peach varieties occurred after harvest (González-Rossia et al., 2007), and 
summer pruning performed at this time stimulated vegetative growth rate (Weber et al., 
2011). Therefore, as vegetative growth and floral induction are a competitive process (Reig 
et al., 2006), it is expected that summer pruning after harvest caused a reduction on the 
flower density of pruned trees. However, summer pruning stimulates vegetative growth, 
but also improves light penetration into the canopy (Marini, 2003; Marini & Barden, 1982; 
Weber et al., 2011) which is required for floral induction and floral bud differentiation 
(Marini, 2003). Thus, it is possible that both effects may be neutralized and flower intensity 
would not be affected.  

Although pruning treatment did not significantly affect fruit load over three years of 
experimentation (NP, 231 and P, 259 fruits per plant in average), it did significantly affect 
the distribution of the fruits in the plant height, increasing the proportion of those located in 
the intermediate stratum of the plant height (+10% to +40%), and decreasing those of the 
upper one (−45% to −50%). This effect is related to the major proportion of reproductive 
shoots observed in the medium stratum for summer pruned trees in comparison with non-
pruned ones (Weber et al., 2011). This effect of pruning is explained by an improvement of 
the internal distribution of light (Stebbins, 1997; Weber et al., 2011) and a change in the 
dominant position of vegetative growth which is transferred from the apical to the basal 
zone of the canopy after pruning (Li et al., 1994a). 

Unlike the previous experiment, summer pruning performed at a different time of the 
growing cycle using ‘Early grande’ peach caused a significant modification on fruit set, and 
consequently on the number of fruits per plant at harvest. Both variables (fruit set and 
number of fruit per plant) were significantly reduced by winter pruning during the years 
characterized by light late frost occurrence (Table 6). In this experiment, trees that were only 
pruned during the summer period showed a fruit set from 1.25- to 3.2-fold higher and the 
number of fruit per plant was 1.17- to 5.5-fold higher in comparison to trees that were 
pruned during winter. This effect was not observed during years without late frost 
occurrence. 
 

Treatment Fruit set (%) Fruits/plant 
Jun-P 3.8 c 77 d 
Nov-P 16.0 a 293 a 
Nov-P + WP 4.1 c 87 d 
Feb-P 12.2 a 206 b 
Feb-P + WP 4.9 c 54 e 
Apr-P 6.2 b 102 c 
Apr-P + WP 5.0 c 55 e 

Table 6. Fruit set and total fruits per plant in ‘Early grande’ peach trees that were pruned in 
summer (Nov-P, Feb-P and Apr-P), both in summer and winter periods (Nov-P + WP, Feb-P 
+ WP and Apr-P + WP) or only during winter (Jun-P, control). Data are the means of two 
years (2007 and 2008), characterized by light spring frost occurrence. Means with different 
letters in the same column differ significantly (P ≤ 0.05). 
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This effect of winter pruning on fruit set is difficult to explain because the treatments 
showed different times of blooming (Table 5) and the sensitivity to frost increases with the 
development of the flowers (Racskó et al., 2007); however, comparing trees that received 
pruning only during the summer period with trees that were pruned twice (summer and 
winter time) and that reached blooming at the same time (Nov-P and Nov-P + WP; Feb-P 
and Feb-P + WP; Apr-P, Apr-P + WP, and Jun-P), showed that treatments that received 
winter pruning had a lower fruit set (Table 6). It is also possible to demonstrate that this 
effect is due to the winter pruning and not by the number of prunings that received each 
treatment because the control (Jun-P) received only one pruning during winter and showed 
the lowest fruit set in comparison with trees that received one pruning treatment during the 
growing cycle or two pruning treatments (summer and winter pruning).  
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Fig. 10. Relationship between flower density and fruit set of different low chilling peach 
cultivars growing in the central-east area of Santa Fe, Argentina. Data are the means of a 
nine-year period (2002–2010). 

This negative effect of winter pruning on fruit set was previously observed when long 
pruning and short pruning techniques were evaluated in peach trees growing in China (Li et 
al., 1994b; Singh & Daulta, 1985). They observed that long pruning increased resistance of 
flowers to late frost in spring because the high quality buds that have a higher resistance to 
frost were generally situated at the mid region of the shoot, and these buds were eliminated 
when short pruning was practiced (Li et al., 1994b). However, in our experiments long 
pruning was practiced during winter and consequently the importance of bud quality in the 
mid region of the shoot cannot explain our results. The competence between growing 
organs caused a great diminution of fruit set in citrus (Agustí, 2003) and other subtropical 
crops such us mango (Ramírez & Davenport, 2010). Fruit set of stone fruits seems to be 
unaffected by flower intensity (González-Rossia et al., 2007), but despite this we found a 
negative tendency of fruit set of peach with the flower density of the cultivars (Fig. 10); fruit 
set decreased by half (40% to 20%) when the flower density increased from 20 to 60 flowers 
per meters of mixed shoots. Furthermore, we did not observe changes of flower density 
caused by pruning treatments. Instead, there is good evidence that winter pruning 
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This effect of winter pruning on fruit set is difficult to explain because the treatments 
showed different times of blooming (Table 5) and the sensitivity to frost increases with the 
development of the flowers (Racskó et al., 2007); however, comparing trees that received 
pruning only during the summer period with trees that were pruned twice (summer and 
winter time) and that reached blooming at the same time (Nov-P and Nov-P + WP; Feb-P 
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winter pruning had a lower fruit set (Table 6). It is also possible to demonstrate that this 
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growing cycle or two pruning treatments (summer and winter pruning).  
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Fig. 10. Relationship between flower density and fruit set of different low chilling peach 
cultivars growing in the central-east area of Santa Fe, Argentina. Data are the means of a 
nine-year period (2002–2010). 

This negative effect of winter pruning on fruit set was previously observed when long 
pruning and short pruning techniques were evaluated in peach trees growing in China (Li et 
al., 1994b; Singh & Daulta, 1985). They observed that long pruning increased resistance of 
flowers to late frost in spring because the high quality buds that have a higher resistance to 
frost were generally situated at the mid region of the shoot, and these buds were eliminated 
when short pruning was practiced (Li et al., 1994b). However, in our experiments long 
pruning was practiced during winter and consequently the importance of bud quality in the 
mid region of the shoot cannot explain our results. The competence between growing 
organs caused a great diminution of fruit set in citrus (Agustí, 2003) and other subtropical 
crops such us mango (Ramírez & Davenport, 2010). Fruit set of stone fruits seems to be 
unaffected by flower intensity (González-Rossia et al., 2007), but despite this we found a 
negative tendency of fruit set of peach with the flower density of the cultivars (Fig. 10); fruit 
set decreased by half (40% to 20%) when the flower density increased from 20 to 60 flowers 
per meters of mixed shoots. Furthermore, we did not observe changes of flower density 
caused by pruning treatments. Instead, there is good evidence that winter pruning 
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stimulates vegetative growth (Li et al., 1994a; Marini, 2003) of deciduous trees, and that 
competition for carbohydrates from shoot growth accentuates early fruit abscission, even at 
a relatively low crop load (Racskó et al., 2007). 

In low chilling peach a great proportion of floral bud abortion was observed when excised 
shoots received excessive chilling that stimulated vegetative growth when they were forced at 
25ºC (Gariglio et al., 2006b). Similar effects were induced by the use of hydrogen cyanamide to 
stimulate budbreak under conditions of low chilling accumulation (Lloyd & Firth, 1993). Thus, 
it is possible that winter pruning diminishes fruit set under suboptimal low temperature 
conditions by increasing competition between vegetative and reproductive growth.  

4. Conclusion 
Low chilling peach and nectarine varieties (≤ 450 CH) grown in the central area of Santa Fe, 
Argentina, showed high flower density, fruit set, number of fruit per plant, and consequently, 
higher fruit yield with regard to peach varieties with higher chilling requirement (> 500 CH). 
The phenology of high chilling requirement varieties had the advantage that blooming and 
fruit set occurred after the period of risk of late frost occurrence; however, they did not satisfy 
their chilling requirement, showing an inadequate vegetative and reproductive behavior. 
Phenology variability between years decreased with the advance of the growing cycle and 
with the chilling requirement of the variety, and this behavior is explained by the low depth of 
dormancy of low chilling peach, and the high variability of the temperature during the period 
of dormancy and blooming of low chilling peach.  

Artificial defoliation at the beginning of leaf fall and summer pruning greatly affect 
phenology of low chilling peach. Summer pruning delayed autumn leaf fall when it was 
performed after harvest (November), but advanced leaf senescence when it was done at the 
beginning of February. The time of blooming and sprouting in the next spring was directly 
related to the time of autumn leaf fall. This effect can be explained by the role of the 
presence of leaf on the onset and progression of dormancy; thus, the advances of leaf fall 
(artificial autumn defoliation and summer pruning during February) reduce the depth of 
dormancy, advancing blooming and sprouting, while the delay in leaf fall (summer pruning 
during November) increases the depth of dormancy of low chilling peach, delaying 
blooming and sprouting in the next spring. As a consequence, by changing the time of 
autumn leaf fall through the use of different cultural practices such as artificial defoliation or 
summer pruning, it is possible to modify by nearly 20 days the time of flowering in the next 
spring, allowing growers to improve precocity or to avoid late frost occurrence, among 
other possible objectives. 
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stimulates vegetative growth (Li et al., 1994a; Marini, 2003) of deciduous trees, and that 
competition for carbohydrates from shoot growth accentuates early fruit abscission, even at 
a relatively low crop load (Racskó et al., 2007). 

In low chilling peach a great proportion of floral bud abortion was observed when excised 
shoots received excessive chilling that stimulated vegetative growth when they were forced at 
25ºC (Gariglio et al., 2006b). Similar effects were induced by the use of hydrogen cyanamide to 
stimulate budbreak under conditions of low chilling accumulation (Lloyd & Firth, 1993). Thus, 
it is possible that winter pruning diminishes fruit set under suboptimal low temperature 
conditions by increasing competition between vegetative and reproductive growth.  

4. Conclusion 
Low chilling peach and nectarine varieties (≤ 450 CH) grown in the central area of Santa Fe, 
Argentina, showed high flower density, fruit set, number of fruit per plant, and consequently, 
higher fruit yield with regard to peach varieties with higher chilling requirement (> 500 CH). 
The phenology of high chilling requirement varieties had the advantage that blooming and 
fruit set occurred after the period of risk of late frost occurrence; however, they did not satisfy 
their chilling requirement, showing an inadequate vegetative and reproductive behavior. 
Phenology variability between years decreased with the advance of the growing cycle and 
with the chilling requirement of the variety, and this behavior is explained by the low depth of 
dormancy of low chilling peach, and the high variability of the temperature during the period 
of dormancy and blooming of low chilling peach.  

Artificial defoliation at the beginning of leaf fall and summer pruning greatly affect 
phenology of low chilling peach. Summer pruning delayed autumn leaf fall when it was 
performed after harvest (November), but advanced leaf senescence when it was done at the 
beginning of February. The time of blooming and sprouting in the next spring was directly 
related to the time of autumn leaf fall. This effect can be explained by the role of the 
presence of leaf on the onset and progression of dormancy; thus, the advances of leaf fall 
(artificial autumn defoliation and summer pruning during February) reduce the depth of 
dormancy, advancing blooming and sprouting, while the delay in leaf fall (summer pruning 
during November) increases the depth of dormancy of low chilling peach, delaying 
blooming and sprouting in the next spring. As a consequence, by changing the time of 
autumn leaf fall through the use of different cultural practices such as artificial defoliation or 
summer pruning, it is possible to modify by nearly 20 days the time of flowering in the next 
spring, allowing growers to improve precocity or to avoid late frost occurrence, among 
other possible objectives. 
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1. Introduction 
One of the most determinant phenomenon in horticulture is the phenology of cultivated 
species, a factor that is poorly known for cacti. Sexual reproduction in the majority of species 
belonging to the deciduous tropical forest communities (including some cacti) takes place 
during the middle or the end of the dry season (Rzedowski, 1978). There is an increasing 
interest in the fruits of some columnar cacti with economic value in the national and 
international markets. Such is the case in the state of Oaxaca, México of fruits of Stenocereus 
griseus (Haw) Buxbaum, locally known as “pitaya de mayo,” S. stellatus (Pfeiffer) Riccobono, 
“tunillo” or “pitaya de aguas” and Escontria chiotilla (Weber) Rose, “jiotilla,” species which 
produce fruits of economic relevance for several marginal communities in the state. The 
fruits of these columnar cacti are consumed fresh or used for making ice cream. The 
diversity in pulp color is an additional attractive of the fruits of the “pitayas” (Stenocereus 
spp.), which can be red, yellow, orange, purple or colorless, while those of “jiotilla” are 
invariably of red color. Several works have been made about the nutritional characteristics 
and diversity of the fruits of these cacti, mainly in their size and color (Ayala & Beltrán, 
2007; Benito et al., 1992; Piña, 1977; Beltran et al., 2005; Casas, 2005; Tenango, 2005). The 
objective of the present work was to observe the phenological behavior of these species in 
their natural ecosystem, in order to obtain information about differences in their 
reproductive phenology that could be used for the establishment of mixed cacti orchards in 
the semiarid tropical lands of Mexico. 

2. Materials and methods 
A sampling area for phenological data was delimited for each one of the three studied 
species (Figure 1):  32 plants of “pitaya de mayo” were marked in a rural orchard at Joluxtla, 
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in the municipality of Cosoltepec, district of Huajuapan de León, Oaxaca, at 1640 m.a.s.l. 
(Figure 1A); 30 plants of “tunillo” were marked in a rural orchard at Agua del Espino, 
municipality of La Compañía, district of Ejutla, Oaxaca, at 1420 m.a.s.l. (Figure 1B); and for 
“jiotilla,” an area of approximately 0.1 ha was delimited located 7 Km S of San Pedro 
Totolápam, municipality of San Pedro Totolápam, district of Tlacolula, Oaxaca, at 950 
m.a.s.l. (Figure 1C) 45 plants were marked. 

 
Fig. 1. Localization of study area and sampling sites for phenological data. A. Joluxtla: 
Stenocereus griseus, “pitaya de mayo;” B. Agua del Espino: Stenocereus stellatus, “tunillo;” C. 
San Pedro Totolápam: Escontria chiotilla, “jiotilla.” 

The sampling areas were visited every 30 days throughout the 2005 year and phenological 
data were recorded. The phenological stages were defined as following: 

Fl1.- Buds before anthesis 
Fl2.- Flowers after anthesis 
Fr1.- Immature fruits 
Fr2.- Mature fruits 
Veg.- Vegetative 

For the three phenological data sampling areas, ombrothermic diagrams were constructed 
using the climatic data for the last ten years from the nearest meteorological stations. 

 
Mixed Cacti Orchards – A Horticultural Alternative for Mexican Semiarid Tropics 243 

3. Results and discussion 
The climatic conditions for the three study areas are represent in the ombrothermic 
diagrams shown in Figures 2A, 2B and 2C. These areas present similar climatic conditions 
with average temperature between 25-30 oC ,  a midsummer drought and an average annual 
precipitation of 600-800 mm.  

 

 

  

 

Fig. 2. Ombrothermic diagrams of sampling sites of phenological data of fruit producing 
columnar cacti; A) Chazumba for “pitaya” B) Ejutla for “tunillo” and C) Totolapan for 
“jiotilla.”  
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In the “pitaya” area, 76.6% of the plants were observed to have reproductive structures 
during the months from January to June (Figure 3) with a maximal of fruit production 
during May (hence the local name of “pitaya de mayo,” alluding to the month of May). 90% 
of the plants in reproductive phase produced mature fruits.  Stenocereus griseus has also been 
reported to be of economic importance in Colombia, with two fruit production periods 
associated to rain seasons (Villalobos et al., 2007). 

 

 

 

Fig. 3. Phenological diagram for “pitaya” (Stenocereus griseus). 

 
Mixed Cacti Orchards – A Horticultural Alternative for Mexican Semiarid Tropics 245 

 

 

 
Fig. 4. Phenological diagram for “tunillo” (Stenocereus stellatus) 

The phenological behavior of “tunillo” (Stenocereus stellatus) is represented in Figure 4. The 
reproductive period of this species is from May to October and mature fruits are present 
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during the time period from June to September, i.e., during the rainy season. A relationship 
between precipitation and fruit growth has been reported for this species (García-Suárez et 
al., 2007). The phenology of Escontria chiotilla differs from that of Stenocereus queretaroensis, 
which is phenologically more similar to S. griseus (“pitaya de mayo”) (Pimienta et al., 1994). 
The majority (80%) of the monitored plants of tunillo presented fruits. The fruits are only 
produced in the apical part of the stems. Some observations in Stenocereus stellaus shown 
that cultivated populations have more branches and fruit production that wild populations 
(Casas et al., 1999)  

 

 

 
Fig. 5. Phenological diagram for “jiotilla” (Escontria chiotilla). 
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The fruits of “jiotilla” (Escontria chiotilla) were produced between January and September 
and during the time of monitoring only 25.8% of the plants presented reproductive 
structures, of which 80% produced mature fruits (Figure 5). However, we observed that 
the majority of marked plants (74.2%) did not bear reproductive structures. This could be 
the consequence of the presence of many immature plants in the monitored wild 
population.  

Our results suggest that “pitaya” and “jiotilla” have a reproductive period that is similar 
to the majority of the plants of the tropical deciduous forest, i.e. in the middle or at the 
end of the dry season, which corresponds to the short day (SD) period. The difference in 
the reproductive period of the tunillo could be the consequence of a response to either the 
rainy season or to long days (LD) occurring during the rainy season. Due to the 
morphological characteristics of cacti flowers, their pollination is carried out by insects or 
by bats (Osborn, 1988). In the case of Stenocereus stellatus, the pollination is principally 
accomplished by bats and flower anthesis is nocturnal (Casas et al., 1999). These 
characteristics led us to believe that reproduction of these species could be related to the 
existence or high activity period of their pollinators. “Jiotilla's” flowers also undergo 
anthesis during the night. 

Our observations show that the studied species respond to climatic conditions in different 
ways, given that despite growing in similar climatic conditions as seen in the similarity of 
the ombrothermic diagrams (Fig. 2), their phenological responses are different. Bullock & 
Solis (1990) state that most elements of the tropical deciduous forest reproduce during the 
wet season, and that there is a relation between phenology and water availability as is 
suggested by the flowering of some species during atypical rainfall events in December or 
January. 

Assuming that humidity may be determinant for fruit development in cacti, the pitaya and 
the jiotilla appear to store water in their stems (Gibson & Novel, 1986) during the rainy 
season to be used for filling of fruits after the end of the dry season.  A bimodal reproductive 
behavior has been reported for Stenocereus griseus (pitaya) in Colombia (Villalobos et al., 
2007; Bustamante & Búrquez 2005), suggesting the effect of latitude in the phenology of that 
specie. 

In the case of tunillo (Stenocereus stellatus), we observed that water availability 
determines the change to a reproductive phenological state. García-Suárez et al., (2007) 
demonstrated a correlation exists between fruit development and the wet season. In arid 
ecosystems most plants respond to precipitation. The pulse-reserve model addresses the 
response of individual plants to precipitation and predicts that there are “biologically 
important” rain events that stimulate plant growth and reproduction (Ogle & Reynolds, 
2004). 

These two phenological behaviors suggest differences in the flowering-fructification genetic 
programs of these cacti in response to light (Valverde et al., 2004) 

Adequate fruit development depends on a successful pollination. Although the flowers of 
cacti are hermaphrodite, most species display genetic self-incompatibility so fruit setting is 
largely dependent on pollinating insects or bats (Bustamante & Búrquez, 2005). In the case 
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behavior has been reported for Stenocereus griseus (pitaya) in Colombia (Villalobos et al., 
2007; Bustamante & Búrquez 2005), suggesting the effect of latitude in the phenology of that 
specie. 

In the case of tunillo (Stenocereus stellatus), we observed that water availability 
determines the change to a reproductive phenological state. García-Suárez et al., (2007) 
demonstrated a correlation exists between fruit development and the wet season. In arid 
ecosystems most plants respond to precipitation. The pulse-reserve model addresses the 
response of individual plants to precipitation and predicts that there are “biologically 
important” rain events that stimulate plant growth and reproduction (Ogle & Reynolds, 
2004). 

These two phenological behaviors suggest differences in the flowering-fructification genetic 
programs of these cacti in response to light (Valverde et al., 2004) 

Adequate fruit development depends on a successful pollination. Although the flowers of 
cacti are hermaphrodite, most species display genetic self-incompatibility so fruit setting is 
largely dependent on pollinating insects or bats (Bustamante & Búrquez, 2005). In the case 
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of the studied species, with flowers having nocturnal anthesis, bats have been reported to be 
the main pollinators (Casas et al., 1999; Nassar et al., 1997). The presence of common 
pollinators for the three studied species strengthens our proposal.  

Although the environmental factors determining the phenology of the studied species 
may not be established based on the data herein presented, and that the phenology of 
cacti may respond to light too, day length in particular, or to a combination of 
environmental factors (De la Barrera et al., 2009), it is possible to use phenological 
behavior for the establishment of orchards with elements of the native plant communities 
that allow for the sustainable development of marginal rural communities inhabiting the 
semiarid tropical regions of our country. From a commercial point of view and based on 
the results of the present work, we propose the establishment of “mixed orchards” using 
the three studied cacti species taking advantage of their phenological behavior and 
climatic conditions. Actually, some regions have been proposed for the use of only one of 
these species in rural orchards (Piña, 1997; Pimienta et al., 1994; Sánchez-Cortéz, 2011). 
Figure 6 represents the F2 phenophase for the three studied species; and as can be seen in 
the graph, marketable fruits were found to be present throughout an 8 month period. If 
we add that the physicochemical behavior of the fruits of the studied species is known to 
be similar (Benito et al., 1992), evidence is found supporting that, by establishing mixed 
orchards of these columnar cacti, local producers in the study area could harvest a 
sufficient amount of fruit to sustain a diversified agroindustry for the production of 
processed commodities such as jams, juices, ice cream and colorants, in addition to the 
marketing of fresh fruit.  

 

 

Fig. 6. Annual fruit production periods of “pitaya,” “tunillo,” and “jiotilla.” 
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1.Introduction 
The constant threat that natural forests of the world have suffered over the years led to 
strategies that intend to prevent these from further losses in the near future. The tropical 
rain forest that exists in northern Brazil is the main concern of preservation, but other areas 
such as the “Mata Atlântica” have had losses over the years and almost 75 % of its remnants 
are under threat of deforestation. The main activities that lead to deforestation in the region 
are the expansion of agricultural frontiers, the extraction of coal and other minerals, timber 
exploitation, and other anthropogenic activities (Oliveira, 2004). Another area in Brazil that 
is under threat is the Cerrado Biome in Minas Gerais. The Cerrado biome of tropical South 
America covers about two million squared kilometres, representing almost 22% of the 
Brazilian territory. The biome was named due to its predominant vegetation type, a fairly 
dense woody savannah composed by shrubs and small trees. The term “cerrado” 
(Portuguese for closed or dense) was probably applied to this vegetation because of the 
difficulty of traversing it on horseback (Oliveira-Filho et al. 2002). The constant threat to the 
Brazilian Cerrado has led to the necessity of developing strategies and measures to promote 
the monitoring and mapping of this biome. The Cerrado has a rich biodiversity but its 
fragmentation throughout the years caused losses of a number of species from this biome 
(Oliveira 2004). The Cerrado has many types of phytophysiognomies, these include Semi-
Deciduous Forests, Deciduous Forests, Cerradão (dense Savanna), Cerrado (Savanna), 
Floresta Ombrófila and other more specific types of vegetation. In order to prevent further 
deforestation of this biome, monitoring by means of remote sensing is regarded as an 
efficient tool. This technique can provide accurate mapping of the occurrence of each 
phytophysiognomy of the Cerrado Biome and promote efficient monitoring in order to 
detect changes so legal actions can be taken in due time. 

Mapping land cover using remotely sensed data has been an area of growing research 
interest throughout the past decades. Its complexity, peculiarities and state of the art 
concerning computational aids and processing routines differ a lot from past conventional 
cartographic tools. Developments in computer science have aided a better information 
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extraction from remotely sensed images, as well as an effective use of geographical 
information systems to store, analyse and present all sorts of land cover information 
(Carvalho 2001).  

The Statewide Vegetation Monitoring and Mapping of Minas Gerais was conducted by 
Carvalho (2007) with the use of multitemporal Landsat images. This project includes a 
dataset of images acquired in different seasons of a year so that the dry and wet seasons 
could be captured in order to characterize the phenological cycle of deciduous and 
semideciduous forests (Figure 1). 

 
Fig. 1. Visual Difference of phytophysiognomies (a) Deciduous forest, (b) semi-deciduous 
forest Source Oliveira (2004). Semi-deciduous forests loose less leaves in the dry season. 

Deciduous forests lose 70% of its leafs in the dry season, the semi-deciduous forests loose 
less of its leafs in this season, with less variation in greenness. 

According to Jensen (2000), temporal signatures are very important when mapping different 
vegetation types or extracting vegetation biophysical information (e.g. biomass) from 
remotely sensed data. Multi-temporal imagery are currently of standard use when studying 
large areas at regional and global scales (Carrão et al. 2007). 

However, errors occurred in the Official state map due to the characteristics of one 
specific phytophysiognmy within this biome - the Deciduous Forests. The deciduousness 
of these forests is determined by an alternating cycle of dry and wet seasons, where more 
than 70 % of the leaves are off (Figure 2) in the dry season (Oliveira-Filho, 2006). The 
period of dryness occurs from mid-April till September. The wet season starts in October 
and goes up to March. The variation of greenness of the semi-deciduous forest – another 
phytophysiognomy of the Cerrado Biome – is not as intense as the deciduous 
counterpart, due to its occurrence in regions of intensified humidity (Oliveira 2004), like 
riparian areas.  

Some objects on the Earth´s surface reflect the electro-magnetic energy in the same way 
when sensed with a multi-spectral scanner. In the present case, it is difficult to 
differentiate deciduous and semi-deciduous forests when leaves are on using single date 
remote sensing.  
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Nevertheless, objects’ reflectance may vary according to growth stage, phenology, humidity, 
atmospheric transparency, illumination conditions etc. These characteristics led to a search 
for alternative features to enable the discrimination of land cover classes with similar 
reflectance behaviour (Carvalho et al. 2004). Phenological timing is an example of such 
features, which have the potential to reduce mapping errors.  

 
Fig. 2. Two picture of the same location of a Deciduous forrest of the Cerrado Biome, 
illustrating the difference of greenness: Wet season (a) and dry season (b). Oliveira-Filho 
(2011). 

Considering the peculiarities of this vegetation type, there is a need to develop specific 
image processing approaches when mapping land cover in the Cerrado Biome due to this 
temporal variation in greenness. Since land cover features that have similar spectral 
reflectance are difficult to be differentiated when using single-date remote sensing imagery, 
the analysis of time series of images that capture vegetation seasonality may provide 
improved results. These include the quantification of the seasonal profile of Deciduous and 
Semi-deciduous forests. Errors among these classes were commonly found in the Official 
state map, which does not capture deciduous forests fragments present in the region of the 
Triângulo Mineiro, western Minas Gerais. Research however, suggests that remotely sensed 
time series data could possibly improve misclassification and the accuracy of mapping 
deciduous forests (Oliveira, 2004).  

These errors may be associated with a time-shift in the phenological patterns of these forests 
that occur in different areas. One forest remnant in the eastern part of the state may have a 
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lag of time on its cycle that may lead to mapping errors. Thus, temporal images should be 
acquired in different dates in order to properly characterize leaf-on and leaf-off periods 
across the State. 

Sano et al. (2008) have used NDVI time series for studying the Cerrado, in order to produce 
a semi detailed land cover mapping of the area considering the following classes: croplands, 
planted pasturelands, reforestations, urban settlements and mining areas. In another study 
conducted by Carvalho Júnior et al.(2006), the characterization of Deciduous Forests time 
profile was performed with the Minimum Noise Fraction (MNF) transformation in order to 
remove outliers from the time profile. This study was conducted in the states of Goiás and 
Tocantins, Brazil. The authors have also considered different vegetation classes when 
compared to the present study: deciduous forests, savannah, dense cerrado, and “Campo 
Sujo”. Their methodology did not consider the discrimination between semi-deciduous and 
deciduous forests, nor timing of phonological cycles. In the work carried out by Silveira et 
al. (2008) in Minas Gerais, vegetation was classified using smoothed MODIS time series with 
excellent results. Nevertheless, the study did not consider different geographic locations 
within the State. No previous work was carried out to specifically characterize the 
deciduous forests of Minas Gerais with the use of Multi-temporal imagery and to quantify 
its phenological cycle. 

The present work is concerned with the quantification of phenological time shifts among 
deciduous forests that are geographically distant. Preprocessing techniques were applied to 
the MODIS time series in in order reduce noise. The outcomes have the potential to provide 
less errors in future maps that could be benefited by the acquisition of images that take this 
time shift into account.  

This study was motivated by the following questions surrounding deciduous forests: 

1. Do Geographically distant deciduous forests have different timing in their phenological 
cycle during the year, leading to an annual shift (figure 3) in their cycle?  

2. Can MODIS filtered NDVI (Normalized Difference Vegetation Index) time series be 
used to generate better maps of deciduous forests in different regions? 

3. Which of two filtering techniques, viz. HANTS Fourier Analysis and Wavelet Filtering, 
produces the best smoothed time series for mapping this phytophysiognomy. 

 
Fig. 3. Time shift analysis of phenology. The arrows indicate the time delay that was 
calculated later in this work. The plot indicates the variation of greenness in time in different 
regions of deciduous forests of the Cerrado for ½ year period. 
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2 Methods 
2.1 Vegetation indices 

Temporal information used in this study comprised time series of vegetation indices, viz. 
the Normalized Difference Vegetation Index (NDVI). Since the 1960’s, scientists have 
extracted and modelled vegetation biophysical variables using remotely sensed data. Much 
of the effort has gone into the development of vegetation indices – defined as dimensionless 
radiometric measures that function as indicators of relevant abundance and activity of green 
vegetation, often including leaf-area-index (LAI), percentage green cover, chlorophyll 
content, green biomass, and absorbed photosynthetically active radiation (APAR). There are 
more than 20 vegetation indices in use. A vegetation index should maximize sensitivity to 
plant biophysical parameters; normalize or model external effects such as sun angle, 
viewing angle, and the atmosphere for consistent spatial and temporal comparisons; 
normalize internal effects such as canopy background variations. A vegetation index may 
preferably couple with a measurable biophysical parameter such as biomass, LAI, or APAR 
(Jensen et al., 2000). 

Vegetation dynamics indicate important short and long-term ecological process. Continuous 
temporal observations of land surface parameters using satellite reveal seasonal and inter-
annual developments. Vegetation indices have been extensively applied to characterize the 
state and dynamics of vegetation, in particular multiple NDVI datasets of the Advanced 
Very High Resolution Radiometer (AVHRR) instrument used during the last 25 years 
(Coldiz et al., 2007; Jensen, 2000) 

 
Fig. 4. Denoised MODIS NDVI time series for Deciduos and Semi-deciduous Forests.  The 
difference in amplitude is noticeable in this plot for these two phytophysiognomies, 
indicating the different time signature among them. 

Different vegetation types exhibit distinctive seasonal patterns on NDVI variation (Yu et al., 
2004). Vegetation profiles of deciduous and semi-deciduous forests are illustrated in figure 
4. In most cases, different types of vegetation have different phenolgical patterns. For 
example, evergreen plants will have a more steady temporal dynamics throughout the year 
when compared to tropical plants that lose their leaves (Bruce et al., 2006). 

Spatial and temporal variability in vegetation indices arise from several vegetation related 
properties, including LAI, canopy structure/architecture, species composition, land cover 
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lag of time on its cycle that may lead to mapping errors. Thus, temporal images should be 
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type, leaf optics, canopy crown cover, understory vegetation, and green leaf biomass (Huete 
et al., 2002). 

2.2 MODIS NDVI time series 

In the present study, NDVI time series from the Moderate-resolution Imaging 
Spectroradiometer (MODIS) were used. MODIS data products offer a great opportunity for 
phenology-based land-cover and land use change studies by combining characteristics of 
both AVHRR and Landsat, including: moderate resolution, frequent observations, enhanced 
spectral resolution, and improved atmospheric calibration (Galford et al., 2007). The 
AVHRR sensor was originally designed for meteorological applications, and has only two 
spectral bands (red and near-infrared) that can be used to generate spectral indices of 
vegetation. The new generation MODIS sensor has a number of advantages over AVHRR, 
including more spectral bands that can be used for vegetation analysis (Yu et al., 2004). 

MODIS vegetation indices are appropriate for vegetation dynamics studies and 
characterization. They are found to be sensitive to multi-temporal (seasonal) vegetation 
variations and to be correlated with LAI across a range of canopy structure, species 
composition, lifeforms, and land cover types. The MODIS-NVDI demonstrates a good 
dynamic range and sensitivity for monitoring and assessing spatial and temporal variations 
in vegetation amount and condition. The seasonal profiles provided by the MODIS-NDVI 
outperform in sensitivity and fidelity the equivalent AVHRR-NDVI profiles, particularly 
when the atmosphere has a relatively high content of water vapor (Huete et al., 2002).  

2.3 Dataset and study site 

Due to the widespread occurrence of deciduous forests in the state of Minas Gerais and its 
large extent, 586.528 km², four different areas of interest were chosen so that time signatures 
of geographically separated forests could be compared. These locations were primarily 
chosen because of known occurrences of Deciduous forests according to the Treeatlan data 
base (Oliveira-Filho, 2009) (Figure 5), and the Official State Map by Carvalho (2007). A set of 
temporal images from the Landsat TM sensor were used as auxiliary data. The Landsat 
images from each location were acquired in the dry and wet seasons in order to identify 
fragments of deciduous forests by visual interpretation.  

The NDVI time series were derived from the MOD13 product, which has a spatial resolution 
of 250m, and 16-day compositing period. 

The original images were pre-processed using the MODIS Reprojection Tool (MRT). The 
data set was sampled to 23 values per year, approximately two images per month. This 
dataset included the years of 2007, 2008, and 2009. The representation of this time series is 
pictured in figure 6. 

2.4 MODIS compositing methods 

Several factors such as cloud contamination, atmospheric variability, and bi-directional 
reflectance, affect the stability of the satellite derived NDVI. Thus compositing methods 
have been developed to eliminate these effects. The compositing method for the AVHRR 
NDVI data source is the MVC (Maximum value composite), which selects the maximum 
NDVI value on a per pixel basis over a set of compositing period (Wang et al., 2004). 
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Fig. 5. Locations of Deciduous Forests of four different geographical areas chosen to 
calculate the timing difference among each location. Each area was chosen accordingly to 
the occurrence of Deciduous Forests from the TreeAtlan database and the Official State Map. 

 

 
Fig. 6. MODIS NDVI time series dataset. The multi-temporal remote sensing MOD13 data is 
layered as described in this figure in order to acquire a time series for each pixel. 
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data set was sampled to 23 values per year, approximately two images per month. This 
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Fig. 6. MODIS NDVI time series dataset. The multi-temporal remote sensing MOD13 data is 
layered as described in this figure in order to acquire a time series for each pixel. 
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The MODIS compositing method operates on a per-pixel basis and relies on multiple 
observations over a 16-day period to generate a composite Vegetation Indice. Due to sensor 
orbit overlap and multiple observations, a maximum of 64 observations may be collected in 
a 16 days compositing period. Once all the 16 days of observation are collected, the MODIS 
VI algorithm applies a filter to the data based on quality, cloud, and viewing geometry. 
Only the higher quality cloud free, filtered data are retained for compositing (Huete et al., 
2002). 

At regional and global scales, variations in community composition, micro and regional 
climate, soils, and land management result in complex spatio-temporal variation in 
phenology. Furthermore, some vegetation types exhibit multiple modes of growth and 
senescence within a single annual cycle. Therefore compositing methods need to be 
sufficiently flexible to allow for this type of variability (Zhang et al., 2003). 

 
Fig. 7. Original MODIS MOD13 NDVI time series with compositing procedures. From (a) to 
(m) this time series corresponds to one full year cycle of the northern studied area 

Figure 7 exhibits 1 full year of the NDVI original time series before the noise reduction 
algorithms. 

2.5 Signal denoising 

In order to extract pertinent features from time signatures for potential target applications, 
the signals must first be denoised. The main noise from remote sensing time series comes 
from pixels that were cloud contaminated, these appear as low NDVI values in the time 
signatures, as observed in figure 9, in the datasets prior to denoising procedures. Authors 
have investigated automated methods for denoising, including straightforward methods 
such as median filters and moving-average filtering, as well as more advanced methods 
such as wavelet denoising (Bruce et al., 2006).  

Curve fitting parameterization using logistic functions have also succeeded in generating 
time signatures of MODIS (Zahng et al. 2003). Other methods for phenology curve fitting 
and noise reduction are included in the Timesat software (Jönsson & Lars 2004) and its 
enhanced version by Tan et al. (2010) which uses traditional least square fit for polynomial, 
Gaussian and Sigmoidal functions, they are also useful for computing derivates which 
correspond to annual senescence and growth and other important phonological metrics.  

NDVI Time Series for Mapping Phenological Variability 
of Forests Across the Cerrado Biome in Minas Gerais, Brazil 

 

261 

A study by Couto-Júnior (2011) concluded that MODIS is an adequate tool for monitoring 
and extracting metrics for the Cerrado biome due to its high temporal resolution and 
availability. Although one of its drawbacks is its high signal-to-noise ratio leading to the use 
of advanced signal processing methods.  

2.6 Fourier transform 

The Fourier Transform has been traditionally used to solve differential and partial equations 
in Mathematics and Physics. Its main objective is to approximate a function in the time 
domain by a linear combination of harmonics (sinusoids) (Morettin, 2006). The most basic 
property of the sinusoids that makes them suitable for the analysis of time series is their 
simple behaviour under a change in time scale (Bloomfield, 1976). 

Fourier analysis have been used for denoising and curve fitting in MODIS vegetation index 
data sets (Colditz et al., 2007; Bruce et al., 2006; Yu et al., 2004; Wang et al., 2004). If the 
original time series is discrete rather than continuous, the Discrete Fourier transform (DFT), 
which requires regular spacing on samples within the temporal domains, should be applied 
(Wang et al., 2004). Eq 1 depict the DFT: the original signal, x[n], has N samples. Two 
vectors containing N/2 values where ReX is the Real part vector and ImX is the imaginary 
part vector of the transformation, k is the index of these transformation vectors. Eq 2 depicts 
the inverse Fourier transform or synthesis equation in discrete time, where the original 
signal [x] can be completely resynthesized from the ImX and the ReX vectors. 

The algorithm chosen to implement the Discrete Fourier Transform was the HANTS 
algorithm (Harmonic Analysis of Time Series) (Verhuef, 1996; Roerink et al., 2000). The 
algorithm was developed to deal with time series of irregularly spaced observations and to 
identify and remove cloud contaminated observations. Since the NDVI time series of this 
study were acquired thorough compositing, the pixels have different acquiring dates that 
lead unequal time spacing.  
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Equations 1, 2 and 3 – Fourrier analysis equation in discrete time, Equation (5) sysnthesis 
equation in frequency domain – Source Smith (1998) 

HANTS considers only the most significant frequencies expected to be present in the time 
profiles (determined, for instance, from a preceding FFT analysis), and applies a least 
squares curve fitting procedure based on harmonic components (sines and cosines) (Verhoef 
et al., 1996; Roerink, et al. 2000). For each frequency, the amplitude and phase of the cosine 
function is determined during an iterative procedure. Input data points that have a large 
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function is determined during an iterative procedure. Input data points that have a large 
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positive or negative deviation from the current curve are removed by assigning a weight of 
zero to them. After recalculation of the coefficients on the basis of the remaining points, the 
procedure is repeated until a predefined maximum error is achieved or the number of 
remaining points has become too small. (Roerink, et. al. 2000). 

 
Fig. 8. Flowchart of the FFT based HANTS algorithm, it is a cyclic algorithm that removes 
the pixels that are below a user chosen threshold - Source (De Wit, 2005) 

The algorithm starts in the upper left block with the raw NDVI time series. These are used 
as input in the FFT and the relevant frequencies (usually mean, annual and half-year signal) 
are selected from the Fourier spectrum. The inverse FFT (iFFT) then transforms the 
spectrum back into a filtered NDVI time-series. Next, a comparison is made between the 
filtered NDVI time-series and the original NDVI time-series (Figure 8). The difference is 
calculated between the filtered and the original NDVI time-series. Any point in the original 
NDVI time-series that are below a user-defined threshold are considered ‘cloudy’ and are 
replaced with the value of the filtered NDVI time-series. However, by replacing values in 
the NDVI time-series, the average of the entire profile becomes larger. Therefore, a next 
iteration is needed and the NDVI time-series is searched again for possible cloud 
contaminated NDVI observations. This process continues until no new points are found. 
Many different phenological indicators have been defined in various satellite-based studies. 
The advantage of the HANTS algorithm is that the output consists of a completely 
smoothed NDVI profile which is convenient for calculating derivatives. (De Wit, 2005) The 
calculations of derivates are important to estimate the start of growing season and 
senescence (Sakamoto et. al 2005). 

The version of HANTS used was implemented in IDL by De Wit (2005) and is under the 
GNU General Public License. 

Among the resulting files, the algorithm outputs a FFT file which has a complex number 
pair, this pair is the Fourier transform of each pixel location regarding its NDVI time series. 

2.7 Calculation of amplitude and phase 

Harmonic analysis can be used aiming at reducing the dimensionality of the data. Another 
advantage is that each pixel is treated individually, being independent from the rest of the 
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image. It is also possible to choose the period of analysis relating to the frequency of the 
studied phenomenon, thus this technique serves well to deal with noise originated from 
cloud contamination in the time series and from noise resulting from pre-processing that is 
not periodic. The magnitude and phase of a waveform can be calculated from the complex 
number resulting from the FFT. The magnitude corresponds to half of wave’s peak value, 
and the phase corresponds to the shift from the origin to the wave’s peak value from 0 to Π 
(eq. 6 and 7) (Lacruz, 2006). The amplitude/phase vector corresponds to the polar form of 
the DFT (Smith, 1998). The output of the HANTS algorithm contain the complex form for 
each harmonic (eq. 3, 4 and5) and the mean value of the time series (this value was also used 
for discussion and comparison among the different areas). 

Since the content in the original FFT prior to the transformation to the polar form is not 
intuitive (Smith, 1998), equations 6 and 7 were used to compute the amplitude and phase of 
each harmonic. Coldiz et al. (2007) suggest that only the amplitude and phase of the first 
three harmonics depict biophysical parameters. Some authors, such as Yu (2004), state that 
forest classification can be carried out in the amplitude/phase space. Previous work by 
Oliveira et al. (2009) suggests, however, that information is lost in the dimensionally 
reduction and efficient forest classification is not possible in a rich and complex 
environment such as the Cerrado. 
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Equations 4 and 5 - Calculation of amplitude (equation 1) and phase (equation 2) for to the 
polar form of the DFT 

2.8 Phase statistics of NDVI of deciduous forests 

The exact location of the deciduous forests for this study was determined by the use of the 
official state map by Carvalho (2007) , auxiliary Landsat images, and using information from 
Oliveira-Filho and Ratter (2002) which describes deciduous forest fragments which were not 
captured in the official state map. With this information, it was possible to calculate the 
amplitude-phase statics of each forest fragment within the four chosen areas. 

After the calculation of amplitude and phase of each harmonic of the original NDVI images 
of different locations, a subset of the original images was generated. This subset contains 
only the pixels corresponding to the occurrences of Deciduous Forests. Statistics were 
computed to the phase of the first harmonic so that annual shifts of deciduous forests of 
different geographic locations could be quantified. Each phase value ranges from -  to  , 
where 2  corresponds to a full year cycle. The phase values were multiplied by 182.5, 
which correspond to half year, in order to calculate annual shifts in days.  

2.9 Wavelet transform 

Fourier series are ideal for analysing periodic signals, since harmonics modes used in the 
expansions are themselves periodic. In contrast, the Fourier integral transform is a far less 
natural tool because it uses periodic functions to expand nonperiodic signals. Two possible 
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the pixels that are below a user chosen threshold - Source (De Wit, 2005) 

The algorithm starts in the upper left block with the raw NDVI time series. These are used 
as input in the FFT and the relevant frequencies (usually mean, annual and half-year signal) 
are selected from the Fourier spectrum. The inverse FFT (iFFT) then transforms the 
spectrum back into a filtered NDVI time-series. Next, a comparison is made between the 
filtered NDVI time-series and the original NDVI time-series (Figure 8). The difference is 
calculated between the filtered and the original NDVI time-series. Any point in the original 
NDVI time-series that are below a user-defined threshold are considered ‘cloudy’ and are 
replaced with the value of the filtered NDVI time-series. However, by replacing values in 
the NDVI time-series, the average of the entire profile becomes larger. Therefore, a next 
iteration is needed and the NDVI time-series is searched again for possible cloud 
contaminated NDVI observations. This process continues until no new points are found. 
Many different phenological indicators have been defined in various satellite-based studies. 
The advantage of the HANTS algorithm is that the output consists of a completely 
smoothed NDVI profile which is convenient for calculating derivatives. (De Wit, 2005) The 
calculations of derivates are important to estimate the start of growing season and 
senescence (Sakamoto et. al 2005). 

The version of HANTS used was implemented in IDL by De Wit (2005) and is under the 
GNU General Public License. 

Among the resulting files, the algorithm outputs a FFT file which has a complex number 
pair, this pair is the Fourier transform of each pixel location regarding its NDVI time series. 

2.7 Calculation of amplitude and phase 

Harmonic analysis can be used aiming at reducing the dimensionality of the data. Another 
advantage is that each pixel is treated individually, being independent from the rest of the 
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image. It is also possible to choose the period of analysis relating to the frequency of the 
studied phenomenon, thus this technique serves well to deal with noise originated from 
cloud contamination in the time series and from noise resulting from pre-processing that is 
not periodic. The magnitude and phase of a waveform can be calculated from the complex 
number resulting from the FFT. The magnitude corresponds to half of wave’s peak value, 
and the phase corresponds to the shift from the origin to the wave’s peak value from 0 to Π 
(eq. 6 and 7) (Lacruz, 2006). The amplitude/phase vector corresponds to the polar form of 
the DFT (Smith, 1998). The output of the HANTS algorithm contain the complex form for 
each harmonic (eq. 3, 4 and5) and the mean value of the time series (this value was also used 
for discussion and comparison among the different areas). 

Since the content in the original FFT prior to the transformation to the polar form is not 
intuitive (Smith, 1998), equations 6 and 7 were used to compute the amplitude and phase of 
each harmonic. Coldiz et al. (2007) suggest that only the amplitude and phase of the first 
three harmonics depict biophysical parameters. Some authors, such as Yu (2004), state that 
forest classification can be carried out in the amplitude/phase space. Previous work by 
Oliveira et al. (2009) suggests, however, that information is lost in the dimensionally 
reduction and efficient forest classification is not possible in a rich and complex 
environment such as the Cerrado. 

 Cj Aj²  Bj²   (4) 

 -1tan j

j

B
A

   (5) 

Equations 4 and 5 - Calculation of amplitude (equation 1) and phase (equation 2) for to the 
polar form of the DFT 

2.8 Phase statistics of NDVI of deciduous forests 

The exact location of the deciduous forests for this study was determined by the use of the 
official state map by Carvalho (2007) , auxiliary Landsat images, and using information from 
Oliveira-Filho and Ratter (2002) which describes deciduous forest fragments which were not 
captured in the official state map. With this information, it was possible to calculate the 
amplitude-phase statics of each forest fragment within the four chosen areas. 

After the calculation of amplitude and phase of each harmonic of the original NDVI images 
of different locations, a subset of the original images was generated. This subset contains 
only the pixels corresponding to the occurrences of Deciduous Forests. Statistics were 
computed to the phase of the first harmonic so that annual shifts of deciduous forests of 
different geographic locations could be quantified. Each phase value ranges from -  to  , 
where 2  corresponds to a full year cycle. The phase values were multiplied by 182.5, 
which correspond to half year, in order to calculate annual shifts in days.  

2.9 Wavelet transform 

Fourier series are ideal for analysing periodic signals, since harmonics modes used in the 
expansions are themselves periodic. In contrast, the Fourier integral transform is a far less 
natural tool because it uses periodic functions to expand nonperiodic signals. Two possible 
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Fig. 9. Denoised phenology time series by wavelet transform. It is clear that before 
denoising, the data set has many outliers most of them being cloud contaminated pixels. 
Denoising procedures remove these pixels smoothing the time signatures. 

substitutes are the windowed Fourier transform (WFT) and the wavelet transform. The 
windowed Fourier transform can, however, be an inefficient tool to analyse regular time 
behaviour that is either very rapid or very slow relative to the size of the analysing window. 
The Wavelet transform solves both of these problems by replacing modulation with scaling 
to achieve frequency localization. The WFT might also be an inefficient tool when very short 
time intervals are of interest. On the other hand, a similar situation occurs when very long 
and smooth features of the signal are to be reproduced by the WFT. (Kaiser, 1994). 

Different from the infinite sinusoidal waves of the Fourier transform, a wavelet is a small 
wave localized in time or space. Since a wavelet has compact support, which means that its 
value becomes 0 outside a certain interval of time, the time components of time-series can be 
maintained during the wavelet transformation (Sakamoto et al. 2005). 

Previous work reveal that the wavelet transform is a powerful tool for denoising data sets 
and for curve fitting procedures in NDVI time series (Sakamoto et al., 2005; Galford et al., 
2007; Bruce et al., 2006). 
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For the present work, we used the methodology proposed by (Carvalho, 2001). In remote 
sensing, outliers caused by clouds and shadows (noise) appear as peaks with narrow 
bandwidth in the temporal spectrum. They appear similarly in the spatial domain, but with 
variable bandwidth. If we consider the presence of clouds and shadows as signal response 
against a “noisy” background, a framework for their detection can be based on noise 
modeling in transformed space. The discrete wavelet transform was implemented with the 
‘à trous’ algorithm with a linear spline as the wavelet prototype. It produces a vector of 
wavelet coefficients d at each scale j, with j=0,…,J. The original function f(t) was then 
expressed as the sum of all wavelets scales and the smoothed version aj. The input signal 
was decomposed using one scale, two scales and three scales. Figure 9 shows smoothed time 
series of NDVI data by denoising via wavelet transform. The resulting different data sets 
were used as inputs for image classification, described as followed.  

2.10 Image classification 

The main objective of this work is to compare different filtering techniques and their output 
vegetation signature for time series of NDVI. One way to accomplish this is to use smoothed 
time series as input vectors to automated image classification.  

For Moreira (2003) automatic image identification and classification can be understood as 
the analyses and the manipulation of images through computational techniques, with the 
goal of extracting information regarding an object of the real world. 

2.11 Artificial neural networks 

Humans and other animals process information with neural networks. These are formed 
from trillions of neurons (nerve cells) exchanging brief electrical pulses called action 
potentials. Computer algorithms that mimic these biological structures are formally called 
artificial neural networks to distinguish them from the squishy things inside of animals 
(Smith, 1998). These biological inspired models are extremely efficient when the pattern of 
classification is not a simple and trivial one. Theses networks have shown to be helpful in 
the resolution of problems of practical scope. Problems such as voice recognition, optical 
character recognition, medical diagnosis and other practical scope problems are by no 
means complex problems to the human brain and sensor as they are for a computer to 
resolve.  

Even though, some researchers do not recognize the artificial neural networks as being the 
general natural solution surrounding the problems of recognizing patterns on processed 
signals, it can be noticed that a well trained network is capable of classifying highly complex 
data. The use of artificial neural networks in pattern recognition and classification has 
grown in the last years in the field of remote sensing (Kanellopolous, 1997). 

This work proceeded with 2 filtered data sets per region, these data sets included one 
HANTS filtered time series and one Wavelets filtered time series. The samples were 
separated in 3 datasets. These contained samples of each phytophysiognomy of the four 
different locations. Each location was processed separately, with 2 different datasets. One 
dataset was used for training the network, and the other for validation. These datasets were 
input into a neural network with the following characteristics: Sigmoidal activation 
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Fig. 9. Denoised phenology time series by wavelet transform. It is clear that before 
denoising, the data set has many outliers most of them being cloud contaminated pixels. 
Denoising procedures remove these pixels smoothing the time signatures. 
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different locations. Each location was processed separately, with 2 different datasets. One 
dataset was used for training the network, and the other for validation. These datasets were 
input into a neural network with the following characteristics: Sigmoidal activation 
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function, 0.01 learning rate, momentum factor of 0.5, sigmoid constant of 1.0, 14 hidden 
layers, with 69 neurons per layer. For training the network, 10000 iterations were used, with 
RMS error of 0.0001. These parameters were extracted from literature based on standard 
applications of Neural networks to remote sensing image classification. 

3. Results 
Results in table 1 explicit differences in the phase of the annual frequency of the NDVI value 
of the deciduous forests of Minas Gerais. These results can be very useful for future 
vegetation classification and to quantify the geographic differences among apparently 
similar fragments of this phytophysiognomy. 

The largest time shift was observed for the Triângulo Mineiro Region (Western Minas 
Gerais) which is on average 13.45 days ahead in the annual cycle when compared to the 
Northern region. This difference could be explained by the fact that the Deciduous 
Vegetation in this region is mixed with other phytophysiognomies such as the Savanna 
resembled “Cerradão” and other formations. The mean value of this phytophysiognomy´s 
time series does not differ substantially from the others (Table 1). These similarities in the 
mean NVDI time series value confirm that deciduous forests do not have discrepancies in 
their amplitude value suggesting that the analysed forest fragments are not mixed with 
other vegetation that have higher mean NDVI value such as the semi-deciduous forests.  

This explains the errors occurred in the Official state map in the Triângulo Mineiro region. 
This indicates that this time lag should be taken into account when mapping Deciduous 
Forests of this region.  
 

Region Fundamental harmonic’s 
phase mean value 

Phase value expressed 
in days shifted value 

Time series 
mean value 

North East 1.04325 60.6 0.687018 
North 1.035954 60,2 0.641661 
South 1.141607 66.2 0.735416 
West  
(Triângulo Mineiro) 

1.267896 73.65 0.685943 

Table 1. Statistics of harmonic analysis of the four different study areas. 

Previous work from Sakamoto (2005) rely on the use of derivates and wavelet transforms to 
obtain the days of harvest and plantation of paddy rice in Japan with the use of MODIS 
NDVI images. Changes in cropping system, management, and climate make the times-series 
collected over agricultural areas closer to non-stationary signals, which are better handled 
by the wavelet transform. In the case of native forests that exhibit a stationary behaviour, 
our FFT approach is most suitable. 

The proximity in results regarding mean value of the phase in the North and the North West 
areas (table 1) can be partly explained by the geographical proximity of the areas, thus 
reinforcing that there is a shift in the annual cycle of the deciduous forests due to 
geographical differences. The Southern area also has a 6 days shift in the average phase 
value of the annual NDVI frequency and thus also reinforces our hypothesis.  
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3.1 Classification results 

Classification results as shown in table 2 confirm that no time series filtering technique 
necessarily produces a more accurate classified map. In some cases the classified maps 
produced from HANTS filtered time series generated more accurate results. In others cases 
it produced less accurate results. The kappa coefficient for the classification results can be 
either classified as substantial or almost perfect (Landis, 1977). Different from our findings, 
previous work carried out by Burce et al. (2006), which have also used filtered time series 
from Wavelet and Fourier transforms for image classification, showed that the former 
produced more accurate results. This can be partly explained by the fact that the HANTS 
algorithm have some enhancements over traditional Fourier based algorithms which was 
present in the cited work.  
 

Region Kappa Coefficient 
(wavelet filtering) 

Kappa Coefficient 
(HANTS filtering) 

North East 0.9480 0.8257 
North 0.8476 0.8333 
South 0.6355 0.7412 
West region (Triângulo Mineiro) 0.8729 0.9051 

Table 2. Classification results. 

 

 
Fig. 10. Triangulo Mineiro Region Classification Results with Neural Networks: (1) Wavelet 
transform filtered time series, (2) Official State Map, (3) HANTS filtered time series. 
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obtain the days of harvest and plantation of paddy rice in Japan with the use of MODIS 
NDVI images. Changes in cropping system, management, and climate make the times-series 
collected over agricultural areas closer to non-stationary signals, which are better handled 
by the wavelet transform. In the case of native forests that exhibit a stationary behaviour, 
our FFT approach is most suitable. 

The proximity in results regarding mean value of the phase in the North and the North West 
areas (table 1) can be partly explained by the geographical proximity of the areas, thus 
reinforcing that there is a shift in the annual cycle of the deciduous forests due to 
geographical differences. The Southern area also has a 6 days shift in the average phase 
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Fig. 10. Triangulo Mineiro Region Classification Results with Neural Networks: (1) Wavelet 
transform filtered time series, (2) Official State Map, (3) HANTS filtered time series. 
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Fig. 11. NothEast Area Classification Results with Neural Networks: (1) Wavelet transform 
filtered time series, (2) Official State Map, (3) HANTS filtered time series. 

 
Fig. 12. Northern Area Classification Results with Neural Networks: (1) Wavelet transform 
filtered time series, (2) Official State Map, (3) HANTS filtered time series. 
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Fig. 13. Southern Area Classification Results with Neural Networks: (1) Wavelet transform 
filtered time series, (2) Official State Map, (3) HANTS filtered time series. 

The rows of figures 10 to 13 show the classification results in the four study areas. The 
results of Wavelet filtering time series, used as input for classification are in the right hand 
column. In the left hand column, the HANTS filtered time series as input to the neural 
network are illustrated. In the middle column we have the official forest map of Minas 
Gerais, carried out by Carvalho (2008), with a 30m spatial resolution. The proposed methods 
captured the general characteristics of vegetation of each area. In some cases such as the 
North East area, the classification results resemble the general “shape” of forest fragments. 
Both Northern area data sets have similar patterns when compared to the official state map. 
The other areas, however, do not show these similarities with the general shape of forest 
fragments from the official map. Note that the spatial resolution has important implications 
in the map comparisons. The Northern areas have a more accurate “shaping” of vegetation 
classification.  

4. Conclusions 
This research suggests that there is an annual shift in the phenological curve of the 
Deciduous forests of Minas Gerais that are geographically distant, however these 
differences are not great in value. Different regions demonstrate different annual shifts in 
the time profile of their deciduous forests of about half month. However, the spatial 
resolution of the MODIS sensor limit its application resulting in few pixels to calculate 
statistics on small forest fragments such as the West region of Triângulo Mineiro. The 
combined use of MODIS NDVI time series and higher spatial resolution sensors, ground 
truth data and Geostatistics might improve the discrimination of deciduous forests in Minas 
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Gerais. However this work could be further improved by investigating how large the impact 
of the time delay of the Deciduous Forests is on mapping. 

This work developed an efficient methodology to map the deciduous forests present in the 
Cerrado Biome by using MODIS temporal attributes and artificial intelligence neural 
networks algorithm for classification. It is concluded that MODIS filtered NDVI 
(Normalized Difference Vegetation Index) time series might generate accurate mapping of 
deciduous forests in different regions.  

 The maps generated from both HANTS and wavelet transformation curve smoothing 
procedures showed very similar and high accuracy indicating that any of these 
procedures can be used to denoise similar data sets. 

 In the Northern areas, the maps generated from temporal features resemble the general 
“shape” of forest fragments, having similar patterns when compared to the official state 
map 

 This methodology was capable of detecting fragments of deciduous forests in the 
Triângulo Mineiro region where the official state map of forest did not. 
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1. Introduction  
The existence of a strict link between land cover annual cycles and seasonality in the 
meteorological variability is well known. Joint observations have been exploited for 
thousand of years as an efficient basis for the empirical land management in agriculture. In 
Europe, the first attempt to catalogue detailed records of seasonal weather and vegetation 
phenological events was made by the Marsham family in early 1700s but only during the 
19th century this activity become more systematic in the attempt to collect records for wide 
scientific utility  (e.g., Sparks &  Carey, 1995). 

More recently, the large diffusion of satellite observations has enabled direct monitoring of 
the land surface at repetitive time intervals and over extended areas. They have proven to be 
cost effective tools and are expected to contribute to a wide array of local/global change-
related applications (vegetation and ecosystem dynamics, hazard monitoring, land surface 
climatology, hydrology, land cover change etc.) (see e.g. EU Global Monitoring for 
Environment and Security - GMES, 2010). Mainly thanks to these observations, today’s 
researchers can investigate many problems related to atmosphere-biosphere interactions 
and physiological responses of vegetation to climate change. In particular, vegetation cover 
phenology is attracting much attention both for the intrinsic interest in studying collective 
behaviours of plant communities in specific geographic and anthropic contexts (e.g., Ting et 
al., 2008) and for understanding their link with climatic variability (e.g., Viña and Henebry, 
2005; Maignan et al., 2008; Normand et al., 2009; Maselli et al., 2009; Ma and Zhou, 2011).  

Changes in climate can alter land cover phenology both directly, by modifying timing and 
amplitude of phenological profiles (e.g., Menzel et al., 2001; 2006; Penuelas and Filella, 2001; 
Cleland et al., 2007; Prieto et al., 2009) and indirectly, by affecting the plant community 
distribution and dynamics (Feehan et al., 2009). In turn, modifications in the vegetation 
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phenological cycle imply alteration in the exchanges with the atmosphere and particularly 
in the Carbon balance (e.g., Piao et al., 2008).  

Unfortunately, heterogeneity over a wide range of scales severely limits the characterization 
of biosphere-atmosphere interactions (e.g. Göckede et al., 2009; Zhao et al., 2009). The 
approximation of ecosystems by considering the prevailing plant functional type (PFT) is 
too rough for many applications since a high percentage of the terrestrial biosphere is 
actually made by highly intermixed PFT compositions (Bhreshears, 2006) and new 
aggregation concepts are required for describing functional categories (Williams et al, 2009; 
Ustin and Gamon, 2010). Therefore, it is necessary to reduce details without destroying 
information of dynamical value, especially in regions characterized by a mosaic of human 
land use and natural vegetation whose role in local and global dynamics is crucial, as shown 
by recent studies on the repercussions of land-use/land-cover modifications on the climate 
system (e.g., Pielke, 2005; Douglas et al, 2009; Zhao et al., 2009; Mahmood et al., 2010).  

In this Chapter we approach the estimation of the monthly correlation between land surface 
phenological cycles and seasonal air temperature patterns in order to investigate how this 
correlation is distributed in space and how this distribution varies in the passage from a 
year to another one. We refer to “land surface phenology” rather than to “vegetation 
phenology”, according to the remote sensing community (deBeurs & Henebry, 2005),  
because the variability observed at the pixel detail is the integrated effect of a mixing of 
signals, derived from extended plant aggregations and non vegetated traits. However, it is 
widely recognised that satellite data, by means of suited vegetation indexes, are able to 
capture collective behaviours of plant communities adapted to the specific climatic, 
structural, and ecological characteristics of the geographical area.  

In order to investigate the spatial and temporal variability of vegetation and temperature in 
a typical, very complex, Mediterranean environment, we analyze monthly NDVI 
(Normalized Difference Vegetation Index) and air temperature time series over Southern 
Italy, core of Mediterranean Basin, where the responsiveness of vegetation to temperature 
increase is the greatest in the European continent (e.g. Estrella et al., 2009). 

Heterogeneity is reduced by looking for phenological alikeness, as it appears at the sensor 
resolution, since this reflects analogies in the collective functionality of the sub-pixel 
components. Profiles of monthly NDVI, acquired by the MODIS sensor (250m), are 
elaborated by performing a multitemporal clustering on annual basis to aggregate areas 
with similar phenological cycles. In the same way, areas with common phenological and 
temperature seasonal patterns are analyzed by classifying temperature and NDVI profiles 
jointly. In order to evaluate the spatial variability in the phase-relation between vegetation 
and temperature, temporal correlations are estimated per pixel and gathered in a correlation 
map (r-map), which is created per each year. Sign and magnitude of the correlation 
coefficient inform us about the phase relation between the annual patterns: high positive 
values of r characterize areas where phenology and temperature are nearly in phase; 
whereas high negative values characterize areas where they have about opposite phases. 
Thus, the r-map provides a measure of the similarity between phenology and temperature 
profiles and a representation of the spatial distribution of such a similarity. This should 
point out leading spatial structures dominated by analogous biogeographical features. In 
addition, the comparison between r-maps estimated for different years should enhance the 
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influence of inter-annual meteorological fluctuations on such structures thus discriminating 
stable regions from more variable areas where the dependence of phenology on temperature 
seasonality varies with meteorology.  

2. Study area  
The area under study belongs to the Mediterranean biogeographical region and is located in 
the Southern part of the Italian peninsula (Fig. 1). Its territory is mainly mountainous: the 
Apennine chain runs along the peninsula from NW to SE, splitting it in two parts and 
forming a broad irregular mountain system with generally narrow coastal plains on both 
sides (Fig. 2a). In particular, the East side, overlooking the Adriatic Sea, is characterized by 
level areas such as most of the Apulia region and the plains lying in the far south-east. The 
west side, overlooking the Tyrrhenian Sea, is characterized by an orography more complex 
than the other: uplands and plains stretch along the west coast between the Apennines and 
the sea. This region includes a number of major cities, among which there are Naples and 
Palermo. The Strait of Messina separates Sicily, the largest island in the Mediterranean Sea, 
from mainland Italy. Much of the northern portion of the island is mountainous, and Mount 
Etna, one of the largest active volcanoes in the world, reaches 3000 m in altitude. 

Apulia

Calabria

Sicily

Naples

Mediterranean

Alpine

Continental

Biogeographical
Regions
(EEA)

Atlantic

Macaronesia
Steppic

.

Palermo 500 100km

 
Fig. 1. Location of the study area within the map of biogeographical regions (source 
European Environment Agency-EEA) and the administrative limits of the investigated areas 
with the principal placenames.  

Altogether, Southern Italy enjoys a mild climate thanks to its position in the middle of the 
Mediterranean, to the influence of air masses coming from North Africa, and to the presence 
of the barrier formed by the Alps chain that shelters from the northern cold winds. 
Nevertheless, local significant differences are present, especially due to latitude variability 
(60), to orography, and to the maritime climate of the coasts. In particular, its rich 
orographic variability makes this territory a good test site for assessing the effect of altitude 
on phenology. In the inland areas, where the sea effects are negligible and altitude is high, 
climate is typically mountainous with cold winters. On the Adriatic side, the 
thermoregulatory action of the sea is reduced by the eastern cold and humid winds. The  
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phenological cycle imply alteration in the exchanges with the atmosphere and particularly 
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Altogether, Southern Italy enjoys a mild climate thanks to its position in the middle of the 
Mediterranean, to the influence of air masses coming from North Africa, and to the presence 
of the barrier formed by the Alps chain that shelters from the northern cold winds. 
Nevertheless, local significant differences are present, especially due to latitude variability 
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thermoregulatory action of the sea is reduced by the eastern cold and humid winds. The  
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seaboard and the southernmost zones have a typical Mediterranean climate, characterized 
by rainy autumns and winters, and very warm dry summers. Gathered rain events often 
trigger floods and erosion. The areas of Calabria well synthesize the high basic 
heterogeneity of the territory. Here, we can find typically sub-tropical coastal environments 
opposed, at a distance of few tens of kilometers, to typical alpine mountain environments, 
such as those of the Sila National Park. Agriculture is the main economic activity in 
Southern Italy. Cereal monocultures are prevalent and farmlands as well as pastures are 
widespread on the territory (Fig. 2b), also at relatively high altitude. Industrial activities and 
urban settlements are mainly distributed according to orography: main cities and industrial 
areas are prevalently located along the coast. Inland, the industrial sector is less developed, 
so there are only small factories. Although natural vegetation is present along the coast 
(pine forests and maquis prevalently), it predominates at high altitude, where broad leaved 
forests and maquis are densely distributed.  

Degradation signatures are evident in the southernmost part of the territory, where any 
climatic change involving increase of drought duration and/or intensity of rare rainfall 
events can favor vulnerability to degradation (Lanfredi et al., 2003). Since also agricultural 
practices often are obsolete and not accompanied by suited soil preservation strategies, 
desertification could be expected in some areas (Sciortino et al., 2000; Liberti et al., 2009; De 
Santis et al., 2010). 

3. Data  
3.1 Satellite data  

To evaluate the cycles of vegetation activity, we analyzed a vegetation index time series 
acquired by the MODIS sensor. In particular, we elaborated monthly mean values of NDVI 
(Normalized Difference Vegetation Index) at full spatial resolution (250m) for the period 
2005-2008. NDVI data, available as 16-day composite, were gathered from the MODIS 
dataset by NASA LP DAAC (Land Processes Distributed Active Archive Center).  

The selected index is related to the structural and functional characteristics of vegetation 
cover, since it is based on the difference of reflectance responses in the red and near infrared 
bands. The index ranges between -1 and +1; negative values are linked to water and thick 
clouds, low positive values to bare soils, high positive values represent dense and 
photosynthetically active vegetation. NDVI is adopted as proxy for photosynthetic activity 
to characterize vegetation dynamics. In particular, MODIS-NDVI time series are widely 
analyzed to study land surface phenology in both natural environment and cultivated 
covers (e.g., Butt et al., 2011; Jönsson et al., 2010; Karlsen et al.,  2008). 

3.2 Orographic data 

The analysis of the dependence of phenology on altitude was performed by using a Digital 
Elevation Model (DEM) derived by the NASA SRTM (Shuttle Radar Topographic Mission). 
The original data available as 3 arc second (~90m pixel resolution) were reprojected to 
satellite data projection and resampled using an average filter to 250m (Fig. 2a) to make 
them comparable with MODIS data. 
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3.3 Temperature maps  

We used temperature data collected by national networks distributed over Southern Italy. In 
particular, maps of air temperature at 250m resolution were obtained from ground station 
measurements by means of a combined deterministic-stochastic model suitably devised for 
the study region on the basis of latitude, elevation (from the re-sampled SRTM DEM), and 
sea distance as independent variables (Coppola et al., 2006). Data to implement the 
spatialization model were obtained from 15 years daily temperature time series (1994-2008) 
collected at 35 stations of the Central Office of Agrarian Ecology – National Agronomic 
Network (UCEA-RAN). The model coefficients were used to elaborate the maps of monthly 
mean temperature (hereafter T) for the period 2005-2008.  

3.4 Land cover data 
Land cover information was extracted from the Corine map downloaded from the High 
Institute for Environment Protection and Research (ISPRA, former APAT). For the purpose  
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Fig. 2. Land cover map (a) obtained by recoding the Corine classes; and Digital Elevation 
Model (b) derived from SRTM.  
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The original data available as 3 arc second (~90m pixel resolution) were reprojected to 
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of this study, the original Corine level 1-3 codes (http://sia.eionet.europa.eu/CLC2000 
/classes) were reclassified to group artificial surfaces and water bodies and to preserve 
detailed information on vegetated covers (Fig. 2b); the adopted map has the following 12 
classes: Broad-leaved and mixed forests, Coniferous forests, Maquis and bushes; Sparsely 
vegetated natural areas, Pastures, Arable lands, Vineyards, Olive groves and fruit trees, 
Heterogeneous agricultural areas, Bare soils, Urban and Industrial Areas, and Water bodies. 
The Corine data in vector format were rasterized in a map at the same resolution (250m) of 
vegetation indices. 

4. Classification procedure for the identification of phenological classes 
In order to group pixels on a phenological basis, we adopted an unsupervised classification 
since no a priory knowledge was available for pattern identification. We classified NDVI 
and T images at the sensor resolution (250m) by means of fuzzy k-means unsupervised 
algorithm, which represents an extension of the widely adopted k-means by evaluating the 
probability of a point to belong to a cluster instead of hard cluster identification (e.g., 
Richards & Jia, 2006). We selected the fuzzy approach since we do not expect abrupt 
variations between one phenological cluster and another one; instead, especially for natural 
vegetation, we can expect gradual differences among phenological patterns. In this context, 
the fuzziness concept can be more appropriate than an abrupt partition (e.g., Simoniello et 
al., 2008). 

In general, this clustering algorithm groups the multispectral data according to statistical 
properties of their spectra for obtaining land cover/land use information (e.g., Richards & 
Jia, 2006). Thus, each image pixel is represented as a point in the n-dimensional space, where 
the n dimensions are the spectral bands and the coordinates are the brightness values in 
each band. Iteratively, the algorithm evaluates the probability of each point to belong to a 
cluster (degree of membership) starting from the primary cluster prototypes. For each 
iteration, the cluster prototypes are rearranged and the membership degree recomputed 
until the movements of cluster prototypes for successive iteration is less than a 
predetermined threshold. Finally, a data point is assigned to the cluster with the highest 
membership degree. 

In this study, we applied the fuzzy k-means algorithm to the temporal domain by 
classifying NDVI from April up to September (period of maximum phenological 
variability) to avoid cluster aggregations driven by residual clouds or hardly filtered 
NDVI data. This seasonal period was selected just to minimize non vegetated effects on 
the identification of the main phenological areas; the successive analyses were instead 
obtained by considering the complete annual profiles. We used the Euclidean distance for 
computing the membership degree among patterns and fixed to 1% the minimum 
threshold of centroid movement, which means a variation on the second decimal figure of 
the NDVI value. 

Although phenology is mainly driven by land cover type, we also included temperature 
patterns in the analysis because climatic conditions can significantly affect the 
phenological development for the same cover type. Thus, we jointly classified NDVI and 
T; for such an implementation, each pixel was represented as a point in a 12-dimensional 
space, where the 12 dimensions are the 6+6 monthly images of T and NDVI and the 
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coordinates are the values of two variables. The results of two clustering procedures 
(NDVI alone and NDVI-T) were compared in order to evaluate the ability of NDVI to 
account also for temperature.   

5. Spatial structure analysis 
The spatial variability of phenological aggregates was evaluated by analyzing some peculiar 
indices commonly adopted in Landscape Ecology analysis (e.g., Diaz-Varela et al., 2009; 
Fischer and Lindenmayer, 2007; McGarigal et al., 2002). We evaluated the indices described 
in the following on the four landscapes represented by the phenological classifications 
related to the investigated years (2005-2008). In particular, we analyzed: 

- Number of patches, which is a simple measure of the extent of subdivision or 
fragmentation in a landscape. 

- Mean patch size, which is the average area of patches comprising a landscape mosaic; it 
is perhaps the single most important and useful piece of information contained in the 
landscape having a great deal of ecological utility. 

- Aggregation Index (AI) is equals the number of like adjacencies involving the 
corresponding class, divided by the maximum possible number of like adjacencies 
involving the corresponding class, which is achieved when the class is maximally 
clumped into a single, compact patch; multiplied by 100 (to convert to a percentage). AI 
increases as the landscape is increasingly aggregated from 0 to 100, on the basis of the 
following formula 

 ii
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where, gii = number of like adjacencies (joins) between pixels of patch type (class) i; and 
max-gii = maximum number of like adjacencies between pixels of patch type. 

- Intersperion and Justapposition index (IJI) evaluates the observed interspersion over 
the maximum possible interspersion for the given number of patch types. IJI 
approaches 0 when the distribution of adjacencies among unique patch types becomes 
increasingly uneven. IJI = 100 when all patch types are equally adjacent to all other 
patch types,(i.e., maximum interspersion and juxtaposition): 
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where, eik = total length of edge in landscape between classes i and k; E = total length of 
edge in landscape, excluding background; and m = number of classes present in the 
landscape. 

- Shannon’s diversity index is a popular measure of diversity in community ecology, 
applied to landscapes. ShDI = 0 when the landscape contains only 1 patch (i.e., no 
diversity). ShDI increases as the number of different patch types (i.e., patch richness, 
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vegetated natural areas, Pastures, Arable lands, Vineyards, Olive groves and fruit trees, 
Heterogeneous agricultural areas, Bare soils, Urban and Industrial Areas, and Water bodies. 
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vegetation indices. 
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algorithm, which represents an extension of the widely adopted k-means by evaluating the 
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Richards & Jia, 2006). We selected the fuzzy approach since we do not expect abrupt 
variations between one phenological cluster and another one; instead, especially for natural 
vegetation, we can expect gradual differences among phenological patterns. In this context, 
the fuzziness concept can be more appropriate than an abrupt partition (e.g., Simoniello et 
al., 2008). 

In general, this clustering algorithm groups the multispectral data according to statistical 
properties of their spectra for obtaining land cover/land use information (e.g., Richards & 
Jia, 2006). Thus, each image pixel is represented as a point in the n-dimensional space, where 
the n dimensions are the spectral bands and the coordinates are the brightness values in 
each band. Iteratively, the algorithm evaluates the probability of each point to belong to a 
cluster (degree of membership) starting from the primary cluster prototypes. For each 
iteration, the cluster prototypes are rearranged and the membership degree recomputed 
until the movements of cluster prototypes for successive iteration is less than a 
predetermined threshold. Finally, a data point is assigned to the cluster with the highest 
membership degree. 

In this study, we applied the fuzzy k-means algorithm to the temporal domain by 
classifying NDVI from April up to September (period of maximum phenological 
variability) to avoid cluster aggregations driven by residual clouds or hardly filtered 
NDVI data. This seasonal period was selected just to minimize non vegetated effects on 
the identification of the main phenological areas; the successive analyses were instead 
obtained by considering the complete annual profiles. We used the Euclidean distance for 
computing the membership degree among patterns and fixed to 1% the minimum 
threshold of centroid movement, which means a variation on the second decimal figure of 
the NDVI value. 

Although phenology is mainly driven by land cover type, we also included temperature 
patterns in the analysis because climatic conditions can significantly affect the 
phenological development for the same cover type. Thus, we jointly classified NDVI and 
T; for such an implementation, each pixel was represented as a point in a 12-dimensional 
space, where the 12 dimensions are the 6+6 monthly images of T and NDVI and the 
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coordinates are the values of two variables. The results of two clustering procedures 
(NDVI alone and NDVI-T) were compared in order to evaluate the ability of NDVI to 
account also for temperature.   
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The spatial variability of phenological aggregates was evaluated by analyzing some peculiar 
indices commonly adopted in Landscape Ecology analysis (e.g., Diaz-Varela et al., 2009; 
Fischer and Lindenmayer, 2007; McGarigal et al., 2002). We evaluated the indices described 
in the following on the four landscapes represented by the phenological classifications 
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fragmentation in a landscape. 

- Mean patch size, which is the average area of patches comprising a landscape mosaic; it 
is perhaps the single most important and useful piece of information contained in the 
landscape having a great deal of ecological utility. 

- Aggregation Index (AI) is equals the number of like adjacencies involving the 
corresponding class, divided by the maximum possible number of like adjacencies 
involving the corresponding class, which is achieved when the class is maximally 
clumped into a single, compact patch; multiplied by 100 (to convert to a percentage). AI 
increases as the landscape is increasingly aggregated from 0 to 100, on the basis of the 
following formula 
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approaches 0 when the distribution of adjacencies among unique patch types becomes 
increasingly uneven. IJI = 100 when all patch types are equally adjacent to all other 
patch types,(i.e., maximum interspersion and juxtaposition): 

 
  

m m ik ik
i 1 k i 1

e e- ln
E EIJI 100

ln 0.5 m m-1

  

    
        

  

 
 (2) 
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edge in landscape, excluding background; and m = number of classes present in the 
landscape. 

- Shannon’s diversity index is a popular measure of diversity in community ecology, 
applied to landscapes. ShDI = 0 when the landscape contains only 1 patch (i.e., no 
diversity). ShDI increases as the number of different patch types (i.e., patch richness, 
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PR) increases and/or the proportional distribution of area among patch types becomes 
more equitable. 

  
m

i 1
ShDI PlnP


   (3) 

where, Pi = proportion of the landscape occupied by class i. 

6. Results  
In order to evaluate the optimal number of clusters n to represent the heterogeneity of the 
investigated territory, we considered the trade-off between the efficacy of ecosystem 
representation and local fragmentation effects. A low number of classes enabled us just to 
distinguish natural from managed covers; whereas a high number of classes (n>10) put into 
evidence very small clusters (n<2% of the total pixels) arisen from the fragmentation of the 
edges of the dominant clusters, making the identified cluster less representative of collective 
dynamics. These additional clusters are not representative of extended collective dynamics. 
They are expected to account for that heterogeneity we would like to reduce. On this basis, 
we selected n=10 to obtain a phenological segmentation of the territory from the 
classification of the NDVI temporal profiles. 

A second sequence of clustering maps (n from 2 to 30) was elaborated by jointly classifying 
NDVI and temperature profiles. We obtained very similar arrangements, with the 
differences between the NDVI and the NDVI-T clustering maps that tend to increase with n. 
Such differences are however very small; in particular, for the selected 10 classes we found 
no variations in the mean phenological profiles and differences in their spatial arrangement 
less than 0.5% (Tab. 1). 

On the whole, NDVI and NDVI-T provide the same territorial segmentation. Such a 
similarity confirms the strong role of temperature in the vegetation development and the 
capability of NDVI to account for such temperature-vegetation interaction.  
 

Cluster 1 2 3 4 5 6 7 8 9 10 
Difference 

(%) 0.08 0.21 0.12 -0.46 0.33 -0.13 -0.39 -0.01 0.17 0.08 

Table 1. Percentage  difference (on the total number of pixels) between the number of pixels 
obtained by classifying in 10 clusters the NDVI profiles alone or the NDVI and temperature 
profiles together. 

6.1 Characterization of phenological classes 

The phenological clusters obtained by classifying on annual basis the NDVI profiles show a 
very coherent structure in both the spatial and temporal domains (Fig. 3). Their temporal 
patterns are organized in a continuum of phenological curves, which start from the early 
peaked curves of clusters 1 and 2, then become ever smoother up to the quite flat profile of 
cluster 5, and finally reach the highest summer values of clusters 10.  
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The spatial arrangement strongly reflects the land cover spatial distribution and the 
orography iso-level curves (compare Fig.2). From the lowest to the highest cluster number, 
there is a reduction of covers related to anthropic activities and an increase of natural 
vegetation (Fig. 4). In particular, the first two clusters are dominated by arable lands 
generally non-irrigated; then, clusters 3 and 4 also include a high percentage of annual crops 
but they are mainly associated with olive groves and complex cultivation patterns, with a 
higher percentage in the first one. In clusters 5, olive groves and vineyards are prevalent 
similarly to cluster 6, where also fruit trees are present. Starting from cluster 7, the presence 
of natural vegetation increases and also in lands principally occupied by agriculture there 
are significant areas of natural vegetation (Corine code 2.4.3). The cluster sequence 8-9-10 
reflects the typical spatial coherence and organization of natural ecosystems in this area, i.e. 
the presence of transitional vegetation around the core of forested areas. In particular, the 
core of forests (cluster 10) is largely composed by broad-leaved trees (more than 75% of the 
cluster). 
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Fig. 3. Phenological profiles obtained by the fuzzy k-means classification on 2005 MODIS-
NDVI data, values are multiplied by 100 (left) and their corresponding spatial patterns 
(right). 
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Fig. 4. Relative distribution of natural and anthropic covers (left); mean altitude value per 
phenological cluster (right). Shown data are related to 2005 as representative also of the 
other three years. 
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PR) increases and/or the proportional distribution of area among patch types becomes 
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Fig. 3. Phenological profiles obtained by the fuzzy k-means classification on 2005 MODIS-
NDVI data, values are multiplied by 100 (left) and their corresponding spatial patterns 
(right). 
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Fig. 4. Relative distribution of natural and anthropic covers (left); mean altitude value per 
phenological cluster (right). Shown data are related to 2005 as representative also of the 
other three years. 
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The distribution of the clusters along the altitude gradient starts from the central hilly areas 
of the first two clusters, goes downwards to the coastal aggregations, and then gradually 
increases from cluster 5 up to the mountainous areas of cluster 10. The only exception is 
represented by cluster 4 that is more spread over the territory being also composed by scrub 
and herbaceous vegetation associations for the natural portion (high presence of 
sclerophyllous vegetation, often left to delimit cultivation fields).    

6.2 Spatial and temporal variability of vegetation patterns 

The clustering analysis of the four investigated years does not highlight dramatic changes in 
the spatial aggregation of the phenological clusters (Fig. 5). The distribution of cluster cores 
seems to be very similar in the map sequence, particularly for the clusters with a high 
percentage of natural covers; whereas a slightly higher variability appears at the cluster 
borders.  
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Fig. 5. Sequence of phenological maps obtained by the fuzzy classification. 
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To quantify the spatial variability of phenological aggregates, we analyzed the spatial 
structure of the maps (Fig. 6). Even if in 2006 and 2007 there is a higher number of patches 
(about 15%) having smaller dimensions, the level of cluster aggregation is quite high (~62%) 
and fairly constant. It was evaluated as the ratio between the number of like adjacencies 
(joins) inside the clusters and the greatest possible joins’ number related to a maximally 
clumped shape with the same dimension of the given cluster. Similarly the level of 
interspersion and juxtaposing of patches belonging to different clusters is preserved in time. 
The Shannon’s diversity index, commonly adopted in ecology to assess the richness of 
species (number and proportion), also shows quite high values (Fig. 7, top). In our case, 
being the cluster number constant, it highlights the level of uniformity in the proportional 
area distribution among the clusters.  
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Fig. 7. Shannon’s diversity index evaluated on the phenological maps (top) and 
characteristic parameters of mean temperature profiles for the whole study areas. 
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The distribution of the clusters along the altitude gradient starts from the central hilly areas 
of the first two clusters, goes downwards to the coastal aggregations, and then gradually 
increases from cluster 5 up to the mountainous areas of cluster 10. The only exception is 
represented by cluster 4 that is more spread over the territory being also composed by scrub 
and herbaceous vegetation associations for the natural portion (high presence of 
sclerophyllous vegetation, often left to delimit cultivation fields).    

6.2 Spatial and temporal variability of vegetation patterns 

The clustering analysis of the four investigated years does not highlight dramatic changes in 
the spatial aggregation of the phenological clusters (Fig. 5). The distribution of cluster cores 
seems to be very similar in the map sequence, particularly for the clusters with a high 
percentage of natural covers; whereas a slightly higher variability appears at the cluster 
borders.  

2005 2006 2007 2008

 
Fig. 5. Sequence of phenological maps obtained by the fuzzy classification. 

Aggregation Index

0

20

40

60

80

100

2005 2006 2007 2008

(%)

Mean Patch Size

75

80

85

90

95

100

2005 2006 2007 2008

(ha)Number of Patches

70,000

75,000

80,000

85,000

90,000

95,000

100,000

2005 2006 2007 2008

Interspersion and Juxtaposition Index

0

20

40

60

80

100

2005 2006 2007 2008

(%)

 
Fig. 6. Spatial characteristics of the phenological cluster aggregates. 

Correlation of Vegetation and Air Temperature  
Seasonal Profiles – Spatial Arrangement and Temporal Variability 

 

283 
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and fairly constant. It was evaluated as the ratio between the number of like adjacencies 
(joins) inside the clusters and the greatest possible joins’ number related to a maximally 
clumped shape with the same dimension of the given cluster. Similarly the level of 
interspersion and juxtaposing of patches belonging to different clusters is preserved in time. 
The Shannon’s diversity index, commonly adopted in ecology to assess the richness of 
species (number and proportion), also shows quite high values (Fig. 7, top). In our case, 
being the cluster number constant, it highlights the level of uniformity in the proportional 
area distribution among the clusters.  
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Fig. 7. Shannon’s diversity index evaluated on the phenological maps (top) and 
characteristic parameters of mean temperature profiles for the whole study areas. 
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Among the four years, 2005 shows the most equitable cluster distribution; instead in 2008 
the phenological aggregates appear to some extent less uniformly distributed. At broad 
scale level, such variation in the spatial heterogeneity evidenced by the Shannon’s index 
appears to follow the behavior of temperature features (Fig. 7, bottom). In particular, it 
seems to be positively related to the annual temperature range (R 0.95) and negatively 
affected by the temperature mean and minimum values (R -0.97). The maximum of 
temperature does not appear to have a direct link with the spatial uniformity of 
phenological aggregates.  

The NDVI profiles corresponding to the spatial clusters show a great variability, particularly 
in the growing and greening seasons with differences in both amplitude and length (Fig. 8). 
Such marked interannual differences in NDVI values jointly with the relative stability of the 
phenological aggregates suggest the effect of external forcing, such as the variability in 
temperature seasonality, capable to generate collective modifications of phenological 
responses.  
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Fig. 8. Annual profiles corresponding to the phenological clusters in Fig. 8. The cluster 
colors in the maps correspond to the colors of the profiles. 
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The profiles of mean air temperature for the investigated area (Fig.9) seem to support such a 
hypothesis. In particular, 2005 appears colder than the other years during the first months to 
which low NDVI values correspond, especially in February. The relative low summer 
temperature in 2006, jointly with a gradual summer-autumn reduction, seems to 
characterize the flat behavior of vegetation response during the greening season of this year. 
The warmer initial period of 2007 and 2008 correspond to higher NDVI values during the 
first moths of both the years; conversely the warmer temperature in summer is related to a 
reduced vegetation activity response, except for the cluster at high altitude (cluster10). The 
behavior of the two years diverge from September, when 2007 show lower temperatures 
and slightly higher NDVI value reductions for the clusters with a large presence of natural 
covers. 
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Fig. 9. Mean monthly temperature over the study area. 

6.3 Correlation between vegetation and temperature patterns: r- maps 

In order to investigate the relationship between temperature and vegetation development in 
detail, we analyzed the correlation between NDVI and T profiles at full spatial resolution by 
estimating the correlation per pixel (r-maps) (Fig.10).  

The r-maps point out some leading spatial structures: there is a clear separation between the 
level areas of the Adriatic side (high negative correlation) and the Apennine areas of the 
Tyrrhenian side (high positive correlation). These aggregates are separated by a central 
transition area with low correlation magnitude. 

The prevalent presence of cultivated lands in the level areas largely explains the 
anticorrelation in the phase-relation between phenology and temperature seasonality; 
whereas the high positive correlation on the Apennine mainly results from the diffuse 
presence of forested covers. In particular, broad-leaved forests and cultivations with olive 
and fruit trees represent the two extremes in the correlation range of the land cover classes: 
high positive the first and high negative the second (Fig. 11). The mixing and prevalence of 
peculiar covers determine the overall spatial structure of the correlation between vegetation 
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the phenological aggregates appear to some extent less uniformly distributed. At broad 
scale level, such variation in the spatial heterogeneity evidenced by the Shannon’s index 
appears to follow the behavior of temperature features (Fig. 7, bottom). In particular, it 
seems to be positively related to the annual temperature range (R 0.95) and negatively 
affected by the temperature mean and minimum values (R -0.97). The maximum of 
temperature does not appear to have a direct link with the spatial uniformity of 
phenological aggregates.  

The NDVI profiles corresponding to the spatial clusters show a great variability, particularly 
in the growing and greening seasons with differences in both amplitude and length (Fig. 8). 
Such marked interannual differences in NDVI values jointly with the relative stability of the 
phenological aggregates suggest the effect of external forcing, such as the variability in 
temperature seasonality, capable to generate collective modifications of phenological 
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Fig. 8. Annual profiles corresponding to the phenological clusters in Fig. 8. The cluster 
colors in the maps correspond to the colors of the profiles. 
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The profiles of mean air temperature for the investigated area (Fig.9) seem to support such a 
hypothesis. In particular, 2005 appears colder than the other years during the first months to 
which low NDVI values correspond, especially in February. The relative low summer 
temperature in 2006, jointly with a gradual summer-autumn reduction, seems to 
characterize the flat behavior of vegetation response during the greening season of this year. 
The warmer initial period of 2007 and 2008 correspond to higher NDVI values during the 
first moths of both the years; conversely the warmer temperature in summer is related to a 
reduced vegetation activity response, except for the cluster at high altitude (cluster10). The 
behavior of the two years diverge from September, when 2007 show lower temperatures 
and slightly higher NDVI value reductions for the clusters with a large presence of natural 
covers. 
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Fig. 9. Mean monthly temperature over the study area. 

6.3 Correlation between vegetation and temperature patterns: r- maps 

In order to investigate the relationship between temperature and vegetation development in 
detail, we analyzed the correlation between NDVI and T profiles at full spatial resolution by 
estimating the correlation per pixel (r-maps) (Fig.10).  

The r-maps point out some leading spatial structures: there is a clear separation between the 
level areas of the Adriatic side (high negative correlation) and the Apennine areas of the 
Tyrrhenian side (high positive correlation). These aggregates are separated by a central 
transition area with low correlation magnitude. 

The prevalent presence of cultivated lands in the level areas largely explains the 
anticorrelation in the phase-relation between phenology and temperature seasonality; 
whereas the high positive correlation on the Apennine mainly results from the diffuse 
presence of forested covers. In particular, broad-leaved forests and cultivations with olive 
and fruit trees represent the two extremes in the correlation range of the land cover classes: 
high positive the first and high negative the second (Fig. 11). The mixing and prevalence of 
peculiar covers determine the overall spatial structure of the correlation between vegetation 
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activity and temperature cycles. Where natural vegetation prevails, the correlation is 
positive and fairly high, where man managed covers are dominant, there is an opposite 
NDVI-T phase-relation and a reduced correlation magnitude. The spatial structure of 
correlation is then largely preserved in time: only small variations of the spatial patterns are 
present in the r-map sequence. 
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Fig. 10. Maps of correlation coefficient (r-map) between the NDVI and T seasonal profiles. 

The strong link between land cover allocation and orography in the study area largely 
characterizes the distribution of correlation values along the altitude gradient (Fig. 12).  

The correlation increases with the elevation and such a behaviour is preserved even if its 
strength is variable from one year to another. In particular, the variation in the correlation 
strength is higher in 2007 when there is a shift of the mean temperature profile, mainly 
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characterized by a warm initial period and colder autumnal-winter months (see Fig. 9). The 
different mean effects per altitude range (lower at high elevation) suggest different 
responses of the present vegetation to the peculiar 2007 temperature pattern. 

Such different responses induced a large deviation toward anticorrelation in the distribution 
of vegetation-temperature phase-relation (Fig. 13), with a particularly evident population 
reduction for the highest correlation class in 2007. 
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Fig. 11. Top: mean NDVI and temperature seasonal profiles for Broad leaved forests (high 
positive correlation) and Olive grove and fruit trees (high negative correlation); bottom: 
values of correlation between NDVI and temperature per land cover (data for 2005). 
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activity and temperature cycles. Where natural vegetation prevails, the correlation is 
positive and fairly high, where man managed covers are dominant, there is an opposite 
NDVI-T phase-relation and a reduced correlation magnitude. The spatial structure of 
correlation is then largely preserved in time: only small variations of the spatial patterns are 
present in the r-map sequence. 
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Fig. 10. Maps of correlation coefficient (r-map) between the NDVI and T seasonal profiles. 

The strong link between land cover allocation and orography in the study area largely 
characterizes the distribution of correlation values along the altitude gradient (Fig. 12).  

The correlation increases with the elevation and such a behaviour is preserved even if its 
strength is variable from one year to another. In particular, the variation in the correlation 
strength is higher in 2007 when there is a shift of the mean temperature profile, mainly 
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characterized by a warm initial period and colder autumnal-winter months (see Fig. 9). The 
different mean effects per altitude range (lower at high elevation) suggest different 
responses of the present vegetation to the peculiar 2007 temperature pattern. 

Such different responses induced a large deviation toward anticorrelation in the distribution 
of vegetation-temperature phase-relation (Fig. 13), with a particularly evident population 
reduction for the highest correlation class in 2007. 
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Fig. 11. Top: mean NDVI and temperature seasonal profiles for Broad leaved forests (high 
positive correlation) and Olive grove and fruit trees (high negative correlation); bottom: 
values of correlation between NDVI and temperature per land cover (data for 2005). 
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Fig. 12. NDVI and temperature correlation values per altitude range. 

 
Fig. 13. Percentage distribution of correlation coefficients between NDVI and T profiles. 

6.4 Spatial variability of phenological classes vs. temperature-vegetation temporal 
correlation  

In order to evaluate the capability of the clustering procedure to follow the different 
responses of vegetation to temperature variability, we analyzed the changes in the cluster 
arrangements vs the correlation between phenology and temperature seasonality. We 
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compared the distribution of the correlation values for pixels that permanently belong to a 
given cluster during the investigated period (stable areas) with the distribution of pixels 
moving from one cluster to an other (unstable areas) (Fig. 14). For stable areas, even if there 
is some variability among correlation classes, the configuration of their distribution is 
preserved in time. For unstable areas, the shape of correlation distribution shows an evident 
modification in 2007. 
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Fig. 14. Comparison of NDVI and T correlation value distributions for stable areas 
(persisting in the same cluster) and for unstable areas (changing clusters) for the whole 
investigated region. In the charts, the percentage distributions are represented in correlation 
bins between –1 and 1 at a 0.25 step.  
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compared the distribution of the correlation values for pixels that permanently belong to a 
given cluster during the investigated period (stable areas) with the distribution of pixels 
moving from one cluster to an other (unstable areas) (Fig. 14). For stable areas, even if there 
is some variability among correlation classes, the configuration of their distribution is 
preserved in time. For unstable areas, the shape of correlation distribution shows an evident 
modification in 2007. 
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Fig. 14. Comparison of NDVI and T correlation value distributions for stable areas 
(persisting in the same cluster) and for unstable areas (changing clusters) for the whole 
investigated region. In the charts, the percentage distributions are represented in correlation 
bins between –1 and 1 at a 0.25 step.  
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To better analyze such different behaviours and to evaluate their relationship with 
temperature patterns, we focused on clusters with less anthropic influence. Then, we 
identified pixels moving from the cluster having the highest percentage of natural covers 
(cluster 10) during the investigated period. About 13% of pixels belonging to cluster 10 in 
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Fig. 15. Comparison of NDVI and T differences in correlation distribution for pixels stable in 
cluster 10 and for pixels transited to cluster 9 in 2007 (unstable C10). In the charts, the 
percentage distributions are represented in correlation bins between –1 and 1 at a 0.25 step. 
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Fig. 16. NDVI profiles for pixels stable in cluster 9 and cluster 10 and for pixels transited 
from cluster 10 to cluster 9 only in 2007.  
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Fig. 17. Aspect distribution for pixels stable in cluster 10 and for pixels transited from cluster 
10 to cluster 9 only in 2007. 
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To better analyze such different behaviours and to evaluate their relationship with 
temperature patterns, we focused on clusters with less anthropic influence. Then, we 
identified pixels moving from the cluster having the highest percentage of natural covers 
(cluster 10) during the investigated period. About 13% of pixels belonging to cluster 10 in 
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Fig. 15. Comparison of NDVI and T differences in correlation distribution for pixels stable in 
cluster 10 and for pixels transited to cluster 9 in 2007 (unstable C10). In the charts, the 
percentage distributions are represented in correlation bins between –1 and 1 at a 0.25 step. 
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Fig. 17. Aspect distribution for pixels stable in cluster 10 and for pixels transited from cluster 
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2005, 2006 and 2008 were associated by the clustering procedure to cluster 9 in 2007. The 
quasi totality of such pixels is covered by forested areas (84%), mainly by broad-leaved 
trees, and is located at an average altitude around 1000m, similarly to stable pixels. By 
analyzing the differences in their distribution per correlation class (Fig. 15), we can note a 
marked configuration change in 2007. Conversely, pixels that are stable in cluster 10 during 
the four years considerably preserved the correlation distribution.  

Such a variation in the correlation between vegetation and temperature cycles highlights a 
different phenological response of pixels transited to cluster 9 in 2007 compared to pixels 
persisting in cluster 10. As shown by NDVI cycles, the profiles of transited pixels, indeed,  is 
very similar to those of cluster 10 in 2005, 2006 and 2008; whereas during 2007 it is more 
similar to the behaviour of cluster 9, in particular, in the summer period (Fig. 16). By 
analyzing the peculiarities of such transited pixels, we found a higher exposition to sunlight, 
mainly towards East – Northeast and Southwest, whereas stable pixels are prevalently 
exposed to North – Northwest (Fig. 17). The aspect factor could have exacerbated the effects 
of the warm summer and drought condition prolonged up to autumn in 2007. 

7. Concluding remarks 
Our results point out a significant degree of interannual variability of phenological 
responses, already evidenced by other studies (e.g. Hanes et al., 2010; Bradley et al. 2008), 
which interests not only herbaceous species but also structured vegetation, such as broad-
leaved forests. The spatial distribution of phenological aggregates roughly reflects the 
macroscopic characteristics of the biogeographical variability (mainly altitude and land 
cover). Their spatial heterogeneity is characterized by a background structure, determined 
by the acclimatization setting, and by fluctuating components which aggregate to one or to 
another core according to different meteorological scenarios.  

The joint evaluation of the cluster sequences and maps of correlation with temperature show 
that pixels persisting in the same clusters generally keep correlation even if both phenology 
and meteorology exhibit slightly different characteristic curves. Conversely, larger 
correlation differences are detected for pixels fluctuating among clusters, which could agree 
with the presence of non-linear phenology-temperature relationship (Hudson, 2010). This 
relationship is also influenced by some additional local features (e.g., surface aspect), whose 
effects emerge in mutated meteorological conditions. Since also rainfalls, jointly with the 
basic temperature variable, can have a relevant control in vegetation development especially 
in Mediterranean areas, future studies will be devoted to investigate the combined role of 
rainfalls in determining local phenological variability. 

On the whole, the capability of the clustering procedure implemented on annual basis to 
follows the phenological modifications provides an indication for exploring the use of 
cluster spatial arrangement variations (dimension and shape) jointly with temperature-
phenology correlation maps in studies devoted to model the vegetation responses to 
meteorological/climatic fluctuations also in the presence of  non-linearity. 
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1. Introduction 
Vegetation phenology is the expression of the seasonal cycles of plant processes and their 
connections to climate change (temperature and precipitation). The timing of phenological 
events can be used to document and evaluate the effects of climate change on both 
individual plant species and vegetation communities. Thus, vegetation phenology 
(including shifts in the timing of bud burst, leaf development, senescence, and growing 
season length) is considered as one of the simplest and most effective indicators of climate 
change (IPCC, 2007). Long-term observing and recording of changes in plant phenology 
support efforts to understand trends in regional and global climate changes, to reconstruct 
past climate variations, to explore the magnitude of climate change impacts on vegetation 
growth, and to predict biological responses to future climate scenarios.  

Field phenological observations and calendars provide details of timing of seasonal 
development for specific plant species. The attributes of field phenophase observations 
include timing of flower bud or inflorescence appearance, first bloom, 50% bloom, end of 
blooming, fruit or seed maturing, fruit or seed shedding, first leaf unfolding, bud burst, 50% 
leaf unfolding, first leaf coloration, full leaf coloration, first defoliation, and end of 
defoliation. Such field observations have a history extending back for thousands of years in 
China (Zhu and Wan, 1963), and as far back as the early 1700s in Europe (e.g., Sparks and 
Carey, 1995), and the 1800s in Japan (Lauscher, 1978). Recently, several networks of field 
phenological observations have been established worldwide. The most notable of these 
networks are PlantWatch in Canada (http://www.naturewatch.ca/english/plantwatch/), 
the National Phenology Network (NPN, http://www.usanpn.org/) in the USA (United 
States of America), the European Phenology Network, the Japan Phenological Eyes Network 
(PEN, http://pen.agbi.tsukuba.ac.jp/), and the UK (United Kingdom) Phenology Network 
(http://www.phenology.org.uk/). The PlantWatch network is part of the Canadian 
national nature watch series of volunteer monitoring programs designed to help identify 
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ecological change. Plants chosen for the network are perennial, easy-to-identify, broadly-
distributed, and naturally occurring species that bloom every spring in response to changing 
temperature. The European Phenology Network (EPN) involves various universities and 
research centers, and is supported by the International Society for Biometeorology, 
Commission on Vegetation Dynamics, Climate and Biodiversity. The USA NPN was 
established with support from USGS (US Geological Survey) in 2007, and is an 
interdisciplinary effort involving botanical gardens, academia, and government agencies, 
with the goal of systematically collecting and analyzing phenological data. This network 
observes phenology in about 2000 evenly distributed field sites across the USA.  

An advanced technique for qualifying seasonality of plant canopy in the field is to take 
measurements using a digital webcam. The camera is generally mounted in a high tower 
(around 30 m tall) and is connected to a local wireless network and a personal computer 
running camera image-capture software (Richardson et al., 2007). The imagery from digital 
cameras is capable of monitoring plant canopy seasonality (Richardson et al., 2009), crop 
growth (Goddijn and White, 2006), and timing and duration of flowering (Adamsen et al., 
2000).   

Long-term field observations of species-level phenophases have been successfully used to 
reveal local and regional climatic variations occurring for several decades (Fitter et al., 1995; 
Kramer, 1996; Rötzer and Chmielewski, 2000; Chen et al., 2005). Specifically, long-term 
records of budburst and flowering dates have been associated with inter-annual variation in 
air temperature. Previous studies revealed that warmer spring temperature has advanced 
flowering dates by about 4 days/C (Fitter et al., 1995) and leaf unfolding by about 3.2–3.6 
days/C in Europe (Kramer, 1996; Rötzer and Chmielewski, 2000). On average, springtime 
phenological events have changed globally by 2.3 days per decade (Parmesan and Yohe, 
2003). Similarly, the growing-season length (GSL) of deciduous broadleaf forests during the 
period from 1900–1987 increased by about five days as a result of a one-degree increase in 
mean annual temperature in the eastern United States (White et al., 1999). Moreover, 
phenological records have been used to model historical climate change. Indeed, the record 
of grape harvest dates for the period 1523–2007 in the area around Vienna, Austria, reveals 
that temperature was as warm in the 16th century as in the 1990s; the mean May to July 
temperature then started to fall, with the coldest decade of the record from 1771 to 1780; and 
a constant temperature increase from the 1970s to the present seems to be unprecedented 
during the last 470 years (Maurer et al., 2009). 

During the last three decades, remote sensing has become a widely-used mechanism for 
monitoring the activity of vegetation at large spatial scales. The satellite-derived vegetation 
indices, commonly termed normalized difference vegetation index (NDVI), provides an 
indication of the canopy ‘‘greenness” of vegetation communities, which is a composite 
property of leaf chlorophyll content, leaf area, canopy cover and structure. Therefore, the 
time series of NDVI data derived from the Advanced Very High Resolution Radiometer 
(AVHRR) have been used extensively for monitoring vegetation phenology (Lloyd, 1990; 
Reed et al., 1994; White et al., 1997; Zhang et al., 2007). More recently, the VEGETATION 
instrument onboard the SPOT 4 spacecraft, and the Moderate Resolution Imaging 
Spectroradiometer (MODIS) onboard NASA’s Terra and Aqua spacecraft, have provided a 
new era of global remote sensing observations. MODIS data produce time series of 
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vegetation indices at spatial resolutions of 250 m, 500 m, and 1 km globally, with 
substantially improved geometric and radiometric properties (Huete et al., 2002).  

Various phenology products have been developed from satellite data at regional and global 
scales. These products include: (1) the MODIS Land Cover Dynamics Product (MCD12Q2) 
derived from MODIS NBAR (nadir bidirectional reflectance distribution function adjusted 
reflectance) EVI (enhanced vegetation index) (500m–1000m), which is the only global 
product that is produced on an operational basis from 2001 to present (Zhang et al, 2006; 
Ganguly et al, 2010); (2) the MODIS-based product generated at NASA-GSFC (Goddard 
Space Flight Center) in support of the North American Carbon Program, which was 
produced using MODIS data at a spatial resolution of 250m–500m (Morisette et al., 2009; Tan 
et al., 2011); (3) the MODIS phenology product being generated for the contiguous United 
States (CONUS) by the US Forest Service (Hargrove et al., 2009); (4) the USGS long-term 1-
km AVHRR phenology product for CONUS (1989–present; Reed et al., 1994); (5) the NOAA 
4-km GVIx phenology over North America from 1982–2006 (Zhang et al., 2007); (6) the 
global 4.6 km product for 2005 from the Medium Resolution Imaging Spectrometer (MERIS) 
Terrestrial Chlorophyll Index (MTCI) (Dash et al., 2010); and (6) the global product based on 
FPAR (Fraction of Photosynthetically Active Radiation)  developed by the European Space 
Agency (Verstraete et al., 2008). 

Satellite-derived phenology demonstrates recent climate change at a large spatial coverage. 
Using AVHRR NDVI between 1981 and 1991, Myneni et al. (1997) have estimated an 
advance of 8 ± 3 days in the onset of spring and an increase of 12 ±4 days in GSL in northern 
latitudes (45–70°N). An extended comparison of average AVHRR-NDVI values from July 
1981 to December 1999 has shown that the duration of growing seasons increased by as 
much as 18 days in Europe and Asia, and by 12 days in northern North America (Zhou et al., 
2001). Furthermore, analysis of phenology derived from AVHRR NDVI between 1981 and 
2006 across North America indicates that vegetation greenup onset advanced by 0.32 
days/year in cold and temperate climate regions because of spring warming temperatures, 
while it changed progressively from an early trend (north region) to a later trend (south 
region) in subtropical regions because the shortened winter chilling days were insufficient 
to fulfill vegetation chilling requirements (Zhang et al., 2007). However, little significant 
phenological trend has been found using the phenology detection capabilities of AVHRR 
NDVI during 1982–2006 over North America (White et al., 2009).   

Monitoring of vegetation phenology from remote sensing remains a significant challenge, 
although this technique has been demonstrated to be a robust tool. This is because satellite 
observations are frequently interfered with various abiotic factors, and a satellite footprint 
covers a large vegetation community at landscape scales. This chapter briefly introduces 
current methods in phenology detection from satellite data, and further presents long-term 
variation in satellite-derived vegetation phenology at the scale of global coverage.  

2. Overview of phenology detection from satellite data 
2.1 Vegetation index for phenology detection 

Vegetation index (VI) derived from satellite data has been widely applied to monitor 
vegetation properties. The most commonly used vegetation index is the Normalized 
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Difference Vegetation Index (NDVI). It was first formulated by Rouse et al. (1973) using the 
following formula: 

 NIR red

NIR red
NDVI  

 





  (1) 

where ρNIR and ρred stand for the spectral reflectance measurements acquired in the near-
infrared and red regions. 

The NDVI derived from satellite data has been proved to be a robust tool for retrieving local 
and global vegetation properties, including vegetation type, net primary product, leaf area 
index, foliage cover, phenology, photosynthetically active radiation absorbed by a canopy 
(FPAR), evapotranspiration (ET), and biomass (e.g. Tucker et al., 1986; Unganai and Kogan, 
1998; Loveland et al., 1999; Myneni et al., 2002, Friedl et al., 2002). More importantly, a long 
time series of AVHRR NDVI data has been widely applied for exploring global climate 
change reflected by variation of inter-annual vegetation phenology (Read et al., 1994; 
Myneni et al., 1997; Zhou et al., 2001; Nemani et al., 2003; Zhang et al., 2007). Although NDVI 
provides researchers with a way to monitor vegetation characteristics, the use of NDVI 
across a variety of vegetation types may be limited by sensitivity to background reflectance 
(soil background brightness and moisture condition) (Huete et al., 1985; Bausch, 1993), the 
attenuation caused by highly variable aerosols (Kaufman and Tanré, 1992; Miura et al., 1998; 
Ben-Ze'ev et al., 2006), and the saturation at densely vegetated areas (Huete et al., 2002; 
Gitelson, 2004). 

The enhanced vegetation index (EVI) has been developed to improve the quantification of 
vegetation activity (Huete et al., 2002). EVI reduces sensitivity to soil and atmospheric 
effects, and remains sensitive to variation in canopy density where NDVI becomes saturated 
(Huete et al., 2002). It is calculated from reflectance in blue, red and near-infrared bands, 
using the formula: 
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where blue, red and NIR are values in the blue, red, and near-infrared bands, respectively, L 
(=1) is the canopy background adjustment, C1 (=6) and C2 (=7.5) are aerosol resistance 
coefficients, and G (=2.5) is a gain factor.  

As described in the above equation, EVI requires information on reflectance in blue 
wavelengths, which is not available on some satellite instruments, including SPOTVGT, 
SeaWiFS, ENVISAT-MERIS, GLI, and AVHRR. To overcome this limitation, a two band EVI 
(EVI2) has been proposed (Huete et al., 2006; Jiang et al., 2008), which is described as: 
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where C3 is a coefficient (2.4).  

The two-band adaptation of EVI2 is fully compatible with EVI (Huete et al., 2006; Jiang et al., 
2007). The EVI2 remains functionally equivalent to the EVI, although slightly more prone to 

 
Long-Term Detection of Global Vegetation Phenology from Satellite Instruments 

 

301 

aerosol noise, which is becoming less significant with continuing advancements in 
atmosphere correction. Similar to EVI, EVI2 is less sensitive to background reflectance, 
including bright soils and non-photosynthetically active vegetation (i.e. litter and woody 
tissues) (Rocha et al., 2008). Thus, it could be used to monitor vegetation phenology and 
activity across a variety of ecosystems (Rocha and Shaver, 2009).  

There are several other vegetation indices in vegetation phenology detections. These include 
Normalized Difference Water Index (NDWI) (Delbart et al., 2005), FPAR (Verstraete et al., 
2008), and LAI (Obrist et al., 2003). 

2.2 Algorithm of phenology detection 

Phenology detections from time series of satellite data are commonly composed of two 
steps: modeling of the temporal VI trajectory and identification of the timing of phenological 
phases. Modeling (or smoothing) of the temporal VI trajectory is to reduce non-vegetative 
information (noise) in the satellite observations. The noise in an annual time series is mainly 
caused by environmental impacts: cloud cover, atmospheric effects, and snow cover. To 
minimize cloud and atmospheric contamination, the maximum value composite (MVC) 
(Holben, 1986) and best index slope extraction (BISE) (Viovy et al., 1992) are commonly 
applied to create weekly, biweekly, or monthly composites. To further reduce noise, time 
series of VI data are often smoothed using a variety of different methods including Fourier 
harmonic analysis (Moody and Johnson, 2001), asymmetric Gaussian function-fitting 
(Jonsson and Eklundh, 2002), piece-wise logistic functions (Zhang et al., 2003), Savitzky–
Golay filters (Chen et al., 2004), degree-day based quadratic models (de Beurs and Henebry, 
2004), and polynomial curve fitting (Bradley et al., 2007).  In mid- and high latitudes, 
vegetation signals are also contaminated by snow cover during winter. To reduce snow 
contamination, which generally results in a dramatically steep drop in NDVI and irregular 
variation in EVI (Zhang et al., 2006), snow cover observations are explicitly removed or 
replaced. This is done using nearest non-snow observations in a temporal VI trajectory after 
winter periods are determined using ancillary data of land surface temperature and snow 
detection (Zhang et al., 2004a; Tan et al., 2011) or high values of NDWI (Delbart  et al., 2005).  

For long-term VI data record, the noises also result from instrumental uncertainties related 
to sensor decay and inconsistency among multi-sensors. A variety of studies have simulated 
VI values across different sensors to investigate the uncertainty caused by various impact 
factors and to establish VI translation equations. Generally, the VI values from various 
instruments are continued using a set of linear or quadric equations (Steven et al., 2003; 
Fensholt and Sandholt, 2005; Miura et al., 2006).  

The modeled annual time series of VI data is not necessary for the accurate reflection of 
seasonal vegetative signals because of the complex abiotic influences. The degree of 
vegetation representation is strongly dependent on the model approaches used. The 
uncertainty in the temporal VI trajectory is generally the main source of errors in the 
detection of vegetation phenologic metrics, which is currently lack of detailed 
investigations.  

A number of methods have been developed to identify the timing of phenological phases (or 
metrics) from the modeled/smoothed temporal VI trajectory at regional and global scales.  
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Difference Vegetation Index (NDVI). It was first formulated by Rouse et al. (1973) using the 
following formula: 

 NIR red

NIR red
NDVI  

 





  (1) 

where ρNIR and ρred stand for the spectral reflectance measurements acquired in the near-
infrared and red regions. 
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where blue, red and NIR are values in the blue, red, and near-infrared bands, respectively, L 
(=1) is the canopy background adjustment, C1 (=6) and C2 (=7.5) are aerosol resistance 
coefficients, and G (=2.5) is a gain factor.  
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where C3 is a coefficient (2.4).  

The two-band adaptation of EVI2 is fully compatible with EVI (Huete et al., 2006; Jiang et al., 
2007). The EVI2 remains functionally equivalent to the EVI, although slightly more prone to 
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aerosol noise, which is becoming less significant with continuing advancements in 
atmosphere correction. Similar to EVI, EVI2 is less sensitive to background reflectance, 
including bright soils and non-photosynthetically active vegetation (i.e. litter and woody 
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contamination, which generally results in a dramatically steep drop in NDVI and irregular 
variation in EVI (Zhang et al., 2006), snow cover observations are explicitly removed or 
replaced. This is done using nearest non-snow observations in a temporal VI trajectory after 
winter periods are determined using ancillary data of land surface temperature and snow 
detection (Zhang et al., 2004a; Tan et al., 2011) or high values of NDWI (Delbart  et al., 2005).  

For long-term VI data record, the noises also result from instrumental uncertainties related 
to sensor decay and inconsistency among multi-sensors. A variety of studies have simulated 
VI values across different sensors to investigate the uncertainty caused by various impact 
factors and to establish VI translation equations. Generally, the VI values from various 
instruments are continued using a set of linear or quadric equations (Steven et al., 2003; 
Fensholt and Sandholt, 2005; Miura et al., 2006).  

The modeled annual time series of VI data is not necessary for the accurate reflection of 
seasonal vegetative signals because of the complex abiotic influences. The degree of 
vegetation representation is strongly dependent on the model approaches used. The 
uncertainty in the temporal VI trajectory is generally the main source of errors in the 
detection of vegetation phenologic metrics, which is currently lack of detailed 
investigations.  

A number of methods have been developed to identify the timing of phenological phases (or 
metrics) from the modeled/smoothed temporal VI trajectory at regional and global scales.  
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The commonly used methods are the threshold-based technique which is divided into 
absolute VI threshold (e.g., Lloyd, 1990; Fischer, 1994; Myneni et al., 1997; Zhou et al., 2001) 
and relative threshold (e.g., White et al., 1997; Jonsson and Eklundh, 2002; Delbart et al., 
2005; Karlsen et al., 2006; Dash et al., 2010), moving average (Reed et al., 1994), spectral 
analysis (Jakubauskas et al., 2001; Moody and Johnson, 2001), and inflection point estimation 
in the time series of vegetation indices (Moulin et al. 1997; Zhang et al. 2003; Tan et al., 2011). 
Various approaches in detecting phenological timing, particularly the greenup onset, are 
compared using the same dataset (de Beurs and Henebry, 2010; White et al., 2009). 
Evidently, most of the methods work well at local and regional scales, or for specific 
vegetation types. However, they are difficult to implement globally since empirical 
constants are involved and generally do not account for ecosystem specific characteristics of 
vegetation growth. 

3. Long-term satellite detection of global vegetation phenology 
3.1 Global vegetation phenological metrics 

Phenology observed from satellite data is usually defined as land surface phenology (de 
Beurs and Henebry, 2004; Friedl et al., 2006) because an annual cycle of satellite data reflects 
seasonal variation composed of vegetation, atmosphere, snow cover, water conditions, and 
other land disturbance. However, vegetation seasonal dynamics are generally the 
parameters of interest to retrieve, whereas the abiotic signals in the temporal satellite data 
are considered to be noise. As a result, long-term global satellite-based phenological metrics 
in this chapter are defined according to vegetation seasonal cycles. Briefly, a seasonal cycle 
of vegetation growth consists of a greenup phase, a maturity phase, a senescent phase, and a 
dormant phase (Figure 1, Zhang et al., 2003). These four phases are characterized using four 
phenological transition dates in the time series of VI data: (1) greenup onset (leaf-out): the 
date of onset of VI increase; (2) maturity onset: the date of onset of VI maximum; (3) 
senescence onset: the date of onset of VI decrease; and (4) dormancy onset: the date of onset 
of VI minimum. Furthermore, the time series of VI data provides the integrated VI for the 
growing season (the sum of daily VI values varying from greenup onset to dormancy onset), 
maximum and minimum VI values during a growing season, and the length of the 
vegetation growing season. 

During a senescent phase, foliage senescent development consists of several coloration 
statuses (Zhang and Goldberg, 2011). Fall foliage coloration is a phenomenon occurring in 
many deciduous trees and shrubs worldwide. Fall foliage status is a function of the colored 
leaves on the plant canopy. With the spread of colored foliage, the percentage of fallen 
leaves increases. Their difference represents relative variation in colored leaves on plant 
canopy, which can be quantified using a temporally-normalized brownness index. The 
occurrence of the maximum relative variation derived from the brownness index is 
considered to be a critical point in foliage coloration status, this being the onset timing of 
peak foliage coloration. Prior to this point, foliage status is generally defined using the 
categories of little/no change, low coloration, moderate coloration, and near-peak 
coloration. Following the critical point, it is divided into peak coloration phase and post-
peak coloration phase (Figure 2).  
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Fig. 1. Key phenological metrics in an annual trajectory of satellite vegetation index.  

 
Fig. 2. Correlation of the temporally-normalized brownness index with colored leaves and 
fallen leaves, separately, and determination of foliage coloration status. The grey dot 
indicates the critical point when colored foliage reaches maximum on a plant canopy. 

More than one set of vegetation phenological metrics could occur within a one-year period 
because of the complexity of phenological cycles across the globe. Vegetation growth can 
undergo one or more cycles, and may include an incomplete cycle (truncated at the 
beginning or end) during a year (Figure 3). The simplest case is illustrated in Figure 3a, 
where a single and complete growth cycle centers near the mid-point of a 12-month period. 
Two partial cycles are recorded in Figure 3b, 3c, and 3d. Figure 3e illustrates the situation 
where two complete growth cycles are finished, which leads to two complete sets of 
phenological metrics. Figure 3f–3h shows examples of two incomplete cycles and one 
complete cycle. To capture vegetation phenological timing properly from the complex cycles 
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within a given one-year period, the satellite data should be extended by periods of a half-
year prior to and following the period of interest, separately.   

 
Fig. 3. Various hypotheses of vegetation phenological cycles  across the globe.  

3.2 Detection of global vegetation phenology  

To determine the global phenological metrics described above, the following approaches are 
conducted. Temporal VI data are first preprocessed to remove or reduce the impacts of 
clouds, atmosphere, snow cover, etc. Specifically, the data gaps caused by clouds–creating 
isolated missing values–are filled by linear interpolation using neighbor good quality data. 
The time series of VI data at each pixel is then smoothed using a Savitzky-Golay and 
running local median filter. The background VI value at each pixel, which represents the 
minimum VI of soil and vegetation in an annual time series (Zhang et al., 2007), is identified 
and it is used to replace VI values in the time series flagged as snow contaminations. 

Vegetation growth cycle is identified using a moving slope along the VI time series. The 
periods with sustained VI increase and decrease at each pixel are determined using a five-
point moving slope technique, where transitions from periods of increasing VI to periods of 
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decreasing VI are identified by changes from positive to negative slope, and vice versa. 
Because slight decreases or increases in VI can be caused by local or transient processes 
unrelated to vegetation-growth cycles, two heuristics are applied to exclude such variation: 
(1) the change in VI within any identified period of VI increase or decrease must be larger 
than 35% of the annual range in VI for that pixel; and (2) the ratio of the local maximum VI 
to the annual maximum VI should be at least 0.7. This approach screens out short-term 
variation unrelated to growth and senescence cycles in VI data, while at the same time 
identifying multiple growth cycles within any 12-month period.  

VI time series in the growing phases (VI consistent increase) and senescent phases (VI 
consistent decrease) is modeled using a sigmoidal vegetation growth function (Zhang et al., 
2003). The specific sigmoid function used to model temporal VI dynamics is the logistic 
function of vegetation growth:  

 ( )
1 a bt
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  (4) 

where t is time in days, y(t) is the VI value at time t,  a and b are free parameters that are 
fitted using a non-linear least sqaures approach, c is the amplitude of VI variation and d is 
the initial background VI value. The advantages of the sigmoidal model are that: (1) it 
provides a simple, bounded, continuous function for modeling growth and decay processes; 
and that (2) each parameter can be assigned a biophysical meaning related to vegetation 
growth or senescence. 

This sigmoidal model has been demonstrated to be effective in depicting seasonality of 
vegetation growth as a function of time (or cumulative temperature)  in various ecosystems 
and data measurements. It was originally developed for monitoring crop growth based on 
field measurements (e.g., Richards, 1959; Ratkowsky, 1983) and adopted to simulate 
temporal satellite vegetation index (Zhang et al., 2003). It has then been applied to 
investigate seasonal vegetation growth using webcam data (Richardson et al., 2006; 
Kovalskyy et al., 2012), Landsat TM data (e.g., Fisher et al., 2006; Kovalskyy et al., 2011), 
AVHRR data (e.g., Zhang et al., 2007), and MODIS data (e.g., Zhang et al., 2003, 2006; Ahl et 
al., 2006; Liang et al., 2011). Moreover, studies have shown that the sigmoidal model 
performance is superior to both Fourier functions and asymmetric Gaussian functions for 
dictping remotely sensed phenology (Beck et al., 2006). Thus, the physically-based sigmoidal 
model is applicable for the detection of global vegetation phenology. 

Phenological transition dates within each growth or senescence phase are identified using 
the rate of change in the curvature of the modeled sigmoidal curves (Zhang et al., 2003; 
Figure 1). Specifically, transition dates correspond to the day-of-year (DOY) on which the 
rate of change in curvature in the VI data exhibits local minima or maxima. These dates 
indicate when the annual cycle makes a transition from one approximately linear stage to 
another.  Formally, at any time t, the curvature (K) for the sigmoidal function given above is:  
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Figure 1). Specifically, transition dates correspond to the day-of-year (DOY) on which the 
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where  is the angle (in radians) of the unit tangent vector at time t along a differential 
curve, and s is the unit length of the curve.   Setting z = ea+bt , the rate of change of curvature 
(K') is: 
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During the growth period, when vegetation transitions from a dormant state to a growth 
phase, three extreme points in a VI curve can be identified using the equation 6 (Zhang et al., 
2003). The two maximum values correspond to the onset of greenup (onset of VI increase) 
and the onset of maturity (onset of VI maximum), respectively (Figure 1). Similarly, the 
extreme points during the senescent phase represent the transition dates of the senescent 
onset (onset of VI decrease) and the dormancy onset (onset of VI minimum). 

To determine foliage coloration status, a temporally-normalized brownness index is derived 
from the relative percentage dynamics of the fraction of colored foliage (Zhang and 
Goldberg, 2011). This brownness index is described as: 
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where Fcbmin=Fcmin+Fb; Fcbmax=Fcmax+Fb; Fcb(t)=Fc(t)+Fb; TNBIb(t) is defined as the temporally-
normalized brownness at time t; Fb is the exposed surface background; Fc(t) and Fcb(t) are the 
fraction of colored foliage on plant canopy and total brown material at time t, separately;  
Fcmin and Fcmax are the maximum and minimum fractions of colored leaf cover; and Fcbmin and 
Fcbmax are the minimum and maximum fractions of brown material during the senescent 
phase, separately. 

The temporally-normalized brownness index is directly linked to the temporal trajectory of 
vegetation index (Zhang and Goldberg, 2011). Specifically, the colored foliage is determined 
after the modeled temporal VI trajectory during the senescent phase is further combined 
with a linear mixture model of surface components consisting of green (or photosynthetic) 
vegetation, colored (or non-photosynthetic) vegetation, and exposed surface background 
(bare soil and rock). As a result, the temporally-normalized brownness index is deduced as:  

  b t
1TNBI 1

1 a bte  
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  (8) 

The temporally-normalized brownness index represents relative changes in colored foliage, 
and varies with time in each pixel individually. It is independent of the surface background, 
vegetation abundance, and species composition. Thus, it is robust to divide the foliage 
coloration status, as displayed in Figure 2, into separate categories of little coloration, low 
coloration, moderate coloration, near-peak coloration, peak coloration, and post-peak 
coloration. 
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3.3 Vegetation index for global phenology detection  

A long-term dataset of global EVI2 has been generated from the daily land surface 
reflectance from the AVHRR Long-Term Data Record (LTDR) and the MODIS Climate 
Modeling Grid CMG) records.  AVHRR LTDR provides daily surface spectral reflectance at 
a spatial resolution of 0.05 degrees from various AVHRR sensors from 1981–1999 (Vermote 
and Saleous, 2006), which is available at the NASA funded REASoN project web site 
(http://ltdr.nascom.nasa.gov/). The MODIS CMG dataset provides Terra and Aqua MODIS 
daily CMG surface reflectance (Collection 5.0) at a spatial resolution of 0.05 degrees, 
covering the period from 2000 to 2010, which is available at the USGS for EROS DAAC 
(http://edcdaac.usgs.gov/main.asp). From these daily surface spectral reflectance, the long-
term daily EVI2 has been calculated and available for the last 30 years 
(http://vip.arizona.edu/viplab_data_explorer).  

4. Results in global vegetation greenup onset 
Global vegetation phenological metrics during the last three decades were detected from 
global daily EVI2 using a series of piece-wise logistic models. Here, only the greenup onset 
is presented and discussed because it is the most important parameter in a vegetation 
seasonal cycle.   

4.1 Spatial pattern in the timing of greenup onset  

Figure 4 sets out the average onset of vegetation greenup in the 1980s, 1990s, and 2000s. If 
there were multiple seasonal cycles in a given calendar year, the first occurrence of greenup 
onset was selected. As expected, the spatial pattern in the three periods is very similar. 
However, the spatial variation in phenological transition dates reflects both broad-scale 
patterns in controlling mechanisms related to climate, and more local factors related to land 
cover and human activities. 

Several spatially distinctive properties of greenup onset are evident. Changes in phenology 
with latitude are apparent in most of the northern hemisphere, from 30°N northwards 
(Figure 4). Greenup onset occurs in early March in the southern USA (south of 40°N), April 
in the northern USA, and at the end of June in northern Canada. Zonal patterns in the 
timing of greenup onset indicate that the transition date of greenup varies at a rate of about 
2–3 days per degree of latitude in North America, Europe, and Asia (Figure 5a, 5b). This 
latitude dependence is assumed to be a function of temperature variation (Myneni et al., 
1997; Zhang et al., 2004a). 

The dependence on latitude is spatially variable because of the spatial complexity in 
elevation and human activities. For example, the timing shift in greenup onset is about one 
and half months from bottom to top of the Carpathian Mountains and Dinaric Alps in 
Europe (Figure 5b).  This reflects that the timing of greenup onset is also a function of 
elevation in mountains, because temperature decreases with increasing elevation. Moreover, 
agricultural land use is one of the most geographically extensive land cover types on the 
Earth. Their phenological behavior is frequently distinct from that of surrounding natural 
vegetation because of controls applied by human management. It is highly evident in central 
North America, where the onset of greenup occurs much later in the Mississippi River 
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where  is the angle (in radians) of the unit tangent vector at time t along a differential 
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where Fcbmin=Fcmin+Fb; Fcbmax=Fcmax+Fb; Fcb(t)=Fc(t)+Fb; TNBIb(t) is defined as the temporally-
normalized brownness at time t; Fb is the exposed surface background; Fc(t) and Fcb(t) are the 
fraction of colored foliage on plant canopy and total brown material at time t, separately;  
Fcmin and Fcmax are the maximum and minimum fractions of colored leaf cover; and Fcbmin and 
Fcbmax are the minimum and maximum fractions of brown material during the senescent 
phase, separately. 

The temporally-normalized brownness index is directly linked to the temporal trajectory of 
vegetation index (Zhang and Goldberg, 2011). Specifically, the colored foliage is determined 
after the modeled temporal VI trajectory during the senescent phase is further combined 
with a linear mixture model of surface components consisting of green (or photosynthetic) 
vegetation, colored (or non-photosynthetic) vegetation, and exposed surface background 
(bare soil and rock). As a result, the temporally-normalized brownness index is deduced as:  
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  (8) 

The temporally-normalized brownness index represents relative changes in colored foliage, 
and varies with time in each pixel individually. It is independent of the surface background, 
vegetation abundance, and species composition. Thus, it is robust to divide the foliage 
coloration status, as displayed in Figure 2, into separate categories of little coloration, low 
coloration, moderate coloration, near-peak coloration, peak coloration, and post-peak 
coloration. 
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valley and the mid-western agricultural heartland, relative to the surrounding natural 
vegetation (Figure 4). This pattern depends strongly on crop type and human management. 
Moreover, urban lands advance greenup onset relative to rural areas surrounding the urban 
regions because of the urban heat island effects (Zhang et al., 2004b), although this is not 
clearly visualized on the 0.05 degree maps. 

In dry climate (arid and semi-arid regions), the spatial pattern in vegetation greenup 
onset is very complex because it is generally controlled by water availability. In 
Mediterranean climates and the southwestern United States, the start of vegetation 
growth occurs mainly in winter and early spring and, in some cases, during the summer 
monsoon season. Outside of the humid tropical regime in sub-Saharan Africa, Australia, 
and southern South America, the dominant vegetation types are grasses, shrubs and 
savannas.  The onset of vegetation greenup in these vegetation types generally depends 
on timing of the rainy season.  

Inspection of the greenup onset in dry climates reveals several regular patterns in local 
regions. The most notable pattern is present in northern Africa (the Sahelian and sub-
Sahelian region). The timing of greenup onset shifts smoothly from early March, at 
around 6.5ºN, to mid-October in the boundary between the Sahel and the Sahara desert 
(17.9ºN, Figure 5b). The shift rate is about 20 days per degree of latitude, which is about 
10 times slower than that in temperate North America and Eurasia. This pattern reflects 
the start of the rainy season, which triggers the onset of vegetation growth in this region 
(Zhang et al., 2005), which is in turn controlled by the migration of the Intertropical 
Convergence Zone (ITCZ). In contrast, the phenological pattern found in southern Africa 
is much more complex (roughly 1ºS southward), although greenup onset shows a regular 
delayed shift from 1ºS to 22ºS and an advanced shift of 22ºS southwards (Figures 4 and 
5b). In the eastern part of this region, vegetation growth generally starts between 
September and November, whereas it tends to occur in February and March in 
southwestern Africa (west of the Kalahari Desert).  In the Great Horn of Africa, two cycles 
of vegetation growth are evident, which reflects the bimodal precipitation regime in this 
region. These irregular patterns coincide strongly with patterns evident in the arrival of 
the rainy season (Zhang et al., 2005).  

In South America, four different phenological regions follow the variation in the onset of 
vegetation greenup. Greenup onset occurs in the boreal winter, with no obvious gradient in 
the northern Andes mountainous region. In southern South America, green leaves emerge 
in the boreal summer and gradually push northward at a rate of about three days per 
latitude (Figure 5c). However, a remarkable phenological trend exists along the Brazilian 
Highlands (in the direction from 60ºW and 39ºS to 35ºW and 5ºS), where the greenup onset 
shifts from July to next February at a rate of about 0.12 days/km. In contrast, the timing of 
greenup onset is very irregular in the Amazon rainforest, where the values are of poor 
quality because of high frequencies of cloud cover and weak seasonality in vegetation index. 
Overall, the complex phenological pattern is likely to be associated with precipitation and 
latitude-elevation-dependent temperature.  

Phenological variation in Australia divides into three distinct regions. Greenup onset occurs 
in the late boreal autumn and winter in northern areas, in the boreal summer in southern 
areas, and in the boreal spring, or with no clear phenology, in central Australia. Although  
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Fig. 4. Average timing of greenup onset in three periods: a) 1980s (1982--1989), b) 1990s 
(1990--1999), and c) 2000s (2001--2009), separately. The color legend is the day of year. Three 
vertical lines on a) present the locations of profiles in Figure 5. 
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Fig. 4. Average timing of greenup onset in three periods: a) 1980s (1982--1989), b) 1990s 
(1990--1999), and c) 2000s (2001--2009), separately. The color legend is the day of year. Three 
vertical lines on a) present the locations of profiles in Figure 5. 



 
Phenology and Climate Change 

 

310 

irregular patches are observed in each region, a regular gradient is apparent locally. 
Specifically, the onset of greenup occurs mainly in January over northern Australia, while 
phenological phases occur about six months later in southern Australia. For example, the 
timing of greenup onset in central north Australia (13–21.5°S and 128–140°E) shifts at a rate 
of 0.1 days/km from October to late January. This trend is controlled by the Australian 
summer monsoon and extra-monsoonal rainfall events (e.g., Hendon and Lebmann, 1990), 
and also reflects the changes in species composition and a decrease in both tree biomass and 
diversity (Cook and Heerdegen, 2001).   

 
Fig. 5. Profiles of the shift of greenup onset: a) along a meridian of 100°W in North America, 
b) along a meridian of 20°E in Europe and Africa, and c) along a meridian of 65°W in South 
America. The geographic locations are displayed on Figure 4a. 
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Fig. 6. Inter-annual variation (standard variation) in the timing of greenup onset in a) 1980s, 
b) 1990s, and c) 2000s, separately. The color legend is the number of days.  

Note that the detected phenology metrics are of poor quality for evergreen vegetation 
(tropical rainforests and boreal forests) in many areas. This is because the annual variation 
in EVI2 is too subtle to retrieve phenology effectively. Moreover, there is no vegetation 
growth in tropical desert areas and polar regions of permanent snow cover. 



 
Phenology and Climate Change 

 

310 

irregular patches are observed in each region, a regular gradient is apparent locally. 
Specifically, the onset of greenup occurs mainly in January over northern Australia, while 
phenological phases occur about six months later in southern Australia. For example, the 
timing of greenup onset in central north Australia (13–21.5°S and 128–140°E) shifts at a rate 
of 0.1 days/km from October to late January. This trend is controlled by the Australian 
summer monsoon and extra-monsoonal rainfall events (e.g., Hendon and Lebmann, 1990), 
and also reflects the changes in species composition and a decrease in both tree biomass and 
diversity (Cook and Heerdegen, 2001).   

 
Fig. 5. Profiles of the shift of greenup onset: a) along a meridian of 100°W in North America, 
b) along a meridian of 20°E in Europe and Africa, and c) along a meridian of 65°W in South 
America. The geographic locations are displayed on Figure 4a. 

 
Long-Term Detection of Global Vegetation Phenology from Satellite Instruments 

 

311 

 
Fig. 6. Inter-annual variation (standard variation) in the timing of greenup onset in a) 1980s, 
b) 1990s, and c) 2000s, separately. The color legend is the number of days.  

Note that the detected phenology metrics are of poor quality for evergreen vegetation 
(tropical rainforests and boreal forests) in many areas. This is because the annual variation 
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4.2 Inter-annual variation in greenup onset 

Inter-annual variation in greenup onset is limited in temperate and cold climate regimes 
(Figure 6). In the northern hemisphere, the standard deviation is generally less than 10 days, 
although there are several locations with a standard deviation of about 11–15 days in 
evergreen needle leaf forest where EVI2 seasonality is weak. This suggests that spring 
occurrences of greenup onset are regularly triggered by an increase in spring temperature, 
which leads to a comparable annual EVI2 trajectory (Figure 7a).  

In contrast, the inter-annual timing of greenup onset varies considerably in arid and 
semiarid climate regimes (Figure 6). The standard deviation is generally larger than 15 days 
within each decade. This is probably associated with the fact that vegetation greenup onset 
strongly tracks rainy season occurrence, which can change greatly between years (Zhang et 
al., 2005). For example, a temporal EVI2 trajectory in shrubland in the southwestern United 
States clearly indicates the variability of inter-annual vegetation growing cycles (Figure 7b), 
with the timing of greenup onset varying from DOY 85 to 213 during the period from 2001 
to 2009.     

 
Fig. 7. Time series of daily EVI2 from 2001–2009 in two sample pixels.  Solid line is the 
modeled vegetative EVI2 while the asterisks are the raw EVI2.  a) Deciduous forests in 
northeastern North America and b) shrubland in the semiarid region of southwestern North 
America.  

4.3 Shift in greenup onset  

Figure 8 sets out the shift of greenup onset during the past three decades. From the 1980s to 
the 1990s, the onset of vegetation greenup became advanced in most of the northern 
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hemisphere, South America, and the Sahelian and sub-Sahelian regions. However, delayed 
shifts appeared in relatively small regions in each continent, except for the southern 
semiarid region in Africa. 

From the 1990s to the 2000s, shifts in greenup onset were basically opposite to those in the 
previous period in large parts of South America, Africa, and North America. In contrast, 
persistent trends during the three decades occurred in relatively small regions. In particular, 
an advanced trend was evident in most of Eurasia.  

It is worth noting that the vegetation greenup occurred in a much larger area across the 
Sahel in the 1990s than in the 1980s. This trend agrees with the result derived by Tucker and 
Nicholson (1999) and Olsson et al. (2005). However, the region with greenup occurrence was 
reduced during 2000s, which is probably associated with retreat of the ITCZ migration.  

 
Fig. 8. Shift in greenup onset. a) The difference between the 1990s and 1980s; b) the 
difference between the 2000s and 1990s. The green color indicates the number of advanced 
days, while the red color shows delayed days.     
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difference between the 2000s and 1990s. The green color indicates the number of advanced 
days, while the red color shows delayed days.     



 
Phenology and Climate Change 

 

314 

5. Discussion and conclusions 
This chapter provides an overview of methods and results in the detection of vegetation 
phenology using satellite data. Various vegetation indices derived from satellite data reflect 
seasonal dynamics in vegetation growth with reasonable accuracy, and a variety of methods 
have been developed for detecting vegetation phenological metrics. In the detection of long-
term global vegetation phenology, EVI2 from AVHRR and MODIS data has advantages 
over NDVI and EVI (Rocha and Shaver, 2009) and a series of pieces-wise sigmoidal models 
of vegetation growth provide a flexible, repeatable, and realistic means to monitor seasonal 
and inter-annual dynamics in vegetation using remote sensing data across the globe.  

At global scales, vegetation greenup onset during the past three decades suggests that 
AVHRR and MODIS-derived estimates are geographically and ecologically realistic. In 
particular, patterns in the timing of greenup onset are strongly dependent on latitude 
(temperature patterns) in temperate and cold climate regimes across the northern 
hemisphere, although these patterns are also impacted by elevation and human activities 
locally. Their inter-annual variance is relatively small, with a value generally less than 10 
days within each decade. In contrast, greenup onset in arid and semiarid climate regions is 
very complex. The regular spatial gradient only occurs in local regions, such as the Sahelian 
and sub-Sahelian region. The inter-annual variance of phenological timing could be larger 
than one month. This is probably in response to precipitation regimes and rainfall 
seasonality migrations (Zhang et al., 2005). 

The long-term shifts of vegetation phenology in most parts of the globe are generally 
episodic rather than persistent in response to climate changes. Early trends of greenup onset 
from the 1980s to the 1990s appear across most of the northern hemisphere, which agrees 
with previous findings (Zhou et al., 2001; Myneni et al., 1997; Zhang et al., 2007). The 
consistent advanced trends from the 1980s–1990s–2000s only occur in large parts of Eurasia 
and small parts of North America. In most regions of South America, the timing of greenup 
onset shifted from an early trend to a late trend while an opposite shift occurred in Africa. 
The detailed mechanisms driving these complex trends will be further investigated. 

Finally, it is critical to provide the quality and accuracy of satellite global vegetation 
phenology detections. Without this, trends derived to predict the response to climate change 
are less reliable. The quality of phenological detection is strongly dependent on the temporal 
VI trajectory, which is generally affected by the frequency of cloud cover and snow 
appearance, and by the model efficiency in removing abiotic noise. To validate accuracy, 
sufficient field measurements comparable to a satellite footprint are required. This requires 
field data to reconcile with satellite-based phenological observations, which is currently 
extremely challenging. The validation effort will become more practical, with the inclusion 
of observations from webcam (Richardson et al., 2009) and the landscape measurements 
upscaled from field observations (Liang et al., 2011). Currently, the effort to assess the 
quality and accuracy of global vegetation phenology is underway.    
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5. Discussion and conclusions 
This chapter provides an overview of methods and results in the detection of vegetation 
phenology using satellite data. Various vegetation indices derived from satellite data reflect 
seasonal dynamics in vegetation growth with reasonable accuracy, and a variety of methods 
have been developed for detecting vegetation phenological metrics. In the detection of long-
term global vegetation phenology, EVI2 from AVHRR and MODIS data has advantages 
over NDVI and EVI (Rocha and Shaver, 2009) and a series of pieces-wise sigmoidal models 
of vegetation growth provide a flexible, repeatable, and realistic means to monitor seasonal 
and inter-annual dynamics in vegetation using remote sensing data across the globe.  

At global scales, vegetation greenup onset during the past three decades suggests that 
AVHRR and MODIS-derived estimates are geographically and ecologically realistic. In 
particular, patterns in the timing of greenup onset are strongly dependent on latitude 
(temperature patterns) in temperate and cold climate regimes across the northern 
hemisphere, although these patterns are also impacted by elevation and human activities 
locally. Their inter-annual variance is relatively small, with a value generally less than 10 
days within each decade. In contrast, greenup onset in arid and semiarid climate regions is 
very complex. The regular spatial gradient only occurs in local regions, such as the Sahelian 
and sub-Sahelian region. The inter-annual variance of phenological timing could be larger 
than one month. This is probably in response to precipitation regimes and rainfall 
seasonality migrations (Zhang et al., 2005). 

The long-term shifts of vegetation phenology in most parts of the globe are generally 
episodic rather than persistent in response to climate changes. Early trends of greenup onset 
from the 1980s to the 1990s appear across most of the northern hemisphere, which agrees 
with previous findings (Zhou et al., 2001; Myneni et al., 1997; Zhang et al., 2007). The 
consistent advanced trends from the 1980s–1990s–2000s only occur in large parts of Eurasia 
and small parts of North America. In most regions of South America, the timing of greenup 
onset shifted from an early trend to a late trend while an opposite shift occurred in Africa. 
The detailed mechanisms driving these complex trends will be further investigated. 

Finally, it is critical to provide the quality and accuracy of satellite global vegetation 
phenology detections. Without this, trends derived to predict the response to climate change 
are less reliable. The quality of phenological detection is strongly dependent on the temporal 
VI trajectory, which is generally affected by the frequency of cloud cover and snow 
appearance, and by the model efficiency in removing abiotic noise. To validate accuracy, 
sufficient field measurements comparable to a satellite footprint are required. This requires 
field data to reconcile with satellite-based phenological observations, which is currently 
extremely challenging. The validation effort will become more practical, with the inclusion 
of observations from webcam (Richardson et al., 2009) and the landscape measurements 
upscaled from field observations (Liang et al., 2011). Currently, the effort to assess the 
quality and accuracy of global vegetation phenology is underway.    
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