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Plants are the basic source of food for both humans and animals. Most of the food 
is made of fruits and seeds. For these to be formed, pollination must first take 

place. This process is the transfer of pollen grains from the anther, which is the male 
structure of the flower, to the sigma on the female structure of the flower. The transfer 

process requires agents to be carried out. The agents can be either biotic or abiotic. 
Nature perfected this arrangement between the pollination agents and the plants. 
As ecosystems and agricultural systems are changing, this balanced arrangement 

becomes disturbed. This makes it necessary that pollination systems be studied so that 
necessary measures can be undertaken to ensure productivity.

The chapters of this book present results in research undertaken to improve 
productivity in crops such as Actinidia chinensis (the kiwifruit), Theobroma cacao 

(cocoa), and Manicaria saccifera (a tropical forest palm). Some results are presented 
on tests to check the viability of pollen grains and the delivery of sperm cells 

through pollen tubes to the embryo sac. These results can serve as guidelines to any 
person seeking to improve pollination and productivity or to check the efficiency on 

pollination in ecosystems or agricultural production systems. 
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Preface

Pollination is an important precedence to reproduction in flowering plants. The productivity of
plants in terms of fruit and seed set depends on the efficiency of pollination. As a result, polli‐
nation is equally essential for the productivity of plants in crop production systems and ecosys‐
tems. In nature, this process has been perfected over the ages with plant evolving mechanisms
to ensure pollen deposition on the stigma. Through coevolution, plants have developed mech‐
anisms of attracting pollinators and rewarding them for the performance of pollination.

Changing agro-ecological conditions—such as land degradation, deforestation, monoculture
agricultural production systems, and global warming—result in low productivity of plants.
This makes it necessary that pollination systems within these changing conditions be studied
and appropriate measures taken to maintain productivity in the agro-ecological systems.

Phatlane William Mokwala, PhD
Senior Lecturer

Department of Biodiversity
University of Limpopo

Polokwane, South Africa
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1. Introduction

Pollination is the transfer of pollen grains from the anther, which is the male part of the flower, 
to the stigma, which is on the female part. This process normally precedes fertilization. It is 
an important process in the reproduction of plants without which sexual reproduction will 
not take place. It is a process that has been coordinated and perfected over the ages as plants 
coevolved with animals, where the animals act as pollinators or pollination agents. The plants 
and animals coexist in same habitats [1].

The coevolution between plants and animals in respect of pollination led to the development 
of pollination syndromes. In pollination syndromes, specific pollination agents pollinate spe-
cific plants or flowers. This is, however, not a water tight arrangement as there are polyphilic 
flowers which attract and are pollinated by different types of pollination agents and polytro-
phic pollinators which are attracted and pollinated by different types of flowers. Pollination 
syndromes are a symbiotic relationship between the plants and the agents or animals in which 
both benefit. The agents get nutrients from the flowers and the plants benefit from improved 
reproduction (Figure 1). The latter is very important in crop production.

There are two types of pollination, namely, cross- and self-pollination. In cross-pollina-
tion, pollen grains are transferred from the anther to the sigma of a different plant. Cross-
pollination when followed by fertilization leads to the production offspring with heterosis 
or hybrid vigor. Self-pollination, on the other hand, is the transfer of pollen grains from an 
anther to a stigma of the same flower or plant. This often results in inbreeding depression 
where undesirable recessive traits are expressed in the offspring. Self-pollination occurs in 
species where pollination agents are scarce and in closed flowers where the pollination agents 
have limited access to the sexual structures of the flower.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Pollination syndromes

Within pollination syndromes, plants and animals exploit each other for their own advantage. 
Animals exploit the relationship to guarantee their reproduction and survival. They forage 
on the flowers for carbohydrates (in nectar) and proteins (in pollen grains), which are the 
rewards. On the other hand, the plant guarantees its pollination and reproduction by provid-
ing the rewards and offering other attractive features like color and scent [2].

Scent plays a major role in cases where the pollination agents are deceived. The deception 
involves mainly reproduction hues like pheromones and reproduction substrates or sites [3]. 
Different plants produce flowers of different colors. The colors reflect light of different wave 

Figure 1. Flowers of the watermelon (Citrullus lanatus Thunb.); A is the male flower and B is the bisexual flower; the 
species is andromonoecious producing male and bisexual flowers on the same plant; in C, a honeybee is foraging for 
pollen grains on a male flower and in D, it is foraging for nectar with pollen grains visible on its legs.

Pollination in Plants2

lengths. Because animals can perceive color of specific wavelength, each type of animal will 
be attracted by a flower of different color [4]. A combination of floral structure, reward, color 
and scent from the plant and color perception and nutrient preference on the side of the 
animal will result in a specific pollination syndrome. The following pollination syndromes 
are recognized: cantharophily (beetles), melittophily (bees), myophily (by flies), psychophily 
(butterflies and moths), chiropterophily (bats), and ornithophily (birds). In these pollination 
syndromes, the pollen grains are attached on some parts of the animals and become brushed 
onto the stigma. On the other hand, some pollen grains are transferred by abiotic factors 
(wind and water) from anther to stigma.

2.1. Cantharophily

The flowers in beetle pollinated plants are unspecialized. They are dull in color, scented, and 
produce lots of pollen grains. The beetles feed on the pollen grains and other flower parts. The 
scent is emitted from different parts of the flower [5].

2.2. Chiropterophily

Flowers pollinated by bats are large, bowl-shaped, dark to green in color, produce large 
amounts of nectar and pollen, and smell like rotten fruit. Bats pollinating the flowers are fru-
givores and nectarivores [6].

2.3. Melittophily

Bees are known to forage flowers for pollen and nectar for their hives. Such flowers are blue, 
yellow in color or reflect UV light and produce lots of nectar and pollen grains. Carneiro et al. 
[7] reported of oil gathering bees on flowers containing elaiophores or oil secreting bodies.

2.4. Myophily

Flies are attracted by the mimicry of carrion and feces, a phenomenon called sapromyiophily [8].

2.5. Ornithophily

Flowers pollinated by birds are red in color, tubular in shape, scented, and nectariferous 
(Medan). The birds are attracted by the red color and scent while they obtain nectar as 
reward. Bird pollinators are mainly hummingbirds and sunbirds [9]. These are hoverers 
which flip their winds while sucking. Others are perchers which sit on branches while suck-
ing nectar.

2.6. Other pollination syndromes

In wind pollinated flowers (anemophily), the pollen grains are very fine released on dan-
gling anthers. The stigmas are sticky and hang out of the flower like beard. This increases the 
chances of the pollen grains landing on the stigma. This type of pollen transfer occurs mainly 
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in the grasses and some acacias. Water aided pollination occurs mainly in submerged water 
plants. Both water and wind pollinated flowers do not produce nectar and are not brightly 
colored. It is suggested that anemophily evolved from entomophily (pollination by insects) is 
a result of limitation of insect availability [10].

3. Processes that ensure cross-pollination

Nature devised a means of ensuring that cross-pollination succeeds and self-pollination is 
prevented. Some plants are dioecious. In dioecious plants, male plants produce female flow-
ers and female ones produce female flowers. This is different from monoecious plants where 
plants produce both male (staminate) and female (pistillate) or bisexual flowers. Clearly, 
self-pollination cannot take place in dioecious plants since one plant produces either male or 
female flowers. Prevention of self-pollination in monoecious plants includes mechanisms like 
dichogamy, heterostyly, and self-incompatibility. Dichogamy is a condition in which either 
the anthers mature or release pollen grains before the stigmas are receptive (protandry) or the 
stigmas become receptive before the anthers mature (protogyny) [11]. In self-incompatible 
species, the pollen tube fails to reach the embryo sac. Either the pollen grain fails to germinate 
on the stigma or the pollen tube is hydrolyzed in the style after germination. In some cases, 
self-incompatibility is due to morphological characteristics. Some plant species produce long-
styled flowers (pin morphs) and short-styled flowers (thrum morphs). Pin morphs can only 
fertilize thrum morphs and vice versa [12].

4. Systems in which self-pollination occurs

Self-pollination occurs in species with cleistogamous flowers and in plants in which pollina-
tors are scarce. In cleistogamous flowers, the sexual structures (androecium and gynoecium) 
are enclosed by the petals which form a keel. Pollination agents cannot access the stamens and 
pistils within the keel. Self-pollination occurs also in monoecious plants.

5. Pollination in agricultural production systems

Pollinators play a major role in crop production. A balance between plants and pollination 
agents in ecosystems was maintained through the ages though disturbed now and then by 
natural disasters like wild fires and diseases. However, with the advent of monoculture and 
expanding agricultural land, the balance is constantly disturbed. Pollinators became supple-
mented with managed bee hives [13, 14]. On the other hand, an increase in managed honey 
bee hives has a negative impact on natural pollinators like bumble bees [14]. It is suggested 
that the introduction of honey bees needs to be managed in combination with pollinator habi-
tat and pesticide use in a system called integrated crop pollination [15].

Pollination in Plants4

6. Pollination in changing climatic conditions

Global warming will have an effect on both plants and pollinators. Bumble bees were found 
to be less sensitive to temperature change than managed honey bees [9]. According to [16], 
expected climate change will negatively affect the geographical distribution of five native 
bees in Brazil which will potentially decrees tomato production by the year 2100.

7. Conclusion

Pollinators are necessary for ecosystem services and crop production productivity. Changes 
in ecosystems due to global warming as well as agricultural production systems will need to 
be studied and managed in order to keep ecosystem productivity and crop production sus-
tainable and to feed an increasing world population.
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Abstract

Pollination, or the first contact between male and female gametophytes, is one of the most 
important steps in plant reproduction. After pollination, the pollen grains, male game-
tophytes, are hydrated and then germinate pollen tubes. The pollen tube initially pen-
etrates and grows through the intercellular spaces of the stigma and then grows through 
the transmitting tract to the placenta connected to an ovule. The pollen tube grows along 
the surface of the ovule’s funiculus, through the micropyle, and into the female gameto-
phyte. After the pollen tube enters the female gametophyte, it ruptures and releases two 
sperm cells with its contents. The two sperm cells then move toward and fuse with the 
egg cell and central cell to produce embryo and endosperm, respectively. Multiple sperm 
cells typically strive to “win the race” and fertilize an egg cell during animal fertilization; 
however, in flowering plants, each ovule harboring an egg cell generally encounters only 
one of many pollen tubes conveying plant sperm cells. This chapter mainly addresses 
reproductive strategies of plants following pollination from the pollen tube extension 
and the guidance of two sperm cells to the female gametophyte for fertilization in the 
ovule.

Keywords: plant fertilization, pollen tube guidance, MYB98, LUREs, fertilization 
recovery system, POEM

1. Male and female gametophytes

Discussing the journey of the pollen tube first requires an introduction to the smallest fertil-
ization units, namely, the male and female gametophytes (Figure 1). The male gametophyte 
(pollen) comprises two sperm cells and one vegetative cell and is found in the stamen of a 
flower. The two sperm cells fertilize the egg and central cells inside the female gametophyte 
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via a guided pollen tube journey that is described later. The female gametophyte, which is 
embedded in an ovule within the pistil, contains seven cells of four different types: an egg 
cell, a central cell, two synergid cells, and three antipodal cells. The egg and central cells are 
polarized such that their nuclei lie in very close proximity, a feature facilitating double fertil-
ization of these two sperm nuclei targets [1–3]. The synergid cells are extremely essential for 
the attraction of pollen tubes, as discussed below [4–8].

2. From the stigma to the funiculus

Once a pollen grain reaches the stigma at the top of a carpel, the pollen tubes elongate toward 
the funiculus to form a bridge-like structure to an ovule, as shown in Figure 2. This pollen 
tube growth through the stigma to the funiculus is controlled via multiple signals from both 
sporophytic and gametophytic maternal tissues in the carpels. The roles of the female tissues 
in pollen tube guidance have been focused upon.

Light and transmission electron microscopy studies of Arabidopsis have led to several obser-
vations regarding pollen tube growth in the female tissues of carpels [9–12]. Although the 
morphologic features of the pollen tube journey are well understood, the underlying reg-
ulatory molecular mechanisms remain unclear. Accordingly, previous studies used sporo-
phytic mutants to elucidate the relationship between pollen tube growth and ovule/female 

Figure 1. Male gametophyte and female gametophyte. The male gametophyte, also called the pollen grain or 
microgametophyte, develops within the anther and consists of two sperm cells encased within a vegetative cell (left). 
The mature female gametophyte (right) inside the pistil (center). The egg and central cells are polarized such that the 
nuclei of both cells lie very close to each other. This feature is important for double fertilization because these two nuclei 
are the targets of the two sperm nuclei. After double fertilization, the egg cell forms embryo and the central cell forms 
endosperm. The synergid cells have at least two functions associated with the fertilization process. First, the synergid 
cells secrete pollen tube attractants. In addition, the pollen tube enters the synergid cell, suggesting that the synergid 
cells are important for pollen tube reception. The black areas represent vacuoles of the cells in the female gametophyte.

Pollination in Plants8

 gametophyte development. Particularly, these homozygous mutants mostly produce defec-
tive ovules. Although wild-type pollen tubes grow normally during initial phases from pollen 
hydration to tube emergence from the transmitting tract, they fail to grow toward the mutant 
ovules, which lack female gametophytes. In other words, although the female gametophyte 
does not influence early pollen tube growth, it appears to be required for subsequent pollen 
tube guidance to the ovule [11, 13–15]. These observations suggest that a molecular approach 
is essential for understanding pollen tube growth from the stigma to the funiculus.

3. From the funiculus to the female gametophyte

The pollen tube is subsequently guided from the funiculus to the female gametophyte. 
Although the molecular mechanisms underlying this step have been relatively well elu-
cidated, as shown in Figure 3, a complete understanding requires a discussion of syner-
gid cell biology (Figure 1). Synergid cells within the female gametophyte are essential 
for reproduction. After the pollen tube grows from the stigma to the funiculus, it enters 
the female gametophyte by growing into one of the two synergid cells, which typically 
undergo cell death before or upon pollen tube arrival. Soon after arrival, the pollen tube 
ceases to grow and subsequently ruptures to release its sperm cells into the receptive syn-
ergid’s cytoplasm, thus triggering the completion of degeneration. Finally, one sperm cell 
each migrates to the egg cell and central cell to complete double fertilization of the female 
gametophyte [3, 16–19].

Figure 2. Pollen tube guidance from the stigma to the funiculus. Soon after pollination, the male gametophyte becomes 
hydrated and then germinates a pollen tube. The pollen tube initially penetrates and grows through the intercellular 
spaces between the papillar cells of the stigma and then grows through the transmitting tract of the carpel’s style and 
ovary. The pollen tube then emerges from the transmitting tract and grows along the surface of the placenta toward an 
ovule.
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Synergid cells are required for pollen tube guidance. Several studies using Arabidopsis thaliana 
mutants have reported that pollen tubes fail to grow onto ovules containing abnormal female 
gametophytes, indicating that the embryo sac provides a guidance cue for the pollen tube [11, 
20, 21]. Higashiyama et al. used laser ablation in an in vitro Torenia pollen germination system 
to demonstrate that synergid cells, but not other female gametophyte cells, produce a pollen 
tube attractant [4]. Early in 2005, the requirement of a small protein, maize EA1, for pollen 
tube guidance was reported; however, maize EA1 has no homolog in Arabidopsis or other 
dicots and is unlikely to be a universal attractant [5].

MYB98, which is exclusively expressed in synergid cells (Figure 4), provides the first molecular 
evidence of pollen tube guidance in Arabidopsis [6]. Laser ablation studies have demonstrated 
that synergid cells secrete attractants that guide the pollen tube to the female gametophyte 
[4], suggesting that defects in pollen tube guidance should be observed in the myb98 mutant. 
Accordingly, Kasahara et al. observed the pollen tubes of myb98 mutant pistils pollinated with 
wild-type pollen. In the wild-type plant, the pollen tube grew along the funiculus of the ovule 
and through the micropyle to the female gametophyte; however, the wild-type pollen tubes 
grew abnormally on ovules containing myb98 female gametophytes, specifically, the pollen 
tubes grew from the placenta to the funiculus but failed to grow into the micropyle (Figure 4).

MYB98 is expressed during the very early stage of synergid cellularization during female 
gametocyte development, consistent with the myb98 mutant phenotype, in which pollen tube 
guidance and filiform apparatus structure are affected. However, several observations indi-
cate that other synergid cell development aspects, including cell specification, remain normal 
in myb98 mutants. Female gametophyte development and overall synergid cell morphology 
appear to be unaffected in myb98 mutants. Additionally, the myb98 mutation does not appear 
to affect the steps of fertilization process subsequent to pollen tube guidance, including the 
control of pollen tube growth cessation, pollen tube rupture, and sperm cell migration. These 

Figure 3. Pollen tube guidance from the funiculus to the micropyle. Synergid cells are required for pollen tube guidance. 
Several studies using Arabidopsis thaliana mutants have reported that pollen tubes fail to grow onto ovules containing 
abnormal female gametophytes, indicating that the embryo sac provides a guidance cue for the pollen tube. AtLURE1 
peptides are attractants that guide pollen tubes to the ovular micropyle. These AtLURE1 peptides are particularly 
expressed in synergid cells and secreted toward the funicular surface through the micropyle. A transcription factor 
MYB98 is required for AtLURE1 since myb98 mutants do not express AtLURE1 peptides. PRK6 and MDIS1-MIK 
receptors are AtLURE1 pollen tube attractant counterparts.
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data suggest that MYB98 functions as a transcription factor within the synergid cell gene reg-
ulatory network, where it particularly controls the expression of downstream genes required 
for pollen tube guidance and filiform apparatus formation.

Figure 4. pMYB98::GFP expression and myb98 phenotype. (A) MYB98 is expressed predominantly in the synergid cells 
(pMYB98::GFP photograph captured by Liyang Xie, HBMC, FAFU). myb98 female gametophytes are defective in pollen tube 
guidance. (B) In the wild type, the pollen tube grew along the ovule’s funiculus, through the ovule’s micropyle, and into the 
female gametophyte. (C) By contrast, wild-type pollen tubes grew abnormally on myb98 ovules. Pollen tubes grew from the 
placenta to the funiculus but then failed to grow into the micropyle. These data suggest that MYB98 functions as a transcription 
factor within the synergid cells to regulate the expression of genes required for pollen tube guidance. Bars = 30 μm.
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The female gametophyte pollen tube attractants LURE1 and LURE2 have also been identi-
fied in Torenia [7]. LUREs are cysteine-rich proteins (CRPs) within the defensin-like (DEFL) 
family. LURE genes are expressed in synergid cells, which secrete the encoded proteins into 
the filiform apparatus. Accordingly, LURE downregulation reduces pollen tube attraction, 
and recombinant mature proteins attract pollen tubes in vitro and in a species-specific man-
ner [7]. As discussed above, myb98 mutation affects the filiform apparatus within synergid 
cells. However, MYB98 is also required for the expression of at least 83 genes encoding CRPs 
similar to LURE1 and LURE2 [22, 23]. Many of these CRPs exhibit localization and diffusion 
patterns similar to those of ZmEA1 [5, 24]; particularly, the CRPs are secreted into the fili-
form apparatus and subsequently diffuse into the micropylar region [22]. In 2012, Takeuchi 
and Higashiyama [8] finally identified a recently evolved DEFL gene cluster in Arabidopsis 
and demonstrated that these DEFL [cysteine-rich peptide (CRP810_1)] peptides, or AtLURE1 
peptides, are attractants that guide pollen tubes to the ovular micropyle. These AtLURE1 pep-
tides are particularly expressed in synergid cells and secreted toward the funicular surface 
through the micropyle. Genetic analyses have revealed that gametophytic mutants defective 
in micropylar guidance myb98 [6], magatama3 [21], and central cell guidance [25] do not express 
AtLURE1 peptides and that recombinant AtLURE1 peptides were found to preferentially 
attract A. thaliana pollen tubes vs. A. lyrata pollen tubes, indicating that these peptides act as 
species-preferential attractants in micropylar guidance [8]. Several female-secreted peptides 
have been identified as species-specific attractants directly controlling pollen tube growth 
direction. However, the method by which the pollen tubes precisely and promptly respond 
to guidance signals from their own species remains unknown. In 2016, two research groups 
reported AtLURE1 pollen tube attractant counterparts [26, 27]. Takeuchi and Higashiyama [26] 
reported that the tip-localized pollen-specific receptor-like kinase 6 (PRK6), featuring an extra-
cellular leucine-rich repeat domain, serves as an essential sensor of LURE1 [8] in Arabidopsis 
under semi-in vivo conditions and is important for ovule targeting in the pistil. PRK6 interacts 
with pollen-expressed ROPGEFs (Rho of plant guanine nucleotide-exchange factors), which 
facilitates pollen tube growth by activating the Rho GTPase ROP1 [28, 29]. Particularly, PRK6 
acts as a key membrane receptor for external AtLURE1 attractants and recruits core tip-growth 
machinery, including ROP signaling proteins. Furthermore, Wang et al. [27] identified that a 
cell-surface receptor heteromer, MDIS1-MIK, perceives the female attractant AtLURE1 on the 
pollen tube of Arabidopsis. MDIS1, MIK1, and MIK2 are plasma-membrane-localized receptor-
like kinases containing extracellular leucine-rich repeats and an intracellular kinase domain. 
AtLURE1 particularly binds the extracellular domains of MDIS1, MIK1, and MIK2, whereas 
mdis1 and mik1 mik2 mutant pollen tubes respond less sensitively to AtLURE1.

4. Discharge of sperm cells from the pollen tube tip to fertilization

Immediately after growth cessation, the pollen tube ruptures at or near its tip, leading to 
release of the pollen tube’s contents, including the two sperm cells. In Arabidopsis and Torenia, 
rupture occurs within 1 min after entry of the pollen tube into the female gametophyte [16, 
17]. Regarding the molecular mechanisms underlying this step, two proteins localized in the 
sperm cells have been reported (Figure 5): GCS1 [30] and GEX2 [31]. Mori et al. [30] identified 
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a protein, GCS1 (generative cell specific 1), using generative cells isolated from Lilium longiflo-
rum pollen. Homologs of GCS1, possessing a carboxy-terminal transmembrane domain, are 
present in various species, including non-angiosperms. Immunological assays have indicated 
that GCS1 accumulates during late gametogenesis and localizes on the plasma membranes 
of generative cells. Notably, Arabidopsis gcs1 mutants exhibit male sterility because the male 
gametes fail to fuse with the egg or central cell (Figure 5). Mori et al. [31] identified another 
important male factor, GEX2 (gamete expressed 2), which encodes a sperm-expressed protein 
of unknown function that localizes to the sperm membrane and contains extracellular immu-
noglobulin-like domains, similar to the gamete interaction factors in algae and mammals. 
Using a novel in vivo assay, Mori et al. demonstrated the requirement of GEX2 for gamete 
attachment, as double fertilization is compromised in its absence.

5. Fertilization recovery system

In angiosperms, double fertilization within the ovule occurs with the entry of two sperm cells, 
which are usually delivered by a single pollen tube. In 1904, Wylie [32] observed the insertion 
of two pollen tubes in an Elodea canadensis ovule and concluded, “It often happens that two 
pollen tubes pass into one ovule; in such cases both synergids disappear.” Since this discov-
ery, the reception of two pollen tubes in an embryo sac, although rare, has been reported in at 
least 12 species [33]. Similarly, the reception of two pollen tubes has been reported in several 
Arabidopsis mutants, including the gcs1 mutant [30]. Although this phenomenon is interest-

Figure 5. Discharge of sperm cells from the pollen tube tip to double fertilization. (A) Upon reaching an ovule, the 
pollen tube grows along the surface of the ovule’s funiculus, through the micropyle, and into the female gametophyte. 
The pollen tube enters the female gametophyte by growing through the synergid cells. The pollen tube then comes in 
contact with the synergid cells and ceases growth. One of the synergid cells then undergoes cell death. Finally, soon 
after synergid degeneration is initiated, the pollen tube ruptures and releases two sperm cells into the degenerating 
synergid cytoplasm. The two sperm cells then move toward and fuse with the egg cell and central cell to complete 
double fertilization. (B) The male gametes of gcs1 mutant fail to fuse with the egg or central cell. GCS1 accumulates 
during late gametogenesis and localizes on the plasma membranes of generative cells. The male gametes of gex2 mutant 
also fail to fuse with the egg or central cell but the frequency of failure is lower than the gcs1 mutant.
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ing, it has long been considered anomalous. However, Kasahara et al. [34] investigated the 
mechanisms underlying this phenomenon in higher plants upon frequently observing ovules 
that accepted two pollen tubes in the fertilization-defective hap2-1 (allelic to gcs1) mutant 
[35], as shown in Figure 6. As the hap2-1 mutant pollen tubes were marked by the pollen 
tube-specific reporter gene LAT52:GUS [36], Kasahara et al. traced the tube behaviors in vivo 
by staining for GUS activity, followed by aniline blue staining, to trace the behaviors of the 
first and second pollen tubes. Accordingly, most ovules contained one pollen tube at 10 hours 

Figure 6. Fertilization recovery system. Upon insertion of a single pollen tube into an ovule, the pollen tube bursts and 
releases two sperm cells. When the sperm cells complete fertilization, the ovule blocks the entry of the other pollen tubes 
and develops into a seed by forming an embryo and endosperm. When fertilization fails, the ovule attracts a second 
pollen tube to rescue fertilization. The rescued ovule develops into a seed, resulting in increased fertility. In the case of 
failure of fertilization by the second pollen tube, the ovule does not attract a third pollen tube, possibly due to depletion 
of the pollen tube attractant from synergid cells, since both synergid cells collapse after entry of two pollen tubes.

Pollination in Plants14

after pollination (HAP), indicating that the reception of a second pollen tube is independent 
of sperm cell fertility until several hours after the arrival of the first pollen tube. This delay 
may represent a blocking system by which ovules avoid polysiphonogamy [34, 37]. However, 
after 10 HAP, ovules that failed to be fertilized by the first hap2-1 pollen tube began to attract a 
second tube. In this case, the persistent synergid cell, which would degenerate upon success-
ful fertilization, continued to attract pollen tubes, leading to a second pollen tube acceptance 
rate of ~80% among failed ovules by 28 HAP. Although no particular role has been proposed 
for synergid cell persistence after the arrival of the first pollen tube, Kasahara et al. demon-
strated that the second synergid cell could retain its function and thus attract and accept a 
second tube to rescue fertilization. This might explain the presence of two synergid cells in 
many higher plants (Figure 6).

Previously, several research groups [35, 38, 39] studied why several sperm cell–defective 
mutants exhibited an enhanced fertility phenotype (60–70% fertility); particularly, the fre-
quency ratio of double pollen tube reception was almost completely consistent with the fre-
quency of enhanced fertility (Figure 6). Additionally, the GUS staining experiment revealed 
that by 10 HAP, ~50% ovules had accepted a mutant allele, indicating that the mutant and 
wild-type pollen tubes were similarly competent to enter the embryo sac and release their 
contents. von Besser et al. [35] suggested that hap2-1 sperm cells affect pollen tube guidance. 
However, our data led us to conclude that sperm cells are passive pollen tube cargo and do 
not influence pollen tube guidance in hap2-1 mutants, consistent with the observation that 
sperm cell–defective mutants (i.e., no transmission via the male germline) exhibit only 30–35% 
sterility, instead of the expected 50%. Very recently, Zhang et al. [40] demonstrated that in the 
absence of two bHLH transcription factors, Arabidopsis produces an abnormal, sperm cell-free 
pollen exhibiting behavior similar to its wild-type counterpart, thus indicating that sperm 
cells are dispensable for normal pollen tube development. This result reinforced our concept 
of sperm cells as passive cargo, with no control over pollen tube growth and behavior.

According to previous report by Kasahara et al. [37], all hand pollination experiments were 
performed using large numbers of pollen grains. Particularly, Arabidopsis pistils, usually con-
taining 50–60 ovules, were pollinated with approximately 20, 40, 80, 120, and 700 grains. Two 
days after pollination, the insertion of few second pollen tubes into ovules were observed 
among the pistils pollinated with 20 and 40 grains, indicating that under restricted conditions 
(ovules > pollen tubes), the pollen tubes selectively inserted into ovules that had not previ-
ously accepted any pollen tube. Conversely, when a wild-type pistil was pollinated with 80 
(ovules ≤ pollen tubes) and 120 (ovules < pollen tubes) grains, approximately 12 and 25% of 
the ovules accepted second pollen tubes, respectively, suggesting that ovules accept second 
pollen tubes while under saturated conditions (ovules < pollen tubes) [37]. In other words, 
excess pollen is required to saturate the fertilization recovery system, and approximately 80% 
(not 100%) of the failed ovules can accept a second pollen tube to complete recovery, con-
sistent with a previous report [34] that a substantial period of ~28 h is required for ovules to 
complete the fertilization recovery system. This delay in secondary guidance may be attrib-
utable to the functional synergid cell numbers; a previously penetrated ovule contains only 
one persistent synergid cell (the other would have been disrupted by a burst pollen tube) to 
provide guidance. Higashiyama et al. [4] reported that an ovule containing two synergid cells 
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attracts more pollen tubes than does an ovule with one synergid cell, suggesting that the lat-
ter produces insufficient levels of attractant. This may explain why only approximately 80% 
ovules with one synergid cell will attract a second pollen tube.

6. Pollen tube-dependent ovule enlargement morphology (POEM)

In angiosperms, the pollen tube releases its contents (including sperm cells) into the embryo 
sac upon insertion into the ovule, thus completing double fertilization. Recently, Kasahara  
et al. [41, 42] reported that the expansion and initiation of seed coat formation occurred even 
in ovules wherein fertilization failed after pollen tube insertion. This phenomenon was desig-
nated as pollen tube–dependent ovule enlargement morphology (POEM), which occurs only 
when the ovule accepts the pollen tube content (PTC). POEM was the first report addressing 
the paternal functions of PTC in facilitating the ovule’s maternal development without fertil-
ization in plants.

In animals, once semen is discharged into the uterus, the seminal plasma carries the sperm 
to the egg [43, 44], whereas in plants, PTC, which transports sperm cells to the ovules, has an 
analogous function. In mice, fertilization requires seminal vesicle secretory protein 2, which 
localizes only in the seminal plasma [45]. As seminal plasma is essential for fertilization in 
animals, Kasahara et al. proposed that PTC should also be important for fertilization in plants. 
To understand the function of PTC, a gcs1 mutant [30] was used, which fails to accomplish 
fertilization despite releasing PTC to evaluate transcriptional variations after PTC release into 
the embryo sac and compared the transcriptomes between two ovule RNA types: one after 
normal fertilization and the other after PTC release without fertilization. At 12 and 24 HAP, 
the observation of similar expression profiles for both RNAs was unexpected because early 
events after pollen tube insertion were thought to be fertilization-dependent. However, these 
events were instead found to depend on PTC. Notably, between 24 and 48 HAP, multiple 
genes associated with cell expansion, cell division, and seed coat formation were upregu-
lated regardless of fertilization, suggesting that PTC can affect ovule shape. Hence, the ovule 
phenotype was investigated. Interestingly, ovules that accepted PTC expanded without fer-
tilization because of cell expansion and division and the production of a partial seed coat, 
consistent with the results of the transcriptome analysis. Using data from the successful tran-
scriptome analysis, Kasahara et al. identified that the novel plant phenomenon POEM occurs 
only when the ovule accepts PTC, irrespective of fertilization (Figure 7) [41].

In angiosperms, pollination is the first step toward fertilization. Once the pollen reaches the 
stigma, the grains elongate to form pollen tubes and move toward the synergid cells observed 
within the female gametophyte. Fertilization occurs when the pollen tubes pierce the female 
gametophyte; this action terminates pollen tube growth and induces bursting, resulting in the 
deposition of the two sperm cells inside the female gametophyte. The phenomenon represents 
a new reproductive phase between pollen tube guidance and fertilization because PTC release 
itself could induce POEM. Roszak and Köhler [46] demonstrated failure of seed coat synthe-
sis in agl62 mutant ovules (Kang et al. [47]), which exhibited early endosperm cellularization, 
resulting in abnormal endosperm formation. Roszak and Köhler suggested that central cell 
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fertilization and normal endosperm formation was required for the initiation of the seed coat 
formation. Contrarily, our observation of vanillin staining in agl62 mutant ovules indicated that 
the central cell fertilization is not required for the initiation of the seed coat formation (Figure 7).

Figure 7. Pollen tube–dependent ovule enlarged morphology (POEM). (A) After the pollen tube is inserted to the female 
gametophyte, the pollen tube bursts and releases its contents (yellow region) with two sperm cells. Double fertilization 
is accomplished by these sperm cells fertilizing egg cell and central cell, respectively. gcs1 mutant sperm cells fail to 
fertilize and the ovule does not produce a seed. It had long been suggested that the ovule will just die if the ovule fails 
to fertilize. However, if the pollen tube contents are supplied to the ovule, the ovule will be enlarged and initiate seed 
coat formation without fertilization. (B) A wild-type seed stained by vanillin at 3DAP. Whole seed coat region is stained. 
(C) Ovules without pollen tubes. Seed coat is not stained by vanillin. (D) A wild-type ovule crossed by gcs1/gcs1 pollen. 
The ovule is partially stained. (E) An agl62 mutant ovule. The ovule is partially stained even though it has abnormal 
endosperm. Arrows indicate the stained part by vanillin. Bars = 100 μm.
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PTC was previously found to initiate central cell/endosperm nuclei division without fertil-
ization when it was released to an autonomous endosperm mutant, mea [48, 49]. The find-
ing that segmentation can be induced in a fertilization-independent manner by physical 
stimuli, leading to the development of some eggs into normal tadpoles, was first reported 
in 1910  [50]. In plants, Kasahara et al. [41] showed that PTC could increase central cell/
endosperm nuclei division in the absence of fertilization, suggesting a function parallel 
to the observed fertilization-independent division of animal germ cells in response to 
external stimuli. By inducing endosperm nuclear division, PTC facilitates apomixes [51] 
in important crops when the POEM phenomenon is combined with autonomous endo-
sperm and embryo mutants. In plants, seed formation without fertilization, or apomixis, 
is agriculturally valuable because important genetic traits can be easily fixed in apomictic 
crops, which then propagate without interference from unfavorable environmental condi-
tions. POEM could therefore be categorized as “pseudogamy,” which is defined as any 
reproductive process requiring pollination but no inheritance from the male gametophyte 
[52]. Although Focke [53] first defined pseudogamy as a part of apomixis, the underlying 
cellular or molecular mechanisms have remained obscure. Given the conceptual similari-
ties, POEM may therefore be a key in understanding pseudogamy, particularly concerning 
pollen and PTC stimuli.

7. Summary

This chapter discusses the journey of the pollen tube from the stigma to fertilization as well 
as the POEM phenomenon. Because very few factors related to pollen tube guidance from the 
stigma to the funiculus of the ovule have been elucidated, additional insights into this step are 
eagerly awaited. However, the molecular mechanisms underlying pollen tube guidance from 
the funiculus to the female gametophyte are well known in Arabidopsis because the pollen 
tube attractants AtLURE1 peptides had previously been identified downstream of the master 
synergid cell regulator MYB98. During the final step after pollen tube bursting, only two 
proteins, GCS1 and GEX2, have been identified as direct male-related key fertilization factors 
in the pollen tube. Accordingly, further molecular evidences are required to understand the 
final step for plant fertilization. Finally, very few factors related to new plant phenomena, fer-
tilization recovery system, and POEM have been identified. New insights into the underlying 
molecular mechanisms are anticipated.

Acknowledgements

I thank Liyang Xie and Xiaoyan Liu at HBMC, FAFU for technical assistance. These works 
were supported by the Precursory Research for Embryonic Science and Technology (13416724, 
Kasahara Sakigake Project), Japan Science and Technology Agency. These works were also 
supported by a grant-in-aid (25840106) from the Japanese Society for the promotion of Science 
(JSPS). These works were also supported by FAFU-UCR Joint Center and Fujian Provincial 
Key Laboratory of Haixia Applied Plant Systems Biology, Haixia Institute of Science and 
Technology, Fujian Agriculture and Forestry University.

Pollination in Plants18

Author details

Ryushiro Dora Kasahara

Address all correspondence to: kasahara@fafu.edu.cn

FAFU-UCR Joint Center and Fujian Provincial Key Laboratory of Haixia Applied Plant 
Systems Biology, Haixia Institute of Science and Technology, Fujian Agriculture and 
Forestry University, Fuzhou, Fujian, China

References

[1] Gifford EM, Foster AS. Morphology and Evolution of Vascular Plants. New York: 
W.H. Freeman and Company; 1989. p. 49

[2] Drews GN, Koltunow AMG. The female gametophyte. The Arabidopsis Book. 2011;9:e0155

[3] Hamamura Y, Saito C, Awai C, Kurihara D, Miyawaki A, Nakagawa T, Kanaoka MM, 
Sasaki N, Nakano A, Berger F, Higashiyama T. Live-cell imaging reveals the dynamics 
of two sperm cells during double fertilization in Arabidopsis thaliana. Current Biology. 
2011;21:497-502

[4] Higashiyama T, Yabe S, Sasaki N, Nishimura Y, Miyagishima S, Kuroiwa H, Kuroiwa T. 
Pollen tube attraction by the synergid cell. Science. 2001;293:1480-1483

[5] Márton ML, Cordts S, Broadhvest J, Dresselhaus T. Micropylar pollen tube guidance by 
egg apparatus 1 of maize. Science. 2005;307:573-576

[6] Kasahara RD, Portereiko MF, Sandaklie-Nikolova L, Rabiger DS, Drews GN. MYB98 is 
required for pollen tube guidance and synergid cell differentiation in Arabidopsis. Plant 
Cell. 2005;17:2981-2992

[7] Okuda S, Tsutsui H, Shiina K, Sprunck S, Takeuchi H, Yui R, Kasahara RD, Hamamura Y,  
Mizukami A, Susaki D, Kawano N, Sakakibara T, Namiki S, Itoh K, Otsuka K, Matsuzaki M,  
Nozaki H, Kuroiwa T, Nakano A, Kanaoka MM, Dresselhaus T, Sasaki N, Higashiyama T.  
Defensin-like polypeptide LUREs are pollen tube attractants secreted from synergid 
cells. Nature. 2009;458:357-361

[8] Takeuchi H, Higashiyama T. A species-specific cluster of defensin-like genes encodes 
diffusible pollen tube attractants in Arabidopsis. PLoS Biology. 2012;10:e1001449

[9] Pruitt RE, Hulskamp M, Kopczak SD, Plownse SE, Schneitz K. Molecular genetics of cell 
interactions in Arabidopsis. Development. 1993:77-84

[10] Kandasamy MK, Nasrallah JB, Nasrallah ME. Pollen pistil interactions and developmen-
tal regulation of pollen tube growth in Arabidopsis. Development. 1994;120:3405-3418

[11] Hulskamp M, Schneitz K, Pruitt RE. Genetic evidence for a long-range activity that 
directs pollen tube guidance in Arabidopsis. Plant Cell. 1995;7:57-64

The Regulation of Sperm Cells Delivery to the Embryo Sac
http://dx.doi.org/10.5772/intechopen.75359

19



PTC was previously found to initiate central cell/endosperm nuclei division without fertil-
ization when it was released to an autonomous endosperm mutant, mea [48, 49]. The find-
ing that segmentation can be induced in a fertilization-independent manner by physical 
stimuli, leading to the development of some eggs into normal tadpoles, was first reported 
in 1910  [50]. In plants, Kasahara et al. [41] showed that PTC could increase central cell/
endosperm nuclei division in the absence of fertilization, suggesting a function parallel 
to the observed fertilization-independent division of animal germ cells in response to 
external stimuli. By inducing endosperm nuclear division, PTC facilitates apomixes [51] 
in important crops when the POEM phenomenon is combined with autonomous endo-
sperm and embryo mutants. In plants, seed formation without fertilization, or apomixis, 
is agriculturally valuable because important genetic traits can be easily fixed in apomictic 
crops, which then propagate without interference from unfavorable environmental condi-
tions. POEM could therefore be categorized as “pseudogamy,” which is defined as any 
reproductive process requiring pollination but no inheritance from the male gametophyte 
[52]. Although Focke [53] first defined pseudogamy as a part of apomixis, the underlying 
cellular or molecular mechanisms have remained obscure. Given the conceptual similari-
ties, POEM may therefore be a key in understanding pseudogamy, particularly concerning 
pollen and PTC stimuli.

7. Summary

This chapter discusses the journey of the pollen tube from the stigma to fertilization as well 
as the POEM phenomenon. Because very few factors related to pollen tube guidance from the 
stigma to the funiculus of the ovule have been elucidated, additional insights into this step are 
eagerly awaited. However, the molecular mechanisms underlying pollen tube guidance from 
the funiculus to the female gametophyte are well known in Arabidopsis because the pollen 
tube attractants AtLURE1 peptides had previously been identified downstream of the master 
synergid cell regulator MYB98. During the final step after pollen tube bursting, only two 
proteins, GCS1 and GEX2, have been identified as direct male-related key fertilization factors 
in the pollen tube. Accordingly, further molecular evidences are required to understand the 
final step for plant fertilization. Finally, very few factors related to new plant phenomena, fer-
tilization recovery system, and POEM have been identified. New insights into the underlying 
molecular mechanisms are anticipated.

Acknowledgements

I thank Liyang Xie and Xiaoyan Liu at HBMC, FAFU for technical assistance. These works 
were supported by the Precursory Research for Embryonic Science and Technology (13416724, 
Kasahara Sakigake Project), Japan Science and Technology Agency. These works were also 
supported by a grant-in-aid (25840106) from the Japanese Society for the promotion of Science 
(JSPS). These works were also supported by FAFU-UCR Joint Center and Fujian Provincial 
Key Laboratory of Haixia Applied Plant Systems Biology, Haixia Institute of Science and 
Technology, Fujian Agriculture and Forestry University.

Pollination in Plants18

Author details

Ryushiro Dora Kasahara

Address all correspondence to: kasahara@fafu.edu.cn

FAFU-UCR Joint Center and Fujian Provincial Key Laboratory of Haixia Applied Plant 
Systems Biology, Haixia Institute of Science and Technology, Fujian Agriculture and 
Forestry University, Fuzhou, Fujian, China

References

[1] Gifford EM, Foster AS. Morphology and Evolution of Vascular Plants. New York: 
W.H. Freeman and Company; 1989. p. 49

[2] Drews GN, Koltunow AMG. The female gametophyte. The Arabidopsis Book. 2011;9:e0155

[3] Hamamura Y, Saito C, Awai C, Kurihara D, Miyawaki A, Nakagawa T, Kanaoka MM, 
Sasaki N, Nakano A, Berger F, Higashiyama T. Live-cell imaging reveals the dynamics 
of two sperm cells during double fertilization in Arabidopsis thaliana. Current Biology. 
2011;21:497-502

[4] Higashiyama T, Yabe S, Sasaki N, Nishimura Y, Miyagishima S, Kuroiwa H, Kuroiwa T. 
Pollen tube attraction by the synergid cell. Science. 2001;293:1480-1483

[5] Márton ML, Cordts S, Broadhvest J, Dresselhaus T. Micropylar pollen tube guidance by 
egg apparatus 1 of maize. Science. 2005;307:573-576

[6] Kasahara RD, Portereiko MF, Sandaklie-Nikolova L, Rabiger DS, Drews GN. MYB98 is 
required for pollen tube guidance and synergid cell differentiation in Arabidopsis. Plant 
Cell. 2005;17:2981-2992

[7] Okuda S, Tsutsui H, Shiina K, Sprunck S, Takeuchi H, Yui R, Kasahara RD, Hamamura Y,  
Mizukami A, Susaki D, Kawano N, Sakakibara T, Namiki S, Itoh K, Otsuka K, Matsuzaki M,  
Nozaki H, Kuroiwa T, Nakano A, Kanaoka MM, Dresselhaus T, Sasaki N, Higashiyama T.  
Defensin-like polypeptide LUREs are pollen tube attractants secreted from synergid 
cells. Nature. 2009;458:357-361

[8] Takeuchi H, Higashiyama T. A species-specific cluster of defensin-like genes encodes 
diffusible pollen tube attractants in Arabidopsis. PLoS Biology. 2012;10:e1001449

[9] Pruitt RE, Hulskamp M, Kopczak SD, Plownse SE, Schneitz K. Molecular genetics of cell 
interactions in Arabidopsis. Development. 1993:77-84

[10] Kandasamy MK, Nasrallah JB, Nasrallah ME. Pollen pistil interactions and developmen-
tal regulation of pollen tube growth in Arabidopsis. Development. 1994;120:3405-3418

[11] Hulskamp M, Schneitz K, Pruitt RE. Genetic evidence for a long-range activity that 
directs pollen tube guidance in Arabidopsis. Plant Cell. 1995;7:57-64

The Regulation of Sperm Cells Delivery to the Embryo Sac
http://dx.doi.org/10.5772/intechopen.75359

19



[12] Lennon KA, Roy S, Hepler PK, Lord EM. The structure of the transmitting tissue of 
Arabidopsis thaliana (L.) and the path of pollen tube growth. Sexual Plant Reproduction. 
1998;11:49-59

[13] Elliott RC, Betzner AS, Huttner E, Oakes MP, Tucker WQ, Gerentes D, Perez P, Smyth DR.  
AINTEGUMENTA, an APETALA2-like gene of Arabidopsis with pleiotropic roles in 
ovule development and floral organ growth. Plant Cell. 1996;8:155-168

[14] Hauser BA, Villanueva JM, Gasser CS. Arabidopsis TSO1 regulates directional processes 
in cells during floral organogenesis. Genetics. 1998;150:411-423

[15] Couteau F, Belzile F, Horlow C, Grandjean O, Vezon D, Doutriaux MP. Random chro-
mosome segregation without meiotic arrest in both male and female meiocytes of a dmc1 
mutant of Arabidopsis. Plant Cell. 1999;11:1623-1634

[16] Higashiyama T, Kuroiwa H, Kawano S, Kuroiwa T. Explosive discharge of pollen tube 
contents in Torenia fournieri. Plant Physiology. 2000;122:11-14

[17] Rotman N, Rozier F, Boavida L, Dumas C, Berger F, Faure JE. Female control of male gam-
ete delivery during fertilization in Arabidopsis thaliana. Current Biology. 2003;13:432-436

[18] Sandaklie-Nikolova L, Palanivelu R, King EJ, Copenhaver GP, Drews GN. Synergid cell 
death in Arabidopsis is triggered following direct interaction with the pollen tube. Plant 
Physiology. 2007;144:1753-1762

[19] Ingouff M, Jullien PE, Berger F. The female gametophyte and the endosperm con-
trol cell proliferation and differentiation of the seed coat in Arabidopsis. Plant Cell. 
2006;18:3491-3501

[20] Ray A. Three’s company: Regulatory cross-talk during seed development. Plant Cell. 
1997;9:665-667

[21] Shimizu KK, Attractive OK. Repulsive interactions between female and male gameto-
phytes in Arabidopsis pollen tube guidance. Development. 2000;127:4511-4518

[22] Punwani JA, Rabiger DS, Drews GN. MYB98 positively regulates a battery of Synergid-
expressed genes encoding Filiform apparatus localized proteins. Plant Cell. 2007;19: 
2557-2568

[23] Punwani JA, Rabiger DS, Lloyd A, Drews GN. The MYB98 subcircuit of the synergid 
gene regulatory network includes genes directly and indirectly regulated by MYB98. 
The Plant Journal. 2008;55:406-414

[24] Márton ML, Fastner A, Uebler S, Dresselhaus T. Overcoming hybridization barriers 
by the secretion of the maize pollen tube attractant ZmEA1 from Arabidopsis ovules. 
Current Biology. 2012;22:1194-1198

[25] Chen YH, Li HJ, Shi DQ, Yuan L, Liu J, Sreenivasan R, Baskar R, Grossniklaus U, Yang WC.  
The central cell plays a critical role in pollen tube guidance in Arabidopsis. Plant Cell. 
2007;19:3563-3577

Pollination in Plants20

[26] Takeuchi H, Higashiyama T. Tip-localized receptors control pollen tube growth and 
LURE sensing in Arabidopsis. Nature. 2016;531:245-248

[27] Wang T, Liang L, Xie Y, Jia PF, Chen W, Zhang MX, Wang YC, Li HJ, Yang WC. A recep-
tor heteromer mediates the male perception of female attractants in plants. Nature. 
2016;531:241-244

[28] Kaothien P, Ok SH, Shuai B, Wengier D, Cotter R, Kelley D, Kiriakopolos S, Muschietti J,  
McCormick S. Kinase partner protein interacts with the LePRK1 and LePRK2 receptor 
kinases and plays a role in polarized pollen tube growth. Plant Journal. 2005;42:492-503

[29] Zhang Y, McCormick S. A distinct mechanism regulating a pollen-specific guanine nucle-
otide exchange factor for the small GTPase Rop in Arabidopsis thaliana. Proceedings of 
the National Academy of Sciences of the United States of America. 2007;104:18830-18835

[30] Mori T, Kuroiwa H, Higashiyama T, Kuroiwa T. Generative cell specific 1 is essential for 
angiosperm fertilization. Nature Cell Biology. 2006;8:64-71

[31] Mori T, Igawa T, Tamiya G, Miyagishima SY, Berger F. Gamete attachment requires 
GEX2 for successful fertilization in Arabidopsis. Current Biology. 2014;24:170-175

[32] Wylie RB. The morphology of Elodea canadensis. Contributions from the hull botanical 
laboratory. LII. Botanical Gazette. 1904;37:1-22

[33] Maheshwari P. An Introduction to the Embryology of Angiosperms. New York: McGraw- 
Hill; 1950

[34] Kasahara RD, Maruyama D, Hamamura Y, Sakakibara T, Twell D, Higashiyama T. Fer-
tilization recovery after defective sperm cell release in Arabidopsis. Current Biology. 
2012;22:1084-1089

[35] von Besser K, Frank AC, Johnson MA, Preuss D. Arabidopsis HAP2 (GCS1) is a sperm-
specific gene required for pollen tube guidance and fertilization. Development. 2006;133: 
4761-4769

[36] Twell D, Wing R, Yamaguchi J, McCormick S. Isolation and expression of an anther-
specific gene from tomato. Molecular & General Genetics. 1989;217:240-245

[37] Kasahara RD, Maruyama D, Higashiyama T. Fertilization recovery system is depen-
dent on the number of pollen grains for efficient reproduction in plants. Plant Signaling 
& Behavior. 2013;8:e23690

[38] Rotman N, Durbarry A, Wardle A, Yang WC, Chaboud A, Faure JE, Berger F, Twell D. 
A novel class of MYB factors controls sperm-cell formation in plants. Current Biology. 
2005;15:244-248

[39] Brownfield L, Hafidh S, Durbarry A, Khatab H, Sidorova A, Doerner P, Twell D. 
Arabidopsis DUO POLLEN3 is a key regulator of male germline development and 
embryogenesis. Plant Cell. 2009;21:1940-1956

The Regulation of Sperm Cells Delivery to the Embryo Sac
http://dx.doi.org/10.5772/intechopen.75359

21



[12] Lennon KA, Roy S, Hepler PK, Lord EM. The structure of the transmitting tissue of 
Arabidopsis thaliana (L.) and the path of pollen tube growth. Sexual Plant Reproduction. 
1998;11:49-59

[13] Elliott RC, Betzner AS, Huttner E, Oakes MP, Tucker WQ, Gerentes D, Perez P, Smyth DR.  
AINTEGUMENTA, an APETALA2-like gene of Arabidopsis with pleiotropic roles in 
ovule development and floral organ growth. Plant Cell. 1996;8:155-168

[14] Hauser BA, Villanueva JM, Gasser CS. Arabidopsis TSO1 regulates directional processes 
in cells during floral organogenesis. Genetics. 1998;150:411-423

[15] Couteau F, Belzile F, Horlow C, Grandjean O, Vezon D, Doutriaux MP. Random chro-
mosome segregation without meiotic arrest in both male and female meiocytes of a dmc1 
mutant of Arabidopsis. Plant Cell. 1999;11:1623-1634

[16] Higashiyama T, Kuroiwa H, Kawano S, Kuroiwa T. Explosive discharge of pollen tube 
contents in Torenia fournieri. Plant Physiology. 2000;122:11-14

[17] Rotman N, Rozier F, Boavida L, Dumas C, Berger F, Faure JE. Female control of male gam-
ete delivery during fertilization in Arabidopsis thaliana. Current Biology. 2003;13:432-436

[18] Sandaklie-Nikolova L, Palanivelu R, King EJ, Copenhaver GP, Drews GN. Synergid cell 
death in Arabidopsis is triggered following direct interaction with the pollen tube. Plant 
Physiology. 2007;144:1753-1762

[19] Ingouff M, Jullien PE, Berger F. The female gametophyte and the endosperm con-
trol cell proliferation and differentiation of the seed coat in Arabidopsis. Plant Cell. 
2006;18:3491-3501

[20] Ray A. Three’s company: Regulatory cross-talk during seed development. Plant Cell. 
1997;9:665-667

[21] Shimizu KK, Attractive OK. Repulsive interactions between female and male gameto-
phytes in Arabidopsis pollen tube guidance. Development. 2000;127:4511-4518

[22] Punwani JA, Rabiger DS, Drews GN. MYB98 positively regulates a battery of Synergid-
expressed genes encoding Filiform apparatus localized proteins. Plant Cell. 2007;19: 
2557-2568

[23] Punwani JA, Rabiger DS, Lloyd A, Drews GN. The MYB98 subcircuit of the synergid 
gene regulatory network includes genes directly and indirectly regulated by MYB98. 
The Plant Journal. 2008;55:406-414

[24] Márton ML, Fastner A, Uebler S, Dresselhaus T. Overcoming hybridization barriers 
by the secretion of the maize pollen tube attractant ZmEA1 from Arabidopsis ovules. 
Current Biology. 2012;22:1194-1198

[25] Chen YH, Li HJ, Shi DQ, Yuan L, Liu J, Sreenivasan R, Baskar R, Grossniklaus U, Yang WC.  
The central cell plays a critical role in pollen tube guidance in Arabidopsis. Plant Cell. 
2007;19:3563-3577

Pollination in Plants20

[26] Takeuchi H, Higashiyama T. Tip-localized receptors control pollen tube growth and 
LURE sensing in Arabidopsis. Nature. 2016;531:245-248

[27] Wang T, Liang L, Xie Y, Jia PF, Chen W, Zhang MX, Wang YC, Li HJ, Yang WC. A recep-
tor heteromer mediates the male perception of female attractants in plants. Nature. 
2016;531:241-244

[28] Kaothien P, Ok SH, Shuai B, Wengier D, Cotter R, Kelley D, Kiriakopolos S, Muschietti J,  
McCormick S. Kinase partner protein interacts with the LePRK1 and LePRK2 receptor 
kinases and plays a role in polarized pollen tube growth. Plant Journal. 2005;42:492-503

[29] Zhang Y, McCormick S. A distinct mechanism regulating a pollen-specific guanine nucle-
otide exchange factor for the small GTPase Rop in Arabidopsis thaliana. Proceedings of 
the National Academy of Sciences of the United States of America. 2007;104:18830-18835

[30] Mori T, Kuroiwa H, Higashiyama T, Kuroiwa T. Generative cell specific 1 is essential for 
angiosperm fertilization. Nature Cell Biology. 2006;8:64-71

[31] Mori T, Igawa T, Tamiya G, Miyagishima SY, Berger F. Gamete attachment requires 
GEX2 for successful fertilization in Arabidopsis. Current Biology. 2014;24:170-175

[32] Wylie RB. The morphology of Elodea canadensis. Contributions from the hull botanical 
laboratory. LII. Botanical Gazette. 1904;37:1-22

[33] Maheshwari P. An Introduction to the Embryology of Angiosperms. New York: McGraw- 
Hill; 1950

[34] Kasahara RD, Maruyama D, Hamamura Y, Sakakibara T, Twell D, Higashiyama T. Fer-
tilization recovery after defective sperm cell release in Arabidopsis. Current Biology. 
2012;22:1084-1089

[35] von Besser K, Frank AC, Johnson MA, Preuss D. Arabidopsis HAP2 (GCS1) is a sperm-
specific gene required for pollen tube guidance and fertilization. Development. 2006;133: 
4761-4769

[36] Twell D, Wing R, Yamaguchi J, McCormick S. Isolation and expression of an anther-
specific gene from tomato. Molecular & General Genetics. 1989;217:240-245

[37] Kasahara RD, Maruyama D, Higashiyama T. Fertilization recovery system is depen-
dent on the number of pollen grains for efficient reproduction in plants. Plant Signaling 
& Behavior. 2013;8:e23690

[38] Rotman N, Durbarry A, Wardle A, Yang WC, Chaboud A, Faure JE, Berger F, Twell D. 
A novel class of MYB factors controls sperm-cell formation in plants. Current Biology. 
2005;15:244-248

[39] Brownfield L, Hafidh S, Durbarry A, Khatab H, Sidorova A, Doerner P, Twell D. 
Arabidopsis DUO POLLEN3 is a key regulator of male germline development and 
embryogenesis. Plant Cell. 2009;21:1940-1956

The Regulation of Sperm Cells Delivery to the Embryo Sac
http://dx.doi.org/10.5772/intechopen.75359

21



[40] Zhang J, Huang Q, Zhong S, Bleckmann A, Huang J, Guo X, Lin Q, Gu H, Dong J, 
Dresselhaus T, Qu LJ. Sperm cells are passive cargo of the pollen tube in plant fertiliza-
tion. Nature Plants. 2017;3:17079

[41] Kasahara RD, Notaguchi M, Nagahara S, Suzuki T, Susaki D, Honma Y, Maruyama D, 
Higashiyama T. Pollen tube contents initiate ovule enlargement and enhance seed coat 
development without fertilization. Science Advances. 2016;2:e1600554

[42] Kasahara RD, Notaguchi M, Honma Y. Discovery of pollen tube-dependent ovule enlarge-
ment morphology phenomenon, a new step in plant reproduction. Communicative and 
Integrative Biology. 2017;10:e1338989

[43] Sasanami T, Sugiura K, Tokumoto T, Yoshizaki N, Dohra H, Nishio S, Mizushima S, 
Hiyama G, Matsuda T. Sperm proteasome degrades egg envelope glycoprotein ZP1 dur-
ing fertilization of Japanese quail (Coturnix japonica). Reproduction. 2012;144:423-431

[44] Sasanami T, Izumi S, Sakurai N, Hirata NT, Mizushima S, Matsuzaki M, Hiyama G, 
Yorinaga E, Yoshimura T, Ukena K, Tsutsui K. A unique mechanism of successful fertil-
ization in a domestic bird. Scientific Reports. 2015;9:7700

[45] Kawano N, Araki N, Yoshida K, Hibino T, Ohnami N, Makino M, Kanai S, Hasuwa H, 
Yoshida M, Miyado K, Umezawa A. Seminal vesicle protein SVS2 is required for sperm 
survival in the uterus. Proceedings of the National Academy of Sciences of the United 
States of America. 2014;18:4145-4150

[46] Roszak P, Köhler C. Polycomb group proteins are required to couple seed coat initiation 
to fertilization. Proceedings of the National Academy of Sciences of the United States of 
America. 2011;108:20826-20831

[47] Kang IH, Steffen JG, Portereiko MF, Lloyd A, Drews GN. The AGL62 MADS domain 
protein regulates cellularization during endosperm development in Arabidopsis. Plant 
Cell. 2008;20:635-647

[48] Grossniklaus U, Vielle-Calzada JP, Hoeppner MA, Gagliano WB. Maternal control of 
embryogenesis by MEDEA, a polycomb group gene in Arabidopsis. Science. 1998;280: 
446-450

[49] Luo M, Bilodeau P, Koltunow A, Dennis ES, Peacock WJ, Chaudhury AM. Genes control-
ling fertilization-independent seed development in Arabidopsis thaliana. Proceedings 
of the National Academy of Sciences of the United States of America. 1999;96:296-301

[50] Bataillon E. L’embryogénèse complète provoquèe chez les Amphibiens par figure de 
l′œuf vierge, larves parthénogénétiques de Rana fusca. Comptes Rendus. Académie des 
Sciences; 1910. p. 150

[51] Koltunow AM, Grossniklaus U. Apomixis: A developmental perspective. Annual Review 
of Plant Biology. 2003;54:547-574

[52] Nogler GA. Gametophytic apomixis. In: Embryology of Angiosperms. 1984. pp. 475-518

[53] Focke WO. Die Pflanzen–mischlinge, ein Beitrag zur Biologie der Gewächse. Berlin: 
Borntraeger; 1881

Pollination in Plants22

Chapter 3

Pollination Ecology of the Manicaria saccifera
(ARECACEAE): A Rare Case of Pollinator Exclusion

Juan Carlos Copete, Danny Mosquera Flórez and
Luis Alberto Núñez-Avellaneda

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76073

Provisional chapter

DOI: 10.5772/intechopen.76073

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Pollination Ecology of the Manicaria saccifera 
(ARECACEAE): A Rare Case of Pollinator Exclusion

Juan Carlos Copete, Danny Mosquera Flórez and 
Luis Alberto Núñez-Avellaneda

Additional information is available at the end of the chapter

Abstract

We studied the reproductive biology and pollination ecology of the palm cabecinegro 
(Manicaria saccifera) in very wet tropical forest, in the Chocó, Pacific region of Colombia. 
We present data about the phenology, floral morphology, floral biology, reproductive 
system, and pollination. M. saccifera is monoecious, self-incompatible, lacks apomixis and 
has dichogamy in the form of protogyny. Flowering occurs all year round with a peak 
between April and May. A single individual may produce up to five inflorescences in its 
reproductive period. Each inflorescence has unisexual flowers grouped in dyads and tri-
ads; anthesis is diurnal and the flowers may be receptive for 72 h. Flowers are visited by 10 
species of insects. The inflorescences in the female-phase do not offer reward and insects 
are attracted by olfactory mimicry; in the male-phase flowers reward visitors with pollen 
and a place to oviposit. The most efficient pollinator is Mystrosp cercus (Nitidulidae), the 
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Abstract

We studied the reproductive biology and pollination ecology of the palm cabecinegro 
(Manicaria saccifera) in very wet tropical forest, in the Chocó, Pacific region of Colombia. 
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between April and May. A single individual may produce up to five inflorescences in its 
reproductive period. Each inflorescence has unisexual flowers grouped in dyads and tri-
ads; anthesis is diurnal and the flowers may be receptive for 72 h. Flowers are visited by 10 
species of insects. The inflorescences in the female-phase do not offer reward and insects 
are attracted by olfactory mimicry; in the male-phase flowers reward visitors with pollen 
and a place to oviposit. The most efficient pollinator is Mystrosp cercus (Nitidulidae), the 
only visitor arriving in abundance during the female-phase. Other insects do not enter the 
flower because the peduncular bract and the petals act as barriers, blocking the entrance 
of insects greater than 2 mm. Having one exclusive pollinator which in turn depends on 
the palm for its survival is an example of extreme specialization and mutual dependence.
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way [3, 4], and finally, palms are culturally important because many species are essential to 
the cultural development of local peoples [5].

Due to this importance, studies on their reproductive biology have increased in the last 
decades [6]. Initially, most studies focused on cultivated palms or on widely used species [1, 
7]; however, recent works have focused on a wider range of palms [8–10].

Research on the reproductive biology of this plant family has increased our knowledge on the 
great variety of pollination strategies and mechanisms found in plants and on the strong depen-
dence and intimate association that most palm species share with the insects that pollinate them, 
mainly species of coleoptera belonging to the families Nitidulidae and Curculionidae [9–11].  
Due to palms economic, ecologic and cultural importance, studies on palms reproductive biol-
ogy are essential for their sustainable use, conservation and future domestication [10].

Manicaria saccifera is a widely distributed species [12], of ecological importance [1, 13] and 
great economic potential [14, 15]. It ranks among the most utilized and economically valu-
able palms for the Afro-American and indigenous communities of the Chocó biogeographic 
region: [16] reported 36 different uses for this species, evidencing its versatility as a non-timber  
forest product. The most significant uses of M. saccifera in the Pacific region of Colombia 
include: the use of the peduncular bract as a source of fiber for crafts and textiles [15–17]; 
weaving the leaf veins for basketry [15]; the use of unexpanded leaves for brooms; the leaves 
for thatch houses; the immature fruits filled with a liquid resembling coconut water are con-
sumed while working in the forest. Additionally, fruits are sold in local markets for medicinal 
purposes [16]. In Venezuela the Warao Indians use M. saccifera for construction, sailing, food, 
medicine, and for crafting bags and hats [18, 19].

M. saccifera is a little studied palm in terms of its reproductive biology [20], who mentions 
the possibilities of auto-pollination and the great quantity of larvae inside the flowers. On 
the other hand, [21] reported several visiting insects, with Mystrops cercus and Mystrops erviki 
(Nitidulidae: Coleoptera) being frequent visitors. The most important aspect to highlight in 
this species is that, contrary to most species in the family, anthesis and all remaining repro-
ductive mechanisms occur “hidden” within the interior of the peduncular bract, without 
opening or exposing the male and female flowers. This aspect makes an understanding of the 
species reproductive strategy even the more intriguing.

Our work constitutes the first significant contribution detailing the principal aspects of the 
reproductive biology and pollination ecology of one of the most important palms for the inhab-
itants of the Pacific region of Colombia and a key species of tropical pluvial rainforests. In this 
work we evaluate the periods of flower and fruit production, the reproductive system, floral 
biology, flower visitors and we quantify the role each visitor has in the pollination of the palm.

2. Materials and methods

2.1. Study area

Our study was conducted in the Quibdó municipality, Pacific coast of Colombia, in an area 
adjacent to the road leading from Quibdó to the Atrato municipality, at 5° 39′ N, 76° 38′ W 
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(Figure 1), and 90 m of elevation. With a mean annual temperature of 28° C, a relative humid-
ity of 89% and a mean annual precipitation of 5000–7000 mm, this area is classified under very 
wet tropical forests in the Holdrige life zone system [22].

2.2. Study species

Manicaria saccifera Gaertn., known as “cabecinegro” in the Colombian Pacific (Galeano and 
Bernal [13]) is a monoecious palm that grows in swampy inundated areas, preferably near the 
edge of rivers and creeks. Its individuals are medium sized, solitary or cespitose, with large 
regularly pinnatisect or simple leaves and with a dentate margin. The inflorescences are inter-
foliar and solitary [13]. It is distributed in Central America, in the Pacific littoral of Colombia 
southwards to northern Ecuador, and in the Orinoco and Amazon basin of Colombia, Brazil 
and Venezuela [12].

2.3. Inflorescence morphology

A morphological description of the inflorescence was performed based on 20 inflorescences 
of M. saccifera. We (i) recorded the height at which the inflorescences are found, (ii) measured 
the length of the inflorescence, rachillae and flowers; (iii) counted the number of rachillae, 
of female and male flowers per rachillae and of female and male flowers per inflorescence; 
and (iv) determined the position of the flowers in the rachillae, the number and shape of the 

Figure 1. Study zone.
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stigmas and the number of anthers. To estimate the number of flowers per inflorescence, 
we multiplied the total number of flowers of each rachillae by the mean number of rachillae 
counted in 10 inflorescences.

2.4. Reproductive phenology

We recorded the reproductive phenology of 48 individuals of M. saccifera during a 12-month 
period, marking individuals along a pre-defined trail in the forest. Each week we revisited 
the study area during 3 days to register in each individual if flowering and fruiting occurred. 
We calculated the monthly percentage of flowering and determined the flowering synchrony. 
Following [23] we defined flowering events as being: (i) asynchronous, when less than 20% 
of the individuals are in flower; (ii) low synchrony, between 21 and 60%; and (iii) high syn-
chrony when over 60% of individuals flower at the same time.

2.5. Floral biology

To view the reproductive structures and carry out our observations, a longitudinal slit was 
opened on the peduncular bract and was later covered with paper tape. Direct observation 
of the flowering buds and opened flowers were made at intervals of 6, 12, and 24 h in 10 
inflorescences of 10 individuals. We registered the (i) hour of anthesis of the flowers, (ii) the 
daily rhythm of anthesis of the flowering buds, (iii) the presence and longevity of pollen, and 
(iv) the stigmatic receptivity. We used three methods to evaluate the stigmatic receptivity: (1) 
direct observation of the stigmas, noting changes in morphology, color and presence of exu-
dates; (2) signs of peroxidase activity, using hydrogen peroxide tests [24]; (3) colorimetry tests, 
applying the Perex-Test solution by Merck [25]. Additionally, we registered the increase in 
temperature within the inflorescence using digital thermometers made by Cox Technologies 
Inc., with a range of temperature between −35 and 210°C. We performed measurements in five 
closed inflorescences of five individuals, introducing the thermometer’s sensor to register the 
internal temperature of the inflorescence, which was compared with ambient temperature.

2.6. Reproductive system

We determined the reproductive system of M. saccifera by performing controlled pollinations 
on five inflorescences from different individuals using four different treatments: (i) Auto-
pollination: we isolated inflorescences to avoid the entry of pollen; (ii) Open pollination: nat-
ural pollination without our intervention; (iii) Apomixis: without pollination; (iv) Allogamy: 
controlled pollinations using pollen from different individuals of M. saccifera. In all cases, the 
flowers were isolated with synthetic mesh at least 30 days. After each treatment we checked 
whether fruits were developing and recorded the percentage of fruits formed. The degree of 
genetic compatibility was evaluated using the self-incompatibility index proposed by [26].

2.7. Floral visitors and pollinators

The composition of floral visitors was studied in 10 inflorescences from 10 individuals. When the 
rate of visits was highest, inflorescences were covered with bags and shaken so insects would fall 
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inside the bags. This procedure was repeated three times each day during all the flowering phase. 
For each floral visitor we documented its (i) abundance, (ii) behavior and (iii) role in pollination. 
To document the behavior of floral visitors we performed observations on the female- and male-
phase of each palm, noting: the hour of arrival and departure to the flower, the activity within the 
flower, the utilized resources, and the permanence in the flower, and the contact with the stigmas 
in the female-phase. Following [10] we calculated the pollinator importance value (PIV) and the 
pollinator relative importance value (PRI). The variables used to calculate these indices were: the 
relative abundance of insects in the female flowers (AB), pollen-transport capacity (PTC), fidelity 
(F), constancy (C), and pollen-transport efficiency (PTE). For details on each variable refer to [10]. 
To determine the CTP and ETP, we collected five insects of each species, preserved them in 70% 
alcohol and took them to the laboratory to conduct the pollen load analyses following the meth-
ods in [9]. To evaluate fidelity we compared the pollinators of M. saccifera with pollinators of the 
palms Attalea allenii, Attalea cuatrecasana, Oenocarpus bataua, Oenocarpus minor, Socratea exhorriza 
and Wettinia quinaria, all of which are palms that grow in the study area together with M. saccifera.

3. Results

3.1. Inflorescence morphology

The inflorescences of M. saccifera are interfoliar and located at a mean of 1.89 ± 1.1 (SD, n = 20) 
meters above the ground (Figure 2A). An individual during the reproductive phase may pro-
duce 1–5 inflorescences (n = 45), which are found in different developing stages and which 
flower alternately. Each inflorescence can measure up to 1.50 m, including the peduncle, which 
measures 46 cm and the prophyll (35 cm). Each inflorescence is covered by a fibrous peduncular 
bract, which is closed without suture, is brown and has the shape of a long hood. Throughout 
all development phases of the inflorescence, the peduncular bract acts as a mesh or as a selec-
tive barrier to insect visitors (Figure 2B and C). The bract suffers changes in morphology and 
coloration at its exterior surface and thickening due to the development and growth of the 
fruits in the inner part. Inflorescence present a mean of 35 ± 19.5 (SD, n = 10) rachillae. The 
flowers in inflorescences are distributed in (i) triads, with a female flower in the center and two 
male flowers at the sides in the basal part; (ii) toward the apex as dyads, with two male flowers 
(Figure 3). This distribution of flowers distinguishes the subfamily Arecoideae from the other 
palm subfamilies. Generally, the last rachillae to develop contain only male flowers.

Each rachillae contains a mean of 2.88 ± 0.84 (SD, n = 504) female flowers and a mean of 
218 ± 132 (SD, n = 504) male flowers so that each inflorescence can harbor 199 ± 32 (SD, n = 10) 
female flowers and 15,085 ± 532 (SD, n = 10) male flowers.

The flowers are of rigid texture, yellowish in color, and the female flowers are greater, mea-
suring 0.7 ± 0.3 cm (SD, n = 16) in length, and with a laminar stigma in the shape of a pyramid 
(Figure 2E); each male flower measures 0.8 ± 0.3 cm (SD, n = 16) in length and has numerous 
stamens (mean of 35) (Figure 2D).

The fruits are spherical, 5 cm in diameter and covered with woody pyramidal or pointed 
projections; occasionally the fruits have the shape of two or three united spheres forming a 
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Figure 3. Distribution of the female- and male-flowers at the rachillae of Manicaria saccifera.

Figure 2. Morphology of Manicaria saccifera. (A) Habit. (B) and (C) inflorescence covered by the peduncular bract. (D) 
Flowers of M. saccifera in triads. (E) Receptive female flower. (F) Open male flower.
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triangular structure. The seed is spherical, very hard, and is covered by a brownish or light 
purplish kernel of brittle texture (Figure 2G).

3.2. Reproductive phenology

M. saccifera flowered throughout the year (Figure 4), with a peak in inflorescence produc-
tion in the month of May, when nearly 61% of individuals had one or two inflorescences; 
the remaining individuals flowered during the months of June until August. There was no 
relationship between flowering and precipitation, flowering being constant in months of low 
rainfall (February) and highest rainfall (November). The individuals of the studied popula-
tion showed low synchrony in flowering, with 27% of the individuals flowering simultane-
ously. The fruiting period was relatively constant throughout the year (Figure 4).

3.3. Floral biology

The events that take place during floral biology can be summarized as: (1) flower buds 
emerge; (2) buds of pistillate flowers develop completely; (3) anthesis begins; in female 
flowers it occurs simultaneously whereas it is alternate in male flowers and lasts up to 2 
days. During anthesis there is an increase in temperature above ambient temperature in 
female and male inflorescences of 4.0 and 4.7°C, respectively (both n = 3); (4) maximum 
stigmatic receptivity, evidenced by the white color of the stigmas covered by a hyaline-
brilliant substance; (5) pollination, with subsequent loss of stigmatic receptivity evidenced 

Figure 4. Monthly proportion of flowering and fruiting individuals of Manicaria saccifera compared with annual 
precipitation.
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by a change of color from white to brown to black; (6) fruit formation, with maturation last-
ing approximately 15 months.

3.4. Reproductive system

Our controlled pollination treatments revealed that M. saccifera is strictly xenogamous. Thus, 
neither of the apomixis or auto-pollination treatments led to fruit formation. In contrast, with 
the open pollination and allogamy treatments the percentage of fruits (Table 1).

3.5. Floral visitors

The inflorescences of M. saccifera were visited by eight species of insects (Table 2), with a mean 
abundance of 716 ± 60 visitors per inflorescence (n = 10). Mystrosp cercus was the most abundant 
floral visitor and the only insect able to cross the two barriers imposed by the fibrous peduncular 
bract and the petals of the female flowers. It had the highest pollinator relative importance value, 
representing 99.9% of the pollination in M. saccifera. In contrast, the remaining species were occa-
sional visitors with low abundances and were only present in the male-phase of the inflorescences. 
Among these frequent species were Amazoncharis sp.1 and Xanthogypus sp.1 (Staphylinidae).

Floral visitors AB CTP ETP C F IVIP IRIP

Mystrops cercus 560 1564 569 1 1 498,352,960 99.9

Mystrops erviki 12 156 234 0.25 1 109,512 0.021

Trigona fulviventris 23 669 245 0.05 0.5 94245.3 0.018

Trigona ferricauda 12 456 123 0.05 0.5 16826.4 0.003

Derelomini sp.1 12 123 12 0.25 0.33 1461.24 0.0002

Xanthopygus 34 167 32 1 0.33 59959.68 0.012

Atheta sp.1 12 23 12 1 0.33 1092.96 0.0002

Amazoncharis sp.1 123 12 12 1 0.33 5844.96 0.001

Total 498,641,903 100

AB: abundance in female phase, PTC: pollen-transport capacity in female phase, PTE: pollen-transport efficiency, C: 
constancy in the phase female, F: fidelity, PIV: pollinator importance value and PRI: pollinator relative importance value

Table 2. Role of visitor in the pollination of Manicaria saccifera.

Treatments Nº palms/ N°flowers Nº fruits/% set fruits

Apomixis(A) 5/410 0/0

Open pollination (OP) 5/410 225/62

Auto-pollination (AP) 5/410 0/0

Allogamy (AL) 5/410 220/53

Table 1. Percentage of fruits formed in Manicaria saccifera after four controlled pollination tests.
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4. Discussion

Results of the reproductive system indicate that self-pollination is unlikely because M. saccifera 
is a monoecious palm with unisexual flowers and anthesis time of the male and female phase 
do not match due to the type of protogynous dicogamia present. No fruit formation occurs 
via apomixis (Table 1), and the probability of geitonogamy is low due to the non-coincidence 
of two inflorescences in anthesis in the same individual; however, if the two inflorescences in 
anthesis manage to coincide, fertilization is prevented by the self-incompatibility found. And 
because the anthers and stigma remain covered avoiding pollen dispersion by wind anemo-
philia is unlikely to occur. Consequently, the non-presence of apomixis, the non-occurrence of 
self-pollination, the degree of self-incompatibility found and the fact that no wind pollination 
occurs, determine that M. saccifera should be considered a xenogamous palm, dependent on 
insects for pollination.

Cross pollination apparently works well in M. saccifera as open-pollination and allogamy test-
ing showed 62 and 53% of fruit formation, respectively (Table 1), such efficiency indicates 
the importance of pollinators as carriers of pollen between individuals in the population, 
given the obligatory xenogamy of the palm. Cross-pollination is efficient despite that the pol-
lination mechanism that occurs in M. saccifera is atypical to what usually happens in palms, 
in which visitors insects have full access to the flowers. In M. saccifera the peduncular bract 
keeps hidden and isolated male and female flowers, and only Mystrops cercus can cross the 
peduncular bract when the stigmas are receptive, the rest of the insects that are attracted at 
this time cannot enter; they do it in male phase when receptivity has passed and focus their 
activity in male phase.

The fact that the peduncular bract does not open preventing access to a group of insects, 
mainly larger than 2 mm, becomes a selective filter that limits free access of insects into the 
inflorescence at a critical moment in the reproduction of the palm. Large insects like bees 
(Apidae) or with larger sizes cannot cross the peduncular bract, while small insects or smaller 
than 2 mm, are the only ones who can access the flowers when they are receptive.

The peduncular bract acts as a barrier or selective filter that restricts access of large insects 
to female flowers at the most important time for fertilization, but is not the only one: those 
insects that may cross the first barrier are immediately faced with a second barrier and there-
fore a second filter, this time generated by the petals of the female flowers which do not open 
completely either and only two small slots of 1–2 mm are the space between the petals that 
insects may use to enter the flower, access the stigma and deposit the needed pollen to fertil-
ize each flower of the inflorescence. Consequently, the bract that covers the inflorescence and 
the petals of the female flowers become two barriers that act as filters for selecting by size the 
type of pollinator in M. saccifera and only Mystrops cercus is the insect that passes through the 
filters and access the stigma that are hidden for the rest of the visitors.

Keep flowers hidden at the time of anthesis is a rare phenomenon in palms, presented only 
in other species of the genus Pholydostachys (personal observation), which have a fibrous 
small peduncular bract similar to M. saccifera and insects must pass through at the time of 
anthesis in a yet unknown mechanism. The closest thing to the selective filter imposed by the  
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4. Discussion
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do not match due to the type of protogynous dicogamia present. No fruit formation occurs 
via apomixis (Table 1), and the probability of geitonogamy is low due to the non-coincidence 
of two inflorescences in anthesis in the same individual; however, if the two inflorescences in 
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because the anthers and stigma remain covered avoiding pollen dispersion by wind anemo-
philia is unlikely to occur. Consequently, the non-presence of apomixis, the non-occurrence of 
self-pollination, the degree of self-incompatibility found and the fact that no wind pollination 
occurs, determine that M. saccifera should be considered a xenogamous palm, dependent on 
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Cross pollination apparently works well in M. saccifera as open-pollination and allogamy test-
ing showed 62 and 53% of fruit formation, respectively (Table 1), such efficiency indicates 
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given the obligatory xenogamy of the palm. Cross-pollination is efficient despite that the pol-
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The fact that the peduncular bract does not open preventing access to a group of insects, 
mainly larger than 2 mm, becomes a selective filter that limits free access of insects into the 
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(Apidae) or with larger sizes cannot cross the peduncular bract, while small insects or smaller 
than 2 mm, are the only ones who can access the flowers when they are receptive.

The peduncular bract acts as a barrier or selective filter that restricts access of large insects 
to female flowers at the most important time for fertilization, but is not the only one: those 
insects that may cross the first barrier are immediately faced with a second barrier and there-
fore a second filter, this time generated by the petals of the female flowers which do not open 
completely either and only two small slots of 1–2 mm are the space between the petals that 
insects may use to enter the flower, access the stigma and deposit the needed pollen to fertil-
ize each flower of the inflorescence. Consequently, the bract that covers the inflorescence and 
the petals of the female flowers become two barriers that act as filters for selecting by size the 
type of pollinator in M. saccifera and only Mystrops cercus is the insect that passes through the 
filters and access the stigma that are hidden for the rest of the visitors.

Keep flowers hidden at the time of anthesis is a rare phenomenon in palms, presented only 
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small peduncular bract similar to M. saccifera and insects must pass through at the time of 
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peduncular bract occurs in some palms species of the genus Attalea in which as at the time of 
anthesis the peduncle bract leaves only a small slit that acts momentarily as a filter, but over 
time the bract exposes most of the flowers and insect access is complete [9].

In angiosperms the mechanism of pollination where flowers are not exposed and the androe-
cium and gynoecium are hidden at the time of fertilization is rare but still occurs in several 
plant families and this type of pollination is called cleistogamy [27]. Cleistogamous plants are 
usually hermaphroditic, self-compatible and the release of pollen and stigmatic receptivity 
occurs at the same time therefore self-pollination and autogamy are predominant [28], freeing 
themselves from dependence on pollinators. Although M. saccifera reproductive structures 
remain hidden, cleistogamy is unlikely because the palm has unisexual flowers, with tempo-
ral phase separation and high values of self-incompatibility, therefore highly dependent on 
insects to fertilize the flowers.

The selective filter imposed by the peduncular bract of M. saccifera really influences the access 
of floral visitors as evidenced by the fact that the diversity of insects found within the inflo-
rescence was low (only eight species). Comparing the rate of visitors to palms with charac-
teristics similar to M. saccifera as size, rewards offered, type and location in the forest, these 
are visited by great diversity of visitors; for example, in Oenocarpus bataua [10] reported 81 
species; Phytelephas macrocarpa is visited by 45 [29], as P. seemanii; and Astrocaryum mexicanum 
is visited on average by 35 species [30].

Therefore, the mechanism of isolating the reproductive structures and to have selective barri-
ers can bring advantages and disadvantages for M. saccifera. Among the disadvantages, access 
by insects is limited and therefore the options of species that can act as pollinators is reduced, 
which may limit pollen flow with consequent pollination problem [31]. It has often been sug-
gested that plants that display their flowers can attract more visitors and potential pollina-
tors than those with few exposed flowers [32] and thus the pollination probabilities increase. 
Moreover, the filters presented in M. saccifera can bring advantage in the fact that there is a 
real selection of insects that prevents the entry of those who have little part in pollination, 
and thus an antagonist interaction with the palm, generating actions that directly or indi-
rectly affect the reproductive success of the species. This phenomenon of insects that are not 
involved in pollination of palms is very common and widely reported for other species, where 
only a small number of visitors is actively involved in pollination and most visitors focus their 
activities exclusively on male stage or male flowers [9, 10, 33–35].

The low diversity of visitors generated by the selective filters in M. saccifera is balanced by an 
intimate and exclusive association of the palm with its main pollinator Mystrops cercus, which 
has easy access to the inflorescence through the selective filters and deposits pollen with effi-
ciency values reaching 99% of the pollen transported and used for fertilization of the flowers 
of the palm (Table 2), ensuring fertilization of flowers and thus a constant fruit production. 
The pollination mechanism present in M. saccifera with M. cercus as main pollinator is sum-
marized in a general model of pollination (Figure 5).

Because Mystrops cercus depends M. saccifera flowers as an ideal environment for feed-
ing with pollen, protection (isolated flowers) and an ideal microenvironment to develop 
part of their life cycle due to the thermogenesis of the flowers, such association entails the 
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establishment of a relationship of mutual dependence or obligatory mutualism between the 
palm and its pollinator. In that mutualism, pollinators need the palm they host for food, 
find a mate, make their life cycle; while for the palm the benefit of having a close relation-
ship with the pollinator ensuring their loyalty, perseverance and efficiency in pollen trans-
fer necessary to achieve reproduction.

Figure 5. Pollination of Manicaria saccifera by Mystrops cercus.
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Obligate mutualisms Mystrops - Palmae are more and more recognized, sometimes in one-
to-one relations as in Attalea allenii [9, 36, 37]; or a Mystrops species associated with several 
species of the same genus of palms as with Mystrops rotundula and Mystrops pulcra, which 
pollinate seven species of the genus Ceroxylon [36]. The mutual dependency between Mystrops 
cercus and M. saccifera ensures reproductive success of the palm and the permanence of pol-
linators through the coordination of several mechanisms of association including attraction, 
maintenance and fertilization of flowers by their primary pollinator Mystrops cercus, this leads 
us to suggest that a high degree of specialization exists between Mystrops cercus and Manicaria 
saccifera, which has also been reported in other palm species pollinated by Mystrops species [1, 
7–9, 21, 36, 38]. Likewise, two additional evidences can support the degree of specialization 
found and suggested in this paper: specificity and distribution of interaction.

Regarding specificity [36] conducted a comparative study of Mystrops species in at least 80 
species of palms including Mystrops species visiting and pollinating flowers of palms found 
in the Chocó (Attalea allenii, Attalea cuatrecasana, Oenocarpus bataua, O. minor, Socratea exhorriza, 
Wettinia quinaria and M. saccifera), and found that species of pollinators are not shared: each 
palm has its own association with a particular Mystrops species. In terms of distribution, we 
have found Mystrops cercus in five additional locations to our study area.

Participation of the genus Mystrops in the pollination of palms has been amply demonstrated, 
whether acting as principal pollinators, secondary or co-pollinators [9, 30, 34]. However, to 
the extent that detailed reproduction studies of tropical palms increase, species of the genus 
Mystrops are showing greater relevance and importance as pollinators of palms: one or more 
species of Mystrops are the most important pollinators, and in some cases, are the solely 
responsible for the movement of pollen in a particular palm species, e.g., Mystrops sp. nov. 
1 in Attalea allenii and Mystrops sp. nov. 2 in Wettinia quinaria [9], Mystrops sp. in Mauritia flex-
uosa [37], Mystrops sp.15 in Wettinia praemorsa, and Mystrops sp. nov. 22 in Cryosophila kalbreyeri 
(Núñez [36]) Mystrops in Wettinia kalbreyeri [39].

In synthesis, M. saccifera presents a specialized pollination system with morphological barri-
ers that blocks access of floral visitors when the stigmas are receptive, and is closely associated 
with Mystrops cercus, a kind of small beetle that, in an exclusive way, visits and pollinates the 
flowers of this important palm with morphological constraints. The most striking examples 
of highly specific mutualism relationships and close interdependence between plants and 
pollinating insects are given in cases where the flower morphology limits the visitor access to 
reproductive or floral rewards structures and consequently the possibilities of pollination are 
minimal, M. saccifera is a clear example.

We recommend further studies, mainly focused on evaluating features like the changes in 
time and if this mutual dependence is maintained throughout the disjunctive distribution of 
the palm.
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Obligate mutualisms Mystrops - Palmae are more and more recognized, sometimes in one-
to-one relations as in Attalea allenii [9, 36, 37]; or a Mystrops species associated with several 
species of the same genus of palms as with Mystrops rotundula and Mystrops pulcra, which 
pollinate seven species of the genus Ceroxylon [36]. The mutual dependency between Mystrops 
cercus and M. saccifera ensures reproductive success of the palm and the permanence of pol-
linators through the coordination of several mechanisms of association including attraction, 
maintenance and fertilization of flowers by their primary pollinator Mystrops cercus, this leads 
us to suggest that a high degree of specialization exists between Mystrops cercus and Manicaria 
saccifera, which has also been reported in other palm species pollinated by Mystrops species [1, 
7–9, 21, 36, 38]. Likewise, two additional evidences can support the degree of specialization 
found and suggested in this paper: specificity and distribution of interaction.

Regarding specificity [36] conducted a comparative study of Mystrops species in at least 80 
species of palms including Mystrops species visiting and pollinating flowers of palms found 
in the Chocó (Attalea allenii, Attalea cuatrecasana, Oenocarpus bataua, O. minor, Socratea exhorriza, 
Wettinia quinaria and M. saccifera), and found that species of pollinators are not shared: each 
palm has its own association with a particular Mystrops species. In terms of distribution, we 
have found Mystrops cercus in five additional locations to our study area.

Participation of the genus Mystrops in the pollination of palms has been amply demonstrated, 
whether acting as principal pollinators, secondary or co-pollinators [9, 30, 34]. However, to 
the extent that detailed reproduction studies of tropical palms increase, species of the genus 
Mystrops are showing greater relevance and importance as pollinators of palms: one or more 
species of Mystrops are the most important pollinators, and in some cases, are the solely 
responsible for the movement of pollen in a particular palm species, e.g., Mystrops sp. nov. 
1 in Attalea allenii and Mystrops sp. nov. 2 in Wettinia quinaria [9], Mystrops sp. in Mauritia flex-
uosa [37], Mystrops sp.15 in Wettinia praemorsa, and Mystrops sp. nov. 22 in Cryosophila kalbreyeri 
(Núñez [36]) Mystrops in Wettinia kalbreyeri [39].

In synthesis, M. saccifera presents a specialized pollination system with morphological barri-
ers that blocks access of floral visitors when the stigmas are receptive, and is closely associated 
with Mystrops cercus, a kind of small beetle that, in an exclusive way, visits and pollinates the 
flowers of this important palm with morphological constraints. The most striking examples 
of highly specific mutualism relationships and close interdependence between plants and 
pollinating insects are given in cases where the flower morphology limits the visitor access to 
reproductive or floral rewards structures and consequently the possibilities of pollination are 
minimal, M. saccifera is a clear example.

We recommend further studies, mainly focused on evaluating features like the changes in 
time and if this mutual dependence is maintained throughout the disjunctive distribution of 
the palm.
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Abstract

Cocoa (Theobroma cacao L.) is mainly pollinated by ceratopogonid midges (Forcipomyia 
spp.). However, other insect species will also pollinate cocoa flowers when these midges 
are scarce. In Côte d'Ivoire, inadequate pest control practices (insecticide spraying, mostly 
against the mirids Distantiella theobromae and Sahlbergella singularis) and landscape degrada-
tion as a result of deforestation and cocoa monoculture, have decreased overall pollinator 
population levels and, as a result, pollination services to cocoa trees. The current low aver-
age Ivorian cocoa yield of 538 kg per ha (in 2016) is the result of global agricultural misman-
agement (deteriorated soils, lack of fertilizers, inadequate or absent pest control, absence 
of shade trees and intercrops). However, there is also an evidence of a pollination gap that 
could cause low cocoa yield. More research is needed to understand: (i) which agro-eco-
logical efforts to enhance cocoa pollination can improve yield, and (ii) which strategies are 
effective in enhancing cocoa pollination. In this chapter, we briefly describe the cocoa sector. 
Next, the cocoa flower and pollinator biology and phenology are presented, followed by an 
overview of current environmental and management constraints to cocoa pollination in the 
context of Côte d'Ivoire, the largest cocoa producer in the world. We conclude with explor-
ing possibilities to enhance pollination in the Ivorian small-scale cocoa sector.

Keywords: cocoa, pollination, Theobroma cacao, fructification, cherelle wilt, Forcipomyia, 
phenology, pesticides, IPM, Côte d'Ivoire

1. Introduction

Non-bee insect pollinators play a significant role in global crop production [1]. Cocoa 
(Theobroma cacao L.) is one of the 13 most important commercial crops in the world. It entirely 
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depends on insects for pollination and successful production [2]. In cocoa, pollination is almost 
exclusively performed by ceratopogonid midges (Order Diptera) from genus Forcipomyia  
[3, 4]. In 2016, global cocoa production was 4.472 million tons of dry beans, of which 2.655 mil-
lion tons (59%) were produced in West Africa and 1.472 million tons (33%) in Côte d’Ivoire [5]. 
In 2016, global average cocoa yield was 438 kg dry beans per ha and per year (480 kg per ha 
in West Africa), whereas it was shown in research stations that cocoa bean yield could attain 
up to 2000 kg per ha and per year [6].

Cocoa yield remains under the latter potential level due to: (i) an inadequate cropping system 
mainly consisting of full-sun monocultures without shade, leading to soil erosion, nutrient 
depletion, water shortages, weed growth, and increased pest and disease outbreaks [7–11]; 
and (ii) inadequate pest and disease management [12, 13]; both leading to (iii) below-opti-
mum pollinator population levels. Earlier research showed that increasing pollination, either 
manually [14] or indirectly by improving breeding opportunities for pollinating midges 
[14–16], had a significant impact on cocoa yield compared with normal agricultural practices 
control plots.

Over the past 50 years, cocoa demand has consistently increased annually by some 2.5% 
[17]. Demand continues to rise, particularly as a result of newly emerging chocolate markets 
such as China and India [18]. However, cocoa production levels have decreased by 3–5% 
over the past five years (compared to 2012 levels), leading to unstable prices because of 
market shortages. Cocoa production could expand through increasing global cocoa acreage 
(as it has always been done in the past). However, this is not a sustainable solution as it is 
mostly achieved at the cost of deforestation in tropical areas [19]. The other, more sustain-
able, approach is increasing productivity per ha. The latter strategy not only increases over-
all cocoa production without further deforestation, but can also increase income of cocoa 
farmers who nowadays often leave the cocoa production sector because of its low profit-
ability [9].

In this chapter, we explore how cocoa farmers—besides by improving soil conditions, ade-
quate pruning and integrated pest and disease management—can increase cocoa yield by 
increasing pollination intensity of their cocoa trees. We will first present the global cocoa sec-
tor and then focus on Côte d’Ivoire, the leading cocoa-producing country in the world. Next, 
we give background information on the biology and phenology of both cocoa flowers and 
pollinating midges (Forcipomyia spp.), followed by a discussion of pollinator-reducing factors 
(environmental and managerial) in Côte d’Ivoire. We conclude by discussing some options 
for relieving the constraints on cocoa pollination.

2. The cocoa crop sector

2.1. Global production and economic value

Although global yearly cocoa production quantities are below those of other tropical com-
modity crops such as sugar cane, rice, soybean, oil palm, cassava or banana, it is a unique 
crop because more than 90% of its production comes from small-scale farmers (each with a 
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cultivation area not larger than 3 ha) [5, 17]. As such, cocoa provides a livelihood to around 
4.5 million farming families. Globally, 14 million people work in cocoa production [17]. In 
2013, the total chocolate confectionary retail consumption had a value of 109,992 million USD 
[20]. Cocoa is produced on around 10 million ha, which is just 0.7% of the total global arable 
land, but 7% of the global permanent crop area. As a result, cocoa cultivation, and particularly 
cocoa agroforestry systems, play an important role in carbon sequestration and consequently 
have important climate mitigation potential [21].

2.2. The cocoa sector in Côte d'Ivoire

Côte d’Ivoire comprises the main cocoa-producing region in the world. In 2016, the coun-
try provided one third (1.472 million tons) of global cocoa supplies on 2.851 million ha of 
land. Average cocoa yield in Côte d’Ivoire was thus 516 kg/ha of dry cocoa beans, which is 
slightly below the global average yield of 538 kg/ha for that year [5]. In Côte d’Ivoire, cocoa 
is exclusively produced by around 1,000,000 small-scale farmers, each cultivating on around 
2–3 ha [22]. These smallholders operate in a difficult context. Between 2000 and 2011, Côte 
d’Ivoire was generally considered a failed state with frequent occurrences of violent conflicts, 
where cocoa tax revenues were often used to fuel the conflicts [23, 24]. Moreover, the cocoa 
production in Côte d’Ivoire has often been linked to child slavery on plantations [23]. As in 
most cocoa-producing regions, fluctuating prices (between 1500 and 3500 USD per ton in 
the period 2011–2018, see http://www.nasdaq.com/markets/cocoa.aspx) affect Ivorian cocoa 
smallholders because in a situation with volatile prices, it is difficult to make informed choices 
on the “right” crop investments [25].

3. Cocoa pollination

Pollination intensity and fruit set largely determine cocoa yield [26]. If natural pollination is 
limiting cocoa yield, then enhancing pollinator population levels should result in increased 
fruit set and consequently yield.

3.1. Biology and phenology of cocoa flowers and fruit set

3.1.1. Biology

Cocoa flowers are hermaphrodite. They are produced on the trees’ trunks and branches (cau-
liflory). After 2–3 years, so-called flower cushions, i.e., thickened flower-producing leaf axils, 
are formed. Every cushion bears up to 50 flowers per flowering season. There are two flower-
ing seasons per year, which thus yields 100 flowers per year. The pentamerous flower is about 
15 mm in diameter. A petal consists of a pouch—which conceals the anthers—and a wide tip. 
The function of the latter tip is unknown, but it does not specifically attract pollinators [27]. A 
particular aspect of cocoa flowers is the outer whorl of purple staminodes around the style. 
Right after anthesis, these staminodes align parallel to the style (Figure 1). Pollinators move 
around on the inner side of the staminodes, thereby rubbing their pollen grain-carrying bod-
ies against the style. On older flowers, staminodes are somewhat withered and flexed away 
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depends on insects for pollination and successful production [2]. In cocoa, pollination is almost 
exclusively performed by ceratopogonid midges (Order Diptera) from genus Forcipomyia  
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able, approach is increasing productivity per ha. The latter strategy not only increases over-
all cocoa production without further deforestation, but can also increase income of cocoa 
farmers who nowadays often leave the cocoa production sector because of its low profit-
ability [9].

In this chapter, we explore how cocoa farmers—besides by improving soil conditions, ade-
quate pruning and integrated pest and disease management—can increase cocoa yield by 
increasing pollination intensity of their cocoa trees. We will first present the global cocoa sec-
tor and then focus on Côte d’Ivoire, the leading cocoa-producing country in the world. Next, 
we give background information on the biology and phenology of both cocoa flowers and 
pollinating midges (Forcipomyia spp.), followed by a discussion of pollinator-reducing factors 
(environmental and managerial) in Côte d’Ivoire. We conclude by discussing some options 
for relieving the constraints on cocoa pollination.

2. The cocoa crop sector

2.1. Global production and economic value

Although global yearly cocoa production quantities are below those of other tropical com-
modity crops such as sugar cane, rice, soybean, oil palm, cassava or banana, it is a unique 
crop because more than 90% of its production comes from small-scale farmers (each with a 
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cultivation area not larger than 3 ha) [5, 17]. As such, cocoa provides a livelihood to around 
4.5 million farming families. Globally, 14 million people work in cocoa production [17]. In 
2013, the total chocolate confectionary retail consumption had a value of 109,992 million USD 
[20]. Cocoa is produced on around 10 million ha, which is just 0.7% of the total global arable 
land, but 7% of the global permanent crop area. As a result, cocoa cultivation, and particularly 
cocoa agroforestry systems, play an important role in carbon sequestration and consequently 
have important climate mitigation potential [21].

2.2. The cocoa sector in Côte d'Ivoire

Côte d’Ivoire comprises the main cocoa-producing region in the world. In 2016, the coun-
try provided one third (1.472 million tons) of global cocoa supplies on 2.851 million ha of 
land. Average cocoa yield in Côte d’Ivoire was thus 516 kg/ha of dry cocoa beans, which is 
slightly below the global average yield of 538 kg/ha for that year [5]. In Côte d’Ivoire, cocoa 
is exclusively produced by around 1,000,000 small-scale farmers, each cultivating on around 
2–3 ha [22]. These smallholders operate in a difficult context. Between 2000 and 2011, Côte 
d’Ivoire was generally considered a failed state with frequent occurrences of violent conflicts, 
where cocoa tax revenues were often used to fuel the conflicts [23, 24]. Moreover, the cocoa 
production in Côte d’Ivoire has often been linked to child slavery on plantations [23]. As in 
most cocoa-producing regions, fluctuating prices (between 1500 and 3500 USD per ton in 
the period 2011–2018, see http://www.nasdaq.com/markets/cocoa.aspx) affect Ivorian cocoa 
smallholders because in a situation with volatile prices, it is difficult to make informed choices 
on the “right” crop investments [25].

3. Cocoa pollination

Pollination intensity and fruit set largely determine cocoa yield [26]. If natural pollination is 
limiting cocoa yield, then enhancing pollinator population levels should result in increased 
fruit set and consequently yield.

3.1. Biology and phenology of cocoa flowers and fruit set

3.1.1. Biology

Cocoa flowers are hermaphrodite. They are produced on the trees’ trunks and branches (cau-
liflory). After 2–3 years, so-called flower cushions, i.e., thickened flower-producing leaf axils, 
are formed. Every cushion bears up to 50 flowers per flowering season. There are two flower-
ing seasons per year, which thus yields 100 flowers per year. The pentamerous flower is about 
15 mm in diameter. A petal consists of a pouch—which conceals the anthers—and a wide tip. 
The function of the latter tip is unknown, but it does not specifically attract pollinators [27]. A 
particular aspect of cocoa flowers is the outer whorl of purple staminodes around the style. 
Right after anthesis, these staminodes align parallel to the style (Figure 1). Pollinators move 
around on the inner side of the staminodes, thereby rubbing their pollen grain-carrying bod-
ies against the style. On older flowers, staminodes are somewhat withered and flexed away 
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from the style, which obstructs pollen deposition on the style [28]. The ovary consists of 40–70 
ovules with axile placentation [29]. At least 20 ovules need to be successfully fertilized for a 
pod to develop and mature. Maximum pollination is achieved when pollination intensity, i.e., 
the number of pollen grains deposited on the style, exceeds 115 [30]. Usually, a mature pod 
contains between 30 and 40 beans [31, 32]. Flower morphological characteristics (size, color, 
and shape) can differ greatly among varieties. However, even the most noticeable differences 
(e.g., white vs. red sepals) have no effect on pollination [33].

3.1.2. Bud development and maturation

Flower bud development from meristem to receptive flower takes at least 20 days and can take 
up to 30 days [31, 32, 34]. In India, it was shown [32] that flower bud development is faster 
in months with higher mean temperatures (e.g. June with a mean air temperature of 28°C) 
compared to colder months (e.g. November with mean air temperature of 25°C). Prolonged 
dry (<125 mm per month) or cold (mean monthly air temperature < 23°C) periods inhibit 
flowering [35]. Flowering is optimal during rainy days with high relative humidity and mod-
erate temperatures (100 mm per month, 70% RH, and 27°C). High solar radiation incidence 
is linked with increased flower abscission [32]. Pollen grains are only able to germinate on a 
receptive stigma [36, 37]. The receptive period is at about 2–3 days after anthesis. Unsuccessful 
pollination leads to flower abscission. Reported flower abscission rates vary from 63% on the 
main trunk and 81% on the fan branches to over 90% for all flowers [27, 32, 35].

Anthesis starts at around 2–4 pm. The latter becomes evident through splitting of the five 
sepals [27]. The process of sepal splitting continues overnight and finishes at around 4–6 am. 
Complete anthesis (flower fully open) is quickly followed by pollen release from the anthers 
(also between 4 and 6 am). Higher air temperature, as well as low air humidity, facilitates 

Figure 1. Closed and open flowers as well as fruits (pods) on the trunk of Theobroma cacao. Flowers are produced in 
clusters directly on the trunk and older branches (this is known as cauliflory) and are small, 1–2 cm in diameter, with 
pink calyx. The floral formula is ✶ K5 C5 A(5° + 5) G(5) [31]. While many of the world’s flowers are pollinated by bees 
(hymenoptera) or butterflies/moths (Lepidoptera), cocoa flowers are pollinated by tiny flies, Forcipomyia midges in the 
family Ceratopogonidae [16, 94]. The tree flowers profusely, but few flowers set particularly in the dry season. When the 
tree is under water stress, all flowers are dropped within about 5 days. Successful pollination requires the deposition of 
at least 35 suitable pollen grains on the receptive parts of the flower, and is dependent on the season [95]. (Photos by Guy 
Smagghe in cocoa plantation at Tiassalé, Côte d’Ivoire, 15/01/2018).
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anther dehiscence [32]. However, pollen release is maximum between 8 am and 2 pm [10]. 
Styles and stigmas mature later than anthers, and have maximum receptivity around 12 am–2 
pm. Maximum stigma and style receptivity does not concur with maximum anther dehis-
cence, thus limiting the possibility of self-pollination. The period during which the stigma 
is receptive to pollen and consequently during which successful pollination is possible, only 
lasts one day. Non-fertilized flowers will abscise the next day. About 1–5% of all flowers 
develop into a pod [31, 32].

3.1.3. Cherelle wilt

Even after cocoa flowers are successfully pollinated and led to fruit set, not all young fruits 
(cherelles) will grow to mature cocoa fruits. Up to 80% of cherelles will shrivel, turn black, 
and become rapidly colonized by pathogens, while the pod remains on the tree. This so-called 
cherelle wilt is a physiological mechanism whereby the fruits are naturally thinned to bal-
ance nutrient allocation in the tree. Cherelles can wilt up to day 100 after fruit set [38]. Poor 
soils and impeded photosynthesis result in increased cherelle wilting [39, 40]. Leguminous 
shade trees, which supply nitrogen to the soil, can therefore lower cherelle wilt [7]. Wilting in 
an early stage saves energy that can be invested in the development of the remaining fruits  
[30, 31]. Apart from resource limitation, inadequate pollination (insufficient pollen grains 
deposited on the stigma surface) and incompatible pollen may also cause cherelle wilting [41].

3.1.4. Pod maturation

There are 130–160 days between fertilization and pod harvest [32]. The cocoa fruit is an inde-
hiscent drupe. During the first 40 days after fertilization, pod growth is slow. Afterward, 
growth accelerates. The first division of the zygote only takes place between day 40 and 50. 
Pod and ovule growth decrease from day 85 onwards, when embryos start to develop. On day 
140, the embryo has completed its development and pod ripening starts [38].

3.1.5. Self-incompatibility

Most cocoa trees are self-incompatible. Self-pollination on a self-incompatible variety will not 
result in successful fertilization; as such, cross-pollination is then the only way for successful 
fertilization [42]. Self-incompatible trees are mostly cross-compatible; i.e., they are able to suc-
cessfully fertilize flowers on other trees, including trees of the same variety. Incompatibility 
takes place at the stage of gamete fusion: incompatible gametes are unable to fuse. The under-
lying mechanism is of a genetic nature [32, 43]. Following unsuccessful fertilization due to 
incompatibility, the flower drops off after 2–3 days. Even within a single variety, not all trees 
are necessarily either self-incompatible or self-compatible. However, the proportion of self-
incompatible trees of a certain variety is determined by the specific variety. Self-compatible 
varieties that are cross-incompatible can restrict bean yield. In commercial plantations, it is 
therefore recommended to always plant different varieties [31]. Self-compatible hybrids pro-
duce larger fruits with a higher dry bean yield [44].

Viable pollen is able to germinate (producing a pollen tube) when it reaches the stigma. Pollen 
viability lies between 80 and 90%, hence does not limit fertilization [32, 45].
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from the style, which obstructs pollen deposition on the style [28]. The ovary consists of 40–70 
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the number of pollen grains deposited on the style, exceeds 115 [30]. Usually, a mature pod 
contains between 30 and 40 beans [31, 32]. Flower morphological characteristics (size, color, 
and shape) can differ greatly among varieties. However, even the most noticeable differences 
(e.g., white vs. red sepals) have no effect on pollination [33].

3.1.2. Bud development and maturation

Flower bud development from meristem to receptive flower takes at least 20 days and can take 
up to 30 days [31, 32, 34]. In India, it was shown [32] that flower bud development is faster 
in months with higher mean temperatures (e.g. June with a mean air temperature of 28°C) 
compared to colder months (e.g. November with mean air temperature of 25°C). Prolonged 
dry (<125 mm per month) or cold (mean monthly air temperature < 23°C) periods inhibit 
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erate temperatures (100 mm per month, 70% RH, and 27°C). High solar radiation incidence 
is linked with increased flower abscission [32]. Pollen grains are only able to germinate on a 
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main trunk and 81% on the fan branches to over 90% for all flowers [27, 32, 35].

Anthesis starts at around 2–4 pm. The latter becomes evident through splitting of the five 
sepals [27]. The process of sepal splitting continues overnight and finishes at around 4–6 am. 
Complete anthesis (flower fully open) is quickly followed by pollen release from the anthers 
(also between 4 and 6 am). Higher air temperature, as well as low air humidity, facilitates 

Figure 1. Closed and open flowers as well as fruits (pods) on the trunk of Theobroma cacao. Flowers are produced in 
clusters directly on the trunk and older branches (this is known as cauliflory) and are small, 1–2 cm in diameter, with 
pink calyx. The floral formula is ✶ K5 C5 A(5° + 5) G(5) [31]. While many of the world’s flowers are pollinated by bees 
(hymenoptera) or butterflies/moths (Lepidoptera), cocoa flowers are pollinated by tiny flies, Forcipomyia midges in the 
family Ceratopogonidae [16, 94]. The tree flowers profusely, but few flowers set particularly in the dry season. When the 
tree is under water stress, all flowers are dropped within about 5 days. Successful pollination requires the deposition of 
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anther dehiscence [32]. However, pollen release is maximum between 8 am and 2 pm [10]. 
Styles and stigmas mature later than anthers, and have maximum receptivity around 12 am–2 
pm. Maximum stigma and style receptivity does not concur with maximum anther dehis-
cence, thus limiting the possibility of self-pollination. The period during which the stigma 
is receptive to pollen and consequently during which successful pollination is possible, only 
lasts one day. Non-fertilized flowers will abscise the next day. About 1–5% of all flowers 
develop into a pod [31, 32].

3.1.3. Cherelle wilt

Even after cocoa flowers are successfully pollinated and led to fruit set, not all young fruits 
(cherelles) will grow to mature cocoa fruits. Up to 80% of cherelles will shrivel, turn black, 
and become rapidly colonized by pathogens, while the pod remains on the tree. This so-called 
cherelle wilt is a physiological mechanism whereby the fruits are naturally thinned to bal-
ance nutrient allocation in the tree. Cherelles can wilt up to day 100 after fruit set [38]. Poor 
soils and impeded photosynthesis result in increased cherelle wilting [39, 40]. Leguminous 
shade trees, which supply nitrogen to the soil, can therefore lower cherelle wilt [7]. Wilting in 
an early stage saves energy that can be invested in the development of the remaining fruits  
[30, 31]. Apart from resource limitation, inadequate pollination (insufficient pollen grains 
deposited on the stigma surface) and incompatible pollen may also cause cherelle wilting [41].

3.1.4. Pod maturation

There are 130–160 days between fertilization and pod harvest [32]. The cocoa fruit is an inde-
hiscent drupe. During the first 40 days after fertilization, pod growth is slow. Afterward, 
growth accelerates. The first division of the zygote only takes place between day 40 and 50. 
Pod and ovule growth decrease from day 85 onwards, when embryos start to develop. On day 
140, the embryo has completed its development and pod ripening starts [38].

3.1.5. Self-incompatibility

Most cocoa trees are self-incompatible. Self-pollination on a self-incompatible variety will not 
result in successful fertilization; as such, cross-pollination is then the only way for successful 
fertilization [42]. Self-incompatible trees are mostly cross-compatible; i.e., they are able to suc-
cessfully fertilize flowers on other trees, including trees of the same variety. Incompatibility 
takes place at the stage of gamete fusion: incompatible gametes are unable to fuse. The under-
lying mechanism is of a genetic nature [32, 43]. Following unsuccessful fertilization due to 
incompatibility, the flower drops off after 2–3 days. Even within a single variety, not all trees 
are necessarily either self-incompatible or self-compatible. However, the proportion of self-
incompatible trees of a certain variety is determined by the specific variety. Self-compatible 
varieties that are cross-incompatible can restrict bean yield. In commercial plantations, it is 
therefore recommended to always plant different varieties [31]. Self-compatible hybrids pro-
duce larger fruits with a higher dry bean yield [44].

Viable pollen is able to germinate (producing a pollen tube) when it reaches the stigma. Pollen 
viability lies between 80 and 90%, hence does not limit fertilization [32, 45].
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3.1.6. Flower phenology

The number of flowers per tree varies throughout the season and is a function of climatic 
factors, such as photoperiod and temperature regime [46], whereas it is also cultivar depen-
dent [31]. Furthermore, it seems that fruit production in the previous year determines flower 
production in the following year. Years of high pod production alternate with years with 
a low level of flowering [47, 48]. In most tropical countries, flowering occurs year-round. 
Flowering peaks are often preceded by increased temperature and rainfall, and occur at the 
onset of the rainy season, after which flower numbers gradually decline [45]. In West Africa, 
the major rainy season commences in April and climaxes in June, a period that is character-
ized by intense flowering (flowers on branches and trunks) [6]. In the minor rainy season 
(September–November), flowering intensity is lower (flowers on branches only). Few flowers 
are observed during the dry season (December–March) [47]. When pods are developing and 
this sink for assimilates is increasing, new flower production diminishes [40].

3.2. Biology and phenology of cocoa pollinators

3.2.1. Overview of cocoa pollinating species

Early studies have ruled out wind as a pollinating agent—pollen grains form chunks, due to 
their viscosity and become too heavy to travel on their own [49]. However, in South America, 
experiments have been conducted to increase pollination by artificially increasing air currents 
in the field with motorized knapsack sprayers, thus stimulating wind pollination. This tech-
nique, however, only proved to be effective (doubling of cocoa bean yield) on self-compatible 
varieties [50].

Cocoa is almost exclusively pollinated by insects. The most important pollinators are midges 
from the family Ceratopogonidae. In reference [26], the author claims based on a review of 
five papers that female specimens are the main pollinators, although in reference [28], four 
times more males than females were collected in cocoa flowers. Ceratopogonids are biting 
midges of 1–4 mm length [51]. Males also pollinate, but to a lesser extent. It is not clear why 
females visit cocoa flowers more frequently than males [28, 52, 53]. Females presumably visit 
cocoa flowers to feed on the protein-rich pollen grains, necessary for egg maturation.

Besides ceratopogonids, other small dipteran insects such as Cecidomyiidae (gall midges), 
Chironomidae (non-biting midges), Drosophilidae (fruit flies), Psychodidae (moth flies), 
and Sphaeroceridae (small dung flies) have been documented to visit cocoa flowers. Other 
insects, such as aphids, coccids and cicadellids (Hemiptera), thrips (Thysanoptera), and ants 
(Hymenoptera), also occasionally visit cocoa flowers. However, their contribution to pollina-
tion is most probably very low. Up to date, pollen grains have not been detected by micro-
scopic observation on insects other than Forcipomyia spp. In some cases, observations suggest 
that cecidomyiids (in Cameroon) and drosophilids (in Ghana) may contribute to some extent 
to pollination [26].

Only Diptera, and particularly genus Forcipomyia (Fam. Ceratopogonidae), are morphologi-
cally able to pollinate cocoa. Forcipomyia holds the largest number of cocoa pollinators. Within 
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that genus, the most frequently reported pollinators belong to the subgenera Euprojoannisia 
(before: Proforcipomyia and Euforcipomyia), Thyridomyia, and Forcipomyia [26].

It is well-documented that ceratopogonids breed in humid, decaying organic material such as 
cocoa leaf litter, decomposing cocoa pod husks, banana pseudostems, and bromeliads [4, 54]. 
Besides being moist, these breeding substrates are cooler than the ambient environment and 
provide dark conditions which all benefit ceratopogonid breeding [31].

In the 1970s, cage experiments [28, 52, 53] were performed to characterize the pollination 
capacity of different ceratopogonid species. However, results of these experiments have little 
value as they were performed under unrealistic conditions (exposure of a high number of 
flowers to a single midge and use of small cages, both causing pollination levels that the same 
midges would not achieve in nature). The only valid method to determine whether a species 
is a pollinator is through field observation [26]. It has been shown that artificial circumstances 
bias lab experiment results considerably; for example, successful pollination by Tyora tess-
manni was shown under lab conditions, but could not be confirmed under field conditions, 
where the putative pollinator was abundantly present [55].

There is weak evidence for the indirect influence of the ant Azteca chartifex spiriti Forel (in 
Brazil) on cocoa pollination, as it has been shown to attract ceratopogonid midges [56]. There 
is some evidence of the pollination potential of stingless bees Tetragona jaty (Smith), T. tes-
taceicornis Lep., T. coryina Ckll., T. pallida Latr.; Nannotrigona testaceicornis punctata (Smith); 
Paratrigona lineata subnuda Moure, and Plebeia mosquita (Smith). However, cocoa pollination 
by the latter species is merely coincidental. Sweat bees (Lasioglossum spp.) have also been sug-
gested as possible cocoa pollinators [57, 58].

3.2.2. Biology and phenology of Forcipomyia spp.

Forcipomyia eggs hatch 3 days after deposition. Twelve days later, larvae transform into pupae. 
Pupation lasts 3 days. Adults live 1–12 days (under laboratory conditions) [59, 60]. A complete 
life cycle thus covers about 28 days [31].

Female ceratopogonids, in search for sugary nectar, start pollinating cocoa flowers early 
in the morning (5–8 am) and also actively visit flowers in the afternoon (4–6 pm) [3, 52]. 
Ceratopogonids carry cocoa pollen grains on their thoracic hairs. Weather conditions affect 
their flower visiting activities: rain and clouds decrease their activity whereas sunny weather 
increases it [3]. Some trees receive more attention from pollinators than others, resulting in 
a greater fruit set in some trees as compared to others. The interest for particular trees shifts 
with time. Why this happens, is not clear. Female ceratopogonids commonly visit cocoa and 
other flowers everywhere in the world [4, 61].

Ceratopogonid midge flights might cover long distances, but it is not known how far exactly 
[26]. Distance traveled during one foraging event, and consequently during which pollina-
tion is performed, can reach up to 50 m. However, midges mostly deposit pollen from a 
certain cocoa tree on flower stigmas of neighboring cocoa trees [31, 62]. It has been shown 
that there are 5–7 times more Forcipomyia specimens above the cocoa canopy than below the 
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3.1.6. Flower phenology

The number of flowers per tree varies throughout the season and is a function of climatic 
factors, such as photoperiod and temperature regime [46], whereas it is also cultivar depen-
dent [31]. Furthermore, it seems that fruit production in the previous year determines flower 
production in the following year. Years of high pod production alternate with years with 
a low level of flowering [47, 48]. In most tropical countries, flowering occurs year-round. 
Flowering peaks are often preceded by increased temperature and rainfall, and occur at the 
onset of the rainy season, after which flower numbers gradually decline [45]. In West Africa, 
the major rainy season commences in April and climaxes in June, a period that is character-
ized by intense flowering (flowers on branches and trunks) [6]. In the minor rainy season 
(September–November), flowering intensity is lower (flowers on branches only). Few flowers 
are observed during the dry season (December–March) [47]. When pods are developing and 
this sink for assimilates is increasing, new flower production diminishes [40].

3.2. Biology and phenology of cocoa pollinators

3.2.1. Overview of cocoa pollinating species

Early studies have ruled out wind as a pollinating agent—pollen grains form chunks, due to 
their viscosity and become too heavy to travel on their own [49]. However, in South America, 
experiments have been conducted to increase pollination by artificially increasing air currents 
in the field with motorized knapsack sprayers, thus stimulating wind pollination. This tech-
nique, however, only proved to be effective (doubling of cocoa bean yield) on self-compatible 
varieties [50].

Cocoa is almost exclusively pollinated by insects. The most important pollinators are midges 
from the family Ceratopogonidae. In reference [26], the author claims based on a review of 
five papers that female specimens are the main pollinators, although in reference [28], four 
times more males than females were collected in cocoa flowers. Ceratopogonids are biting 
midges of 1–4 mm length [51]. Males also pollinate, but to a lesser extent. It is not clear why 
females visit cocoa flowers more frequently than males [28, 52, 53]. Females presumably visit 
cocoa flowers to feed on the protein-rich pollen grains, necessary for egg maturation.

Besides ceratopogonids, other small dipteran insects such as Cecidomyiidae (gall midges), 
Chironomidae (non-biting midges), Drosophilidae (fruit flies), Psychodidae (moth flies), 
and Sphaeroceridae (small dung flies) have been documented to visit cocoa flowers. Other 
insects, such as aphids, coccids and cicadellids (Hemiptera), thrips (Thysanoptera), and ants 
(Hymenoptera), also occasionally visit cocoa flowers. However, their contribution to pollina-
tion is most probably very low. Up to date, pollen grains have not been detected by micro-
scopic observation on insects other than Forcipomyia spp. In some cases, observations suggest 
that cecidomyiids (in Cameroon) and drosophilids (in Ghana) may contribute to some extent 
to pollination [26].

Only Diptera, and particularly genus Forcipomyia (Fam. Ceratopogonidae), are morphologi-
cally able to pollinate cocoa. Forcipomyia holds the largest number of cocoa pollinators. Within 
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that genus, the most frequently reported pollinators belong to the subgenera Euprojoannisia 
(before: Proforcipomyia and Euforcipomyia), Thyridomyia, and Forcipomyia [26].

It is well-documented that ceratopogonids breed in humid, decaying organic material such as 
cocoa leaf litter, decomposing cocoa pod husks, banana pseudostems, and bromeliads [4, 54]. 
Besides being moist, these breeding substrates are cooler than the ambient environment and 
provide dark conditions which all benefit ceratopogonid breeding [31].

In the 1970s, cage experiments [28, 52, 53] were performed to characterize the pollination 
capacity of different ceratopogonid species. However, results of these experiments have little 
value as they were performed under unrealistic conditions (exposure of a high number of 
flowers to a single midge and use of small cages, both causing pollination levels that the same 
midges would not achieve in nature). The only valid method to determine whether a species 
is a pollinator is through field observation [26]. It has been shown that artificial circumstances 
bias lab experiment results considerably; for example, successful pollination by Tyora tess-
manni was shown under lab conditions, but could not be confirmed under field conditions, 
where the putative pollinator was abundantly present [55].

There is weak evidence for the indirect influence of the ant Azteca chartifex spiriti Forel (in 
Brazil) on cocoa pollination, as it has been shown to attract ceratopogonid midges [56]. There 
is some evidence of the pollination potential of stingless bees Tetragona jaty (Smith), T. tes-
taceicornis Lep., T. coryina Ckll., T. pallida Latr.; Nannotrigona testaceicornis punctata (Smith); 
Paratrigona lineata subnuda Moure, and Plebeia mosquita (Smith). However, cocoa pollination 
by the latter species is merely coincidental. Sweat bees (Lasioglossum spp.) have also been sug-
gested as possible cocoa pollinators [57, 58].

3.2.2. Biology and phenology of Forcipomyia spp.

Forcipomyia eggs hatch 3 days after deposition. Twelve days later, larvae transform into pupae. 
Pupation lasts 3 days. Adults live 1–12 days (under laboratory conditions) [59, 60]. A complete 
life cycle thus covers about 28 days [31].

Female ceratopogonids, in search for sugary nectar, start pollinating cocoa flowers early 
in the morning (5–8 am) and also actively visit flowers in the afternoon (4–6 pm) [3, 52]. 
Ceratopogonids carry cocoa pollen grains on their thoracic hairs. Weather conditions affect 
their flower visiting activities: rain and clouds decrease their activity whereas sunny weather 
increases it [3]. Some trees receive more attention from pollinators than others, resulting in 
a greater fruit set in some trees as compared to others. The interest for particular trees shifts 
with time. Why this happens, is not clear. Female ceratopogonids commonly visit cocoa and 
other flowers everywhere in the world [4, 61].

Ceratopogonid midge flights might cover long distances, but it is not known how far exactly 
[26]. Distance traveled during one foraging event, and consequently during which pollina-
tion is performed, can reach up to 50 m. However, midges mostly deposit pollen from a 
certain cocoa tree on flower stigmas of neighboring cocoa trees [31, 62]. It has been shown 
that there are 5–7 times more Forcipomyia specimens above the cocoa canopy than below the 
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canopy [26]. Since wind speed above the canopy is higher than below, it can be expected 
that wind could play an important role in horizontal cocoa pollinator distribution over the 
cocoa field.

Besides feeding on flower nectar, adult ceratopogonids also suck the blood of other insects 
and mammals. In general, pollinating activity is very limited in time during the lifetime of 
these pollinators.

Ceratopogonid pollinator populations can be abundant and exceed one million individu-
als per ha [3]. Moist environments favor ceratopogonid midge abundance. In fact, there 
is a positive correlation between soil moisture and ceratopogonid population levels [26]. 
Stable moist conditions are indispensable for successful development of eggs and larvae 
[63]. It is suggested that the West African harmattan (dry, hot wind from the north) results 
in withered breeding places, rendering them unsuitable for insect breeding [26]. Pollinator 
populations thus increase with each rainy period, to decrease again with the onset of a 
drier period [31].

3.3. Pollination gap in cocoa

The yield gap in cocoa (i.e., the difference between yield at optimal, experimentally deter-
mined growing conditions and the current cocoa farm yield) is caused by multiple factors 
including disease, pest and weed pressure as well as inadequate phytosanitary practices, 
lack of improved varieties, low soil fertility, etc. [64]. However, there is increasing evidence 
that the present yield gap is also linked with inadequate pollination. This so-called pol-
lination gap was already observed in the late 1970s when it was found that during the dry 
season, the number of ceratopogonid pollinators, as well the relative number of pollinated 
flowers were lower than in the wet season [3, 4, 26]. Because rotten, moist organic material is 
an ideal breeding substrate for ceratopogonid midges, attempts have been made to increase 
reproduction opportunities for these midges by adding such organic material in cocoa plan-
tations. In an experiment in Ghana, banana pseudostems, cocoa pod husks and leaf litter 
were added as pollinator breeding substrates next to cocoa trees. It was found that midge 
population increased to 500% of the control tree levels whereas fruit set in treated trees was 
four times higher than in control trees. Cherelle wilt also increased in treated trees but was 
lower than increased fruit set rates so that the final number of mature fruits was twice as 
high for all substrate-treated trees compared to the control trees [65]. A more direct proof 
of the pollination gap was found when cocoa trees in Sulewesi (Indonesia) were artificially 
pollinated. Optimum dry bean yield was achieved when 40% of flowers were hand-polli-
nated [14]. The latter treatment increased dry bean yield by 350 kg per ha as compared to 
a pollination intensity of 10%, which concurs with natural pollination intensities observed 
over the past 20 years [30, 66]. In North Queensland (Australia), it was recently shown that 
adding cocoa pod husks as a pollinator breeding substrate considerably increased fruit set 
(110 times more cherelles) and yield (60 times more fresh fruit production). However, hand 
pollination in fields where breeding substrate had been added did not result in extra yield, 
indicating that breeding substrates had already increased pollination intensities to opti-
mum levels [16].
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4. Constraints to cocoa pollination in Côte d’Ivoire

4.1. Deteriorating pollinator environment

4.1.1. Cocoa monoculture

Cocoa is a shade-tolerant tree. Traditionally, cocoa is grown in shaded, agroforestry systems where 
it is intercropped with forest trees that were spared when the forest was cleared for cocoa cultiva-
tion. However, it was shown that—provided soil nutrition levels are adequate—cocoa production 
with shade trees is lower when compared to full-sun production [31, 67–69]. As a consequence, 
agroforestry systems have globally been replaced by monoculture systems with low shade provi-
sion [70]. Over the past few decades, cocoa cultivation has intensified not only by removing shade 
trees but also by extensive application of fertilizers and pesticides. As a result, the insect assem-
blage of cocoa cultivation systems has changed considerably. When compared to agroforestry sys-
tems or natural forests, insect biodiversity has decreased in present-day cocoa plantations, often at 
the expense of predators, leading to increased pest outbreaks and pollinators [71–75].

4.1.2. Landscape degradation

In Côte d’Ivoire, the cocoa sector is largely responsible for landscape degradation [19]. Over 
the past few decades, cocoa was typically cultivated on freshly cleared land where its produc-
tion rapidly expanded, after which the land was abandoned 10–15 years later due to declin-
ing yields. Since the 1970s, such continuous so-called boom-and-bust cycles, as well as cocoa 
expansion from the southeast to the southwest of Côte d’Ivoire, have led to massive defores-
tation in the country [9, 22, 76]. In the 1960s, total tropical primary forest cover amounted to 
around 8.14 million ha. In the 1980s, that area had dropped to 2.6 million ha, whereas in the 
2000s, primary forest cover was just over 1.35 million ha, meaning that since its independence, 
Côte d’Ivoire has lost 80% of its forest cover [77].

Almost all cocoa plantations in Côte d’Ivoire have less than 50% of shade, meaning that the major-
ity of trees are fully exposed to sunlight, leading to biodiversity loss and soil deterioration, often 
resulting in reduced addition of organic matter to the cocoa plantation soils [78]. It has been exten-
sively shown that Forcipomyia spp., which are the predominant pollinating midges, require moist 
and decaying organic material to breed [15, 28, 52, 79]. Also, the vicinity of natural forest and 
moist refuges promote diversity of Forcipomyia spp. and cocoa pollinators in general [52, 80]. It is 
therefore fair to assume that in Côte d’Ivoire, massive landscape degradation has led to decreased 
breeding opportunities and consequently to lower population levels of cocoa pollinating midges.

4.2. Pesticide use in the Ivorian cocoa sector

4.2.1. Target pests and insecticide products used

The major cocoa pest problem in West Africa is caused by mirids (Order: Hemiptera, Fam. 
Miridae). Sahlbergella singularis and Distantiella theobromae suck the sap from cocoa pods 
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canopy [26]. Since wind speed above the canopy is higher than below, it can be expected 
that wind could play an important role in horizontal cocoa pollinator distribution over the 
cocoa field.

Besides feeding on flower nectar, adult ceratopogonids also suck the blood of other insects 
and mammals. In general, pollinating activity is very limited in time during the lifetime of 
these pollinators.

Ceratopogonid pollinator populations can be abundant and exceed one million individu-
als per ha [3]. Moist environments favor ceratopogonid midge abundance. In fact, there 
is a positive correlation between soil moisture and ceratopogonid population levels [26]. 
Stable moist conditions are indispensable for successful development of eggs and larvae 
[63]. It is suggested that the West African harmattan (dry, hot wind from the north) results 
in withered breeding places, rendering them unsuitable for insect breeding [26]. Pollinator 
populations thus increase with each rainy period, to decrease again with the onset of a 
drier period [31].

3.3. Pollination gap in cocoa

The yield gap in cocoa (i.e., the difference between yield at optimal, experimentally deter-
mined growing conditions and the current cocoa farm yield) is caused by multiple factors 
including disease, pest and weed pressure as well as inadequate phytosanitary practices, 
lack of improved varieties, low soil fertility, etc. [64]. However, there is increasing evidence 
that the present yield gap is also linked with inadequate pollination. This so-called pol-
lination gap was already observed in the late 1970s when it was found that during the dry 
season, the number of ceratopogonid pollinators, as well the relative number of pollinated 
flowers were lower than in the wet season [3, 4, 26]. Because rotten, moist organic material is 
an ideal breeding substrate for ceratopogonid midges, attempts have been made to increase 
reproduction opportunities for these midges by adding such organic material in cocoa plan-
tations. In an experiment in Ghana, banana pseudostems, cocoa pod husks and leaf litter 
were added as pollinator breeding substrates next to cocoa trees. It was found that midge 
population increased to 500% of the control tree levels whereas fruit set in treated trees was 
four times higher than in control trees. Cherelle wilt also increased in treated trees but was 
lower than increased fruit set rates so that the final number of mature fruits was twice as 
high for all substrate-treated trees compared to the control trees [65]. A more direct proof 
of the pollination gap was found when cocoa trees in Sulewesi (Indonesia) were artificially 
pollinated. Optimum dry bean yield was achieved when 40% of flowers were hand-polli-
nated [14]. The latter treatment increased dry bean yield by 350 kg per ha as compared to 
a pollination intensity of 10%, which concurs with natural pollination intensities observed 
over the past 20 years [30, 66]. In North Queensland (Australia), it was recently shown that 
adding cocoa pod husks as a pollinator breeding substrate considerably increased fruit set 
(110 times more cherelles) and yield (60 times more fresh fruit production). However, hand 
pollination in fields where breeding substrate had been added did not result in extra yield, 
indicating that breeding substrates had already increased pollination intensities to opti-
mum levels [16].
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4. Constraints to cocoa pollination in Côte d’Ivoire

4.1. Deteriorating pollinator environment

4.1.1. Cocoa monoculture

Cocoa is a shade-tolerant tree. Traditionally, cocoa is grown in shaded, agroforestry systems where 
it is intercropped with forest trees that were spared when the forest was cleared for cocoa cultiva-
tion. However, it was shown that—provided soil nutrition levels are adequate—cocoa production 
with shade trees is lower when compared to full-sun production [31, 67–69]. As a consequence, 
agroforestry systems have globally been replaced by monoculture systems with low shade provi-
sion [70]. Over the past few decades, cocoa cultivation has intensified not only by removing shade 
trees but also by extensive application of fertilizers and pesticides. As a result, the insect assem-
blage of cocoa cultivation systems has changed considerably. When compared to agroforestry sys-
tems or natural forests, insect biodiversity has decreased in present-day cocoa plantations, often at 
the expense of predators, leading to increased pest outbreaks and pollinators [71–75].

4.1.2. Landscape degradation

In Côte d’Ivoire, the cocoa sector is largely responsible for landscape degradation [19]. Over 
the past few decades, cocoa was typically cultivated on freshly cleared land where its produc-
tion rapidly expanded, after which the land was abandoned 10–15 years later due to declin-
ing yields. Since the 1970s, such continuous so-called boom-and-bust cycles, as well as cocoa 
expansion from the southeast to the southwest of Côte d’Ivoire, have led to massive defores-
tation in the country [9, 22, 76]. In the 1960s, total tropical primary forest cover amounted to 
around 8.14 million ha. In the 1980s, that area had dropped to 2.6 million ha, whereas in the 
2000s, primary forest cover was just over 1.35 million ha, meaning that since its independence, 
Côte d’Ivoire has lost 80% of its forest cover [77].

Almost all cocoa plantations in Côte d’Ivoire have less than 50% of shade, meaning that the major-
ity of trees are fully exposed to sunlight, leading to biodiversity loss and soil deterioration, often 
resulting in reduced addition of organic matter to the cocoa plantation soils [78]. It has been exten-
sively shown that Forcipomyia spp., which are the predominant pollinating midges, require moist 
and decaying organic material to breed [15, 28, 52, 79]. Also, the vicinity of natural forest and 
moist refuges promote diversity of Forcipomyia spp. and cocoa pollinators in general [52, 80]. It is 
therefore fair to assume that in Côte d’Ivoire, massive landscape degradation has led to decreased 
breeding opportunities and consequently to lower population levels of cocoa pollinating midges.

4.2. Pesticide use in the Ivorian cocoa sector

4.2.1. Target pests and insecticide products used

The major cocoa pest problem in West Africa is caused by mirids (Order: Hemiptera, Fam. 
Miridae). Sahlbergella singularis and Distantiella theobromae suck the sap from cocoa pods 
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and young shoots, causing commercial cocoa losses of up to 30% [81, 82]. In West Africa 
in general, more than 75% (in some areas 100%) of cocoa farmers use chemicals to control 
mirid infestation [83]. Nowadays, most frequently used insecticides in cocoa cultivation 
are the pyrethroids bifenthrin, cypermethrin, deltamethrin and lambda-cyhalothrin, and 
the neonicotinoids acetamiprid, imidacloprid and thiacloprid [84]. In Côte d’Ivoire, almost 
all farmers who use insecticides, apply commercial products containing a systemic neo-
nicotinoid insecticide, usually in combination with a contact pyrethroid insecticide two 
times per year (July–August and January–February). The pyrethroid would thereby kill 
the mirid adults as well as the nymphal instars, whereas the systemic neonicotinoid would 
ensure that mirids that hatch after insecticide applications are also killed (personal com-
munication with local pesticide dealers) (Table 1). However, the precise impact of these 
specific insecticides on cocoa pollinators in Côte d’Ivoire is unclear and should be further 
investigated.

4.2.2. Impact of pesticides on cocoa pollinators

Broad-spectrum insecticides (such as β-hexachlorocyclohexane and dichlorodiphenyltri-
chloroethane), which were historically widely applied in cocoa crop production, did not 
affect pollinator population levels [26]. It is suggested that breeding sites are protected from  

Pesticide brand Neonicotinoid Conc. (g/L) Pyrethroid Conc. (g/L)

Thiodalm Super Acetamiprid 20 Bifenthrin 20

Callifan Super BD Acetamiprid 20 Bifenthrin 20

Gourou Super 45 EC Acetamiprid 25 Cypermethrin 25

Onex Super 40 EC Acetamiprid 20 Cypermethrin 20

Caomine 40 EC Acetamiprid 20 Cypermethrin 20

Blinde 20 EC Acetamiprid 10 Lambda-Cyhalothrin 10

Gawa 30 SC BTE Imidacloprid 30 — —

Thiosulfan 60 EC Imidacloprid 60 — —

Caostar 60 EC Imidacloprid 60 — —

Gawa Pro 80 SC Imidacloprid 60 Bifenthrin 20

Koumabana Imidacloprid 30 Bifenthrin 20

Grosudine Super 50 Imidacloprid 30 Bifenthrin 20

Tropinex Ultra Imidacloprid 30 Lambda-Cyhalothrin 20

Actara 240 SC BTE Thiamethoxam 240 — —

Azudine 50 SC Thiamethoxam 30 Deltamethrin 20

Boradyne 45 ZC Thiamethoxam 30 Lambda-Cyhalothrin 15

Table 1. Insecticides, designed for application in cocoa cultivation, randomly collected by the authors from pesticide 
shops in Abidjan, Côte d’Ivoire in October 2016.
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insecticide sprayings by leaves and other organic material. However, residual effects of insec-
ticides might affect cocoa pollinators [3, 54]. A study in West Africa on the effect of large-scale 
insecticide treatments (against mirids; Fam. Miridae) on both pollinator population levels and 
cocoa pod production showed that there is only a short-term negative impact of insecticide 
treatments on pollinator population levels [31]. Also in West Africa, it was shown that fog-
ging instead of spraying insecticides is less harmful for pollinators, as fogging only negatively 
influences the population level for 2 days compared to 8 days with spraying [85]. Alternative 
approaches are to (i) reduce insecticide dosages during the period that pollinator population 
levels are low, and (ii) use narrow-spectrum insecticides.

5. Recommendations

5.1. Integrated pest management (IPM) options in the Ivorian cocoa sector

Despite the currently widely applied spraying programs, mirid infestation remains the most 
severe cocoa production limitation factor [81]. Although the precise impact of pyrethroids 
and neonicotinoids on cocoa pollinators in Côte d’Ivoire is unknown, it cannot be excluded 
that apart from these regular pests, pollinators are also affected by these products. Therefore, 
novel and more integrated pest management (IPM) approaches should be tested against 
mirids. The latter approaches might include: (i) further development and testing of mirid 
pheromones [86]; (ii) increasing shade levels by planting shade trees to avoid so-called “mirid 
pockets” (i.e., mirids particularly occurring in non-shade areas of the plantations) [81]; and 
(iii) enhancing ant populations as they are most probably natural mirid predators [87].

5.2. Enhancing cocoa pollinator environment

In cocoa plantations, pollinator population levels can be increased by augmenting the amount 
of natural pollinator breeding sites or by adding artificial breeding substrates. Since it is 
known that Forcipomyia spp. breed in moist and rotting organic material, introducing such 
material in the cocoa field will most likely enhance pollinator breeding and subsequently their 
population levels. Banana pseudostems are preferred as a pollinator breeding substrate over 
cocoa husks, because the latter are a possible source of black pod disease [88]. Intercropping 
with fruit trees will not only provide shade, but (provided that not all fruit is harvested), will 
also introduce rotting fruit in the plantations as potential pollinator breeding sites. As shown 
in Figure 2, in Côte d’Ivoire, we currently investigate, together with the cocoa farmers of the 
local cooperatives, the effect on pollination levels of squared pits (0.5 × 0.5 m and 0.3 m deep) 
that are spaced in 10 × 10 m squares and in which organic material such as fresh empty pod 
husks, cut banana pseudostems, and fruits from intercropped trees such as Citrus spp. will be 
deposited to enhance pollinator breeding.

5.3. Pollinator mass breeding and mass release

Mass breeding and subsequent mass release of Forcipomyia spp. at times when cocoa flower-
ing peaks, might also have a significant effect on effective cocoa flower pollination. The idea 
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and young shoots, causing commercial cocoa losses of up to 30% [81, 82]. In West Africa 
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mirid infestation [83]. Nowadays, most frequently used insecticides in cocoa cultivation 
are the pyrethroids bifenthrin, cypermethrin, deltamethrin and lambda-cyhalothrin, and 
the neonicotinoids acetamiprid, imidacloprid and thiacloprid [84]. In Côte d’Ivoire, almost 
all farmers who use insecticides, apply commercial products containing a systemic neo-
nicotinoid insecticide, usually in combination with a contact pyrethroid insecticide two 
times per year (July–August and January–February). The pyrethroid would thereby kill 
the mirid adults as well as the nymphal instars, whereas the systemic neonicotinoid would 
ensure that mirids that hatch after insecticide applications are also killed (personal com-
munication with local pesticide dealers) (Table 1). However, the precise impact of these 
specific insecticides on cocoa pollinators in Côte d’Ivoire is unclear and should be further 
investigated.

4.2.2. Impact of pesticides on cocoa pollinators

Broad-spectrum insecticides (such as β-hexachlorocyclohexane and dichlorodiphenyltri-
chloroethane), which were historically widely applied in cocoa crop production, did not 
affect pollinator population levels [26]. It is suggested that breeding sites are protected from  
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Table 1. Insecticides, designed for application in cocoa cultivation, randomly collected by the authors from pesticide 
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insecticide sprayings by leaves and other organic material. However, residual effects of insec-
ticides might affect cocoa pollinators [3, 54]. A study in West Africa on the effect of large-scale 
insecticide treatments (against mirids; Fam. Miridae) on both pollinator population levels and 
cocoa pod production showed that there is only a short-term negative impact of insecticide 
treatments on pollinator population levels [31]. Also in West Africa, it was shown that fog-
ging instead of spraying insecticides is less harmful for pollinators, as fogging only negatively 
influences the population level for 2 days compared to 8 days with spraying [85]. Alternative 
approaches are to (i) reduce insecticide dosages during the period that pollinator population 
levels are low, and (ii) use narrow-spectrum insecticides.

5. Recommendations

5.1. Integrated pest management (IPM) options in the Ivorian cocoa sector

Despite the currently widely applied spraying programs, mirid infestation remains the most 
severe cocoa production limitation factor [81]. Although the precise impact of pyrethroids 
and neonicotinoids on cocoa pollinators in Côte d’Ivoire is unknown, it cannot be excluded 
that apart from these regular pests, pollinators are also affected by these products. Therefore, 
novel and more integrated pest management (IPM) approaches should be tested against 
mirids. The latter approaches might include: (i) further development and testing of mirid 
pheromones [86]; (ii) increasing shade levels by planting shade trees to avoid so-called “mirid 
pockets” (i.e., mirids particularly occurring in non-shade areas of the plantations) [81]; and 
(iii) enhancing ant populations as they are most probably natural mirid predators [87].

5.2. Enhancing cocoa pollinator environment

In cocoa plantations, pollinator population levels can be increased by augmenting the amount 
of natural pollinator breeding sites or by adding artificial breeding substrates. Since it is 
known that Forcipomyia spp. breed in moist and rotting organic material, introducing such 
material in the cocoa field will most likely enhance pollinator breeding and subsequently their 
population levels. Banana pseudostems are preferred as a pollinator breeding substrate over 
cocoa husks, because the latter are a possible source of black pod disease [88]. Intercropping 
with fruit trees will not only provide shade, but (provided that not all fruit is harvested), will 
also introduce rotting fruit in the plantations as potential pollinator breeding sites. As shown 
in Figure 2, in Côte d’Ivoire, we currently investigate, together with the cocoa farmers of the 
local cooperatives, the effect on pollination levels of squared pits (0.5 × 0.5 m and 0.3 m deep) 
that are spaced in 10 × 10 m squares and in which organic material such as fresh empty pod 
husks, cut banana pseudostems, and fruits from intercropped trees such as Citrus spp. will be 
deposited to enhance pollinator breeding.

5.3. Pollinator mass breeding and mass release

Mass breeding and subsequent mass release of Forcipomyia spp. at times when cocoa flower-
ing peaks, might also have a significant effect on effective cocoa flower pollination. The idea 
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is based on similar practices commonly applied in the horticultural sector where bumblebees 
(Bombus terrestris) are commercially bred and subsequently released in tomato (Solanum lycop-
ersicon) greenhouses for tomato flower pollination [89]. As compared to the earlier used vibrat-
ing sticks to induce pollen release from tomato flowers, bumblebees increase tomato fruit set 
by 45%. Another example is the black soldier fly (Hermetia illucens) (Order: Diptera, Fam: 
Stratiomyidae) that is used to enhance composting of food waste and reduction of organic 
manure volumes, and which can be mass bred prior to release on organic material [90]. To our 
knowledge, no mass breeding attempts for Forcipomyia spp. have been undertaken up to date. 
The hematophagous nature of Forcipomyia midges can be a constraint to their mass breeding 
success [91]. Laboratory experiments showed that F. townsvillensis eggs will not develop with-
out complete blood meals [92]. Research is needed to test the most appropriate midge rearing 
conditions (temperature, humidity and feeding).

Forcipomyia spp. mostly pollinate flowers neighboring the ones where they have collected pol-
len [93]. We assume therefore that they do not swarm further than 10 m from their breeding 
sites. Under that assumption, mass release should be performed at least each 20 × 20 m in cocoa 
plantations (25 releases per ha). Given the wide diversity of Forcipomyia spp. that have been 

Figure 2. Midges of Forcipomyia squamipennis in the family Ceratopogonidae are believed to be the most important 
pollinators of cocoa globally, based on field observations and laboratory rearings [53, 96]. Indeed, early on, scientists 
figured out that most Theobroma cacao trees are not able to self-pollinate, but for years, they could not figure out what 
moved cocoa pollen between trees. It turned out that cocoa flowers are pollinated by midges not much bigger than 
tiny specks of airborne dust. Midge populations are greatest in the rainy season. Adult midges spend the day in shady 
spots such as between the buttress roots of large trees, in crevices in logs, in hollow stumps or in piles of husk debris. 
They emerge at variable times of the day to swarm near their hiding locations, and disperse in the early morning and 
late afternoon. Most midges do not move further than about 6 m. The females lay batches of eggs on damp piles of 
plant debris, on moist decomposing wood, cocoa husks and other plant debris, in batches of 40–90 eggs. Eggs hatch 
after 2–3 days and the larvae pass through four instar stages before pupating at about 12 days; the pupal stage lasts 
2–3 days. The adults survive for about a week and there are thought to be about 12 midge generations per year. Adult 
females require liquid plant food for survival and oviposition, although ovary maturation is independent of adult food 
intake or mating. In a joint project between Ghent University and Barry-Callebaut, and in collaboration with local cocoa 
smallholders and their cooperatives, we introduced squared pits of 50 × 50 cm and 30 cm deep, filled with organic 
material such as cut banana pseudostems, fresh empty pod husks and fruits from intercropped trees such as Citrus 
spp., at a density of 1 pit per 100 m2 (spaced at 10 × 10 m as based on presumed midge flight radius of the midges) 
to enhance the establishment of the cocoa pollinating midge populations in the field (main picture is a photo by Guy 
Smagghe in cocoa plantation at Tiassalé, Côte d’Ivoire, 15/01/2018; inset photo is of a mating pair of Forcipomyia midges 
by Christophe Quintin, https://www.flickr.com/photos/34878947@N04/).
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identified as cocoa flower visitors and the fact that some are restricted to either Africa, Central 
America, or South America (only one cocoa flower pollinator, F. fuliginosa was observed in all 
regions), it can be assumed that specific pollinating midges are restricted to certain areas [4]. It 
is therefore recommended that Forcipomyia spp. mass breeding for use in a certain cocoa area 
would start with locally sampled Forcipomyia midges, as exotic midges might disturb local biotic 
equilibria. Obviously, as a precondition to adoption of commercial mass breeding of pollinating 
midges by resource-poor smallholders in Côte d’Ivoire, the technology should be cost-effective.

6. Conclusion

Since cocoa production essentially depends on insect pollination, any threat to pollinators 
will have a negative impact on cocoa production. There is evidence that currently, cocoa pol-
lination is below the optimum level and that enhancing pollinator populations in cocoa fields 
could increase cocoa production [14–16]. It is clear that cocoa pollinators are threatened by 
the currently predominant cocoa production system, which consists of full-sun cultivation on 
often deforested land with degraded soils and chemical pest control. Pest control, shade tree 
planting, and landscape management all influence cocoa pollinator presence, making pollina-
tion management very complex.

Many research questions on cocoa pollination remain. They include: (i) quantification of the 
pollination gap (only in [14] attempts have been made, but just by comparing hand-pollination 
treatments with unpollinated controls); (ii) evolution of the pollination gap throughout the 
year (e.g., in West Africa, the gap might be narrower during the dry season when flowering 
is less abundant); (iii) the relation between pollination and cherelle wilt (can cherelle wilt be 
decreased by improving pollination efficiency?); (iv) success rates of artificial pollination (a 
difficult task requiring a lot of agility and experience); (v) influence of insecticide applica-
tions on pollinator and other insect population levels; (vi) role of landscape and cocoa crop-
ping systems (agroforestry, intercropping, soil mulching) on pollinator species composition 
and abundance; (vii) pollen load and pollination efficiency of cocoa flower visitors other than 
Forcipomyia spp.; (viii) evaluation of pollinator roles in self-compatible as compared to self-
incompatible cocoa trees; (ix) promotion of self-pollinating self-compatible trees; and (x) effec-
tiveness of enhancing ant populations to improve cocoa pollination.

As final conclusion, we believe that the answers to these research questions will undoubt-
edly lead to decreasing the current cocoa yield gap, which is the only sustainable solution to 
increasing global cocoa supplies.
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Abstract

In the last 10 years, kiwifruit vine artificial pollination became a widespread practice use-
ful to increase fruit quality. Kiwifruit size is directly proportional to the number of seeds, 
i.e., to the number of fertilized ovaries. However, artificial pollination efficiency depends 
on many parameters such as pollen quality (germinability, humidity, and conservation), 
pollination system (dry or liquid), coadjuvants, and flowering stage. Those parameters 
were well defined in Actinidia in recent studies, however, they remain quite undefined 
for other anemophilous pollinated trees such as olive tree, hazelnut, pistachio, and palm. 
In these plants, the flowers are very small and extremely numerous, so the pollination 
was difficult to study. In addition, there are incompatibility factors (genetic and physic), 
long lap time from pollination to fertilization, and alternate bearing, lower economic gain 
for these fruits, low agronomic input, and low innovation level in the field. All these 
aspects had reduced the application of pollination technique for these cultivations. The 
experiences developed in kiwifruit lead to define a new model crop fruit set that could 
be applied to anemophilous pollinated plants such as olive tree, where the fruit set are 
lower than 2%. The first experiences have shown a great potential and have encouraged 
the development of this technique.

Keywords: kiwifruit, olive, pollination, equipment, quality, flowering stage, 
germinability, humidity

1. Introduction

Pollination of crop plants is often the major requirement in achieving sufficient crop set [1, 2]. 
Insufficient pollination has been found to be one of the important causative factors of low yield and 
low quality in many fruit tree species [3]. Supplementary pollination is a valid support to increase 
productivity in crop species such as strawberry [4, 5], olive [6], kiwifruit [7, 8], almond [9, 10], 
pistachio [11, 12], hazelnut [13], macadamia [14, 15] and date palm [16, 17]. Artificial pollination 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

In the last 10 years, kiwifruit vine artificial pollination became a widespread practice use-
ful to increase fruit quality. Kiwifruit size is directly proportional to the number of seeds, 
i.e., to the number of fertilized ovaries. However, artificial pollination efficiency depends 
on many parameters such as pollen quality (germinability, humidity, and conservation), 
pollination system (dry or liquid), coadjuvants, and flowering stage. Those parameters 
were well defined in Actinidia in recent studies, however, they remain quite undefined 
for other anemophilous pollinated trees such as olive tree, hazelnut, pistachio, and palm. 
In these plants, the flowers are very small and extremely numerous, so the pollination 
was difficult to study. In addition, there are incompatibility factors (genetic and physic), 
long lap time from pollination to fertilization, and alternate bearing, lower economic gain 
for these fruits, low agronomic input, and low innovation level in the field. All these 
aspects had reduced the application of pollination technique for these cultivations. The 
experiences developed in kiwifruit lead to define a new model crop fruit set that could 
be applied to anemophilous pollinated plants such as olive tree, where the fruit set are 
lower than 2%. The first experiences have shown a great potential and have encouraged 
the development of this technique.

Keywords: kiwifruit, olive, pollination, equipment, quality, flowering stage, 
germinability, humidity

1. Introduction

Pollination of crop plants is often the major requirement in achieving sufficient crop set [1, 2]. 
Insufficient pollination has been found to be one of the important causative factors of low yield and 
low quality in many fruit tree species [3]. Supplementary pollination is a valid support to increase 
productivity in crop species such as strawberry [4, 5], olive [6], kiwifruit [7, 8], almond [9, 10], 
pistachio [11, 12], hazelnut [13], macadamia [14, 15] and date palm [16, 17]. Artificial pollination 
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leads also to increase final set, weight, kernel recovery, and, in many cases, fruit quality in terms 
of nutritional characteristics and shelf life [4]. Moreover, in olive tree, a greater pollination and 
fruiting cause a slower ripening of the drupes, and consequently harvest times are more suitable to 
the improvement of olive and oil quality. In many cases, natural pollination (both wind and bee) 
is often unsatisfactory or not constant in the years (Figure 1), because it can be affected by climatic 
factors, wrong synchronization of male and female flowering, and low attraction for bee since the 
absence of nectar in the flowers of wind-pollinated (anemophily) plants.

Kiwifruit artificial pollination was first studied by Dr. Hopping in 70 years [7, 18, 19] in New 
Zealand and in Italy, in collaboration with Dr. Cacioppo and Dr. Galimberti in Latina, in 1987 
(Figure 2).

Kiwifruit (Actinidia chinensis var. deliciosa and A. chinensis var. chinensis) is a dioecious plant, 
and, in order to have good pollination, in orchard, there are female and male plants in 6:1 
ratio. The pollination is mainly anemophilous (wind-pollinated), and the fruits size depends 
on the number of seeds: a 100 g fruit has more than 1000 seeds, and it is estimated that about 
10fold pollen grains are necessary to reach this seed number [21, 22]. Also, an increase in 
male:female ratio to 1:1 (Figure 3) was not enough, in many cases, to optimize the pollination.

Moreover, in many specialized orchards, there are installed anti-hail net or plastic tunnel to 
protect the plants from climate injuries or from the bacterial disease Pseudomonas syringae 
pv. actinidiae [23]. These installations reduce the ventilation and indeed pollen movement. 
Furthermore, in yellow flesh kiwifruit (but also in green ones), often male plants were not 
planted in the orchard in order to have a higher yield (male occupy 16% of the surface) and 
an easier management of the plants (treatments for plant protection due the higher disease 
susceptibility of male, pruning, fertilization, and irrigation). In the cases where male plants 
are absent in the orchard, pollen are kept from specialized male orchards or buy on market 
(following plant protection rules to avoid diseases contaminations).

Figure 1. Kiwifruit with opposite size due to the pollination efficiency (left), perfect pollination with many pollinated 
ovules (center), and abundant pollination in olive (right).
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Kiwifruit artificial pollination is nowadays a consolidate technique to increase kiwifruit quality 
and size [8, 24]. However, pollination not always reacts with maximum efficiency: the results 
could change in different years and depend on the pollen harvesting system, pollen storage 
technique, pollination system (dry or wet), added substance to dilute pollen (dry or liquid) or 

Figure 2. M. E. Hopping who developed, in New Zealand, artificial pollination in kiwifruit (left). Hopping’s group of 
researchers during the experiment of spray pollination in Latina in 1987 (right) [20].

Figure 3. A. deliciosa cv. Hayward in T-bar orchard in Verona with the male permanent leader in the middle. Despite this 
configuration, ideated by Tacconi Lorenzo in 1987, the pollination efficiency is low and is necessary in collecting and 
distributing pollen to obtain fruits with good size.
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to help the germination, pollination equipment, moment of pollination, floral stage of applica-
tion, and economic impact of the operation (cost and gain). The analysis of these aspects could 
be applied to other crops and could be summarized in a flowchart where physiological aspects 
and human practices/decisions are integrated (Figure 4). Given the optimal pollen quality and 
optimal agronomical management (irrigation, fertilization, pruning), the results could vary in 
relation to the choice of the floral stage of intervention in relation to the type of pollination. 
In the reported studies, many parameters were analyzed alone and in interaction in different 
environments in Italy and for many years: pollen quality, pollination system, and flowering 
stage.

High-quality pollen is basic for good results: germinability, germination energy, and humid-
ity were evaluated under different conditions of pollen harvesting, conservation at different 
temperatures and time of exposition at different temperatures, and manipulation before and 
during pollination in different pollination systems (dry and liquid).

The interaction of the pollination systems and the flowering stage were also evaluated.

Many aspects are in common with olive (Olea europaea L.) and can be applied to its pollina-
tion. Olive fruit set are very low, less than 2% of flowers, which in Northern Italy means about 
10 kg of fruit per plant [25]. The main problems are self-incompatibility, scarce pollen from 
wild, wrong pollinator cultivars in the orchard, pollen quality and quantity, lack of coinci-
dence of blooming period, and adverse climate conditions.

This observation leads to define kiwifruit pollination as a new model for crop fruit pollina-
tion that could be applied in other wind pollination (anemophily) trees such as olive tree, 
hazelnut, and pistachio that were studied but without a practical application (Figure 4)  
[6, 12, 13].

This chapter does not want be a review on biology of the pollination in kiwifruit and olive but 
an update of the research applied in the field supported by scientific data. Here, publicized 
works but also original researches data are reported.

Figure 4. Flowchart of the main phases ranging from pollen collection to pollination and critical points analyzed in this 
chapter. Physiological aspects, climatic conditions, and human practices are integrated.
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2. Pollen quality for kiwifruit pollination

The first parameter that is considered to define the pollen quality is the germinability. Pollen 
could germinate but stop early in the tube growth: must it be considered right for pollination 
or not? Many grains germinate, but in different ways due to their different germination ener-
gies (germinability related to the time or germination tube length), and it is evident recording 
pollen germination under microscope (Figure 5 and related movie). Other parameters must 
be considered in order to evaluate pollen quality, as humidity and germination energy [26].

These parameters were evaluated under different conditions of pollen harvesting, conservation 
at different temperatures and different times, exposition at different temperatures, and manip-
ulation before and during pollination. For example, stresses against pollen during harvest and 
manipulation result in decrease of germination energy more than decrease of germinability.

2.1. Materials and methods

The experiment was performed on Actinidia deliciosa cv. Hayward (female) and cv. Tumuri (male) 
in the Tacconi Lorenzo’s farm in Verona (North Italy), on a plantation built in 1982, (T-bar system, 
4.5 × 3 m) having a permanent corded male suspended in the middle of the inter-row (Figure 3). 
The pollen samples were collected in two seasons (2008 and 2009) having opposite conditions of 
high relative humidity (RH) and low temperatures and low RH and high temperatures, respec-
tively. Pollen samples were collected with two different systems (Figure 6): filter separator (Aspir@
Polline TR Biotac, Verona, Italy, www.biotac.it) and cyclone separator (AspiraPollineMini2 Biotac, 
Verona, Italy). The pollens were extracted from the machine and placed at 4°C every 45 min.

The germination temperature test was made with fresh Tumuri pollen (collected with Aspir@
Polline TR Biotac) on standard substrate (sucrose 85 g/l, boric acid 0.5 g/l) by taking a photo of 
the same field of view under microscope every minute for 14 h. The temperatures considered 
were 18, 24, and 30°C. To test the in vitro germination conditions, the germination of two 

Figure 5. Time lapse during pollen germination at 20°C: the number indicates hours.
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pollen samples (collected with Aspir@Polline TR and AspiraPollineMini2, Biotac) on differ-
ent agar growth media was compared (Table 1). The germination was observed at intervals 
of about 1 h for 15 h under the microscope (Olympus BX51 microscope at 200 magnifications 
with Olympus DP50 camera). The germination was made at a constant temperature of 20°C 
in a growth chamber (Sanyo Gallenkamp PLC, Loughborough, UK) with RH 100% and with 
cold light. The germination was calculated as percentage of germinated pollen counting about 
100 pollen grains in three different optical field; tube length was evaluated using UTHSCSA 
ImageTool software and reported as fold grain diameter (D, about 30 micron).

2.2. Results and discussion

2.2.1. Germination: effect of temperature and growth media

Germination latency period and tube length are inversely proportional to the temperature of 
germination (Figure 7). During pollen application in field lower temperature is useful due the 

Figure 6. Schematic representation of the operating principle of the two pollen separation systems and related critical 
points.

Table 1. Percentage of germination and germination energy of pollen collected with different systems and germinated 
on various media.
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observation that the pollen tube length is higher if the germination appends at about 18–24°C, 
whereas at higher temperature (30°C), the germination stops early and tube length is lower. 
Moreover, the suspension of pollen in water must be sprayed before the germination starts, in 
practical within 40 min, to avoid pollen damage.

The different media used in vitro can give useful indications for pollen suspensions in the case 
of liquid pollination and for analysis. The different media showed a different percentage of 
germination and germination energy (given by start time of germination and final lengths of 
pollen tubes; Table 1).

The analyses carried out show how the result evaluation of germination could vary according 
to the growth media used and depending on the moment in which the observation is made. 
Furthermore, a media that is too nutritious (i.e., n. 6 and 7) could overestimate the real germina-
tion that would occur in vivo in field condition, whereas a less stimulating substrate (i.e., n. 2) 
would be more useful as it highlights any weakness (less germination energy). PollenAid and 
Biotac solution could be useful in liquid pollination because they encourage germination [26].

2.2.2. Pollen harvest systems, pollen humidity, and pollen viability

Different pollination machines are available in the market, and these fall in two categories 
basing on the separation system: filter and cyclone (centrifugation). The comparison of these 
systems in two different climatic conditions during pollen collection, in particular relative 
air humidity (RH), reveals some differences in the pollen quality. Regarding cyclone system, 
pollen RH increases with air RH increasing (RH), whereas in the case of filter system, pollen 
RH is about 10% independently to the air RH (Figure 8). This difference is due to the lower 
pressure inside the filter system and, therefore, lower temperature in comparison to external 
one, such that water vapor in the air is condensed and extracted.

The humidity of the pollen is important for pollen long-term storage. One advantage of arti-
ficial pollination is the possibility to store pollen at −18°C for years maintaining its viability. 

Figure 7. Dynamic of pollen germination at different temperatures and tube elongation.
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For this purpose, pollen RH must be about 10–12%; in other ways its germinability decreases 
in direct proportionality with RH and years (Figure 8). For practical usage, it could be con-
sidered that pollen can be stored about 3 years if its humidity is low or after drying with 
silica gel.

2.3. Conclusion

The highest pollen quality was obtained when the pollen was picked up from the collecting 
machine frequently during the day (about every hour), to avoid any stresses, and stored at 
4°C for no more than 7 days. Pollen can be stored at −18°C up to 3 years, better with low 
humidity or pre-dried to 10–12% with silica gel at 4°C. A recent method to estimate pollen 
viability was developed and is based on physical analysis of the single cells by impedance 
flow cytometry [27], and it could be interesting to compare the two methods especially during 
pollen storage.

3. The interaction between pollination systems and flowering stage 
in Actinidia

High-quality pollen is essential for good pollination, but pollination efficiency depends also 
on the equipments used and the time of application: dry pollination with pure pollen or 
diluted with lycopodium, liquid pollination in water suspension with adjuvants, handing 
application, or with mechanized tools [8]. In this paragraph, the interaction between pollina-
tion systems and the flowering stage will be elucidated, in order to understand which is the 
best flowering stage in relation to the pollination system adopted.

Figure 8. Pollen humidity related to collecting systems and environmental conditions (left) and effect of pollen humidity 
on germination during years of storage at −18°C (right).
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3.1. Materials and methods

All the experiments were performed on Actinidia deliciosa cv. Hayward in field condition with 
three repetitions per treatment, among 5 years (2009–2013) in three different environments: 
Cuneo (NO Italy), Verona (NE Italy), and Latina (Central Italy).

The comparing of pollination-systems (Figures 9 and 10) was conducted in collaboration with 
Agrion (Cuneo, www.agrion.it); the pollination was carried out with 90% of flowers at the 
stage of petal fall (with white pistils) with 600 g of pollen per hectare with a single-step distri-
bution. The experimental design was a randomized block in standard orchards (female:male 
rate 1:6) with T-bar (Verona and Cuneo) and pergola (in Latina) trellis systems. The liquid 
distribution was 12 g/l of pollen in deionized water and 5 ml/l of activator PollenAid (Kiwi 
Pollen, New Zealand) for a total of 50 l/ha of water suspension. The machines used in the pol-
lination system’s comparative test were reported in Figure 9.

The role of Lycopodium was evaluated in 2013 in Verona by comparing two systems of dry 
pollination with and without Lycopodium added. Lycopodium was added to pollen in dry pol-
lination as inert in some machines like Speedy. Experimental design consisted of three theses 
(two rows each): pollination with the Soffi@Polline system with pure pollen, pollination with 
SoffiaPolline with pollen:Lycopodium mixture (55%:45%), and pollination with Speedy with 
pollen:Lycopodium mixture (55%:45%).

To understand the relation between flowering stage and the type of pollination, dry or liquid, 
just before pollination the flowers were labeled according to their flowering stage (Figure 11). 
The signed stages were, according to BBCH scale [28] are the following: closed flower (55–
59), white petals (60–64), ocher petals (65–66), early petal fall (67), and petal fall (68) with 
most of the pistils white and stigmas viscous, just before pistils dry and ovary increasing 
(69). To understand the success of the pollination, about 100 fruits for three biological rep-
licates were weighed at harvesting time (end of October). This experiment was repeated for 
4 years (2010–2013) in Verona, Cuneo, and Latina using Soffi@PollineZ for dry pollination and 
“ElettroEASY” (or similar diaphragm pump) for liquid pollination.

3.2. Result and discussion

3.2.1. Comparison of equipments for pollination

Usually, the best pollination method considered is the manual method of pon-pon but 
because of its considerable employment of labor is rarely used in commercial orchards. As 
shown in Figure 10, it was overcome by Soffi@PollineZ pollinator, probably because with 
pon-pon some flowers were not touched, whereas the pollen powder blown reaches all the 
canopy. Analogously, with Speedy some flowers were not pollinated and, in addition the 
role of Lycopodium, will be analyzed in another experiment. Good results were also obtained 
with liquid pollination applied 2 days before the other when the 90% of flowers at the stage of 
petal fall. In other terms, it seems that liquid pollination could be better before petal fall. The 
following experiments will elucidate this aspect [8].
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3.2.2. Role of Lycopodium in pollination

The low pollination rate observed using the pollen-Lycopodium mix Speedy machine (Figure 9A) 
is due to the drying effect of the Lycopodium on pistils and does not depend on the machine: the 
addition of Lycopodium to the Soffi@Polline gave the same results.

The fruit size obtained in the thesis pollinated with pollen-Lycopodium mixture was lower than 
the thesis pollinated with pure pollen: average weight 96 g with the addition of lycopodium, 

Figure 9. The commercial available equipments used in the pollination system’s comparative test and their working 
capacity. (A) “speedy” (Dall’Agata, Forlì, Italy) is a battery dry distributor for pollen: Lycopodium (45–55%) mix (5–7 h/
ha); (B) “ElettroEASY” (Volpi, Mantova, Italy) is a battery diaphragm pump for liquid pollination (4 h/ha); (C) “Soffi@
PollineZ” (Biotac, Verona, Italy) is an engine blower with dry distributor for pure pollen for dry pollination (1 h/ha); (D) 
“Spruzz@Polline TR” (Gerbaudo, Cuneo, Italy) is a sprayer with fogger-type nozzles attached to the tractor, for liquid 
pollination (2 h/ha); (E) “pon-pon” (homemade ball covered with velluto) for flower-to-flower manual dry pollination) 
(25 h/ha); and (F) “Ventole” (Romani, Verona, Italy) consists of two fans attached to the tractor for air and pollen shuffling 
(0.5 h/ha).
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106 g with pure pollen, and 75 g free pollinated fruit (data not shown). That result indicates 
that the presence of this inert may adversely affect fertilization, regardless of the distribution 
system.

3.2.3. Flowering stage

After the first evidence where liquid pollination appears more efficient before petal fall, the inter-
action between flowering stage and pollination system was investigated. Actinidia flowering is 
scalar, and the same flower is viable for about 4 days, in normal climatic condition, after that the 
pistil degenerates and starts the fruit set (Figure 11 and related movie). Regarding liquid pol-
lination, the best results were at full bloom and at early petal fall (Figures 11 and 12A), whereas 
for dry pollination, the best results were reached at petal fall (Figures 1 and 12B) before pistil 

Figure 11. Fruits marked at the time of harvesting with the ribbon attached during pollination in order to go back the 
original flowering stage during pollination.

Figure 10. Average weight of the fruit pollinated with different equipments. Blue color is for liquid pollination systems: 
Spruzz@Polline TR 2x means double pollen dose, and Spruzz@Polline TR-2 means that the application was made 2 days 
before the other pollination. Yellow color is for dry pollination system: Green color is for natural pollination (control). 
Different letters indicate statistically significant differences (ANOVA Tukey P 0.05).
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 senescence [8]. The pollination efficiency is evident at the harvest but could be useful approxi-
mately within 30 days after pollination (see related movie). In this period there are endosperm cel-
lularizations that define the final fruit size and are important to proceed with the thinning of the 
bad pollinated fruit to avoid loose of energy and favorite the growing of the best pollinated fruit.

The flowering stage is easily described observing the petals, but it reflects more important aspect 
of the flower and in particular the pistil exudate, essential for pollen adhesion, germination, and 
the ovary receptivity. The pistil’s exudate production increases during flower life and, in cv. 
Hayward, is maximum at the petal fall stage (Figure 13). For yellow flash kiwifruit, it is less evi-
dent, and the flower has a lower self-life compared with Hayward and evolves within 1–2 days to 
late flowering stages. In this case, it is not possible to wait that all flowers reach the petal fall stage 

Figure 13. Easy test for the evaluation of pistil exudate production: the maximum dry pollen receptivity is at early 
morning with flowers at the petal fall stage when almost all ovules are receptive (left). Longitudinal section of the fruit 
showing lack of seeds on the tip due to not fertilized ovules because of an early pollination (right).

Figure 12. Average weights of the fruits pollinated by spray pollination system (A) and by dry pollination system (B). 
This experiment was repeated for 4 years in Verona, Cuneo, and Latina using Soffi@PollineZ for dry pollination and a 
sprayer diaphragm pump for liquid pollination. Different letters indicate statistically significant differences (ANOVA 
Tukey P 0.05).

Pollination in Plants70

and the artificial pollination must be done every 1–2 days, depending on the climate conditions. 
It is notable also that, due to physical properties, the pistil’s exudate increases the pollen attached 
if it is powder, whereas decreases pollen adhesion if it is conveyed with water. Moreover, in dry 
pollination the fruit size is higher with respect to liquid pollination (Figure 12). This observation 
indicates indeed the receptivity of the ovules in the flower that is maximum just before pistil 
senescence (change from white to brown color) after petal fall. Often, early pollination leads to 
ovary-growing and pistil senescence even if not all ovules were fertilized, thus precluding the 
possibility of a complete pollination of the fruit. This phenomenon is visible observing the longi-
tudinal section of the fruit (Figure 13) because, excluding phenomena of water stress, the ovule’s 
maturation is not simultaneous and starts from the petiole side to the tip side of the flower.

New histological analysis is under way in order to study the relationship between flower stage 
and ovary maturation. The process from pollen adhesion to fertilization could be observed 
in vivo by staining the pollen with aniline blue under UV light (Figures 14 and 15).

In Actinidia, fertilization appends within only 6 h after pollination (Figure 15), and this aspect 
facilitates the study of the relation between the moment of pollination and the flower stage. 
The Actinidia floral biology could be useful as model of wind-pollinated trees in field condition.

3.3. Conclusion

Kiwifruit artificial pollination, in conventional orchard, increases the production up to 30% 
(Figures 10 and 12) due to bigger fruit size. Pollen is collected from male plants, and to maintain 
its viability is necessary to avoid high temperature and high humidity. In practice it is picked 
up from the collecting machine every 45 min and stored at 4°C for ready usage (up to 7 days) 
or for long storage at −18°C (3 years if its humidity is lower than 12%) (Figure 8). Both liquid 
and dry pollinations are effective if done at the right flowering stage: liquid pollination not later 
than early petal fall stage, dry pollination, with pure pollen, at petal fall stage (in cv. Hayward) 
when the pistils exudate is maximum (Figures 11–13), at early morning with high air humidity. 
In order to pollinate early and late flowering flowers, the pollination must be done in two steps 
or more in particular in yellow flash kiwifruit. In any cases, dry pollination seems to be most 
suitable because it is applied when the number of mature ovaries in the flower is maximum.

Figure 14. (A) Male flower, (B) pollen during germination under optical microscope (40×), and (C) magnification of 
germinated pollen stained with aniline blue under UV light (100×).
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4. Artificial pollination in olive tree

Olive trees (Olea europaea L.) bear both hermaphrodite and staminate flowers [29, 30] in the 
form of panicles [31]. Hermaphrodite flowers generally have two stamens and a bilocular 
ovary with a short style and stigma. Artificial pollination seems particularly suited also to 
olive tree because of a wind-pollinated crop, hermaphrodite but with many flowers special-
ized for pollen production, and in many cases self-incompatible [32]. In staminate flowers, 
the pistil is either rudimentary or absent. The flowers are not entomophilous  pollinated, in 
fact they produce large quantity of pollen and don’t have nectaries [33, 34]. The problems 
linked to pollination/fertilization olive cultivation are numerous: the blooming period of male 
and female trees does not overlap, and pistillate flowers are usually unable to receive pollen 
grain [35]; adverse climatic conditions during fruit set; compatibility relationships among 
cultivars; pollinizers could be bad oriented and/or in a non-satisfactory ratio with the cultivar 
of interest; and even if pollen is abundant, it could have low viability [35] and can be scarcely 
retained by the stigma surface. Moreover, depending on the cultivar, the environmental con-
ditions, the specific tree and shoot, and ovary abortion could occur many weeks after pol-
lination [36]. Shedding of staminate flowers begins just after full bloom [37] and partially 
overlaps the abscission of unfertilized flowers, triggered by pollination and fertilization of 
adjacent flowers. It takes place in the days after petal drop [38]. Most fertilized ovary abscis-
sion, occurring after 2 weeks and until about 6 weeks after full bloom, is affected by substrate 

Figure 15. (A) Female flower, (B) schematic section and flower organs, (C) section of flower under optical microscope 
(40×), (D) magnification of ovules (100×), and (E) the same section stained with aniline blue under UV light 6 h after 
pollination.
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competition among growing fruits and other sinks [39]. After petal fall, about 25% of the ova-
ries are retained, but only a small percentage of fruits reach maturity. It was estimated that a 
good commercial yield could be reacted if at least 1% of the total number of flowers set fruits 
and remaining until harvest [31].

4.1. Materials and methods

Many steps of pollination were optimized, and many parameters were evaluated during the 
experimentations. Artificial pollination was tested by taking advantage of previous expertise 
developed in artificial pollination of Actinidia, using Aspir@PollineMini2 (Figure 16) to suck 
pollen and Soffi@PollineZ (Figures 9C and 16) (Biotac, Verona, Italy). Pollen was stored at 4°C 
for short-term usage and at low temperature (−20 and −80°C) for long-term usage. The influence 
of the time of distribution was evaluated using a completely randomized block design, with 
four replicates on cv. Leccino. Pollen germinability was evaluated as described for Actinidia. 
The pollination experiment design will be aimed at understanding: the influence of the pol-
linizer on productivity of fruit, the influence of artificial pollination on alternate bearing, the 
optimization of distribution in relation to the flowering stage, and the influence of the amount 

Figure 16. Mr. D’Isola during pollen sucking from olive tree varieties compatible with Leccino (left) and during 
pollination (right).

Artificial Pollination in Kiwifruit and Olive Trees
http://dx.doi.org/10.5772/intechopen.74831

73



4. Artificial pollination in olive tree

Olive trees (Olea europaea L.) bear both hermaphrodite and staminate flowers [29, 30] in the 
form of panicles [31]. Hermaphrodite flowers generally have two stamens and a bilocular 
ovary with a short style and stigma. Artificial pollination seems particularly suited also to 
olive tree because of a wind-pollinated crop, hermaphrodite but with many flowers special-
ized for pollen production, and in many cases self-incompatible [32]. In staminate flowers, 
the pistil is either rudimentary or absent. The flowers are not entomophilous  pollinated, in 
fact they produce large quantity of pollen and don’t have nectaries [33, 34]. The problems 
linked to pollination/fertilization olive cultivation are numerous: the blooming period of male 
and female trees does not overlap, and pistillate flowers are usually unable to receive pollen 
grain [35]; adverse climatic conditions during fruit set; compatibility relationships among 
cultivars; pollinizers could be bad oriented and/or in a non-satisfactory ratio with the cultivar 
of interest; and even if pollen is abundant, it could have low viability [35] and can be scarcely 
retained by the stigma surface. Moreover, depending on the cultivar, the environmental con-
ditions, the specific tree and shoot, and ovary abortion could occur many weeks after pol-
lination [36]. Shedding of staminate flowers begins just after full bloom [37] and partially 
overlaps the abscission of unfertilized flowers, triggered by pollination and fertilization of 
adjacent flowers. It takes place in the days after petal drop [38]. Most fertilized ovary abscis-
sion, occurring after 2 weeks and until about 6 weeks after full bloom, is affected by substrate 

Figure 15. (A) Female flower, (B) schematic section and flower organs, (C) section of flower under optical microscope 
(40×), (D) magnification of ovules (100×), and (E) the same section stained with aniline blue under UV light 6 h after 
pollination.

Pollination in Plants72

competition among growing fruits and other sinks [39]. After petal fall, about 25% of the ova-
ries are retained, but only a small percentage of fruits reach maturity. It was estimated that a 
good commercial yield could be reacted if at least 1% of the total number of flowers set fruits 
and remaining until harvest [31].

4.1. Materials and methods

Many steps of pollination were optimized, and many parameters were evaluated during the 
experimentations. Artificial pollination was tested by taking advantage of previous expertise 
developed in artificial pollination of Actinidia, using Aspir@PollineMini2 (Figure 16) to suck 
pollen and Soffi@PollineZ (Figures 9C and 16) (Biotac, Verona, Italy). Pollen was stored at 4°C 
for short-term usage and at low temperature (−20 and −80°C) for long-term usage. The influence 
of the time of distribution was evaluated using a completely randomized block design, with 
four replicates on cv. Leccino. Pollen germinability was evaluated as described for Actinidia. 
The pollination experiment design will be aimed at understanding: the influence of the pol-
linizer on productivity of fruit, the influence of artificial pollination on alternate bearing, the 
optimization of distribution in relation to the flowering stage, and the influence of the amount 

Figure 16. Mr. D’Isola during pollen sucking from olive tree varieties compatible with Leccino (left) and during 
pollination (right).

Artificial Pollination in Kiwifruit and Olive Trees
http://dx.doi.org/10.5772/intechopen.74831

73



of pollen spread (standard application was 2 g per plant). To get a detailed experimentation, 
many parameters must be taken into account. During pollen collection the data recorded were 
air temperature and RH, amount of pollen per hour, cultivars collected, germinability, and pol-
len RH. Regarding pollination, the data were number of flowers per panicle, number of panicle 
per twig, position of the twig on the branch, position of the branch in the canopy, and cardinal 
orientation. In particular, two levels in the canopy and one shoot in each cardinal point per tree 
were considered. These parameters were recorded just before flowering and during all flower-
ing time every day and once a week after the end of flowering for 6 weeks to take in account 
abortion and fruitlet abscission. The pollination was made one time in the early morning with 
moderate air temperature and higher RH, at the middle of flowering when 95% of flowers 
were open and many corollas were fallen down but with white pistils. After pollination other 
parameters were recorded: shoot length in order to evaluate the vegetative and reproductive 
competition and number of growing ovaries and fruits twice the time in the season. In order to 
evaluate the influence of the fruit, the number on the fruit quality, at harvesting was measured: 
harvesting time, total fruit collected per tree, fruit diameter, average weight, and oil yield. All 
these parameters were recorded also for some pollinizer plants in order to understand the 
influence of pollen collection in the hypothesis of a yield reduction due to pollen subtraction or 
not. Open-pollinated plants were used as control in all the experiments.

4.2. Results and discussion

Many data are available in literature about olive flower and fruit set biology; anyway, most 
of the knowledge are not adopted in the field. The experimentations started on 2014 thanks to 
the resourcefulness of an olive grower, Gianfranco D’Isola, on Lake of Garda (Brescia, North 
Italy). His 23 plants had never yielded anything being all Leccino, a self-incompatible cultivar 
without other pollinators nearby: the compatible cv. Frantoio was dead because of frost win-
ter. The idea of artificial pollination came from kiwifruit pollination technique. The principle 
is simple: taking pollen from compatible varieties and, at the time of flowering, “blow” it on 
the target plants (Figure 16). Also, a modest improvement in the percentage of fruit setting 
leads to significant production increase [25]. Using the equipment employed in kiwifruit, the 
results were surprising: an average yield of 48 kg of olives per plant (Figure 17), an excep-
tional value compared to 10 kg, and the average production of North Italy [25, 40].

Pollen was collected from olive cv. Pendolino, Moraiolo, and Casaliva and stored at 4°C for 
a few days until the time of pollination. Pollination was carried out with pure pollen in the 
early morning by delivering a total of about 2 g of pollen per plant in two steps within 2 days.

The experiment was successfully repeated in 2016 (Figure 17) [25], whereas in 2017 the extremely 
high temperature during olive flowering (the subsequently in weeks) and the absence of rain 
until the end of the season have provoked a copious fruit abscission.

These experiments have led to a larger trials on Lake of Garda cultivation conducted by AiPol 
(www.aipol.bs.it) in collaboration with CREA and new trials in other regions [40] and in other 
countries like in Japan by Associazione Italia Giappone and Biotac (www.biotac.it). Because 
these experiments aim to a practical application for farmers, the field trials were done in con-
ventional orchards with pollinizers present in order to evaluate the effective gains given by 
the pollination technique in the real situations.
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Despite the pollen collected during the day when air RH is low, olive pollen has a higher 
RH than kiwifruit pollen, and the incubation at 4°C for 24 h with silica gel before storing or 
spreading is suitable. Pollen germinability ranges from 35 to 68% and RH from 15 to 26% just 
after collection. After dehydration for 12 h at 4°C with silica gel, the RH decreases to 12–15%. 
During storing, the germinability decreases about 1.8% per day at 4°C and 3.4% per year dur-
ing 3 years of observation when stored at −18°C. The collected pollen quantity seems not to be 
a problem thanks to the abundant production of olive tree in the “charging” season [35, 41] 
which are not economically sustainable during “off” season [40]. Anyway, pollen can be easily 
stored for several years in domestic fridge with a very low viability decrement. During har-
vesting period it was noted that the pollen collected at the beginning of the flowering is very 
low (few grams per hour), while after full blooming, when 20–30% of the corollas drop down, 
the amount reaches 100 g/h in many cultivars (also in “olivastro”) and also 200 g/h in Ascolana.

In these experiments, the fruit set improvement ranges from 10 to 30% more than the control 
free pollinated. Moreover, the pollinizer plant where pollen was collected, often self-compat-
ible, showed a fruit set about 10% higher than the control (Table 2). It has been hypothesized 
that the movement of the braches and the panicles made during pollen suction increases pol-
len dispersion inside the tree.

Figure 17. Result of olive tree pollination on self-sterile cv. Leccino in 2014 (left) and 2016 (right).

Table 2. Example of data collected by AiPol on 2016 in sale Marasino (Brescia, IT) in a field trial of 20 plants of cv. Leccino 
with five cv. Casaliva as pollinizer. Different letters indicate statistically significant differences (ANOVA Tukey P 0.05).
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4.3. Conclusions

Regarding the practical application, these preliminary results confirm the possibility to 
improve olive yield by pollination and aim to understand the better moment for pollina-
tion in relation to the flowering stage during flowering. The pollination technique can also 
be used to balance the vegetative-reproductive balance of the plant and mitigate the alter-
nation of production. Of course, the pollination must be inserted in a context of adequate 
agronomic management in order to support the greater production. In this sense, plants 
with a great fruit set must be “prepared” to support a larger production: fertilization and 
irrigation must adequately satisfy the major removal of the plant, pruning must balance 
vegetative and reproductive aspects and must be done every year, and, during the sum-
mer, plant protection must be applied in order not to vain all the improvements. Using the 
methods described (Figure 4), it is possible to set up experiments that allow to investigate 
the pollination process in more detail in order to understand, also at the molecular level 
(Figures 14 and 15), the fertilization, the fruitlet drop, and the alternate bearing. These 
experiments will help also to elucidate the real cultivar cross compatibility: conflicting 
reports about the classification of pollen compatibility exist. Often, these classifications 
came from field observation with contradictory results obtained in different locations and 
years [33, 34, 36, 42], and one of the main constraints is the overlapping of flowering period. 
The possibility to collect and store pollen for many years allows to test the compatibility of 
varieties with very different flowering times: it is possible also pollinate an early flowering 
variety with the pollen taken from a late flowering ones. Moreover, it is possible to estab-
lish a pollen bank for the farmers and for research purposes and identify some varieties 
with the higher compatibility producing the higher amount of pollen and perhaps a uni-
versal pollinizer. It could be interesting to develop also a super-intensive orchard where 
mechanized pollen collecting will be possible, analogously to the mechanical fruit harvest-
ing, whereas the pollen spreading could be easily mechanized with blower for the tractor 
(already used in kiwifruit as reported in www.biotac.it) or with drones. Unlike happen in 
kiwifruit, in olive tree the pollination technique is at the begin but with very interesting 
perspectives.

Acknowledgements

We thank the cooperation of the following: for kiwifruit trials Graziano Vittone and Luca Nari 
(www.agrion.it), Laura Astegiano, Andrea Bonetti, Lorenzo Tacconi, and Ottavio Cacioppo 
(www.kiwiinforma.it); for olive trials in Italy Simone Frusca, Nicola Berini, Elena Savoldi, 
Emanuele Ghirardelli, Matteo Ghilardi, Elia Belotti, Paolo Zani (www.aipol.bs.it), and 
Gianfranco D’Isola; and for olive trials in Japan Yoko Nakajima and Vincenzo Andreacchio 
(http://www.aisitalia.it/olio-extra-vergine-di-oliva-made-in-japan.aspx#.WlueCjdJnFg). All 
the experiments and field trials were done without specific founding, except for the trials 
conducted by AIPOL. Parts of the chapter was taken from our previously published papers, 
with the permission of the coauthors.

Pollination in Plants76

Competing interests

The authors declare that the research was conducted in the absence of any commercial or 
financial relationships that could be construed as a potential conflict of interest.

Author details

Tacconi Gianni* and Michelotti Vania

*Address all correspondence to: gianni.tacconi@crea.gov.it

CREA Research Centre for Genomics and Bioinformatics, Consiglio per la Ricerca in 
Agricoltura e l'analisi dell'economia agraria (CREA), Fiorenzuola d’Arda, Piacenza, Italy

References

[1] MacDaniels LH. The possibilities of hand pollination in the orchard on a commercial 
scale. Proceedings of the American Society for Horticultural Science. 1930;27:370-373

[2] Calderone NW. Insect pollinated crops, insect pollinators and US agriculture: Trend 
analysis of aggregate data for the period 1992-2009. PLoS One. 2012;7(5):1-27

[3] Sedgley M. Self-incompatibility in woody horticultural species. Genetic Co. E. G. 
Williams AEC RBK, editor. London: Kluwer Academic Publishers, Dordrecht; Boston; 
1994. pp. 141-163

[4] Klatt BK, Holzschuh A, Westphal C, Clough Y, Smit I, Pawelzik E, et al. Bee pollina-
tion improves crop quality, shelf life and commercial value. Philosophical Transactions 
of the Royal Society B: Biological Sciences. 2013;281(1775):20132440-20132440. Available 
from: http://rspb.royalsocietypublishing.org/cgi/doi/10.1098/rspb.2013.2440

[5] Wietzke A, Westphal C, Kraft M, Gras P, Tscharntke T, Pawelzik E, et al. Pollination as 
a key factor for strawberry fruit physiology and quality. Berichte aus dem Jul Kühn-
Institut. 2016;183:49

[6] Ayerza R, Coates W. Supplemental pollination - increasing olive (Olea europaea) yields 
in hot, arid environments. Experimental Agriculture. 2004;40(4):481-491

[7] Hopping ME, Hacking NJ. A comparison of pollen application methods for the artifi-
cial pollination of kiwifruit. Vol. 139, Fruit Set and Development XXI IHC 139. 1982. 
pp. 41-50

[8] Tacconi G, Michelotti V, Cacioppo O, Vittone G. Kiwifruit pollination: The  interaction 
between pollen quality, pollination systems and flowering stage. Journal of Berry Research. 
2016;6:417-426

Artificial Pollination in Kiwifruit and Olive Trees
http://dx.doi.org/10.5772/intechopen.74831

77



4.3. Conclusions

Regarding the practical application, these preliminary results confirm the possibility to 
improve olive yield by pollination and aim to understand the better moment for pollina-
tion in relation to the flowering stage during flowering. The pollination technique can also 
be used to balance the vegetative-reproductive balance of the plant and mitigate the alter-
nation of production. Of course, the pollination must be inserted in a context of adequate 
agronomic management in order to support the greater production. In this sense, plants 
with a great fruit set must be “prepared” to support a larger production: fertilization and 
irrigation must adequately satisfy the major removal of the plant, pruning must balance 
vegetative and reproductive aspects and must be done every year, and, during the sum-
mer, plant protection must be applied in order not to vain all the improvements. Using the 
methods described (Figure 4), it is possible to set up experiments that allow to investigate 
the pollination process in more detail in order to understand, also at the molecular level 
(Figures 14 and 15), the fertilization, the fruitlet drop, and the alternate bearing. These 
experiments will help also to elucidate the real cultivar cross compatibility: conflicting 
reports about the classification of pollen compatibility exist. Often, these classifications 
came from field observation with contradictory results obtained in different locations and 
years [33, 34, 36, 42], and one of the main constraints is the overlapping of flowering period. 
The possibility to collect and store pollen for many years allows to test the compatibility of 
varieties with very different flowering times: it is possible also pollinate an early flowering 
variety with the pollen taken from a late flowering ones. Moreover, it is possible to estab-
lish a pollen bank for the farmers and for research purposes and identify some varieties 
with the higher compatibility producing the higher amount of pollen and perhaps a uni-
versal pollinizer. It could be interesting to develop also a super-intensive orchard where 
mechanized pollen collecting will be possible, analogously to the mechanical fruit harvest-
ing, whereas the pollen spreading could be easily mechanized with blower for the tractor 
(already used in kiwifruit as reported in www.biotac.it) or with drones. Unlike happen in 
kiwifruit, in olive tree the pollination technique is at the begin but with very interesting 
perspectives.

Acknowledgements

We thank the cooperation of the following: for kiwifruit trials Graziano Vittone and Luca Nari 
(www.agrion.it), Laura Astegiano, Andrea Bonetti, Lorenzo Tacconi, and Ottavio Cacioppo 
(www.kiwiinforma.it); for olive trials in Italy Simone Frusca, Nicola Berini, Elena Savoldi, 
Emanuele Ghirardelli, Matteo Ghilardi, Elia Belotti, Paolo Zani (www.aipol.bs.it), and 
Gianfranco D’Isola; and for olive trials in Japan Yoko Nakajima and Vincenzo Andreacchio 
(http://www.aisitalia.it/olio-extra-vergine-di-oliva-made-in-japan.aspx#.WlueCjdJnFg). All 
the experiments and field trials were done without specific founding, except for the trials 
conducted by AIPOL. Parts of the chapter was taken from our previously published papers, 
with the permission of the coauthors.

Pollination in Plants76

Competing interests

The authors declare that the research was conducted in the absence of any commercial or 
financial relationships that could be construed as a potential conflict of interest.

Author details

Tacconi Gianni* and Michelotti Vania

*Address all correspondence to: gianni.tacconi@crea.gov.it

CREA Research Centre for Genomics and Bioinformatics, Consiglio per la Ricerca in 
Agricoltura e l'analisi dell'economia agraria (CREA), Fiorenzuola d’Arda, Piacenza, Italy

References

[1] MacDaniels LH. The possibilities of hand pollination in the orchard on a commercial 
scale. Proceedings of the American Society for Horticultural Science. 1930;27:370-373

[2] Calderone NW. Insect pollinated crops, insect pollinators and US agriculture: Trend 
analysis of aggregate data for the period 1992-2009. PLoS One. 2012;7(5):1-27

[3] Sedgley M. Self-incompatibility in woody horticultural species. Genetic Co. E. G. 
Williams AEC RBK, editor. London: Kluwer Academic Publishers, Dordrecht; Boston; 
1994. pp. 141-163

[4] Klatt BK, Holzschuh A, Westphal C, Clough Y, Smit I, Pawelzik E, et al. Bee pollina-
tion improves crop quality, shelf life and commercial value. Philosophical Transactions 
of the Royal Society B: Biological Sciences. 2013;281(1775):20132440-20132440. Available 
from: http://rspb.royalsocietypublishing.org/cgi/doi/10.1098/rspb.2013.2440

[5] Wietzke A, Westphal C, Kraft M, Gras P, Tscharntke T, Pawelzik E, et al. Pollination as 
a key factor for strawberry fruit physiology and quality. Berichte aus dem Jul Kühn-
Institut. 2016;183:49

[6] Ayerza R, Coates W. Supplemental pollination - increasing olive (Olea europaea) yields 
in hot, arid environments. Experimental Agriculture. 2004;40(4):481-491

[7] Hopping ME, Hacking NJ. A comparison of pollen application methods for the artifi-
cial pollination of kiwifruit. Vol. 139, Fruit Set and Development XXI IHC 139. 1982. 
pp. 41-50

[8] Tacconi G, Michelotti V, Cacioppo O, Vittone G. Kiwifruit pollination: The  interaction 
between pollen quality, pollination systems and flowering stage. Journal of Berry Research. 
2016;6:417-426

Artificial Pollination in Kiwifruit and Olive Trees
http://dx.doi.org/10.5772/intechopen.74831

77



[9] Vaknin Y, Gan-Mor S, Bechar A, Ronen B, Eisikowitch D. Improving pollination of 
almond (Amygdalus communis L., Rosaceae) using electrostatic techniques. The Journal 
of Horticultural Science and Biotechnology. 2001;76(2):208-212

[10] Dicenta F, Ortega E, Cánovas JA, Egea J. Self-pollination vs. cross-pollination in almond: 
Pollen tube growth, fruit set and fruit characteristics. Plant Breeding. 2002;121(2):163-167

[11] Karimi HR, Mohammadi N, Estaji A, Esmaeilizadeh M. Effect of supplementary pollina-
tion using enriched pollen suspension with Zn on fruit set and fruit quality of pistachio. 
Scientia Horticulturae (Amsterdam). 2017;216:272-7

[12] Vaknin Y, Gan-Mor S, Bechar A, Ronen B, Eisikowitch D. Effects of  supplementary pollina-
tion on cropping success and fruit quality in pistachio. Plant Breeding. 2002;121(5):451-455

[13] Ellena M, Sandoval P, Gonzalez A, Galdames R, Jequier J, Contreras M, et al. Preliminary 
results of supplementary pollination on hazelnut in south Chile. Acta Horticulturae. 
2014;1052:121-128

[14] Wallace HM, Vithanage V, Exley EM. The effect of supplementary pollination on nut set 
of macadamia (Proteaceae). Annals of Botany. 1996;78(6):765-773

[15] Howlett BG, Nelson WR, Pattemore DE, Gee M. Pollination of macadamia: Review and 
opportunities for improving yields. Scientia Horticulturae. 2015;197:411-419

[16] Awad MA. Pollination of date palm {Phoenix dactylifera L. cv. Khenazy by pollen grain-
water suspension spray. Journal of Food, Agriculture and Environment. 2010;8(3-4 
PART 1):313-317

[17] Chao CCT, Krueger RR. The date palm (Phoenix dactylifera L.): Overview of biology, uses, 
and cultivation. HortScience. 2007;42(5):1077-1082

[18] Hopping ME, Jerram EM. Pollination of kiwifruit (Actinidia chinensis planch.): Stigma-
style structure and pollen tube growth. New Zealand Journal of Botany. 1979;17:233-240

[19] King MJ, Ferguson AM. Collection and use of dry pollen for pollination of kiwifruit. 
New Zealand Journal of Crop and Horticultural Science. 1991;19(4):385-389

[20] Cacioppo O. Impollinazione artificiale dell’actinidia con il metodo neozelandese a spru-
zzo vaporizzato. L’Informatore Agrar. 1992;XL VIII(4)

[21] Costa G, Testolin R, Vizzotto G. Kiwifruit pollination: An unbiased estimate of wind and bee 
contribution. New Zealand Journal of Crop and Horticultural Science. 1993;21(2):189-195

[22] Spada G. Note sulla biologia fiorale dell’Actinidia. Kiwi Informa. 2005;10-12:35-43

[23] Donati I, Buriani G, Cellini A, Mauri S, Costa G, Spinelli F. New insights on the bacte-
rial canker of kiwifruit (Pseudomonas syringae pv. Actinidiae). Journal of Berry Research. 
2014;4(2):53-67

[24] Antunes MDC, Oliveira M, Teixeira M, Veloso A, Veloso F, Panagopoulos T. Evaluation 
of the effect of complementary pollination on Actinidia deliciosa “Hayward” in north-
west Portugal. Acta Horticulturae. 2007:347-352

Pollination in Plants78

[25] Aipol. Impollinazione artificiale dell’olivo, una strada praticabile? [Internet]. 2015. 
Available from: http://www.teatronaturale.it/strettamente-tecnico/l-arca-olearia/21248-
impollinazione-artificiale-dell-olivo-una-strada-praticabile.htm

[26] Tacconi G, Rizza F. Pollen quality for kiwifruit pollination. Italus Hortus. 2009;15(5): 
139-143

[27] Heidmann I, Schade-Kampmann G, Lambalk J, Ottiger M, Di Berardino M. Impedance 
flow cytometry: A novel technique in pollen analysis. PLoS One. 2016;11(11):1-15

[28] Salinero MC, Vela P, Sainz MJ. Phenological growth stages of kiwifruit (Actinidia deliciosa 
“Hayward”). Scientia Horticulturae (Amsterdam). 2009;121(1):27-31

[29] Ateyyeh AF, Stösser R, Qrunfleh M. Reproductive biology of the olive (Olea europaea l.) 
cultivar “nabali baladi.” Journal of Applied Botany. 2000;74(5-6):255-270

[30] Reale L, Sgromo C, Bonofiglio T, Orlandi F, Fornaciari M, Ferranti F, et al. Reproductive 
biology of olive (Olea europaea L.) DOP Umbria cultivars. Sexual Plant Reproduction. 
2006;19(4):151-161

[31] Griggs WH, Hartmann HT, Bradley MV, Iwakiri BT, Whisler J. Olive pollination in 
California. California Agricultural Experimental Station, Bulletin 869. 1975

[32] Spinardi A, Bassi D. Olive fertility as affected by cross-pollination and boron. The 
Scientific World Journal [Internet]. 2012;2012:1-8. Available from: http://www.hindawi.
com/journals/tswj/2012/375631/

[33] Rugini E, Baldoni L, Muleo R, Sebastiani L. The Olive Tree Genome. 1st ed. In: Rugini E, 
Baldoni L, Muleo R, Sebastiani L, editors. Springer International Publishing; 2016. http://
www.springer.com/la/book/9783319488868

[34] Olea FP. Trattato di olivicoltura. Edagricole: Bologna; 2003

[35] Mazzeo A, Palasciano M, Gallotta A, Camposeo S, Pacifico A, Ferrara G. Amount and 
quality of pollen grains in four olive (Olea europaea L.) cultivars as affected by “on” and 
“off” years. Scientia Horticulturae (Amsterdam). 2014;170:89-93

[36] Fabbri A, Bartolini G, Lambardi M, Kailis SG. Olive Propagation Manual. Collingwood, 
VIC: Landlinks Press; 2004

[37] Cuevas J, Rapoport HF, Rallo L. Relationships among reproductive processes and fruit-
let abscission in Arbequina’ olive. Advances in Horticultural Science. 1995;9(2):92-96

[38] Rosati A, Caporali S, Paoletti A, Famiani F. Pistil abortion is related to ovary mass in 
olive (Olea europaea L.). Scientia Horticulturae (Amsterdam). 2011;127(4):515-519

[39] Rapoport HF, Rallo L. Postanthesis flower and fruit abscission in Manzanillo olive. 
Journal of the American Society for Horticultural Science. 1991;116:720-723

[40] Cantini Claudio. L’impollinazione artificiale dell’olivo, un’opportunità per le annate 
di scarica [Internet]. 2017. Available from: http://www.teatronaturale.it/strettamente-
tecnico/l-arca-olearia/24318-l-impollinazione-artificiale-dell-olivo-un-opportunita-per-
le-annate-di-scarica.htm

Artificial Pollination in Kiwifruit and Olive Trees
http://dx.doi.org/10.5772/intechopen.74831

79



[9] Vaknin Y, Gan-Mor S, Bechar A, Ronen B, Eisikowitch D. Improving pollination of 
almond (Amygdalus communis L., Rosaceae) using electrostatic techniques. The Journal 
of Horticultural Science and Biotechnology. 2001;76(2):208-212

[10] Dicenta F, Ortega E, Cánovas JA, Egea J. Self-pollination vs. cross-pollination in almond: 
Pollen tube growth, fruit set and fruit characteristics. Plant Breeding. 2002;121(2):163-167

[11] Karimi HR, Mohammadi N, Estaji A, Esmaeilizadeh M. Effect of supplementary pollina-
tion using enriched pollen suspension with Zn on fruit set and fruit quality of pistachio. 
Scientia Horticulturae (Amsterdam). 2017;216:272-7

[12] Vaknin Y, Gan-Mor S, Bechar A, Ronen B, Eisikowitch D. Effects of  supplementary pollina-
tion on cropping success and fruit quality in pistachio. Plant Breeding. 2002;121(5):451-455

[13] Ellena M, Sandoval P, Gonzalez A, Galdames R, Jequier J, Contreras M, et al. Preliminary 
results of supplementary pollination on hazelnut in south Chile. Acta Horticulturae. 
2014;1052:121-128

[14] Wallace HM, Vithanage V, Exley EM. The effect of supplementary pollination on nut set 
of macadamia (Proteaceae). Annals of Botany. 1996;78(6):765-773

[15] Howlett BG, Nelson WR, Pattemore DE, Gee M. Pollination of macadamia: Review and 
opportunities for improving yields. Scientia Horticulturae. 2015;197:411-419

[16] Awad MA. Pollination of date palm {Phoenix dactylifera L. cv. Khenazy by pollen grain-
water suspension spray. Journal of Food, Agriculture and Environment. 2010;8(3-4 
PART 1):313-317

[17] Chao CCT, Krueger RR. The date palm (Phoenix dactylifera L.): Overview of biology, uses, 
and cultivation. HortScience. 2007;42(5):1077-1082

[18] Hopping ME, Jerram EM. Pollination of kiwifruit (Actinidia chinensis planch.): Stigma-
style structure and pollen tube growth. New Zealand Journal of Botany. 1979;17:233-240

[19] King MJ, Ferguson AM. Collection and use of dry pollen for pollination of kiwifruit. 
New Zealand Journal of Crop and Horticultural Science. 1991;19(4):385-389

[20] Cacioppo O. Impollinazione artificiale dell’actinidia con il metodo neozelandese a spru-
zzo vaporizzato. L’Informatore Agrar. 1992;XL VIII(4)

[21] Costa G, Testolin R, Vizzotto G. Kiwifruit pollination: An unbiased estimate of wind and bee 
contribution. New Zealand Journal of Crop and Horticultural Science. 1993;21(2):189-195

[22] Spada G. Note sulla biologia fiorale dell’Actinidia. Kiwi Informa. 2005;10-12:35-43

[23] Donati I, Buriani G, Cellini A, Mauri S, Costa G, Spinelli F. New insights on the bacte-
rial canker of kiwifruit (Pseudomonas syringae pv. Actinidiae). Journal of Berry Research. 
2014;4(2):53-67

[24] Antunes MDC, Oliveira M, Teixeira M, Veloso A, Veloso F, Panagopoulos T. Evaluation 
of the effect of complementary pollination on Actinidia deliciosa “Hayward” in north-
west Portugal. Acta Horticulturae. 2007:347-352

Pollination in Plants78

[25] Aipol. Impollinazione artificiale dell’olivo, una strada praticabile? [Internet]. 2015. 
Available from: http://www.teatronaturale.it/strettamente-tecnico/l-arca-olearia/21248-
impollinazione-artificiale-dell-olivo-una-strada-praticabile.htm

[26] Tacconi G, Rizza F. Pollen quality for kiwifruit pollination. Italus Hortus. 2009;15(5): 
139-143

[27] Heidmann I, Schade-Kampmann G, Lambalk J, Ottiger M, Di Berardino M. Impedance 
flow cytometry: A novel technique in pollen analysis. PLoS One. 2016;11(11):1-15

[28] Salinero MC, Vela P, Sainz MJ. Phenological growth stages of kiwifruit (Actinidia deliciosa 
“Hayward”). Scientia Horticulturae (Amsterdam). 2009;121(1):27-31

[29] Ateyyeh AF, Stösser R, Qrunfleh M. Reproductive biology of the olive (Olea europaea l.) 
cultivar “nabali baladi.” Journal of Applied Botany. 2000;74(5-6):255-270

[30] Reale L, Sgromo C, Bonofiglio T, Orlandi F, Fornaciari M, Ferranti F, et al. Reproductive 
biology of olive (Olea europaea L.) DOP Umbria cultivars. Sexual Plant Reproduction. 
2006;19(4):151-161

[31] Griggs WH, Hartmann HT, Bradley MV, Iwakiri BT, Whisler J. Olive pollination in 
California. California Agricultural Experimental Station, Bulletin 869. 1975

[32] Spinardi A, Bassi D. Olive fertility as affected by cross-pollination and boron. The 
Scientific World Journal [Internet]. 2012;2012:1-8. Available from: http://www.hindawi.
com/journals/tswj/2012/375631/

[33] Rugini E, Baldoni L, Muleo R, Sebastiani L. The Olive Tree Genome. 1st ed. In: Rugini E, 
Baldoni L, Muleo R, Sebastiani L, editors. Springer International Publishing; 2016. http://
www.springer.com/la/book/9783319488868

[34] Olea FP. Trattato di olivicoltura. Edagricole: Bologna; 2003

[35] Mazzeo A, Palasciano M, Gallotta A, Camposeo S, Pacifico A, Ferrara G. Amount and 
quality of pollen grains in four olive (Olea europaea L.) cultivars as affected by “on” and 
“off” years. Scientia Horticulturae (Amsterdam). 2014;170:89-93

[36] Fabbri A, Bartolini G, Lambardi M, Kailis SG. Olive Propagation Manual. Collingwood, 
VIC: Landlinks Press; 2004

[37] Cuevas J, Rapoport HF, Rallo L. Relationships among reproductive processes and fruit-
let abscission in Arbequina’ olive. Advances in Horticultural Science. 1995;9(2):92-96

[38] Rosati A, Caporali S, Paoletti A, Famiani F. Pistil abortion is related to ovary mass in 
olive (Olea europaea L.). Scientia Horticulturae (Amsterdam). 2011;127(4):515-519

[39] Rapoport HF, Rallo L. Postanthesis flower and fruit abscission in Manzanillo olive. 
Journal of the American Society for Horticultural Science. 1991;116:720-723

[40] Cantini Claudio. L’impollinazione artificiale dell’olivo, un’opportunità per le annate 
di scarica [Internet]. 2017. Available from: http://www.teatronaturale.it/strettamente-
tecnico/l-arca-olearia/24318-l-impollinazione-artificiale-dell-olivo-un-opportunita-per-
le-annate-di-scarica.htm

Artificial Pollination in Kiwifruit and Olive Trees
http://dx.doi.org/10.5772/intechopen.74831

79



[41] Ferrara G, Camposeo S, Palasciano M, Godini A. Comparison between two pollen qual-
ity evaluation methods and germination in Olive (Olea europaea L.). Acta Horticulturae. 
2012;949:227-230

[42] Bartolini S, Guerriero R. Self-compatibility in several clones of oil olive cv. Leccino. 
Advances in Horticultural Science. 1995;9(2):71-74

Pollination in Plants80

Chapter 6

Pollen Germination in vitro

Jayaprakash P

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75360

Provisional chapter

DOI: 10.5772/intechopen.75360

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Pollen Germination in vitro

Jayaprakash P

Additional information is available at the end of the chapter

Abstract

Pollen germination in vitro is a reliable method to test the pollen viability. It also 
addresses many basic questions in sexual reproduction and particularly useful in wide 
hybridization. Many pollen germination medium ranging from simple sugars to complex 
one having vitamins, growth regulators, etc. in addition to various minerals have been 
standardized to germinate pollen artificially. The different media, successful pollen ger-
mination methods, procedures from pollen germination studies with wheat, rye, brinjal, 
pigeonpea and its wild relatives are discussed.

Keywords: in vitro pollen germination, grasses, PGM, pollen germination method

1. Introduction

Pollen germination in the stigmatic tissue of Portulaca was first observed as early as 1824 
by Amici and later he observed the germinating pollen tube entering ovule. Pollen acts as 
a vehicle for the transfer of male gametes to embryo of female plant. Pollen viability is an 
important factor in successful hybridization which may last from few minutes mostly in self-
pollinated crops to many hours or days in cross pollinated crops. Assessing pollen viability 
is very crucial in artificial pollination especially involving different species or genera. Among 
diverse techniques used to assess pollen viability, in vitro pollen germination is the most reli-
able method. Pollen has been germinated in variety of media which differs from species to 
species and even for different varieties of a crop [1, 2]. Linskens [3] used simple sucrose/boric 
acid media and later many complex medium have been reported with addition of polyeth-
ylene glycol, various amino acids, etc. [4–6]. Among the many PGMs the one developed by 
Brewbaker and Kwack [7] has been widely used with some alterations.
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A brief discussion was made in this chapter to develop a pollen germination protocol for a 
crop/species.

2. Different pollen germination media and methods

2.1. Pollen germination medium

The composition of some of the successful media used pollen germination are given below

Brewbaker and Kwack medium [7]

• 10% sucrose

• 100 mg l−1 boric acid

• 300 mg l−1 calcium nitrate

• 200 mg l−1 magnesium sulfate

• 100 mg l−1 potassium nitrate

Roberts medium [8]

• 20% sucrose

• 10 mg l−1 boric acid

• 362 mg l−1 calcium chloride

• 100 mg l−1 potassium nitrate

• Tris 60–130 mg l−1

PEG medium [4]

• 0.1 to 1.1 M PEG 400,

• 100 mg l−1 Boric acid

EACA medium [1]

Raffinose medium [9].

• 0.75 M raffinose,

• 37.5% sucrose

• 15% PEG 4000

• 250 mg l−1 boric acid

• 300 mg l−1 calcium 
nitrate

• 100 mg l−1 potassium nitrate

• 200 mg l−1 magnesium sulfate

• E amino caproic acid (EACA)-0, 100, 250, 500, 750 or 
1000 mg l−1

• 1% agar
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• 100 mg l−1 boric acid,

• 300 mg l−1 calcium chloride

Peptone PGM of Wheat [2] (Figure 1)

Tryptone PGM of rye [10]

Agarose medium [11]:

A basic medium contains a sugar, calcium nitrate and boric acid to which poly ethylene gly-
col, vitamins, amino acids, growth regulators etc. are added to make a complete pollen germi-
nation medium. The pH and temperatures are also important factors.

2.2. Pollen germination methods

Pollen is collected from freshly opened flowers and enough pollen is dusted over medium 
and culture by any one of the following methods:

• Cavity slide technique (Rangaswamy and Shivanna [12, 13]) : It is used for liquid pollen 
germination medium(PGM). A drop of medium is placed in the cavity, pollen is dusted 
over and it is covered with a dust free cover slip with its periphery sealed with Vaseline. It 
creates a required relative humidity inside. The slide is placed inversely over a pair of glass 

• 19% Maltose

• 13% PEG 6000

• 50 mg l−1 boric acid

• 30 mg l−1 calcium nitrate

• 80–100 mg l−1 peptone

• BK salts

• 1% agar

• 19% Maltose

• 13% PEG 6000

• 50 mg l−1 boric acid

• 30 mg l−1 calcium nitrate

• BK salts

• 1% agar

• 0.5% agarose

• 18% sucrose

• 0.01% boric acid

• 1 mM CaCl2

• 1 mM Ca(NO3)2

• 1 mM KCl

• 0.03% casein enzymatic hydrolysate

• 0.01% myoinositol

• 0.01% ferric ammonium citrate

• 0.25 mM spermidine
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rods in a humid chamber. A Petri dish is used as humid chamber where a moist filter paper 
is placed inside the lid.

• Agarified medium in Petri dishes [14]: Pollen was extracted from fresh buds (with bud 
break) and was spread evenly on a drop of medium in a Petri dish and covered with Petri 
plate lined with moist filter paper. The plats were incubated in a BOD incubator with a 
temperature of 18°C/20.5°C depending on the pollen sample

• PGM droplet technique [15]: In a Petri dish a droplet of pollen germination medium was 
placed using a glass rod. Thus drops of different media could be placed within few centime-
ter distance between them For example nine media can be placed in 3 × 3 fashion (Figure 2).

Further in order to have a better visualization, a drop of stain was placed carefully over the 
medium droplet before observation. The extra stain was removed with a piece of dried filter 
paper. (Acetocarmine, and components of Alexander stain viz., Malachite green, Orange G, 
Aniline Blue and acid fuchsine may be used).

• The cellulose membrane/agarose culture apparatus [11]: Rectangular agarose pad was 
prepared over a microscopic slide with PGM containing 0.5% agarose. Appropriate size of 
cellulose membrane was cut and layered over agarose pad. The pollen is placed over the 
membrane and cultured in a moist chamber.

1-Medium A

4-Medium D

7-Medium G

2-Medium B

5-Medium E

8-Medium H

3-Medium C

6-Medium F

9-Medium I

Figure 1. Wheat in vitro pollen germination (a) initiation of pollen germination (b, c, d) pollen germination after 5, 10, 
and 15 min of incubation.
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In our experiments initially liquid medium was used but profuse pollen bursting was seen due 
to quick hydration. To overcome this problem later agarified media were used by adding 0.5 to 
1% agar to pollen germination medium. PGM droplet technique is a further refined technique 
which may be used effectively to fix the initial levels of inorganic salts level for factorial experi-
ments. Each season, at least 200–300 fresh media were prepared and tested. This allowed large 
number of media to be tested in a single day, thus avoiding preparation of fresh medium each 
time and furthermore, more than two genotypes or species could be tested simultaneously.

3. Effect of different components of pollen germination medium 
(PGM) on pollen germination

Sugars: The sugar in the medium acts as an osmotic regulant which regulates the diffusion rate 
of water from the medium into pollen grains [16] and sucrose is generally used in PGM. The 
failure of pollen to germinate and its bursting may indicate lack of sugars within pollen grains 
and critical dependence on external supply. Sucrose has given satisfactory pollen germination 
for pigeonpea, wild pigeonpeas and wild brinjals whereas it was a poor osmatic regulant for 
pollen of wheat, rye and brinjal. Maltose was used as carbon source for these species.

Boron and calcium nitrate: The mineral requirements are also different for any two species. 
Pollen grains are believed to be deficient in boron, which is normally compensated by high 
levels of boron present in stigma and style. Boron combines with sugar to form a sugar-borate 
complex which facilitates translocation of sugar molecules. Boron is reported to be toxic to 
plants even at as low as 5.1 ppm [17]. However, pollen seems to tolerate very high concen-
tration of boron. Visser [18] showed that certain species of crop plants require as much as 
1200 ppm boric acid for optimal germination and tube growth. Boron deficiency leads to pol-
len tube bursting as its required in the pollen wall structure [19]. Calcium is involved in cat-
ionic balance and is essential for tube elongation [7]. Pollen germination involves many ions 
with Ca2+ as the key player and extracellular calcium proved essential for pollen tip growth 
[20]. It was observed that the grass pollen (wheat and rye) requires very low levels of these 
minerals (30–50 mg l−1) as compared to the dicots (pigeonpea and brinjal) (300–400 mg l−1).

Figure 2. PGM droplet technique. (a) Incubation chamber showing 3 × 3 combination of media; (b) unstained pollen 
tubes; (c) pollen tube with acid fuchsine.
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Polyethylene glycol (PEG): It is known to be a non-penetrating osmotic agent that 
decreases water potential of culture medium [21]. In pollen grains, PEG is considered to 
regulate the permeability of plasma membrane and to give stability to the pollen tube 
membrane [6] and to give stability to the pollen tube membrane. PEG of different molecu-
lar weight has been in pollen cultures of different species and in all cases it has a promon-
tory effect [4, 6, 22]. Generally 10–15% of PEG was added to PGM. PEG 4000 was preferred 
for pigeonpea and brinjal whereas wheat and rye pollen germination satisfactorily with 
addition of PEG 6000.

Peptone: Inclusion of peptone arrested pollen tip bursting in wheat at concentration 
80–120 mg l−1which was used in PGM for the first time [2]. Peptone has been used in plant 
tissue culture for various effects such as induction of shoot regeneration in avocado [23], pro-
motion of hairy root formation in ginseng [24] etc. Addition of peptone, contained pollen tube 
burst to a great extent, it was less than 20% as compared to >85% in the medium which is 
devoid of peptone however, the level of peptone varied with genotypes.

ε‐Amino caproic acid (EACA): It is an amino acid derivative, a saturated six carbon fatty acid 
(C6H12O2, CH3(CH2)4-COOH) which occurs in milk fats. This immunosuppressor has been 
used to overcome self-incompatibility and incongruity in Phaseolus [25] and Vigna [26, 27]. It 
has been used as a component of PGM of pigeonpea for the first time [1] and subsequently in 
the medium of wheat and rye [2, 10].

Tryptone: It was good growth-stimulating nitrogen sources used in the cultivation of 
Trichoderma hamatum and T. harzianum [28]. It was found to be the best organic nitrogen 
source for kefiran production by Lactobacillus kefiranofaciens (Dainiel et al., 2015), asparagi-
nase production from Enterobacter cloacae [29], production of biosurfactant by Bacillus sub-
tilis [30]. In rye pollen germination, tryptone at 50–75 mg concentration gave satisfactory 
and reproducible level of pollen germination [2].

Besides many organic supplements were added to the PGM to enhance smooth pollen tube 
growth such as casein hydrolysate, vitamins etc.

4. A protocol to standardize in vitro pollen germination medium

To standardize pollen germination medium for any crop initially a set of media are used. 
Based on the response, one of the media is picked up and modified. Here a procedure to 
develop a PGM for pigeonpea and its wild species is discussed. Initially two sets of key 
media(PGM) were used Set I consisted of Brewbaker and Kwack (BK) medium [7] with 1% 
agar at different levels of sucrose viz., 10, 20, 30 and 40% (A–D). With the addition of polyeth-
ylene glycol (PEG) 4000 at 15% concentration to each of A, B, C and D; the media E, F, G and 
H, respectively, were obtained. These were designated as Set II.

Composition of Brewbaker and Kwack’s (BK) medium
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Key media

Based on the germination/initiation of germination and bursting of pollen, one of the 
key media was first selected (Figure 3). The complete medium for each species was then 
standardized by altering the concentration of sucrose, boric acid and/or calcium nitrate 
one by one to obtain maximum pollen germination and good pollen tube growth. First 
sucrose concentration and temperature were varied to prevent bursting of pollen before 
germination. Secondly, varying concentrations of boric acid was tried viz., 50, 100, … 
300 ppm keeping 300 ppm of calcium nitrate (as in BK medium) and other components 
unchanged. Lastly, the optimum concentration of calcium nitrate was determined (100, 
200, … 600 ppm). The observations were recoded for three best concentrations of each 
boric acid and calcium nitrate.

4.1. Standardization of in vitro pollen germination medium for C. platycarpus

In the medium (B) containing 20% sucrose, 1% agar and standard Brewbaker and Kwack 
medium’s salts, pollen of C. platycarpus showed 99.15% germination and tube length over 
172 μm in 1 h duration at 20.5°C. Lowering the concentration of sucrose to 10% (medium A) 
and leaving other constituents unchanged gave 61.60% germination with a mean tube length 
of over 83.88 μm. Though the medium (C) containing 30% sucrose gave 94.25% germination, 
the tube length was reduced considerably (33 μm), also pollen tube burst at the tips.

The best medium which gave 99.15% germination for in vitro pollen germination and pollen 
tube growth of C. platycarpus was

Sucrose 10%

Boric acid 100 mg l−1

Calcium nitrate 300 mg l−1

Potassium nitrate 100 mg l−1

Magnesium sulfate 200 mg l−1
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Polyethylene glycol (PEG): It is known to be a non-penetrating osmotic agent that 
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4. A protocol to standardize in vitro pollen germination medium

To standardize pollen germination medium for any crop initially a set of media are used. 
Based on the response, one of the media is picked up and modified. Here a procedure to 
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Composition of Brewbaker and Kwack’s (BK) medium
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Key media

Based on the germination/initiation of germination and bursting of pollen, one of the 
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standardized by altering the concentration of sucrose, boric acid and/or calcium nitrate 
one by one to obtain maximum pollen germination and good pollen tube growth. First 
sucrose concentration and temperature were varied to prevent bursting of pollen before 
germination. Secondly, varying concentrations of boric acid was tried viz., 50, 100, … 
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172 μm in 1 h duration at 20.5°C. Lowering the concentration of sucrose to 10% (medium A) 
and leaving other constituents unchanged gave 61.60% germination with a mean tube length 
of over 83.88 μm. Though the medium (C) containing 30% sucrose gave 94.25% germination, 
the tube length was reduced considerably (33 μm), also pollen tube burst at the tips.

The best medium which gave 99.15% germination for in vitro pollen germination and pollen 
tube growth of C. platycarpus was
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Sucrose 20%

Boric acid 100 mg l−1

Calcium nitrate 300 mg l−1

Magnesium sulfate 200 mg l−1

Potassium nitrate 100 mg l−1

Agar 1%

Temperature 20.5 ± 2°C

Figure 3. Procedure for standardization of in vitro pollen germination medium of Cajanus spp.
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4.2. Standardization of in vitro pollen germination medium for C. volubilis

On key media G (from Set II) the pollen of C. volubilis showed initiation of germination (bud-
ding) but almost all pollen grain showed bursting before or after budding. To contain bursting 
of pollen, sucrose level was increased to 35% and also the temperature was reduced to 18°C.

In order to improve germination, first boric acid concentration was altered keeping Ca(NO3)2 
at 300 ppm. At 250 ppm, maximum pollen germination was obtained (approximately 63%) and 
increasing or decreasing boric acid concentration over 250 ppm did not improve germination.

Then, the concentration of calcium nitrate was modified keeping boric acid concentration at 
250 ppm to further improve the germination of C. volubilis pollen. At 100 ppm Ca(NO3)2, pol-
len of C. volubilis showed 94.6% germination and pollen tube growth of 27.47 μm. C. volubilis 
showed 94.26% germination and pollen tube growth of 27.47 μm. Increasing the Ca(NO3)2 
concentration to 200 ppm showed. The complete pollen germination medium for C. volubilis 
has the following constituents:

This gives 94.26% pollen germination.

4.3. Standardization of in vitro pollen germination media for C. cajan vars. Pusa 33 
and IMS‐1

In the medium D (Set I) only initiation of germination was observed whereas no germination 
was observed in media A, B and C. On varying the concentrations of boric acid and calcium 
nitrate, it was observed that the medium with 40% sucrose, 250 ppm H3BO3, 300 ppm Ca 
(NO3)2, 1% agar and BK salts gave 43.80% germination with abnormal pollen tubes.

From Set II, medium G showed over 45% germination (Figure 2) but there was a lot of 
bursting of pollen grains; medium F also showed little germination. To control the burst-
ing of pollen grains sucrose level was raised to 37.5% and further, different combinations 
of boric acid and calcium nitrate were tried. Even though over 87% germination was seen, 
almost all the pollen grains showed bursting after germination. Among the permutations 

Sucrose 35%

Calcium nitrate 100 mg l−1

Potassium nitrate 100 mg l−1

Magnesium sulfate 200 mg l−1

Polyethylene glycol 15%

Agar 1%

Temperature 18 ± 1°C
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4.2. Standardization of in vitro pollen germination medium for C. volubilis
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ding) but almost all pollen grain showed bursting before or after budding. To contain bursting 
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at 300 ppm. At 250 ppm, maximum pollen germination was obtained (approximately 63%) and 
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showed 94.26% germination and pollen tube growth of 27.47 μm. Increasing the Ca(NO3)2 
concentration to 200 ppm showed. The complete pollen germination medium for C. volubilis 
has the following constituents:

This gives 94.26% pollen germination.

4.3. Standardization of in vitro pollen germination media for C. cajan vars. Pusa 33 
and IMS‐1

In the medium D (Set I) only initiation of germination was observed whereas no germination 
was observed in media A, B and C. On varying the concentrations of boric acid and calcium 
nitrate, it was observed that the medium with 40% sucrose, 250 ppm H3BO3, 300 ppm Ca 
(NO3)2, 1% agar and BK salts gave 43.80% germination with abnormal pollen tubes.

From Set II, medium G showed over 45% germination (Figure 2) but there was a lot of 
bursting of pollen grains; medium F also showed little germination. To control the burst-
ing of pollen grains sucrose level was raised to 37.5% and further, different combinations 
of boric acid and calcium nitrate were tried. Even though over 87% germination was seen, 
almost all the pollen grains showed bursting after germination. Among the permutations 
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and combinations of media tried by changing the concentration of boric acid and calcium 
nitrate, six combinations showed better germination (70–80%) but accompanied with 
bursting of pollen tubes.

4.3.1. Pretreatments

In order to standardize optimal media for pollen germination different methods of pre-
conditioning the pollen were attempted. Heat treatment of pollen at 40°C for 30 min or 
at 60°C for 20 min did not improve germination of C. cajan pollen. Pre-hydration for 
30 min in Petri dish lined with moist filter paper also did not improve germination. The 
stamen of pigeonpea is diadelphous (five short and five long stamens). Pollen extracted 
separately from short and long stamens showed approximately 70% germination. Pollen 
extracted from single anthers also showed about 70% germination. Thus, germination 
percentage did not vary between different anthers. Out of six combinations of media 
tried, the PGM with 250 ppm boric acid and 300 ppm calcium nitrate showed maximum 
normal pollen tubes.

Another pre-treatment of pollen was tried by incubating young buds (12 h or 36 h before 
anthesis) at 20.5°C in

(a) Petri dish lined with moist filter paper for 36 h.

(b) Agarified medium containing 37.5% sucrose in (a) for 36 h.

(c) Agarified medium containing 37.5% sucrose +15% PEG in (a) for 36 h

(d) Pollen germination media for 12 h

(e) Pollen germination media for 36 h.

Then upon anther dehiscence, pollen was collected and germination was tested on six differ-
ent media. The pollen from treatments (a), (b) and (c) showed good germination on medium 
G5 but burst soon after.

For treatments (d) and (e) media G1–G6 were used both for pre-treatments and germination 
tests. The pollen from the treatment (d) showed much variation for germination and bursting. 
Pollen extracted from the treatment (e) showed improved germination for C. cajan var. Pusa 
33 and IMS-1. Among the media tested (G1 to G6) the medium (G5) with 250 ppm H3BO3 and 
300 ppm Ca(NO3)2 showed over 92% germination for both varieties. Besides media G3, G4 and 
G6 also showed over 90% germination but there was pollen tube bursting. The result indicated 
pre-treatment of young buds (36 h before anthesis) in PGM (G5) for 36 h and germinating pol-
len in the same PGM gave over 92% germination Ca(NO3)2 some other media (G3, G4 and G6) 
also showed over 90% pollen germination but there was bursting of pollen tubes at tips and 
variation in pollen tube length.

Thus, the complete media for both Pusa-33 and IMS-1 should have the following composition:
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To the above medium EACA at a concentration of 250–750 mg l−1 was added to arrest pollen 
tip bursting.

The results of studies on in vitro pollen germination of Cajanus cajan and its wild species are 
summarized in Table 1.

Based on the initial tests on C. lineatus it was found that modification of medium “G” could 
give optimum germination but due to non-availability of pollen, PGM could not be optimized.

Optimal media composition C. platycarpus C. volubilis C. cajan vars. Pusa‐33 and IMS‐1

Sucrose (%) 20 35 27.5

Boric acid (ppm) 100 250 250

Calcium nitrate (ppm) 300 100 300

Potassium nitrate 100 100 100

Magnesium sulfate 200 200 200

PEG 4000 (%) — 15 15

Agar (%) 1 1 1

Incubation period (h) 1 3 3

Incubation temperature (°C) 20.5 18 20.5

% Pollen germination 99.15 94.26 92.52

Pollen tube length (μm) 172.56 ± 0.315 27.47 ± 0.933 16.34 ± 0.264

Table 1. Results of in vitro pollen germination of C. cajan and its two wild relatives.

Sucrose 37.5%

Boric acid 250 mg l−1

Calcium nitrate 300 mg l−1

Potassium nitrate 100 mg l−1

Magnesium sulfate 300 mg l−1

PEG 4000 15%

Agar 1%

Temperature 20.5 ± 20°C
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and combinations of media tried by changing the concentration of boric acid and calcium 
nitrate, six combinations showed better germination (70–80%) but accompanied with 
bursting of pollen tubes.
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conditioning the pollen were attempted. Heat treatment of pollen at 40°C for 30 min or 
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stamen of pigeonpea is diadelphous (five short and five long stamens). Pollen extracted 
separately from short and long stamens showed approximately 70% germination. Pollen 
extracted from single anthers also showed about 70% germination. Thus, germination 
percentage did not vary between different anthers. Out of six combinations of media 
tried, the PGM with 250 ppm boric acid and 300 ppm calcium nitrate showed maximum 
normal pollen tubes.

Another pre-treatment of pollen was tried by incubating young buds (12 h or 36 h before 
anthesis) at 20.5°C in

(a) Petri dish lined with moist filter paper for 36 h.

(b) Agarified medium containing 37.5% sucrose in (a) for 36 h.

(c) Agarified medium containing 37.5% sucrose +15% PEG in (a) for 36 h

(d) Pollen germination media for 12 h

(e) Pollen germination media for 36 h.

Then upon anther dehiscence, pollen was collected and germination was tested on six differ-
ent media. The pollen from treatments (a), (b) and (c) showed good germination on medium 
G5 but burst soon after.

For treatments (d) and (e) media G1–G6 were used both for pre-treatments and germination 
tests. The pollen from the treatment (d) showed much variation for germination and bursting. 
Pollen extracted from the treatment (e) showed improved germination for C. cajan var. Pusa 
33 and IMS-1. Among the media tested (G1 to G6) the medium (G5) with 250 ppm H3BO3 and 
300 ppm Ca(NO3)2 showed over 92% germination for both varieties. Besides media G3, G4 and 
G6 also showed over 90% germination but there was pollen tube bursting. The result indicated 
pre-treatment of young buds (36 h before anthesis) in PGM (G5) for 36 h and germinating pol-
len in the same PGM gave over 92% germination Ca(NO3)2 some other media (G3, G4 and G6) 
also showed over 90% pollen germination but there was bursting of pollen tubes at tips and 
variation in pollen tube length.

Thus, the complete media for both Pusa-33 and IMS-1 should have the following composition:
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To the above medium EACA at a concentration of 250–750 mg l−1 was added to arrest pollen 
tip bursting.

The results of studies on in vitro pollen germination of Cajanus cajan and its wild species are 
summarized in Table 1.

Based on the initial tests on C. lineatus it was found that modification of medium “G” could 
give optimum germination but due to non-availability of pollen, PGM could not be optimized.

Optimal media composition C. platycarpus C. volubilis C. cajan vars. Pusa‐33 and IMS‐1

Sucrose (%) 20 35 27.5

Boric acid (ppm) 100 250 250

Calcium nitrate (ppm) 300 100 300

Potassium nitrate 100 100 100

Magnesium sulfate 200 200 200

PEG 4000 (%) — 15 15

Agar (%) 1 1 1

Incubation period (h) 1 3 3

Incubation temperature (°C) 20.5 18 20.5

% Pollen germination 99.15 94.26 92.52

Pollen tube length (μm) 172.56 ± 0.315 27.47 ± 0.933 16.34 ± 0.264

Table 1. Results of in vitro pollen germination of C. cajan and its two wild relatives.
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Boric acid 250 mg l−1

Calcium nitrate 300 mg l−1
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4.4. Varietal response to PGMs

It was noticed that there are genotypic differences for pollen germination. In pigeonpea, 
among the genotypes tested, IDTSP51 alone did not require EACA, but for others the 
requirement varied(250–750 mg l−1). Similar response was seen with wheat pollen germina-
tion. The medium supporting more than 90% pollen germination were selected for each 
genotype though some of them showed pollen tube bursting which indicated the need for 
fine tuning of the medium. The genotypes HW 971 and HW 741 responded well in M19 
giving >95% pollen germination and pollen tube length of >400 μm. This is adjudged as the 
best medium since it did not require supplementing either EACA or peptone. It is noted 
that some genotypes (HD 2833, HW 971, HW 1095 etc.) require EACA alone in PGM whose 
response were at par with medium having EACA + peptone. Some varieties such as MACS 
6195, HW 1095 etc. showed better responses (>92% germination) in PGM with a combi-
nation of EACA (500 or 750 mg) and peptone water (100 mg). These varieties responded 
poorly when peptone water was increased beyond 100 mg which reduced the pollen tube 
length (Table 2).

Variety Pollen germination 
medium

Pollen germination 
(%)

Pollen tube length (μm) 
(mean ± S.E)

Range for 
pollen tube 
length (μm)

HD2833 *M19 + 500 E 97.9 418.8 ± 15.39

M19 + 750E 94.32 ± 3.67 667.7142 ± 32.18

M19 + 500 E + 100 P 97.51 ± 2.98 553.75 ± 23.14 334.37–713.00

M19 + 750 E + 100 P 95.38 ± 3.09 334.37 ± 18.39

M19 + 500 E + 120 P 97.12 ± 1.87 680.00 ± 24.255

M19 + 750 E + 120 P 97.22 ± 1.74 713.0 ± 21.55

HW2044 M19 + 500 E 98.02 ± 1.03 265.60 ± 9.88 265.60–467.50

M19 + 750E 98.01 ± 0.076 467.5 ± 9.55

HW5207 M19 + 750E 98.0 ± 0.043 313.529 ± 12.45 246–350.62

M19 + 500 E + 120 P 98 ± 0.054 350.625 ± 14.91

MACS 6145 M19 98.11 ± 0.87 360.58 ± 12.05 360.58–603.13

M19 + 750 E + 100 P 97.21 ± 1.54 603.13 ± 22.48

M19 + 750 E + 120 P 97 2.63 ± 2.11 546.25 ± 26.89

HW 971 M19 + 500 E 98 .13 ± 1.42 462.50 ± 18.76 462.50–551.25

M19 + 500 E + 100 P 98.0 ± 0.6 551.25 ± 25.85

HW 741 M19 98.23 ± 0.042 403.75 ± 21.13 241.87–403.75

M19 + 500 E 97.23 ± 1.99 241.87 ± 8.55

HW1085 M19 + 500 E 98.18 ± 1.11 244.375 ± 11.44

HW1095 M19 + 500 E 98.01 ± 0.43 268.75 ± 11.83 190–371.87

Pollination in Plants92

Among the varieties tested, two of them viz., HD 2833 and HW 1095 showed more that 94% 
in all the media tested. The genotype HD 2833 showed the maximum pollen tube length of 
713 μm in PGM with 750 mg l−1 EACA and 120 mg l−1 peptone and the pollen of HW1095 
achieved a mean pollen tube length of 190 μm in the same medium The variety HD 2833 
showed a mean pollen tube length in the range of 334.37 to 713 μm followed by MACS6145 
with 360.58 to 603.13 μm and HW671 with 462.50 to 551.25 μm for mean pollen length. Similar 
kind of genotypic differences for pollen germination requirement have also been reported [1].

5. Conclusion

A simple or a complex medium may be developed to suit the germination requirement of pol-
len (binucleate or trinucleate pollen). The protocol suggested would give a better guidance in 
development of PGM. The author has developed pollen germination medium (PGM) for many 
crops viz. pigeonpea and its wild species, wheat, rye and brinjal by using the base constituents 
of PGM of Brewbaker and Kwack [7]. These media were supplemented with polyethylene 
glycol, e-amino caproic acid, peptone etc. besides the addition of BK salts. Grasses pollen so far 
considered as recalcitrant can also be germinated in the artificial medium e.g. wheat and rye. 
The grass pollen is released at high moisture content (30–40%) as compared to 1–5% in the case 
of orthodox species. This trait makes it unsuitable for in vitro germination. With combination of 
maltose, PEG and tryptone/peptone contained the initial pollen bursting and resulted in suc-
cessful pollen germination of wheat and rye. The grasses pollen was so far classified as recal-
citrant [31]. It is observed that monocots require low salt content than the dicots in the pollen 
germination medium. Also wild species require minimal medium than the domesticate ones.
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Variety Pollen germination 
medium

Pollen germination 
(%)

Pollen tube length (μm) 
(mean ± S.E)

Range for 
pollen tube 
length (μm)

M19 + 750 E + 100 P 92.91 ± 4.53 371.87 ± 16.36

M19 + 500E + 120 P 90.82 ± 4.76 278.125 ± 18.13

M19 + 750 E + 120 P 96.37 ± 3.75 190 ± 3.65

P = peptone; E = EACA.*M19 = 19% Maltose + 13% PEG 6000 + 50 mg l−1 boric acid + 30 mg l−1 calcium nitrate + BK 
salts + 1% agar.

Table 2. Response of wheat genotypes in pollen germination medium.
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4.4. Varietal response to PGMs
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requirement varied(250–750 mg l−1). Similar response was seen with wheat pollen germina-
tion. The medium supporting more than 90% pollen germination were selected for each 
genotype though some of them showed pollen tube bursting which indicated the need for 
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6195, HW 1095 etc. showed better responses (>92% germination) in PGM with a combi-
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poorly when peptone water was increased beyond 100 mg which reduced the pollen tube 
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Among the varieties tested, two of them viz., HD 2833 and HW 1095 showed more that 94% 
in all the media tested. The genotype HD 2833 showed the maximum pollen tube length of 
713 μm in PGM with 750 mg l−1 EACA and 120 mg l−1 peptone and the pollen of HW1095 
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with 360.58 to 603.13 μm and HW671 with 462.50 to 551.25 μm for mean pollen length. Similar 
kind of genotypic differences for pollen germination requirement have also been reported [1].
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len (binucleate or trinucleate pollen). The protocol suggested would give a better guidance in 
development of PGM. The author has developed pollen germination medium (PGM) for many 
crops viz. pigeonpea and its wild species, wheat, rye and brinjal by using the base constituents 
of PGM of Brewbaker and Kwack [7]. These media were supplemented with polyethylene 
glycol, e-amino caproic acid, peptone etc. besides the addition of BK salts. Grasses pollen so far 
considered as recalcitrant can also be germinated in the artificial medium e.g. wheat and rye. 
The grass pollen is released at high moisture content (30–40%) as compared to 1–5% in the case 
of orthodox species. This trait makes it unsuitable for in vitro germination. With combination of 
maltose, PEG and tryptone/peptone contained the initial pollen bursting and resulted in suc-
cessful pollen germination of wheat and rye. The grasses pollen was so far classified as recal-
citrant [31]. It is observed that monocots require low salt content than the dicots in the pollen 
germination medium. Also wild species require minimal medium than the domesticate ones.
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Variety Pollen germination 
medium

Pollen germination 
(%)

Pollen tube length (μm) 
(mean ± S.E)

Range for 
pollen tube 
length (μm)

M19 + 750 E + 100 P 92.91 ± 4.53 371.87 ± 16.36

M19 + 500E + 120 P 90.82 ± 4.76 278.125 ± 18.13

M19 + 750 E + 120 P 96.37 ± 3.75 190 ± 3.65

P = peptone; E = EACA.*M19 = 19% Maltose + 13% PEG 6000 + 50 mg l−1 boric acid + 30 mg l−1 calcium nitrate + BK 
salts + 1% agar.

Table 2. Response of wheat genotypes in pollen germination medium.
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Abstract

From the agent-based, correlated random walk model presented, we observe the effects of
varying the maximum turning angle, δmax, tree density, ω, and pollen carryover, κmax, on the
distribution of pollen within a tree population by examining pollination graphs. Varying
maximum turning angle and pollen carryover alters the dispersal of pollen, which affects
many measures of connectivity of the pollination graph. Among these measures the cluster-
ing coefficient of fathers is largest when δmax is between 60 and 90 ∘ . The greatest effect of
varying ω is not on the clustering coefficient of fathers, but on the other measures of genetic
diversity. In particular when comparing simulations with randomly placed trees with that of
actual tree placement of C. florida at the VCU Rice Center, it is clear that having specific tree
locations is crucial in determining the properties of a pollination graph.

Keywords: pollination network, correlated random walk, agent-based model, pollen
carryover, tree density

1. Introduction

While the movement of genes from one generation to the next ensures the cohesiveness of
plant species through time and space [1–3], the extent to which individual sites and
populations are functionally connected is mitigated by both biotic and abiotic factors [4]. For
wind dispersed pollen, features such as the direction and speed of the wind and physical
properties of individual pollen grains [5] play prominent roles in how genes are carried across
the landscape. In addition to intrinsic factors, site-specific features, such as the structural
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complexity of the landscape and co-occurring species [6], also influence connectivity to an
extent that it is easy to discern.

Genes that are dispersed via active agents—animal mediated pollination—add increasing layers
of involvement for at least two reasons. First, the way in which an animal disperser identifies,
perceives, and interacts with features in the environment directly impact realized genetic con-
nectivity. Over the last decade, enough work has been focused on this topic to denote a new sub-
discipline of population genetic research, dubbed landscape genetics [7, 8], has been is devoted
to developing methods for this task. From the perspective of the plant population, the character-
istics of the intervening landscape determine the overall porosity of the landscape. Second, while
the determination of which subset of features is important as it specifies the matrix through
which pollinators move, the consequences to plant population genetic structure from alternative
modes of pollinator movement is largely unexplored—even for the same plant species, alterna-
tive pollinating species leave discernibly distinct genetic structure [4, 9].

In this manuscript, we examine how the way in which pollinating individuals move across the
landscape may influences population genetic structure. Here we develop an agent-based
model (ABM) to simulate pollinator movement across a spatially explicit landscape. Individual
pollinators are tracked as they pick up and disperse pollen among a set of individual plants.
We adopt an underlying model of a correlated random walk (CRW) [10], where the direction
and rate of movement is both temporally autocorrelated, though constrained. Within this
framework, we explore the extent to which the spatial arrangement of trees interacts with
variation in model parameters in producing variation in pollination statistics. We then apply
this model to a data set from an natural population of the understory tree, Cornus florida L.
(Cornaceae) [11]. This data set consists of both spatial and genetic information upon which
previous landscape genetic studies have been conducted [11].

2. Background and methods

The agent based model developed herein uses two different categories of actors; trees act as the
source and destination of pollen, and pollinating agents move individual pollen grains across
the landscape. While the trees are spatially fixed on the landscape, the movement characteris-
tics of the pollinating agents determine the ability of the plant population to maintain popula-
tion genetic structure and determine relative reproductive output for individual trees. The
movement of pollinating agents across the landscape is defined as a correlated random walk
parameterized by inertia and speed. Across model runs, the aggregate movements of pollinat-
ing agents define a de facto pollination network whose characteristics are used to infer the
robustness of the overall mating network and provide insights into population genetic stabil-
ity. Across replicate runs, we extract parameters describing pollinator-movement dynamics
parameters (average and maximum dispersal distances), pollen network robustness (pollen
donor connectance and spatial clustering), and future population genetic structure (pollen
donor density and diversity).
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2.1. Field characteristics

The field size for model runs is set as a square 100� 100 units grid. The density of the trees
simulated on this landscape, ω, is determined as

ω ¼ τ
100� 100

¼ τ
10; 000

¼ 0:0001τ, (1)

where τ is the number of trees. In our simulation runs, we used tree densities, measured in
trees per square unit, of ω∈ 0:0250; 0:0500; 0:0750; 0:1000; 0:1500f g.
Previous simulation and empirical work has shown that density of pollen donors can have
significant impacts on the genetic structure and diversity of offspring [6, 12], and as such
should be a parameter across which we evaluate the other features of this model. The simula-
tion field has rigid boundaries, and is considered impermeable. As such pollinators cannot
leave the field nor are new pollinators allowed to enter the field during a model run. When an
pollinator comes into contact with the edge of the field, its subsequent heading is set such that
it ‘bounces’ off of the barrier at the opposite angle from which it approached.

Simulations were also run for a field size of 3100ffiffiffiffiffiffi
541

p � 1100ffiffiffiffiffiffi
541

p ≈ 133:2794� 47:2927 units. This was

used based on data for trees sampled from the experimental natural population at the Virginia
Commonwealth University, Rice Rivers Center (http://ricerivers.vcu.edu). This population was
used as it has been the focus of previous work on pollen-mediated gene flow [11]. The tree
density that results from this data set was ω ¼ 0:071552 trees per square unit, which was also
simulated as a uniformly distributed scenario along with others previously mentioned.

2.2. Tree characteristics

For tracking purposes, each tree, T, is numbered such that 1 ≤T ≤ τ. Let Y Tð Þ ¼ y Tð Þ
1 ; y Tð Þ

2

� �
be

the location of tree T, which is static. For the initial model runs, trees are randomly placed
using a uniform random distribution within the allotted field size. For both simplicity and
comparison to temperate tree species, we assume that all trees are self-incompatible and that
all successful pollination and fertilization produces non-inbred individuals. This means that all
pollination distances will be strictly greater than zero since at most one tree can occupy any
location on the landscape. We also applied the model to a spatial arrangement of trees mim-
icking a natural population for which we have already conducted extensive empirical studies
of insect-mediated pollination and gene flow. To create the pollination graph, data was col-
lected to determine the number of seeds fertilized on each tree, which pollen donor trees are
sired those seeds, and the frequency each tree fathered seeds on other trees.

For the second part of the study, coordinates of the trees at the VCU Rice Center were provided
by the Dyer Laboratory [13]. These coordinates were used to create pollination graphs to
compare with the random location pollination graphs to gauge the extent to which spatial
heterogeneity influences broad trends in pollen connectivity.
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using a uniform random distribution within the allotted field size. For both simplicity and
comparison to temperate tree species, we assume that all trees are self-incompatible and that
all successful pollination and fertilization produces non-inbred individuals. This means that all
pollination distances will be strictly greater than zero since at most one tree can occupy any
location on the landscape. We also applied the model to a spatial arrangement of trees mim-
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of insect-mediated pollination and gene flow. To create the pollination graph, data was col-
lected to determine the number of seeds fertilized on each tree, which pollen donor trees are
sired those seeds, and the frequency each tree fathered seeds on other trees.

For the second part of the study, coordinates of the trees at the VCU Rice Center were provided
by the Dyer Laboratory [13]. These coordinates were used to create pollination graphs to
compare with the random location pollination graphs to gauge the extent to which spatial
heterogeneity influences broad trends in pollen connectivity.

Comparison of Pollination Graphs
http://dx.doi.org/10.5772/intechopen.74553

99



2.3. Pollinator movement

Both natural and managed landscapes contain a broad range of species that are commonly
distributed with a high degree of spatial heterogeneity. For tree species, reproductive struc-
tures may be nestled among several other taxa both below and above the target species in a
mixed forest canopy. Under these conditions, a movement model based upon correlated
random walk is preferred over alternatives such as Levy walks due to the complexity of the
intervening landscape and the lack of long thoroughfares in the forest. Correlated Random
Walk (CRW) models have been widely used to describe foraging behavior across a range of
animal taxa [14–18].

In our simulations, we begin with an allotment of 1000 pollinators starting at random location
with a random direction of travel on the simulated landscape. At each discrete time step, each
pollinating agents will obtain a new heading based upon its previous heading with a specified
random deviance. The individual will then move in this new direction 1 distance unit. This
process continued for nmax time steps.

If a pollinator is within one unit distance of a tree, it will visit flowers on the tree. Each flower on
a tree can be pollinated with equal probability. Pollinators visit one tree at a time. If multiple trees
are within 1 unit the closest one is chosen. When visiting a tree, the pollinator may both gather
pollen and deposit pollen from other trees. Due to the short length of the simulation we assume
there are a sufficient number of flowers to gather pollen from and deposit pollen to on each tree.

Let β be the total number of pollinators in a simulation, and let X ið Þ
n ¼ x ið Þ

1,n; x ið Þ
2,n

� �
be the

location of the ith pollinator, 1 ≤ i ≤ β, at time step n, 0 ≤n ≤nmax. For all simulations, we assume
β ¼ 1000 and nmax ¼ 600.

The initial position of each pollinator, X ið Þ
0 is uniformly distributed throughout the field. Each

pollinator’s initial heading, �180 ∘ ≤θ ið Þ
1 ≤ 180 ∘ is chosen from a uniform random distribution.

At each subsequent time step, the pollinator’s new heading θ ið Þ
nþ1 is dependent upon its current

heading θ ið Þ
n and a random number δ ið Þ

nþ1. That is

θ ið Þ
nþ1 ¼ θ ið Þ

n þ δ ið Þ
nþ1 (2)

where δ ið Þ
nþ1 ∈ �δmax; δmaxð Þ for each n ¼ 1, …, nmax. Similarly, the initial step size of each

pollinator, r ið Þ
1 ¼ 1 at time n ¼ 1. Each subsequent step size, r ið Þ

nþ1 ∈ 0; rmaxð Þ uniformly distrib-

uted for each n ¼ 1, … , nmax. In Cartesian coordinates, the position of the ith pollinator at
each subsequent time step will be

X ið Þ
nþ1 X ið Þ

n ; r ið Þ
nþ1; θ ið Þ

nþ1

� �
¼ x ið Þ

1,n þ r ið Þ
nþ1cos θ ið Þ

nþ1

� �
; x ið Þ

2, n þ r ið Þ
nþ1sin θ ið Þ

nþ1

� �� �
(3)

for each n ¼ 1, … , nmax. In our simulations we used values of δmax ∈ 0 ∘ ; 15 ∘ ; 30 ∘ ; 45 ∘f
; 60 ∘ ; 75 ∘ ; 90 ∘ ; 120 ∘ ; 150 ∘ ; 180 ∘ g.
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Sample paths based on different values of δmax are shown in Figure 1. As δmax increases the
paths do not generally travel away as far from the starting point and loop around more often.
A path with δmax ¼ 0 would be along a straight line, which is not shown here.

2.4. Pollination

If a pollinator visits a flower, it will collect pollen from that individual. Pollen will be deposited
with a probability of Pκ, where κ is the number of previously visited flowers, to account for
pollen carryover. Carryover probability Pκ ¼ 0 if κ > κmax where κmax is the maximum pollen
carryover. In the simulations the pollination carryovers used were κmax ∈ 1; 3; 5; 7;∞f g.

Figure 1. Sample paths based on δmax.
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As a pollinator visits multiple flowers, the chances that it deposits pollen from a previous
flower diminishes with each successive flower visited [19]. It was shown by [20] that from a

given flower, a pollinator will deposit roughly γ 1� γð Þk�1 pollen grains onto the kth flower
visited, where γ depends upon the type of pollen as well as the type of pollinator. In this study,
the probability that an pollinator distributes pollen from one tree to another tree is given by

Pκ ¼ r 1� rð Þκ�1 if κ ≤κmax

0 otherwise

(
(4)

where κ is the number of previously visited flowers, and r is the chance of pollination when
κ ¼ 1. For the simulation work we used r ¼ 0:30 based on work by [21].

2.5. Statistics

To characterize pollen movement and how it responds to the parameters of the models,
pollination graphs were constructed. The connectivity network is based upon the physical
location of individual trees and the pattern of spatial pollen movement created by the pollina-
tors. In this network, each tree is represented as a node and the edges designate the movement
of pollen from donor (paternal individual) to recipient (maternal individual), creating a
directed pollination graph.

The parameters we vary in constructing these networks include tree density, ω, pollination
carryover, κ, and pollinator maximum turning angle, δmax. To determine the effect of these
parameters on the landscape pattern of connectivity, we estimated the number of fathers per
mother, Φm, connectance, L, average weighted diversity of fathers, E, average pollination distance, D,

average maximum pollination distance, ~D, and the weak and strong clustering coefficients of fathers,
Cweak and Cstrong.

Each tree has the ability to contribute pollen to other trees and to accept pollen from other
trees. When applicable, we will refer to a tree as a father tree, f , if that tree contributes pollen to
another tree. We will refer to a tree as a mother tree, m, if that tree is accepts pollen from
another tree. Let ϕm be the set of trees which father seeds on tree m, then the number of fathers

for each tree m in the graph is ϕm

�� ��, m ¼ 1, 2, … , τ, where ∣ � ∣ denotes cardinality. The set
containing the number of fathers per mother for all trees in the graph is

Φm ¼ ϕ1

�� ��; ϕ2

�� ��; … ; ϕτ

�� ��� �
: (5)

This value is similar to the degree distribution in the studies by Ramos-Jilberto et al. [22] and
Valdovions et al. [23].

From this construct, we then create the τ� τ adjacency matrix, A ¼ ai, j
� �

, where af ,m ¼ 1 if tree
f fathers at least one seed on tree m, and 0 if not. Thus A is a binary representation of the
connectance of the graph. Since the trees do not self-pollinate, the number of possible interac-
tions on this matrix is τ τ� 1ð Þ.
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The connectance, L, of a graph is defined as the proportion of realized pollination events to the
number of possible pollination events [24]. The connectance of the graph is given by

L ¼
Pτ

f¼1
Pτ

m¼1 af ,m
τ τ� 1ð Þ : (6)

As with the previous parameters, connectance has been used in a number of settings, see [23,
25–28], where the graphs is between species. In this study the focus is on individuals, and so
the connectance is the proportion of realized pollination events between individual plants.

Furthermore, if there is an edge between treem and tree f where tree f ∈ϕm, then denote bf ,m to
be the weight of that edge, which is equal to the number of times tree f fathers seeds on tree m.
With this we create the matrix B ¼ bi, j

� �
, which is a τ� τmatrix such that bf ,m is the number of

seeds that tree f fathers on tree m. The weighted diversity of fathers for a mother tree m is a
weighted measurement of the number of fathers that contribute pollen to seeds on m, account-
ing for the various number of seeds fathered by each father tree. The weighted diversity of

fathers, bFm, is computed for each m in the graph by the formula

bFm ¼
P ϕmj j

f¼1 bf ,m

� �2

P ϕmj j
f¼1 bf ,m

� �2 : (7)

The average weighted diversity of fathers is the mean average of the weighted diversity of fathers
over all mother trees, and is given by the formula

E ¼ 1
μ

Xμ

m¼1

bFm, (8)

where 0 ≤μ ≤ τ is the total number individuals in the graph.

The average pollination distance for an pollinator i is the average of the distances between any

two trees mated by i. Let Y f ið Þð Þ ¼ y
f ið Þð Þ

1 ; y
f ið Þð Þ

2

� �
be the location of father tree f ið Þ and Y m ið Þð Þ ¼

y
m ið Þð Þ

1 ; y
m ið Þð Þ

2

� �
be the location of mother tree m ið Þ where pollinator i delivers pollen from tree

f ið Þ to tree m ið Þ. Then the average pollination distance, D
ið Þ
, achieved by pollinator i for all such

pairings is

D
ið Þ ¼ 1

μ ið Þ
Xμ ið Þ

m¼1

Xϕ ið Þ
m

f¼1

1

ϕ ið Þ
m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y m ið Þð Þ
1 � y

f ið Þð Þ
1

� �2

þ y m ið Þð Þ
2 � y

f ið Þð Þ
2

� �2
s

, (9)

where μ ið Þ is the number of mother trees pollinated by pollinator i, and ϕi
m are the number of

father trees pollinating tree m by pollinator i. The average pollination distance, D
ið Þ
, for each

Comparison of Pollination Graphs
http://dx.doi.org/10.5772/intechopen.74553

103



As a pollinator visits multiple flowers, the chances that it deposits pollen from a previous
flower diminishes with each successive flower visited [19]. It was shown by [20] that from a

given flower, a pollinator will deposit roughly γ 1� γð Þk�1 pollen grains onto the kth flower
visited, where γ depends upon the type of pollen as well as the type of pollinator. In this study,
the probability that an pollinator distributes pollen from one tree to another tree is given by

Pκ ¼ r 1� rð Þκ�1 if κ ≤κmax

0 otherwise

(
(4)

where κ is the number of previously visited flowers, and r is the chance of pollination when
κ ¼ 1. For the simulation work we used r ¼ 0:30 based on work by [21].
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tors. In this network, each tree is represented as a node and the edges designate the movement
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directed pollination graph.
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, where af ,m ¼ 1 if tree
f fathers at least one seed on tree m, and 0 if not. Thus A is a binary representation of the
connectance of the graph. Since the trees do not self-pollinate, the number of possible interac-
tions on this matrix is τ τ� 1ð Þ.
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25–28], where the graphs is between species. In this study the focus is on individuals, and so
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where μ ið Þ is the number of mother trees pollinated by pollinator i, and ϕi
m are the number of

father trees pollinating tree m by pollinator i. The average pollination distance, D
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pollinator is averaged over the total number of pollinators, β, to obtain the average pollination
distance, D, for the graph

D ¼ 1
β

Xβ

i¼1

D
ið Þ
: (10)

The maximum pollination distance for an pollinator i is

~D ið Þ ¼ max
m ið Þ ≤μ ið Þ, f ið Þ ≤ϕ ið Þ

m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y m ið Þð Þ
1 � y

f ið Þð Þ
1

� �2

þ y m ið Þð Þ
2 � y

f ið Þð Þ
2

� �2
s0

@
1
A: (11)

The maximum pollination distance for each pollinator is averaged over all of the pollinators to
obtain the average maximum pollination distance for the graph

Figure 2. Fathering triangles. Arrows indicate direction of gene flow.
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~D ¼ 1
β

Xβ

i¼1

~D ið Þ: (12)

A fathering triplet is the relationship between three trees such that tree f is a father to seeds on
both treem1 and treem2. These seeds are half-siblings on the paternal side. In particular a weak
fathering triangle, as a subset of fathering triplets, is one such that m1 also fathers seeds on m2

(Figure 2(a)–(d)), m2 fathers seeds on m1 (Figure 2(e)–(h)), or both (Figure 2(i)–(l)). A strong
fathering triangle is defined as fathering triangle where f , m1, and m2 all father seeds on each
other (Figure 2(l)).

The weak clustering coefficient of fathers, Cweak, is the number of weak fathering triangles in the
pollination graph over the total number of fathering triplets

Cweak ¼ number of weak fathering triangles
number of fathering triplets

: (13)

The strong clustering coefficient of fathers, Cstrong is the number of strong fathering triangles in the
pollination graph over the total number of fathering triplets

Cstrong ¼ number of strong fathering triangles
number of fathering triplets

: (14)

Cweak and Cstrong are measurements of the tendency of parent trees to be clustered together in
densely connected groups.

3. Results and discussion

We examine the effect of varying parameters on the graph statistics: the number of fathers per
mother, Φm, connectance, L, the average weighted diversity of fathers, E, the clustering coeffi-
cient of fathers, C, the average pollination distance, D, and the average maximum pollination
distance, ~D. The model was simulated a total of 10 replicate runs for each unique combination
of parameters. The results follow.

3.1. Number of fathers

One way to analyze the genetic structure and connectivity within a local plant population is to
examine the number of different fathers per mother tree, Φm. In Figure 3, the number of
different fathers per mother in a randomized placement of trees is distributed in a Gaussian-
like distribution. This is an expected outcome since gene flow should be directly proportional
to the distance traveled by a pollinator. It has been shown, see [29], that the distribution range
resulting from a CRWwould necessarily result in Gaussian-like behavior for a large number of
pollination events.
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distance, ~D. The model was simulated a total of 10 replicate runs for each unique combination
of parameters. The results follow.

3.1. Number of fathers

One way to analyze the genetic structure and connectivity within a local plant population is to
examine the number of different fathers per mother tree, Φm. In Figure 3, the number of
different fathers per mother in a randomized placement of trees is distributed in a Gaussian-
like distribution. This is an expected outcome since gene flow should be directly proportional
to the distance traveled by a pollinator. It has been shown, see [29], that the distribution range
resulting from a CRWwould necessarily result in Gaussian-like behavior for a large number of
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Of interest here is that as the maximum pollen carryover increases, the mean number of fathers
increases. This is due to the increase in the variability in pollen that each pollinator can
distribute, which would increase diversity. The variance in the distribution also increases as
pollen carryover increases, which is also due to this increase in diversity.

However, when this distribution is compared with the tree placement at the Rice Center, see
Figure 4, we observe a bi-modal distribution of the number of fathers permother. This distribution

Figure 3. Number of fathers per mother. Tree density ω ¼ 0:071552 trees per square unit. Maximum pollinator turning
radius δmax ¼ 45 ∘ . Pollination chance diminishing with larger carryover. Maximum pollen carryover κmax ¼ 1; 3; 5; 7;∞f g.
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is attributed to the spatial heterogeneity of the research site. This influences the genetic structure
and connectivity in C. florida populations [11] at the Rice Center.

The spatial heterogeneity is evident in Figure 5. The bimodal distribution of the number of
fathers per mother is caused by the variation of tree density across the landscape. There is a
high density group of trees in the center of the region, and the density decreases toward the
boundary of the region. This region is bounded by a river and a lake on two sides, and a major
road and a farm on the other two sides, which are not pictured here.

These two different density regions create the two peaks shown in Figure 4. In particular when
κmax ¼ ∞, the first peak is approximately 3 fathers per mother on 29 mother trees, and the
second peak is 32 fathers per mother on 12 mother trees. This bimodality is present whether an
pollinator is restricted to moving in a straight line, i.e., δmax ¼ 0 ∘ , or with pure dispersal, i.e.,
δmax ¼ 180 ∘ . Clearly, knowing the locations of tree is critical in understanding the gene flow in
a particular area (Figure 5).

3.2. Connectance

The connectance is a measure of how complete a pollination graph is in terms of individuals
mating with others. In Figures 6 and 7, we see the effect of density and maximum turning
angle. With higher density, and thus more individuals, the connectance is reduced due to a
much larger number of potential pairs of individuals. As the maximum turning angle increases
the connectance also decreases. If an pollinator travels in a straight line, it will cover a greater
spatial distance as it visits more different trees than it would if it just spun around in circles
locally. Smaller δmax increases the potential for mating to occur between trees with greater
distance between them. The graph connectance is three to five times greater with small δmax

than it is with large δmax.

If an pollinator does not venture very far from its starting location, as would be the case when
δmax is close to 180 ∘ , the effect of maximum pollen carryover on the connectance of the graph
decreases. When δmax ¼ 0, the connectance of the graph is nearly four times greater if the

Figure 5. Tree coordinates (scaled) at the VCU Rice Center. Field size 133:2794� 47:2927 units. Tree density ω ¼ 0:071552
trees per square units.
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Of interest here is that as the maximum pollen carryover increases, the mean number of fathers
increases. This is due to the increase in the variability in pollen that each pollinator can
distribute, which would increase diversity. The variance in the distribution also increases as
pollen carryover increases, which is also due to this increase in diversity.

However, when this distribution is compared with the tree placement at the Rice Center, see
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maximum pollen carryover is unlimited versus the case when pollen carryover is limited to
only one flower. However, when δmax ¼ 180 ∘ , the connectance of the graph is only about twice
if the maximum pollen carryover is unlimited.

Figure 7. Connectance. Field size 100� 100 units. Tree density in trees per square unit, ω ¼ 0:025; 0:050; 0:075; 0:100;f
; 0:125; 0:150g (τ ¼ 250; 500; 750; 1000; 1250; 1500f g randomly-placed trees). Pollination chance diminishing with larger car-
ryover. Maximum pollen carryover κmax ¼ ∞.

Figure 6. Connectance. Field size 133:2794� 47:2927 units. Tree density ω ¼ 0:071552 trees per square unit. Pollination
chance diminishing with larger carryover. Maximum pollen carryover κmax ¼ 1; 3; 5; 7;∞f g.
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Pollen carryover is important in connectance as well. In Figure 7, it is clear that if the maxi-
mum pollen carryover is limited, the connectance of the pollination graph is also limited due to
the diversity of pollen an individual would have access to via the pollinator. With smaller κmax

the diversity of pollen distributed is greatly decreased and thus the diversity of pollination
events is reduced as well.

When considering the actual tree locations at the Rice Center, the connectance of the graph is
close to half of the connectance value with randomly-placed trees. The differences between the
graphs is greatest when δmax is close to 0 ∘ . Connectance values for simulations run with the
Rice Center data are shown in Figure 8.

3.3. Average weighted diversity of fathers

The average weighted diversity of fathers is clearly affected by density and the maximum
turning angle, though the effects of maximum turning angle are more pronounced. In Figure 9,
as the maximum turning angle increases, the average weighted diversity of fathers decreases.
The greatest change occurs between 15 and 90 ∘ and tends to even out at the extremes. As
described earlier, with greater potential for a variety of fathers, the average number of fathers
contributing pollen to mother trees increases as the maximum turning angle of pollinators
decreases. This adds a greater genetic diversity to the tree population. Pollinators that travel in
straighter paths not only distribute pollen greater distances, but also with greater diversity.
The effects of density are more pronounced at smaller maximum turning angles, where we see
a reduction of the average weighted diversity of fathers as the density increases.

Figure 8. Connectance. Field size 133:2794� 47:2927 units. Tree density ω ¼ 0:071552 trees per square unit. Pollination
chance diminishing with larger carryover. Maximum pollen carryover κmax ¼ 1; 3; 5; 7;∞f g.
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Figure 9. Average weighted diversity of fathers. Field size 100� 100 units. Tree density in trees per square unit,
ω ¼ 0:025; 0:050; 0:075; 0:100; 0:125; 0:150f g (τ ¼ 250; 500; 750; 1000; 1250; 1500f g randomly placed trees). Pollination
chance diminishing with larger carryover. Maximum pollen carryover κmax ¼ ∞.

Figure 10. Average weighted diversity of fathers. Field size 133:2794� 47:2927 units. Tree density in trees per square
unit, ω ¼ 0:071552 (τ ¼ 451 Rice Center trees). Pollination chance diminishing with larger carryover. Maximum pollen
carryover κmax ¼ 1; 3; 5; 7;∞f g.

Pollination in Plants110

The differences in average weighted diversity of fathers as pollen carryover increases
are exactly as one would expect, see Figure 10. With higher κmax, the larger the diver-
sity in pollen increases the average weighted diversity in fathers. This increase is small
for large δmax due to the increase in the number of multiple visits by pollinators to the
same trees.

When comparing the random tree distribution to that of the Rice Center, the random distri-
bution has a larger average weighted diversity of fathers (not shown here) the average
weighted diversity of fathers at the Rice Center is about 60% of the randomly placed trees.
Trees that are in densely packed groups are going to be greatly influenced by surrounding
trees, but trees at greater distances will have less of a comparative impact on the fatherhood
of seeds.

3.4. Average and maximum average pollination distances

The average and maximum pollination distances behave similar to the connectance. As with
the connectance, as the density increases both distances decrease, which is due to a greater
number of shorter pollination events lowering the averages, see Figures 11 and 12. The change
in density has a smaller effect on the maximum pollination distance. Also as the maximum
turning angle increase both distances decreases as well since the pollinators do not travel as
far. This decrease is more dramatic at lower densities.

Figure 11. Average pollination distance. Field size 100� 100 units. Tree density in trees per square area,
ω ¼ 0:025; 0:050; 0:075; 0:100; 0:125; 0:150f g (τ ¼ 250; 500; 750; 1000; 1250; 1500f g randomly placed trees). Pollination
chance diminishing with larger carryover. Maximum pollen carryover κmax ¼ ∞.
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Using Rice Center locations (not shown here) if δmax is close to 0 ∘ , the average pollination
distance is greater than that of randomly placed trees. However, if δmax is close to 180 ∘ , the
average pollination distance using Rice Center data is less than that of randomly placed trees.
This is again due to the combination of the low and high density distribution of trees at the
Rice Center. At low δmax pollinators interact with both densities of trees, whereas at high δmax

the interaction between these groups is greatly diminished.

We see the effects of pollen carryover in the average pollination distance is shown in Figure 11
and in the maximum pollination distance in Figure 12. As expected, increasing κmax increases
the average pollination distance. If the pollen carryover increases that allows pollen grains to
travel further since pollen can be deposited after visiting several intermediate trees.

The results are similar with the Rice Center model. The results at the Rice Center are slightly
higher in distances due to the potential longer distances at the edges of the region.

3.5. Clustering coefficients of fathers

The clustering coefficient is a measure of the interconnectedness of the graph, as well as how
the genes are shared within the graph. For a field of randomly placed trees, there is a maxi-
mum value for the weak clustering coefficient of fathers, Cweak, see Figure 13, that occurs
between 60 and 90 ∘ for all maximum pollen carryover values, κmax. This is explained by
examining the extreme values of δmax. For small δmax, pollinators travel across the landscape

Figure 12. Average maximum pollination distance. Field size 100� 100 units. Tree density in trees per square unit,
ω ¼ 0:025; 0:050; 0:075; 0:100; 0:125; 0:150f g (τ ¼ 250; 500; 750; 1000; 1250; 1500f g randomly placed trees). Pollination
chance diminishing with larger carryover. Maximum pollen carryover κmax ¼ ∞.
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and do not stay in a small neighborhood. Since the weak clustering coefficient of fathers is an
average measure of clustering at a local level, it is natural for Cweak to be low if pollinators do
not remain in a small neighborhood.

At the other extreme, for large δmax, pollinators do not move around enough to increase the
value of Cweak. When δmax is not at an extreme value, the displacement of the pollinators is high
enough to visit many trees, but low enough so more of the trees that it visits are within a closer
proximity to one another.

Modeled data on the weak clustering coefficient of fathers, Cweak, from the Rice Center is shown
in Figure 14. The Cweak values slowly increase as κmax increases over the entire interval from
0 to 180 ∘ , mostly flattening out for κmax > 75 ∘ . As δmax approaches 180 ∘ , pollinators remain in
the same general area. Thus, in locally dense patches of trees, clustering will naturally be higher.

Unexpectedly, varying the tree density, ω, did not have a major effect on Cweak. It would seem
that varying ω would have the same quantitative effect on Cweak as varying the maximum
pollinator turning angle, δmax. We suspect that the reason for the relative consistency of values
for Cweak is due to the having both low and high density regions. The values for Cweak, varying
ω and δmax, are shown in Figure 15.

Figures 16–18 are corresponding plots for strong clustering coefficient of fathers, Cstrong. In
these plots we see similar results as with the weak clustering coefficient. Numerically the
Cstrong results are a magnitude smaller than the Cweak results since they are a measure of a
subset of possible combinations of Cweak. This is however a greater increase in these values
with increasing density, which allows for these fathering triangles to occur.

Figure 13. Weak clustering coefficient of fathers. Field size 133:2794� 47:2927 units. Tree density ω ¼ 0:071552 trees per
square unit (τ ¼ 451 randomly placed trees). Pollination chance diminishing with larger carryover. Maximum pollen
carryover κmax ¼ 1; 3; 5; 7;∞f g.
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Using Rice Center locations (not shown here) if δmax is close to 0 ∘ , the average pollination
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and do not stay in a small neighborhood. Since the weak clustering coefficient of fathers is an
average measure of clustering at a local level, it is natural for Cweak to be low if pollinators do
not remain in a small neighborhood.

At the other extreme, for large δmax, pollinators do not move around enough to increase the
value of Cweak. When δmax is not at an extreme value, the displacement of the pollinators is high
enough to visit many trees, but low enough so more of the trees that it visits are within a closer
proximity to one another.

Modeled data on the weak clustering coefficient of fathers, Cweak, from the Rice Center is shown
in Figure 14. The Cweak values slowly increase as κmax increases over the entire interval from
0 to 180 ∘ , mostly flattening out for κmax > 75 ∘ . As δmax approaches 180 ∘ , pollinators remain in
the same general area. Thus, in locally dense patches of trees, clustering will naturally be higher.

Unexpectedly, varying the tree density, ω, did not have a major effect on Cweak. It would seem
that varying ω would have the same quantitative effect on Cweak as varying the maximum
pollinator turning angle, δmax. We suspect that the reason for the relative consistency of values
for Cweak is due to the having both low and high density regions. The values for Cweak, varying
ω and δmax, are shown in Figure 15.

Figures 16–18 are corresponding plots for strong clustering coefficient of fathers, Cstrong. In
these plots we see similar results as with the weak clustering coefficient. Numerically the
Cstrong results are a magnitude smaller than the Cweak results since they are a measure of a
subset of possible combinations of Cweak. This is however a greater increase in these values
with increasing density, which allows for these fathering triangles to occur.

Figure 13. Weak clustering coefficient of fathers. Field size 133:2794� 47:2927 units. Tree density ω ¼ 0:071552 trees per
square unit (τ ¼ 451 randomly placed trees). Pollination chance diminishing with larger carryover. Maximum pollen
carryover κmax ¼ 1; 3; 5; 7;∞f g.
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Figure 14. Weak clustering coefficient of fathers. Field size 133:2794� 47:2927 units. Tree density ω ¼ 0:071552 trees per
square unit (τ ¼ 451 Rice Center trees). Pollination chance diminishing with larger carryover. Maximum pollen carryover
κmax ¼ 1; 3; 5; 7;∞f g.

Figure 15. Weak clustering coefficient of fathers. Field size 100� 100 units. Tree density in trees per square unit,
ω ¼ 0:025; 0:050; 0:075; 0:100; 0:125; 0:150f g (τ ¼ 250; 500; 750; 1000; 1250; 1500f g randomly placed trees). Pollination
chance diminishing with larger carryover. Maximum pollen carryover κmax ¼ ∞.
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Figure 16. Strong clustering coefficient of fathers. Field size 133:2794� 47:2927 units. Tree density ω ¼ 0:071552 trees per
square unit (τ ¼ 451 randomly placed trees). Pollination chance diminishing with larger carryover. Maximum pollen
carryover κmax ¼ 1; 3; 5; 7;∞f g.

Figure 17. Strong clustering coefficient of fathers. Field size 133:2794� 47:2927 units. Tree density ω ¼ 0:071552 trees per
square unit (τ ¼ 451 Rice Center trees). Pollination chance diminishing with larger carryover. Maximum pollen carryover
κmax ¼ 1; 3; 5; 7;∞f g.
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Figure 14. Weak clustering coefficient of fathers. Field size 133:2794� 47:2927 units. Tree density ω ¼ 0:071552 trees per
square unit (τ ¼ 451 Rice Center trees). Pollination chance diminishing with larger carryover. Maximum pollen carryover
κmax ¼ 1; 3; 5; 7;∞f g.

Figure 15. Weak clustering coefficient of fathers. Field size 100� 100 units. Tree density in trees per square unit,
ω ¼ 0:025; 0:050; 0:075; 0:100; 0:125; 0:150f g (τ ¼ 250; 500; 750; 1000; 1250; 1500f g randomly placed trees). Pollination
chance diminishing with larger carryover. Maximum pollen carryover κmax ¼ ∞.
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Figure 16. Strong clustering coefficient of fathers. Field size 133:2794� 47:2927 units. Tree density ω ¼ 0:071552 trees per
square unit (τ ¼ 451 randomly placed trees). Pollination chance diminishing with larger carryover. Maximum pollen
carryover κmax ¼ 1; 3; 5; 7;∞f g.

Figure 17. Strong clustering coefficient of fathers. Field size 133:2794� 47:2927 units. Tree density ω ¼ 0:071552 trees per
square unit (τ ¼ 451 Rice Center trees). Pollination chance diminishing with larger carryover. Maximum pollen carryover
κmax ¼ 1; 3; 5; 7;∞f g.
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4. Conclusions

From the agent-based, correlated random walk model presented, we observe the effects of
varying the maximum pollen carryover, κmax, the maximum pollinator turning area, δmax, and
the density of trees, ω, on the distribution of pollen within a population of Cornus florida.

When κmax increases we see that the mean number of fathers per mother, the connectance, the
average weighted diversity of fathers, the average and maximum average pollination dis-
tances, and the clustering coefficients all increase. The percentage increase varied between the
measured, though the largest effect was seen in the connectance of the pollination graph. These
increases are due to the increased capability of the pollinators to carry pollen farther from their
source.

Changing the pollinator movement by increasing the maximum turning angle, δmax, affected
each of the measures as well. With most of the measures decreasing with increasing δmax.
These include the connectance, the average weighted diversity of fathers, and the average and
maximum average pollination distances. On the other hand, the weak and strong clustering
coefficients had maximal values between angles of 45 and 90 ∘ .

When δmax ¼ 180 ∘ , pollen is distributed in a purely random walk, and is more representative
of pollen dispersal by wind. When δmax ¼ 0 ∘ , pollinators travel in a straight line, only chang-
ing direction when bouncing off of the boundary. This leads to a greater spatial displacement
for each pollinator and thus a greater distance that pollen travels, resulting in greater genetic

Figure 18. Strong clustering coefficient of fathers. Field size 100� 100 units. Tree density in trees per square unit,
ω ¼ 0:025; 0:050; 0:075; 0:100; 0:125; 0:150f g (τ ¼ 250; 500; 750; 1000; 1250; 1500f g randomly placed trees). Pollination
chance diminishing with larger carryover. Maximum pollen carryover κmax ¼ ∞.
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diversity in the C. florida population. While neither of these extremes may be biologically
relevant in C. florida populations, we note that the clustering coefficient of fathers, C, is
maximized when δmax is between 60 and 90 ∘ , which could help illuminate some of the
biological processes at work in the system.

Major changes are observed when comparing simulations using randomly-placed trees with
simulations using the tree-placement at the Rice Center. When using the Rice Center data, we see
a bimodal distribution in the number of fathers per mother, the connectance values are halved,
the average weighted diversity of fathers is lower, the average pollination distance is lower when
δmax is close to 0 ∘ and higher when δmax is close to 180 ∘ , and the clustering coefficient of fathers
exhibits both quantitative and qualitative differences. All of these differences highlight the need
for specificity in describing the tree locations within a specific ecosystem in order to truly
understand how pollen is distributed within that ecosystem. The differences in these graph
indicators is due to the non-uniform distribution of trees at the Rice Center.
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4. Conclusions

From the agent-based, correlated random walk model presented, we observe the effects of
varying the maximum pollen carryover, κmax, the maximum pollinator turning area, δmax, and
the density of trees, ω, on the distribution of pollen within a population of Cornus florida.

When κmax increases we see that the mean number of fathers per mother, the connectance, the
average weighted diversity of fathers, the average and maximum average pollination dis-
tances, and the clustering coefficients all increase. The percentage increase varied between the
measured, though the largest effect was seen in the connectance of the pollination graph. These
increases are due to the increased capability of the pollinators to carry pollen farther from their
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Changing the pollinator movement by increasing the maximum turning angle, δmax, affected
each of the measures as well. With most of the measures decreasing with increasing δmax.
These include the connectance, the average weighted diversity of fathers, and the average and
maximum average pollination distances. On the other hand, the weak and strong clustering
coefficients had maximal values between angles of 45 and 90 ∘ .

When δmax ¼ 180 ∘ , pollen is distributed in a purely random walk, and is more representative
of pollen dispersal by wind. When δmax ¼ 0 ∘ , pollinators travel in a straight line, only chang-
ing direction when bouncing off of the boundary. This leads to a greater spatial displacement
for each pollinator and thus a greater distance that pollen travels, resulting in greater genetic

Figure 18. Strong clustering coefficient of fathers. Field size 100� 100 units. Tree density in trees per square unit,
ω ¼ 0:025; 0:050; 0:075; 0:100; 0:125; 0:150f g (τ ¼ 250; 500; 750; 1000; 1250; 1500f g randomly placed trees). Pollination
chance diminishing with larger carryover. Maximum pollen carryover κmax ¼ ∞.
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diversity in the C. florida population. While neither of these extremes may be biologically
relevant in C. florida populations, we note that the clustering coefficient of fathers, C, is
maximized when δmax is between 60 and 90 ∘ , which could help illuminate some of the
biological processes at work in the system.

Major changes are observed when comparing simulations using randomly-placed trees with
simulations using the tree-placement at the Rice Center. When using the Rice Center data, we see
a bimodal distribution in the number of fathers per mother, the connectance values are halved,
the average weighted diversity of fathers is lower, the average pollination distance is lower when
δmax is close to 0 ∘ and higher when δmax is close to 180 ∘ , and the clustering coefficient of fathers
exhibits both quantitative and qualitative differences. All of these differences highlight the need
for specificity in describing the tree locations within a specific ecosystem in order to truly
understand how pollen is distributed within that ecosystem. The differences in these graph
indicators is due to the non-uniform distribution of trees at the Rice Center.
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