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Lakes are highly essential for their water quality, habitat suitability, and water supply. 
Lakes constitute important source for aquatic life, fish, wildlife, and human, but 

can undergo rapid environmental changes. Most important factors that affect lake 
ecosystem are climate, atmospheric inputs, land use, morphology, and physiography. 

Several environmental problems can affect a lake’s water quality, and habitat 
suitability. The book “Lake Sciences and Climate Change” deals with several aspects 

of lake sciences (botany, zoology, geology, chemistry, models, morphology, and 
physiography) ,as well as the effect of climatic changes on lake body ecosystem. The 
book is divided into three sections and structured into 10 chapters. The first section 

discusses the relationship between lake and climatic change; the second section 
explains lake biology and health; and the third section focuses on water quality, 

management, and modeling. Scientists from different fields of lake sciences reported 
in this book their findings.
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Preface

Lakes are naturally or artificially created, while the majority of lakes on the earth are fresh
water lakes. Lakes are highly essential for their water quality, habitat suitability, and water
supply. Lakes constitute important sources for aquatic life, fish, wildlife, and human. Lakes
can undergo rapid environmental changes, and any alteration in their water renewal rates
and environmental quality has ecological and societal implications. One of the most com‐
mon lake problems is eutrophication, which is the process of physical, chemical, and biolog‐
ical changes in the lake. Eutrophic conditions can be exhibited with algal blooms,
sedimentation, turbidity, oxygen depletion, growth of aquatic plants, water-level changes,
and shift of populations of plant and animal species.

Most important factors that affect lake ecosystem are climate (temperature, precipitation,
wind, and solar radiation), atmospheric inputs, land use, morphology, and physiography.
Several lake environmental problems can affect their water quality and habitat suitability.
Climate around the world has been changing since 1880. The global temperature has risen
by 0.85º C since 1880 and the surface warming amounting 3.7º C will be likely between 2081
and 2100. Lakes are always subject to the impacts of climate change. Monitoring the effects
of climate change on lake ecosystem has been considered by scientists, and focus on re‐
search demonstrates the sensitivity of lakes to climate including physical, chemical, and bio‐
logical properties.

The book " Lake sciences and climate change " deals with several aspects of lake sciences
(botany, zoology, geology, chemistry, models, morphology, and physiography), as well as
the effect of climatic changes on lake body ecosystem. The book is divided into three sec‐
tions and structured into 10 chapters. The first section "Lake and Climatic Change" repre‐
sents three chapters:

Chapter 1 overviews on climatic change in a large shallow tropical Lake Chapala, Mexico.
Chapter 2 deals with the relationship between water levels in the North American Great
Lakes and climate indices. Chapter 3 shows the Lake La Salada de Chiprana (NE Spain) as
an example of an thalassic salt lake in a cultural landscape. The second section "Lake Biolo‐
gy and Health" discusses three chapters in detail: Chapter 1 assesses health condition with
oxidative stress biomarkers in sentinel organisms in shallow lakes of the Mexican Central
Plateau. Chapter 2 discusses variations in the zooplankton species structure of an eutrophic
Lake. Chapter 3 discusses phycoremediation of eutrophic lakes using diatom algae. The
third section "Water quality, management and modeling" contains four chapters: Chapter 1
discusses adaptive management of an imperiled catostomid in Lake Mohave, Lower Colora‐
do River, USA. Chapter 2 discusses chemometric analysis of wetlands remnants of the for‐
mer Texcoco Lake, a multivariate approach. Chapter 3 describes fuzzy logic as a tool to



assess water quality for reservoirs, a regional perspective (Lerma river basin, Mexico). Chap‐
ter 4 deals with water quality modeling of Northern Lakes case study (Egyptian Northern
Lakes).

Scientists from different fields of lake sciences reported in this book their findings. The book
"Lake Sciences and Climate Change” offers an important information source for researchers
and professionals working in lakes and climatic changes.

I would like to express my sincere thanks to Prof. Dr. M.G.Sheded, Prof. Dr. A.ElAutafy
(Botany Department), and Dr. A.A.ElSadek, (Zoology Department), Faculty of Science, As‐
wan University, Egypt, as well as to Dr. Chenlin Hu, College of Public Health, Ohio State
University, USA, for their contribution in the scientific revision of the book chapters.
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Faculty of Science

Aswan University,
Egypt
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Chapter 1

Climatic Change in a Large Shallow Tropical Lake
Chapala, Mexico

Filonov Anatoliy, Iryna Tereshchenko,
Cesar Monzon, David Avalos-Cueva and
Diego Pantoja-González

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63715

Abstract

Measurements of temperature, currents and lake level taken in 2005–2014 are ana‐
lyzed and discussed. We obtained a conceptually new data set on the formation of the
thermocline in Lake Chapala. It is showed that the thermocline in the lake occurs only
during the daytime, in the top 0.5–1.0-m layer of the water column, whereby the vertical
temperature gradient reaches 2.5°C/m within that layer. At night, the top layer is cooled,
which causes strong vertical mixing down to the bottom. Moored measurements of
temperature and level from Lake Chapala reveal the presence of seiches oscillations
with periods of 5.7 and 2.8 hours with amplitudes of 15.4 and 8.1 mm. Temperature
measurements on sections across the lake showed that in the northern part of the lake,
the water column is warmer that in southern 2–3°C in all seasons. The lake currents
were simulated for wet and dry seasons. The model results are in good agreement with
the acoustic Doppler current profiler (ADCP) data. The presence of an anticyclone gyre
in the central part of the lake in both seasons is detected.

Keywords: Lake Chapala, level, temperature and current measurements, hydrody‐
namic modeling, breeze

1. Introduction

Lake Chapala, the largest in Mexico and third largest in Latin America, has an average length
and width of 75 × 22 km and an average depth of only 6 m, with a maximum of 11 m (Figure 1).
Among shallow lakes, Lake Chapala is the largest in the world [1–3]. It plays an important role

© 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.



in the economy of the region. Approximately 20 million people live in the vicinity of Lake
Chapala. The area also includes important industrial and cultural sites.

Figure 1. Map of the Lake Chapala. The numbers refer to weather stations: 1. Jocotepec, 2. Atequiza, 3. Chapala, 4.
Poncitlán, 5. Jamay, 6. Tizapán and 7. Isla de Alacranes.

The lake provides for a mild climate and establishes a land-lake breeze circulation throughout
its costal area. Atmospheric humidity in this area is also moderate, which together with the
pleasant landscape, makes the lake a great tourist attraction [2, 3].

The lake’s tributary and outflow rivers are the Lerma and Santiago, respectively. Both rivers
and the lake form a unique reservoir system covering an area of approximately 47,000 km2.
The annual rainfall is 750 mm, and evaporation from the lake surface ranges from 1000 to 1400
mm per year, resulting in a negative balance [2, 3]. The deficit is offset by inflow from the
Lerma River [4–6] in dry years annual rainfall can drop to 500 mm and the lake does not
contribute any water to the Santiago River [2, 3, 7]. Tereshchenko et al. [2] mentions that in the
high-rainfall years, the annual precipitation can reach 1000 mm and an important volume of
water exits through this same river.

The Lerma River is the main tributary of Chapala Lake. Tereshchenko et al. [2] mentions that
according to data from the National Water Commission (Comisión Nacional del Agua, México;
CNA), approximately 2.75 × 106 m3 [2, 3, 8] of suspended particles enter the lake via its tributary
from the lake’s watershed. The size of the particles can reach up to 0.5 μm and are mainly
deposited in the eastern part of the lake. The result is a decreasing depth by the accumulation
of particles in the bottom of the lake. Suspended particles modify the water transparency.

The principal loss of water from the lake is through evaporation. Tereschenko et al. [2]
mentions that during the spring months, from March to May, evaporation brings down the
lake water level, on average, 10 mm a day. The shallow depths (1–2 m) and low transparency
of water in the east part of the lake create less thermal inertia and allow for stronger heating
in comparison with deeper and more transparent portions of the lake, resulting in higher
evaporation rates [9]. In this connection, Filonov [8] proposed the construction of a dam to cut

Lake Sciences and Climate Change4
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off the eastern 20% of the lake to lower these losses. Detailed measurements show [5] that the
shallow east sector has a surface water temperature of as much as 3°C above that in the central
area of the lake. However, on the basis of these measurements, it is difficult to advance any
conclusion about the east sector as being the main evaporation area of the lake. Resolution of
this controversy would require a surface water temperature-monitoring program (weekly
measurements) of year duration, at least.

Sandoval [1], Tereschenko et al. [2] and Avalos-Cueva et al. [3] mention that the lake has
reached its current status due to water usage of the Lerma for irrigation and industrial needs
and to cover the domestic demand of Guadalajara city. Also, dewatering for agricultural
irrigation and neighboring villages of the lake has a negative balance in storage. Therefore,
Sandoval [1] states that the lake will be dry out in a future. However, not all researchers agree
with this statement. Filonov [8] puts forward some different arguments based on numerical
modeling. He states that the main cause of the long-period-level fluctuation is unfavorable
climatic factors and not just anthropogenic influence. But he fails to definitively establish the
causes of Chapala Lake water-level fluctuation, as well as of rainfall fluctuations over its
watershed.

Filonov [8] also shows that the hydrometeorological regimen of Chapala Lake is influenced
by El Niño episodes. The El Niño 1997–1998 event was the strongest of this century [10, 2].
This event registered unusually high air temperatures and consequently a very intense dry
season in the west-central Mexico. In Guadalajara, Jalisco the monthly average air temperature
from March to May 1998 was 3–4°C higher than the climatological mean for this same season.
The atmospheric relative afternoon humidity decreased from 6 to 8% [6]. In the dry season,
the lake lost reaches up to 1 m due to evaporation water demand [8].

Studies on the quality of lake water and pollutant dispersion are pretty few and discrete points,
while the thermodynamic conditions have not been studied in detail. On such a situation is
not that simple to propose strategies to rescue the lake. A modern method for monitoring the
thermal regime of epicontinental water bodies has been made through the use of satellite
images. Such methods found wide application in physical oceanography [11] and physical
limnology [2, 12].

In the past two decades, researchers from the Physical Department of the University of
Guadalajara began to study the thermodynamic processes in the Lake Chapala using hydro‐
dynamic modeling and the analysis of data collected with the use of up-to-date oceanographic
and meteorological measurement devices. In this work, we discuss the analysis of wind data
collected over the lake, as well as the fluctuations in water temperature, currents and lake level.
The main purpose of this study is to gain more understanding of the thermal and dynamic
patterns of the Lake Chapala during the dry and wet seasons.

2. Measurements and data sets

One major impediment in the data collection across the study area is a great number of fishing
nets deployed in the Lake Chapala. Hundreds of people are engaged in the fishing industry,
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which is a major source of income for them. Therefore, working there, we always rely on good
luck, but do not always succeed. On some occasions, partial losses of the instruments and
equipment were inevitable.

This study is based on the analysis of the temperature, currents and lake-level data collected
in 2005–2014 using the following oceanographic instruments: CTD SBE19-plus, SBE-39,
SBE-26, HOBO V2 and a ADCP RDI 600 kHz, ADP SONTEK 1000 kHz. During that time period,
the measurements were not taken regularly as they pursued different goals. The sampling
strategies varied with the experiment (we used different sets of instruments) and will be
described in the corresponding sections.

Most measurements were taken in the deeper northern part of the lake. The meteorological
data were collected from the network of seven automatic meteorological stations deployed
around the lake and in its center. The spatial structure of the temperature field and currents
for the dry and wet seasons were sampled by towed temperature recorders arranged in the
antenna pattern and ADCP.

3. Results

3.1. Long-term fluctuations in the lake level

In last century, Lake Chapala has suffered two catastrophic declines of its level. From 1945 to
1955, the level fell by nearly 4 m and then in the next 4 years was increased by 5m. In 1977,
again a decrease began and by 1989 was down nearly 5 m. Then, for the year 1995, the level
rose by 2 m and currently undergoes a period lake-level decline, but still lack about 0.5 m to
reach the level of 91.9 m maximum reduction achieved in 1955 (Figure 2).

Figure 2. (a) Historical average annual water levels in Lake Chapala (Data from Water National Council of Mexico).
Monthly mean Lerma River discharge in Chapala Lake (in millions cubic meters) during rain season from 2001. to 2007
(b).

The level oscillations with periods of 20–50 years are presented in all lakes in the world [7].
The cause of this is the climate oscillation in the territory of the basin, caused by the cyclical
variation in solar activity and the succession of epochs of atmospheric circulation. Within each
cycle phase, plenty of water (transgressive) is changed to that of low water (reverse). The

Lake Sciences and Climate Change6
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increase or decreases in the water level in the lakes observed in these phases are the result of
cyclical fluctuations in the intensity of rainfall.

The study of Filonov [8] also shows that the hydrometeorological regimen of Chapala Lake is
influenced by El Niño episodes. The El Niño 1997–1998 event was the strongest of this century
[10, 13]. This event registered unusually high air temperatures and consequently a very intense
dry season in the west central of Mexico. In Guadalajara, Jalisco the monthly average air
temperature from March to May 1998 was 3–4°C higher than the climatological mean for this
same season. The atmospheric relative afternoon humidity decreased from 6 to 8% [14]. Due
to the intense dry season, the lake lost more than 1 m of its water level due to evaporation and
the excess of water pumped to satisfy water demand from the local industry and population [8].

3.2. Level fluctuations caused by free long gravity waves (seiches)

Cross analysis with wind and atmospheric pressure fluctuations has shown that sharply
amplified seiches always after pressure increases that are caused by synoptic processes. A
pulse of pressure acting on Lake Chapala obviously causes an inclination of its level on one of
its parts (because of the large linear size of the lake) and then these pulses generate long free
gravitational waves causing horizontal currents and level fluctuations [3, 9]. Undoubtedly, the
lake breeze also causes fluctuations of lake level with daily periodicity, causing a “wind tide”
on the coast in the afternoon and at its center in the night. The Lake acquires this energy, which
eventually results in free lake-level fluctuation, with periods near of 6 hours and forced
fluctuations with periods of 24 hours.

Basic equations describing seiches can be written in the following form [15]:

2
x

u fv c
t x

h t¶ ¶
- = - +

¶ ¶
(1)

2
y

v fu c
t y

h t¶ ¶
+ = + +

¶ ¶ (2)

0.u v
x dy t

h¶ ¶ ¶
+ + =

¶ ¶ (3)

where x and y are the horizontal coordinates, u and v are the corresponding components of
the vertically integrated current, t is a time, η(x,y) is the free surface perturbation, f is the
Coriolis parameter, c = gH is the speed of propagation of long gravity waves, g is the gravita‐
tion constant, H is the average depth of water, and τx,τy are the horizontal components of the
force that causes seiches.

Solving Eqs. (1)–(3) can be accomplished only by numerical methods because their solution
depends on the lake form. Let us make some estimates on the seiches without fully solving the
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given system of the equations. In long, narrow and shallow lakes (H/L << 1, L is the length of
the lake), such Lake Chapala, it is possible to neglect geostrophic effects and vertical acceler‐
ation. Then, the solution for the current speed u (v - the cross component is very small), the
free surface perturbation, and period of the seiches can be approximated under the following
formulas [9, 16]:

max sin( / )sin(2 / ),su u n x L tp p t= (4)

cos( / )cos(2 / ),s sA n x L th p p t= (5)

2 / ( ).s L n gHt = (6)

umax is the maximal current through a nodal line; As is the seiche amplitude at the edges of the
lake; n is the number of seiches nodes. An Eq. (6) is known in the literature by the name of
“Merian formula” [15].

Figure 3 shows an example of such oscillations; measured near the shore on the hydro
meteorological station Chapala in 1997 (Figure 1). It was the first measurement of this kind on
the lake. Let us estimate some parameters of the seiches in Lake Chapala, using the almost
pure harmonic fluctuations (Figure 3d) having an average height (the double amplitude) of
15 mm and a period about 6.0 hours. These fluctuations should undoubtedly cause one-nodal
seiches. Seiches period by the Eq. (6) gives a value of 5.8 hours, though this value is slightly
less than the one described above by spectrum analysis. However, it can be used to calculate
the data below.

Figure 3. The fluctuations of the lake level anomalies (a). The panels (b) show the hourly course of the wind and daily
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3.3. Fluctuations in the level and the temperature at a fixed point of the lake

The main power source of the lake breeze circulation is the diurnal temperature cycle caused
by the daily variations of (a) incoming solar radiation and (b) heating of the underlying surface
and to atmosphere. The interaction between the land, lake and atmosphere is a very complex
system with many feedbacks. The area around the Lake Chapala is mountainous, with valleys
of various spatial orientations. The thermal energy pulsates with daily periodicity but does
not remain at a fixed frequency. It is redistributed at different frequencies in a complex way
in the form of fluctuations [17].

The principal dynamic process that occurs in the lake is the lake breeze circulation. Daytime
breeze speed does not usually exceed 4 m/s. Beyond any doubt, the lake breeze causes the
increase in the evaporation from the lake’s surface. Lake Breeze, together with atmospheric
pressure variations, generates free seiches waves.

Figure 4. Hourly fluctuations of the lake level (a) and temperature fluctuations (b) at the mooring site during the
summer 2005. experiment. Frequency spectra of the lake level and temperature fluctuations (c). The numbers designate
the periods of the main peaks in the spectra. The vertical line designates the 80% confidence interval.

For a detailed study of the level and temperature variations at a fixed point of the lake, we
made a special experiment. The measurements were taken from 20 April to 12 September 2005
(153 days). The lake level and temperature data were sampled every 5 min by a SBE-26
temperature-depth recorder (the accuracy is 0.002°C for temperature and 1 mm for depth). The
device was deployed on the mooring in the northern part of the lake, at the water depth of 2
m. Figure 4a shows that the seasonal-level fluctuations in 2005 strongly depend on the
evaporation and precipitation over the lake and its watershed. In April and May, the level
dropped at a rate of about 30 cm/month, and then, until the middle of September, it raised
more rapidly, about 50 cm/month. In July, the level remained almost unchanged because of
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the reduced rainfall during this time of the year, which usually occurs over the territory of
Central Mexico and is called “canicula” [3, 10].

The SBE-26 time series also shows that the daily fluctuations of lake level are determined by
diurnal and semidiurnal harmonics. At a single point, the level fluctuations occur at times of
the amplification and easing of the breeze whose speed was measured at the weather station
Chapala [18]. The breeze forcing is the main source of energy for all kinds of motion in the
lake. With a well-defined diurnal cycle, this breeze varies from virtually calm at night and
morning to steady northerly winds up to 6 m/s (gusting up to 10–12 m/s) in the afternoon. The
lake-breeze circulation is important on the processes of vertical and horizontal mixing, since
it is active throughout the year [6].

The analysis shows that the start of wind intensification lags the time of the downturn of the
lake level by less than 2 hours. The rise and drop of the level are asymmetrical. The trough
lasts longer than the peak, which is apparently caused by the asymmetric impact of the wind
on the water surface.

As seen from the data (Figure 4b), the amplitude of the daily temperature fluctuations at the
mooring site are 2–3°C at the 2 m level and decrease to 1–1.5°C as the instrument depth
increases due to the higher lake level during the summer months.

Figure 4c shows the spectra computed from the time series of lake level and temperature
variations. The level spectrum reveals the presence of free seiches waves with 5.7- and 2.8-
hour period in the lake. Their mean square amplitudes are 15.4 and 8.1 mm, respectively. The
lake is shaped like an ellipse whose axes vary in size; therefore, the oscillations with a period
of 5.7 hours likely correspond to the seiches propagating along the greater axis of the ellipse
(west-east). The other oscillation mode is related to the seiches propagating along its smaller
axis (north-south).

We used the Merian equation (Eq. (6)) to evaluate the theoretical periods of the two principal
waves, taking that the maximum length of the lake is 75 km, maximum width of 22 km and
the average depth is 5 m [18]. Thus, the periods of the first and second modes of horizontal
oscillation are 5.87 and 2.7 hours, respectively. These results closely match those obtained from
our measurements. The seiches oscillation periods in Lake Chapala depend mainly on the
mean depth of the lake, as the length along the major axis of the lake is almost unchanged.
Interannual fluctuations of the Lake Chapala can reach 6 m, for example, in 1955–1960 [11],
and therefore, in extreme years, the seiches periods may vary (increase or decrease) from 3 to
8 hours.

Our earlier study [18] reports almost similar results, except that there is no well-defined mode
with the 2.8-hour period due to the weak amplitude. The seiches generate periodic currents,
which peak at 1 cm/s in nodal line areas [18].

3.4. The diurnal variation of the lake temperature profile

Until now, no scientific work has addressed the issue of daily variations of water temperature
in the Lake Chapala from in the entire water column. Many believe that in such a shallow lake
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the water temperature is uniform within a water column due to wind mixing [19]. Our research
has shown that it is not true.

To study the variability of a vertical temperature profile, high-frequency measurements of
water temperature in the entire water column were taken on 7–8 June 2005 from a boat
anchored near the mooring. A boat-mounted meteorological station HOBO-logged wind
speed and direction with a 10-min sampling rate. The water depth in this experiment was about
2 m. Water temperature was measured by a CTD 19-plus (Sea-Bird Electronics profiler) with
temperature depth and accuracies of 0.005°C and 4 cm, respectively. The CTD profiler with a
0.25-s sampling rate was manually dropped and raised every 5 min with a speed of 0.1 m/s.

Chapala is a freshwater lake, and hence, the vertical change in water density is completely
determined by temperature. To estimate the variability of the vertical stratification in the
vicinity of the mooring, the buoyancy frequency was calculated: N (z)= (g / ρ) ⋅ (∂ρ / ∂ z) 1/2,
where z is the depth, ρ=ρ(z) is the density of lake water, which was calculated under the
formula: ρ =ρo (1–1.96 × 10−6(T−289)(T−42)/(T+68.1) × 103), which is usually used for shallow
lakes [20].

Figure 5. Variation of wind (a), temperature (b) and buoyancy frequency (c) in the vicinity of the mooring. The vertical
casts were made every 10. min with a CTD-SBE-19 plus, which was manually dropped from an anchored boat with an
up cast and down cast speed of about 0.1 m/s and a 0.25 s sampling rate.

The collected data sets are presented in Figure 5, which illustrates the connection between
temperature fluctuations and strengthening (weakening) of the stratification caused by the
breeze. The thermocline is formed around midday in the 1 m subsurface layer, in which the
vertical temperature gradients reach 0.5°C/m and decrease to zero at the bottom. The cooling
of the surface layer started at 20:00 and peaked at about 6:00, causing the cold water to sink to
the bottom. Below the 0.4-m depth, the water temperature was almost homogeneous because
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of the intensive stirring. At daytime, the buoyancy frequency in the surface layer exceeded 50–
60 c/hour (about a 1-min period).

The intensive subsurface thermocline serves as a “hard cap” and prevents the daytime heat
and momentum exchange at the surface from penetrating into the deeper layers of the lake.
Moreover, a similar stratification whereby a narrow surface waveguide for short internal
wavelengths is generated was previously observed in the experiment in the eastern part of the
lake [18]. In that experiment, it was shown that the short waves have periods of 10 min,
amplitudes of 1 m and phase speeds of 0.15 m/s.

Thus, the daily variability of temperature stratification in the Lake Chapala prevents the water
masses from mixing and contributes to the accumulation of heat in the surface layer during
the daylight hours. Conversely, the cooling process results in negative vertical temperature
gradients, which in turn cause the intense vertical flow. The latter powers the ascent of
nutrients to the surface, which contributes to the high biological productivity of the lake.

3.5. North-south temperature cross section of the lake

The spatial distribution of surface temperature across the Lake Chapala was previously
discussed in reference [2, 3], based on extensive satellite data sets with high spatial resolution.
In that study, it was shown that the northern part of the lake is warmer than its central and
southern parts, which is caused by the specific features of its circulation.

To confirm this finding and shed light on other processes that occur in the lake, north-south
temperature cross sections were carried out in February, April, July and October 2006. Each
survey included 60 equidistant bottom casts, 250 m apart. The SBE19-plus CTD profiler with
0.17-s sampling rate was manually dropped from the boat with a speed of about 0.1 m/s. The
global position system (GPS) fixed the coordinates of the casts.

The measurements were taken in the morning (from 7:00 to 9:00 am), so that the temperature
along the cross section was not biased. The cross section extends from the northern coast (near
the town of Chapala) to the south side of the lake. The spatial distribution of temperature at
the cross section is shown in Figure 6.

It is observed that the in situ measurements confirm the previous finding, namely that in all
seasons the temperature in the central and northern parts of the lake is higher than in the
southern part. This holds true not only for the surface but also for the bottom layer. In all four
seasons, vertically averaged temperatures at the north and south ends of the cross section differ
by 2–3°C. The vertical distributions of temperature on the sections are uneven.

The northern part of the section shows the penetration of warm water from the anticyclonic
gyre which is stationary in the study area at morning time. In April, July and October, the
water columns in the central and southern parts of the lake were poorly stratified, which was
probably caused by vertical mixing at nighttime. These results shed new light on the thermal
structure of the lake obtained and discussed in previous studies [2, 3, 18, 19, 21]. They should
be taken into account in the design of future experiments in the study area and 3D model
simulations.
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3.6. Current simulations in the lake for the dry and wet seasons

The results of numerical simulations of the Lake Chapala circulations are reported in some
publications [3, 18, 21–26], but none of them is based on the experimental and observational
wind data sets collected in the study area during different seasons. Therefore, we carry out
this study.

The HAMSOM model (Hamburg Shelf Ocean Model) was used to model the horizontal
currents resulting from wind circulation over the lake. The model is written in a finite
difference scheme, using the Arakawa-C grid [27]. The HAMSOM model is vertically aver‐

Figure 6. Vertical temperature cross sections in February (a), April (b), July (c) and October 2006. (d). The bottom panel
shows the vertically averaged temperatures at the corresponding cross sections.
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aged, bi-dimensional, non-linear, semi-implicit, written in finite differences and represents the
simultaneous solution to the Navier-Stokes and a continuity equations. The model was
previously applied to the Gulf of California [28, 29]; the Santa Maria del Oro Volcanic Lake [30]
and Lake Alchichica [31] and in the North Sea [32, 33].

To study the circulation patterns throughout the dry and wet periods, a simulation was
conducted with the HAMSOM model forced by the wind field obtained from the network
weather stations. The current simulation was carried out for the dry and wet season. The
bathymetric grid had a 97 × 270 mesh: = Δy = 300 m and Δt  = 30 s. The simulations started from
a condition of no movement and were run for 30 days before obtaining a stable initial condition.
The model was initialized with wind fields from the network of weather stations in the Lake
Chapala area collected in 2006–2007 (Figure 7). The river runoff data were obtained from
CONAGUA (Mexico's National Water Council). The wet-season average of the inflow from
the Lerma River was set to 600cubic meters per second, the outflow through the Santiago River
—120 cubic meters per second.

Figure 7. Annual wind rose at the weather stations around the lake: (a) the dry season; (b) the wet season. The data
were averaged over the years 2006–2007.

The model results are shown in Figure 8 as vector plots of current fields at 4-hour interval. The
breeze-induced circulation pattern in the lake is represented by two gyres. One of them is
cyclonic (counterclockwise rotation) and located in the east-central part of the lake. The other
gyre is anticyclonic (clockwise rotation) and located in the west-central part. The model results
exhibit a very complex dynamics, whose small-scale features are difficult to interpret. Never‐
theless, similar gyres were identified near the east and west coast.
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Figure 8. Model simulations of the wind-generated: (a) the dry season; (b) the wet season. The data were averaged
over the years 2006–2007.

The core of the anticyclonic gyre, which was generated in the west part of the lake, propagates
to the northwest and continues to develop during the most part of the simulation period.
Conversely, the cyclonic gyre originally located in the east-central part moves to the southwest
part of the lake. Subsequently, it vanishes due to the bottom friction and its remainder merges
into the returning flow of the anticyclonic gyre. The model simulations show that the currents
near the south and north coast reach 12 cm/s. These and other model results require the
comparisons with current meter data. Therefore, two special experiments were carried out in
January 2007 and June 2014.

3.6.1. Temperature and currents variability within two lake polygons

In order to quantitatively describe the spatial-temporal variability of temperature and
circulation in the Lake Chapala, two special experiments were conducted: (i) on January 10,
2007 (the Alacranes polygon, Figure 9a, center-left) and (ii) on June 1, 2014 (the Mezcala
polygon, Figure 9a, center). Both experiments were conducted with the use of a vertical array
of temperature recorders and a boat-mounted ADCP.

The array contained 15 temperature recorders (13 HOBO Pro v2, one HOBO-LEVEL sensor
and one SBE-39), evenly placed from the surface to 7.2 m depth. The boat towed the array. A
down-looking ADCP RDI 600 kHz set up in bottom-track mode was mounted on the starboard
side of the boat. The bin size was set to 15 cm (the total of 13 bins), and the ensemble interval
was 15 s.
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The instruments were protected from fishing nets by a specially designed triangular metal case
shaped to fit the recorders so that the fishing gear caused no damage. The designated depth
of the array was controlled by HOBO-LEVEL and SBE-39 pressure sensors and weights (Figure
9b). The sampling rate of temperature and pressure sensors was 1 min. The towing speed of
about 2 m/s allowed the acquisition of temperature and currents data with the horizontal
spatial resolutions of 120 and 30 m, respectively.

Figure 9. (a) The schematic of the experiments in the Lake Chapala conducted on January 10, 2007. (polygon Alacranes:
center-left) and June 1, 2014 (polygon Mezcala: center of the figure). (b) The schematic of the towed array of recorders.
1. 600 kHz RDI ADCP, 2. angular metal case for the protection of the recorders, 3. the recorder mount and 4. weights
for lowering of the recorders.

Current profiler data is calibrated according to [34], and bad data removed following the
procedure explained in Ref. [35].

3.6.2. The Alacranes polygon

The spatial distribution of temperature along the transect S (carried out from 12:00 to 14:30,
the boat sailed southward) is shown in Figure 10a. The transect N (on which the boat sailed
from south to north) was carried out from 16:40 to 17:50 and the corresponding temperature
field is shown in Figure 10b. On both transects, the meteorological conditions were recorded.
During the transect S, the average air temperature was 14.5°C; the wind was blowing onshore,
and its speed was 12 m/s. Later, during the transect N, the average air temperature was higher
and reached 20.9°C; the wind was blowing offshore, which is a typical breeze circulation in
the Lake Chapala [18].

It is seen from these transects that the heat fluxes were directed toward the surface layer of the
water column, whereby the vertical gradient reached 2.5°C per the top meter of the column.
During the cross section S, all temperature fluctuations were confined between 17 and 18.5°C.
Few hours later, the rapid development of a thermocline was observed on transect b (Figure
10) with temperatures ranging between 17 and 20°C. At the end of the N transect, the coastal
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water began to mix due to the lake breeze effect. Furthermore, at the north end of the trans‐
ectS the water was warmer than at the south by 1°C (Figure 10).

Figure 10. Vertical temperature cross sections of the lake carried out from north to south (S) and from south to north
(N) obtained from the arrays of recorders on January 10, 2007, in the Lake Chapala. The bottom panel shows the verti‐
cally averaged temperatures at both cross sections.

Figure 11. (a) Modeled (black) and observed (red) currents in the vicinities of the S and N transects. The experiment
was conducted on January 10, 2007; the simulations are shown for 12:30. and 19:00, respectively.
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The wind field is believed to be the main mechanism that continually sustains the circulation
in the Lake Chapala, including the gyres. Figure 11 presents the vector plots of vertically
averaged currents measured by the towed ADCP and simulated by the HAMSOM model. In
general, the modeled and observed data are in good agreement.

The transect S was carried out from 12:00 to 14:30, while the boat was sailing from north to
south. The speed of the northeastward flow along the cross section peaked at 10 cm/s. The flow
was presumably generated by the prevailing onshore wind dubbed “the Mexican” by local
fishermen [22]. The 13:00 model simulations are in good agreement with the data collected in
the northern part of the lake (Figure 8a). At the same time, the south part is characterized with
a significant difference between the modeled and observed data, in terms of both the currents
and temperature field.

Nevertheless, the transect N data collected between 16:30 and 18:00 show fairly good agree‐
ment with the southern part of the 18:00 model field, with velocities reaching 15 cm/s. It was
found that in the southern part of the lake, the direction of the flow could change from west
to south in only 2 hours. The wind speed of 12 m/s was recorded by the Chapala city weather
station at the same time when transect S displayed southeastward flow. In just 2 hours upon
the completion of transect N, the flow changed its direction to southeastward and gained speed
of 10 cm/s. These results suggest that the model successfully simulates the effect of the morning
breeze circulation.

3.6.3. The Mezcala polygon

The model simulations show the presence of a steady anticyclonic gyre of 10–12 km diameter
in the central part of the lake, across from the town of Mezcala, during both seasons (Figure
8). To confirm these numerical calculations, we carried out the Mezcala polygon survey. The
temperature and currents within the gyre where observed with the use of towed temperature
recorders and ADCP. The cross-shaped polygon of about 6 km length was situated in the
deepest part of the lake, inside the gyre. Continuous measurements along the three directions
(Figure 9a) were taken on July 1, 2014 from 8:30 to 19:00, whereby the boat was sailing back
and forth.

As shown in Figure 12, the temperature is distributed along the two transects: the transect S,
which was carried out from 8:30 to 10:20, while the boat was sailing south and the transect N,
which were carried out from 17:00 to 19:00. The meteorological conditions during the experi‐
ment were typical for this time of the year: the morning was calm followed by a moderate
breeze in the afternoon. The towing speed was higher than on the Alacranes polygon; therefore,
the deepest recorder was only at a 2.2 m depth. Nevertheless, the collected data shed a new
light on the horizontal and vertical structure of the temperature field on the polygon in the
presence of the anticyclonic gyre.

As seen from Figure 12, in the morning (cross section S), at the time when the boat was sailing
south (from 9:15 to 10:22 AM), the stratification of the lake was moderate. The average
temperature near the southern shore of the lake was steady at 23.4°C (lower panel at the Figure
12). During the reverse leg along the transect (from the south to the north), the measurements
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were taken only in the afternoon (from 17:00 to 19:00), when the wind and temperature
conditions over the lake were quite different from the morning. The simulated currents are
reasonably comparable with the observed data and suggest that in the second half of the day
the gyre was well developed. The gyre exerts a strong impact on the spatial temperature
distribution in the study area.

Figure 12. Vertical temperature cross sections: the north-to-south (S) and south-to-north (N) transects, obtained from
the arrays of recorders on July 1, 2014. The vertically averaged temperature at both cross-sections is shown on the low‐
er panel.

A zone of strong vertical mixing was discovered on the last leg, about 1 km east from the
Mezcala Islands, when the array of the recorders was towed from the south to the north. These
islands are about 1.5 km long. They are perpendicular to the flow of the gyre and create
dynamic shadows. Within this area, the upwelling of cold-bottom water due to the Bernoulli
effect resulted in its mixing with the warm surface water. Unfortunately, the spatial grid of
the model (300 × 300 m) was too coarse to simulate this effect.

More detailed hydrographic surveys off the Mezcala Islands and the Alacranes polygon are
planned for the future with the subsequent assimilation of the collected data into 3D numerical
models. This will allow us to confirm the above-mentioned assumptions about the impact of
the vortex on the vertical and horizontal mixing near the islands.

4. Conclusions

A great deal of results presented here are unique for the Lake Chapala. Although this study
was carried out during different time periods, on average, it gives a fair account of the dynamic
processes occurring in the lake and its surroundings. The main dynamic process occurring in
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the lake is the breeze circulation. The daytime breeze does not usually exceed 4 m/s. Beyond
any doubt, the lake breeze results in the increased evaporation from the lake’s surface and also
generates free seiches waves.

The spectral analysis of the lake-level fluctuation measured by a high-precision HOBO-level
recorder shows that there are two seiches modes in the lake with the periods of 5.7 and 2.8
hours, with the average amplitudes of 15.4 and 8.1 mm.

This study shows for the first time the main features of the diurnal variability of the stratifi‐
cation in the lake. The thermocline is formed around midday. It is very narrow and well
defined. Within the top 30–40-cm layer, the vertical temperature gradient reaches 0.5°C/m and
falls to zero at the bottom. The buoyancy frequency in the surface layer during the day hours
exceeds 50–60 c/hour (a period of about 1 min). The well-defined stratification of the surface
layer prevents the development of turbulence and mixing by wind and waves. In contrast,
during the nighttime, negative temperature gradients of up to 3°C/m are formed due to the
strong cooling of the surface layer. This serves to increase the intensive vertical mixing and
results in a constant temperature within the entire water column of the lake.

The new data on the diurnal variations of the thermal structure of the lake are very important
for the understanding of the migration behavior of biological organisms. The data are also
important for the development of three-dimensional models of the dynamic processes in the
lake.

The study shows that the northern part of the lake is warmer than its central and southern
parts, which is essentially an important feature of the circulation. However, until now there
were no detailed accounts of the horizontal and vertical structure of the temperature field in
the lake in different seasons.

Our in situ measurements taken in February, April, July and October 2006 confirmed the
previous finding that the temperature in the central and northern parts of the lake during
different seasons is always higher than in the southern part, which holds true not only for the
surface but also for the entire water column. In all four seasons, the average temperatures at
the north and south coasts differ by 2–3°C. The vertical distribution of temperature along the
cross sections was not homogeneous.

In this study, the simulation of currents was carried out by means of the HAMSOM 2D model
for the dry and wet seasons. The model was initialized with the wind data from the network
of weather stations in the Chapala Lake area collected in 2006–2007. The model results
demonstrate very complex dynamics, in particular, the continuous presence of two gyres. One
of them rotates counterclockwise (cyclonic rotation) and is located in the east-central part of
the lake. The other one rotates clockwise (anticyclonic rotation) and is located in the west-
central part.

In order to describe the spatial-temporal variability of temperature in the lake and compare
the model simulations with the observed data, two special experiments were conducted in the
Lake Chapala on January 10, 2007 (polygon Alacranes) and on June 1, 2014 (polygon Mezcala).
In these experiments, a vertical array of temperature recorders aligned in the antenna-like

Lake Sciences and Climate Change20



the lake is the breeze circulation. The daytime breeze does not usually exceed 4 m/s. Beyond
any doubt, the lake breeze results in the increased evaporation from the lake’s surface and also
generates free seiches waves.

The spectral analysis of the lake-level fluctuation measured by a high-precision HOBO-level
recorder shows that there are two seiches modes in the lake with the periods of 5.7 and 2.8
hours, with the average amplitudes of 15.4 and 8.1 mm.

This study shows for the first time the main features of the diurnal variability of the stratifi‐
cation in the lake. The thermocline is formed around midday. It is very narrow and well
defined. Within the top 30–40-cm layer, the vertical temperature gradient reaches 0.5°C/m and
falls to zero at the bottom. The buoyancy frequency in the surface layer during the day hours
exceeds 50–60 c/hour (a period of about 1 min). The well-defined stratification of the surface
layer prevents the development of turbulence and mixing by wind and waves. In contrast,
during the nighttime, negative temperature gradients of up to 3°C/m are formed due to the
strong cooling of the surface layer. This serves to increase the intensive vertical mixing and
results in a constant temperature within the entire water column of the lake.

The new data on the diurnal variations of the thermal structure of the lake are very important
for the understanding of the migration behavior of biological organisms. The data are also
important for the development of three-dimensional models of the dynamic processes in the
lake.

The study shows that the northern part of the lake is warmer than its central and southern
parts, which is essentially an important feature of the circulation. However, until now there
were no detailed accounts of the horizontal and vertical structure of the temperature field in
the lake in different seasons.

Our in situ measurements taken in February, April, July and October 2006 confirmed the
previous finding that the temperature in the central and northern parts of the lake during
different seasons is always higher than in the southern part, which holds true not only for the
surface but also for the entire water column. In all four seasons, the average temperatures at
the north and south coasts differ by 2–3°C. The vertical distribution of temperature along the
cross sections was not homogeneous.

In this study, the simulation of currents was carried out by means of the HAMSOM 2D model
for the dry and wet seasons. The model was initialized with the wind data from the network
of weather stations in the Chapala Lake area collected in 2006–2007. The model results
demonstrate very complex dynamics, in particular, the continuous presence of two gyres. One
of them rotates counterclockwise (cyclonic rotation) and is located in the east-central part of
the lake. The other one rotates clockwise (anticyclonic rotation) and is located in the west-
central part.

In order to describe the spatial-temporal variability of temperature in the lake and compare
the model simulations with the observed data, two special experiments were conducted in the
Lake Chapala on January 10, 2007 (polygon Alacranes) and on June 1, 2014 (polygon Mezcala).
In these experiments, a vertical array of temperature recorders aligned in the antenna-like

Lake Sciences and Climate Change20

pattern was towed along the cross sections by a boat with onboard ADCP. These high-
frequency measurements on both polygons shed new light on the distribution of temperature
and currents in these parts of the lake. The data collected on the Mezcala polygon confirm the
presence of an anticyclonic gyre and show the influence of the islands on the dynamics of water
masses and the temperature distribution in the lake.
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Abstract

The goal of this study is to look at how the interconnection of five North American Great
Lakes affects the relationship between climate indices and mean annual and extreme
daily water levels during the period from 1918 to 2012, and how human activity impacts
the  dependence  between these  two variables.  Analysis  of  correlation revealed the
existence of a negative correlation between water levels in Lakes Superior, Michigan–
Huron  and  Erie,  and  the  Atlantic  Multidecadal  Oscillation  (AMO)  climate  index,
although this correlation is not observed at the daily scale for Lake Superior. Water
levels in Lake Ontario are negatively correlated with Pacific Decadal Oscillation (PDO).
The temporal evolution of the dependence between water levels and climate indices is
characterized  by  breaks  interpreted  to  result  from  variations  in  the  amount  of
precipitation  probably  linked  with  an  AMO phase  change  in  the  Lakes  Superior,
Michigan–Huron, and Erie watersheds. In the case of Lake Ontario, such breaks in
dependence are thought to be related to water level regulation in this lake resulting
from the digging of the St. Lawrence Seaway.

Keywords: water levels, climate indices, correlation, copula, Great Lakes

1. Introduction

The North American Great Lakes system is one of the largest bodies of freshwater in the world.
The system holds nearly 23,000 km3 of water or about 20% of the World’s freshwater re‐
serves [1]. It is a rich and diverse aquatic ecosystem and continues to play a crucial role in the
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social and economic development of interior regions of the United States and Canada. For
these reasons, the Great Lakes are the subject of numerous multidisciplinary studies. From a
hydroclimate standpoint, most of these studies have focused primarily on the following four
elements:

• the variability of hydroclimate variables (water levels, temperature, precipitation, evapo‐
ration, etc.) at different time scales (hourly, daily, seasonal, annual and secular) as it relates
to natural and human factors [2–16, 17].

• the potential impacts of climate change on this variability, a topic of growing attention given
the current climate warming [17–24, 25].

• the seasonal and interannual ice dynamics and its impacts on temperature and water levels
in the Great Lakes [26–29, 30].

• the interaction of this water body with regional and/or global climate [31–33].

Few studies have attempted to determine which climate indices affect the interannual
variability of water levels [2, 3, 12, 26, 29, 34], and most of these studies only focused on the
relationship between climate indices and extreme water levels. To fill this gap, the first goal
of the study is to analyze the relationship between climate indices and annual mean and daily
extreme (maximum and minimum) water levels in five North American Great Lakes. Under‐
lying this goal is the following hypothesis: because of their interconnected nature, water levels
in the Great Lakes are correlated with each other and, as a result, are correlated with the same
climate indices. In addition, given that some of the Great Lakes are affected to varying degrees
by water level regulation [7, 35, 36], it might be expected that this regulation affects the
dependence between water levels and climate indices over time. The second goal of this paper
is therefore to analyze this change in dependence over time.

2. Methodology

2.1. Location and sources of data

Located almost entirely along the Canada–US border, the North American Great Lakes system
comprises five large lakes (Superior, Michigan, Huron, Erie and Ontario) and a plethora of
smaller ones (Figure 1). These large lakes vary in surface area from 82,367 km2 (Superior) to
19,009 km2 (Ontario), and in volume from 12,221 km3 (Superior) to 458 km3 (Erie Water
residence time ranges from 191 (Superior) to 2.6 years (Erie).

Water level data were taken from the Environment Canada web site (http://www.waterle‐
vels.gc.ca/C&A/network_means.html). It is important to note that from a hydraulic stand‐
point, Lakes Michigan and Huron form a single system (Michigan–Huron), and their water
levels fluctuate in identical fashion. As a result, these fluctuations are measured at a single
station, on Lake Michigan. For each lake, water level was correlated with the five climate
indices which have been shown to affect climate in North America. These are: Atlantic
Multidecadal Oscillation (AMO), Arctic Oscillation (AO), North Atlantic Oscillation (NAO),
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Multidecadal Oscillation (AMO), Arctic Oscillation (AO), North Atlantic Oscillation (NAO),
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Pacific Decadal Oscillation (PDO), and Southern Oscillation Index (SOI). Climate indexes for
the AMO and PDO were taken from the following website: http://www.cdc.noaa.gov/
ClimateIndices/List, the NAO from http://www.cgd.ucar.edu/cas/jhurrell/indices.data.html,
the AO from http://jisao.washington.edu/data/ao/, and the SOI from http://
www.cgd.ucar.edu./cas/catalog/climind/soi.html. Data for these climate indices (NAO, AO
and SOI) after 2006 were taken from the NOAA website: http://www.esrl.noaa.gov/psd/data/
climateindices/list/. Data for all these indices since 1950 are available on the NOAA website:
http://www.esrl.noaa.gov/psd/data/climateindices/list/.

For each of the five Great Lakes, the following series will be produced:

• A series of annual mean water levels (average of the 12 monthly values) for the period from
1918 to 2012.

• A series of annual daily maximum and minimum water levels consisting of the highest
(maximum) and lowest (minimum) water level values measured each year from 1918 to
2012.

These series will be correlated with time series for five climate indices, including AMO, AO,
NAO, PDO, and SOI. For each of these indices, the following three series will be produced:

• A series of annual means (average of the 12 monthly values) of the climate indices.

Figure 1. Location of the North American Great Lakes.
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• A series of seasonal means in winter (average of monthly values of the 6 months from
October to March) and in summer (average of monthly values of the 6 months from April
to September).

2.2. Statistical analysis

2.2.1. Analysis of correlation

For statistical data analysis, we used the following programs: SAS Version 9.2 32 bits (corre‐
lation analysis and canonical correlation analysis), and Matlab Version R2013a (Lombard
analysis). The statistical analysis was carried out in three steps. The first step consisted in
deriving simple coefficients of correlation between water levels in five the Great Lakes in order
to constrain the effect of their interconnected nature on the temporal variability of their water
levels. As a second step, coefficients of correlation were derived between climate indices and
water levels. These two approaches, however, cannot detect potential interactions between the
five climate indices and the temporal variability of water levels. For this reason, canonical
correlation analysis (CCA) [36] was used as a third step. This method allows the simultaneous
analysis of correlation between two groups of variables.

If one wishes to calculate the relation between two groups, one of X variables (X1, X2,…, Xp)
and the other of Y variables (Y1, Y2,…, Yq), one must calculate the canonical variables V (V1,
V2,…,Vp) and (W1, W2,…, Wq), which are linear combinations of the X variables of the first
group (in this case, the climatic indices) and the Y variables of the second group (in this case,
the water levels of the five Great Lakes). Then, the canonical variables V and W are correlated
between themselves, that is to say, V1 is correlated with W1, V2 to W2 and so on, in order to
obtain the canonical correlation coefficients. After that, the canonical variables V and W are
correlated with the variables X and Y, so as to obtain what are called structure coefficients. In
fact, these coefficients measure the link (the correlation) between the canonical variables (V
and W) and the original variables of groups X and Y. Thus, if X1 and X2 are correlated, for
example, to V1, Y1 is correlated with W1. Y1 is therefore correlated with the original variables
X1 and X2, since the canonical variables V1 and W1 are correlated. The main purpose of CCA
is to maximize the correlations between the two groups of variables.

2.2.2. The copula method

To test the second hypothesis that underlies the study, the copula method will be applied to
the series of water levels in the Great Lakes and the climate indices with which they are
significantly correlated. This method is used to analyze the evolution over time of the de‐
pendence between two correlated variables by detecting significant breaks in Kendall’s tau
values. The timing of these breaks will be compared with the timing of construction of man-
made structures carried out over time to regulate water levels in the Great Lakes. We described
this method in some of our previous work [i.e., For example, see 2].
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The dependence in a random vector (X, Y) is contained in its corresponding copula function
C. Specifically, the celebrated theorem of Sklar ensures that there exists a unique
C : 0, 1 2→ 0, 1  such that

( ) ( ) ( ){ }, , .P X x Y y C P X x P Y y£ £ = £ £ (1)

Quessy et al. [37] developed a testing procedure to identify a change in the copula (i.e.,
dependence structure) of a bivariate series (X1, Y1), …, (Xn, Yn). The idea is based on Kendall’s
tau, which is a nonparametric measure of dependence. Let T̂ 1:T  be Kendall’s tau measured for
the first T observations and T̂ T +1:n be Kendall’s tau for the remaining n − T observations. The
proposed test statistic is

( )
1 1: 1:

ˆ ˆmaxn T n T T n

T n t
M T T

n n< < +

-
= - (2)

that is, a maximum weighted difference between the Kendall’s tau. Since Mn depends on the
unknown distribution of the observations, the so-called multiplier re-sampling method is used
for the computation of p-values. Specifically, for n sufficiently large (n > 50), this method yields
independent copies Mn

(1), …Mn
(N ) of Mn. Then, a valid p-value for the test is given by the

proportion of Mn
(i)’s larger than Mn. For more details [i.e., For example, see 37]. Usually, one can

expect that the series X1,…, Xn and Y1,…, Yn are subject to changes in the mean and/or variance
following, for example, the smooth-change model [38]. If such changes are detected, the series
must be stabilized (to remove the shift of the mean and variance) in order to have
(approximately) constant means and variances. Finally, a change in the degree of dependence
between two series is statistically significant when Mn  > Vc, where Vc is the critical value
derived from observational data. As part of this study, the copula method was applied to
standardized water level and climate index data after removing any break in mean values in
the hydroclimate series.

3. Results

3.1. Simple linear correlation analysis

The values of coefficients of correlation derived between water levels in each of the five Great
Lakes are shown in Table 1, in which it may be seen that those values increase with decreasing
distance between lakes. Thus, the lowest coefficient of correlation values are between Lakes
Superior and Ontario. However, coefficients of correlation between Lakes Superior and
Michigan–Huron, which are adjacent to one another, are lower than those observed between
the other three lakes, which are closer to one another.
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Lake Superior Lake Michigan Lake Erie Lake Ontario

Mean annual
water level

Lake Superior 1 0.6231 0.4059 0.3341

Lake Michigan 1 0.8613 0.7164

Lake Erie 1 0.8193

Lake Ontario 1

Annual maximum
water level

Lake Superior 1 0.5673 0.3783 0.3033

Lake Michigan 1 0.8442 0.7055

Lake Erie 1 0.8332

Lake Ontario 1

Annual minimum
water level

Lake Superior 1 0.6081 0.4110 0.2581

Lake Michigan 1 0.8261 0.6621

Lake Erie 1 0.7363

Lake Ontario 1

All coefficients of correlation are statistically significant at the 5% level.

Table 1. Correlation between water levels in the North American Great Lakes.

Annual climatic indices Winter climatic indices Summer climatic indices

S M–H E O S M–H E O S M–H E O

AMO −0.22 −0.42 −0.30 −0.12 −0.19 −0.42 −0.33 −0.09 −0.22 −0.38 −0.31 −0.13

AO −0.00 0.07 0.17 0.14 −0.01 0.07 0.15 0.12 0.01 0.02 0.08 0.10

NAO 0.07 0.05 −0.06 −0.04 0.07 0.16 0.18 0.08 0.02 −0.12 −0.32 −0.18

PDO 0.05 0.03 −0.01 −0.22 0.02 0.00 −0.06 −0.28 0.07 0.05 0.05 −0.16

SOI −0.05 −0.09 −0.08 0.02 −0.06 −0.10 −0.07 0.05 −0.01 −0.04 −0.05 −0.02

Significant coefficient of correlation values at the 5% level are shown in bold.

Table 2. Coefficients of correlation calculated between the five climate indices and annual mean water levels (1918–
2012).
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Table 1. Correlation between water levels in the North American Great Lakes.

Annual climatic indices Winter climatic indices Summer climatic indices

S M–H E O S M–H E O S M–H E O

AMO −0.22 −0.42 −0.30 −0.12 −0.19 −0.42 −0.33 −0.09 −0.22 −0.38 −0.31 −0.13

AO −0.00 0.07 0.17 0.14 −0.01 0.07 0.15 0.12 0.01 0.02 0.08 0.10

NAO 0.07 0.05 −0.06 −0.04 0.07 0.16 0.18 0.08 0.02 −0.12 −0.32 −0.18

PDO 0.05 0.03 −0.01 −0.22 0.02 0.00 −0.06 −0.28 0.07 0.05 0.05 −0.16

SOI −0.05 −0.09 −0.08 0.02 −0.06 −0.10 −0.07 0.05 −0.01 −0.04 −0.05 −0.02

Significant coefficient of correlation values at the 5% level are shown in bold.

Table 2. Coefficients of correlation calculated between the five climate indices and annual mean water levels (1918–
2012).
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As far as the relationship between climate indices and annual mean water levels is concerned,
Table 2 and Figure 2 shows that AMO is negatively correlated with water levels in Lakes
Superior, Michigan–Huron, and Erie, with water levels in Lake Michigan–Huron showing
better correlation with this climate index than water levels in the other two lakes. Annual mean
water levels in Lake Ontario are negatively correlated with PDO (Figure 3), the same type of
relationship being observed for both maximum (Table 3) and minimum (Table 4) daily water
levels. Aside from PDO, daily extreme water levels in Lake Erie are also negatively correlated
with the NAO summer indices. However, daily extreme (maximum and minimum) water
levels in Lake Superior are not significantly correlated with any climate index.

Figure 2. Comparison of the temporal variability of AMO mean annual indices (black curve) and mean annual water
levels (standardized values) in Lakes Superior (red curve), Michigan–Huron (blue curve) and Erie (green curve) (1918–
2012).

Figure 3. Comparison of the temporal variability of PDO mean annual indices (black curve) and mean annual water
levels (standardized values) in Lake Ontario (red curve) (1918–2012).
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Annual climatic indices Winter climatic indices Summer climatic indices

S M–H E O S M–H E O S M–H E O

AMO −0.14 −0.39 −0.23 −0.10 −0.15 −0.40 −0.27 −0.12 0.04 0.08 0.10 0.14

AO −0.09 0.09 0.12 0.08 −0.12 0.07 0.11 0.04 0.04 0.08 0.10 0.14

NAO 0.05 0.10 −0.03 0.01 0.04 0.19 0.20 0.13 0.03 −0.09 −0.29 −0.14

PDO 0.03 −0.01 −0.07 −0.26 0.02 −0.03 −0.11 −0.29 0.03 0.00 −0.02 −0.21

SOI −0.15 −0.05 −0.02 −0.00 −0.11 −0.34 −0.24 −0.08 −0.10 −0.01 0.02 0.01

Significant coefficient of correlation values at the 5% level is shown in bold.

Table 3. Coefficients of correlation calculated between the five climate indices and maximum daily water levels (1918–
2012).

Annual climatic indices Winter climatic indices Summer climatic indices

S M–H E O S M–H E O S M–H E O

AMO −0.11 −0.41 −0.31 −0.12 −0.19 −0.45 −0.35 −0.10 −0.11 −0.41 −0.31 −0.12

AO 0.11 0.07 0.07 0.08 0.01 0.10 0.12 0.07 0.11 0.07 0.07 0.08

NAO 0.09 −0.06 −0.31 −0.20 0.09 0.20 0.14 0.08 0.09 −0.06 −0.31 −0.20

PDO 0.13 0.07 0.01 −0.22 0.12 0.04 −0.07 −0.28 0.13 0.07 0.01 −0.22

SOI −0.07 −0.02 −0.01 −0.03 −0.12 −0.13 −0.11 −0.07 −0.07 −0.02 −0.01 −0.03

Significant coefficient of correlation values at the 5% level is shown in bold.

Table 4. Coefficients of correlation calculated between the five climate indices and minimum daily water levels (1918–
2012).

3.2. Canonical analysis of correlation (CCA)

This analysis did not yield conclusive result. As an example, CCA results applied to annual
mean water levels and annual mean climate indices are presented in Tables 5 and 6. From
Table 5, it can be seen that the coefficient of canonical correlation between the first two axes
is relatively low (0.633). CCA could not significantly maximize the coefficient of correlation
values. Thus, the derived value of 0.633 is only slightly higher that the highest simple corre‐
lation coefficient of 0.425 (see Table 2). In addition, only the first two canonical axes are
statistically significant at the 5% level. As far as coefficients of structure are concerned
(Table 6), values of coefficients of structure related to water levels in the lakes are all lower
than 0.600 on the first canonical axis. Thus, this axis shows little correlation with water levels
in the lakes. The same is true for climate indices on the second canonical axis. As the last two
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AO 0.11 0.07 0.07 0.08 0.01 0.10 0.12 0.07 0.11 0.07 0.07 0.08
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Table 4. Coefficients of correlation calculated between the five climate indices and minimum daily water levels (1918–
2012).

3.2. Canonical analysis of correlation (CCA)

This analysis did not yield conclusive result. As an example, CCA results applied to annual
mean water levels and annual mean climate indices are presented in Tables 5 and 6. From
Table 5, it can be seen that the coefficient of canonical correlation between the first two axes
is relatively low (0.633). CCA could not significantly maximize the coefficient of correlation
values. Thus, the derived value of 0.633 is only slightly higher that the highest simple corre‐
lation coefficient of 0.425 (see Table 2). In addition, only the first two canonical axes are
statistically significant at the 5% level. As far as coefficients of structure are concerned
(Table 6), values of coefficients of structure related to water levels in the lakes are all lower
than 0.600 on the first canonical axis. Thus, this axis shows little correlation with water levels
in the lakes. The same is true for climate indices on the second canonical axis. As the last two
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canonical axes are not statistically significant, it is difficult to interpret their coefficients of
structure.

Canonical roots R F p-values

CC1 0.6330 3.81 <0.0001

CC2 0.4211 2.11 0.0171

CC3 0.2832 1.24 0.2872

CC4 0.0156 0.9997 0.9894

R = canonical coefficient of correlation.

Table 5. Canonical correlation analysis statistics.

Variables W1 W2 W3 W4 V1 V2 V3 V4

Lake Superior −0.370 0.003 0.258 0.893

Lake Michigan–Huron −0.587 0.263 0.725 0.245

Lake Erie −0.293 0.682 0.655 0.142

Lake Ontario 0.133 0.346 0.914 0.164

AMO 0.750 −0.195 −0.606 −0.033

AO 0.070 0.471 0.238 0.837

NAO −0.195 −0.418 0.105 0.879

PDO −0.470 0.200 −0.829 0.204

SOI 0.257 −0.157 0.093 −0.058

Table 6. Correlation between the annual mean water levels and canonical roots (W), and correlation between climatic
indices and canonical roots (V).

3.3. Analysis of the dependence between water levels and climate indices using copulas

It is important to point out that the copula method was only applied for climate indices that
are significantly correlated with water levels. Results obtained using this method are presented
in Table 7, from which it may be seen that the dependence between the two climate indices
(AMO and PDO) and water levels in the five Great Lakes, aside from annual mean water levels
in Lake Ontario, shows a sharp break (Figures 4–6). In other words, the relationship between
the two variables changed significantly over time.

As far as the timing of this change in dependence is concerned, Table 7 shows that it is nearly
synchronous for Lakes Michigan–Huron and Erie, having occurred in the late 1960s and early
1970s. In Lake Ontario, these breaks occurred in the late 1950s. Finally, for Lake Superior, the
break in mean water levels took place during the first half of the 1950s. In all cases, the value
of Kendall’s tau decreases after the break.
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Lakes Indices Mn Vc p-value Year

Mean annual water levels

 Lake Superior AMO 1.0614 0.9389 0.020 1954

 Lake Michigan AMO 1.2809 0.8337 0.001 1966

 Lake Erie AMO 1.3728 0.8204 0.000 1968

 Lake Ontario PDO 0.857 0.904 0.075 1960

Annual daily maximum water levels

 Lake Superior – – – – –

 Lake Michigan AMO 0.9715 0.8972 0.0270 1968

 Lake Erie AMO 1.1435 0.9293 0.010 1972

 Lake Ontario PDO 0.994 0.8865 0.023 1959

Annual daily minimum water levels

 Lake Superior – – – – –

 Lake Michigan AMO 1.1311 0.8636 0.000 1968

 Lake Erie AMO 1.3756 0.9205 0.000 1968

 Lake Ontario PDO 1.1311 0.9040 0.000 1959

p-values < 0.05 are statistically significant at the 5% level.
* Year of break in dependence.

Table 7. Analysis of the relationship between climate indices and water levels using copulas.

Figure 4. Interannual variability of Mn values of mean water levels. The red line represents the maximum value of Vc.
Lake Superior.
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Figure 5. Interannual variability of Mn values of mean water levels. The red line represents the maximum value of Vc.
Lakes Michigan–Huron.

Figure 6. Interannual variability of Mn values of mean water levels. The red line represents the maximum value of Vc.
Lake Erie.

4. Discussion and conclusion

The five North American Great Lakes comprise the largest freshwater aquatic ecosystem in
the world. One of the characteristic features of these water bodies is their interconnected
nature. Simple correlation analysis revealed that the effect of this interconnection on the
temporal variability of water levels is strongly influenced by the distance between any two
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lakes. As this distance increases, the influence of the upstream lake on the temporal variability
of water levels in the downstream lake decreases significantly. Thus, the weakest correlation
between water levels is derived between Lakes Superior and Ontario; the two lakes located
the furthest apart. In contrast, the strongest correlations are observed between adjacent lakes.
This diminishing influence of interconnection with distance between lakes may in part be due
to the dominant influence of local climate conditions in the watershed of each of the Great
Lakes on the temporal variability of water levels [3].

The interconnected nature of the five lakes leads to the postulate that the interannual variability
of their water levels may be correlated with the same climate indices. Analysis of the correlation
between these water levels and five climate indices revealed a negative correlation between
AMO and water levels in Lakes Superior, Michigan–Huron, and Erie, on one hand, and a
negative correlation between PDO and water levels in Lake Ontario, on the other hand. It is
worth specifying, however, that for Lake Superior, this correlation is only observed at the
annual scale. While this result cannot be used to conclude that the interconnected nature of
the lakes influences the relationship between climate indices and water levels, it does suggest
a possible influence of the effects of water level regulation on this relationship. The two least
regulated of the five lakes (Michigan–Huron and Erie) are correlated with the same climate
indices at all time scales. Although Lake Superior is adjacent to Lake Michigan–Huron, its
water levels are not correlated with AMO at all scale. And as far as Lake Ontario is concerned,
despite its proximity to Lake Erie, its water levels are correlated to a different climate index,
namely PDO.

The influence of AMO on the temporal variability of hydroclimate variables has been high‐
lighted for many regions of North America [39–43, 44]. The sign of this correlation changes
from region to region. For instance, in the Pacific Northwest and Northeastern regions of the
United States, as well as in Florida, this correlation is positive, whereas in the continental region
and the Mississippi River and Great Lakes watersheds, this correlation is negative [41]. Thus,
during a positive phase of AMO, water levels in the Great Lakes tend to increase due to an
increase in precipitation likely resulting from enhanced cyclonic activity in winter. In contrast,
the influence of PDO on the temporal variability of hydroclimate variables has mainly been
detected in the western part of the North American continent [45–49, 50]. In the Great Lakes
watershed, a negative correlation between PDO and amount of snow has been brought to light
[51, 52, 53], with the negative phase of this index being associated with an increase in amount
of snow and, as a result, in water levels in Lake Ontario.

Over the years, the Great Lakes were affected to varying degree by human activity, including
diversion within watersheds; dredging of natural channels connecting the lakes; and regula‐
tion of water levels [8, 54, 55]. It is therefore reasonable to expect that these different human
impacts may have affected the dependence between climate indices and water levels in the
lakes. Application of the copula method revealed breaks in this dependence at different scales.
For water levels in Lakes Michigan–Huron and Erie, the three waterbodies least affected by
human activity, breaks in this dependence occurred in the late 1960s and early 1970s. The only
plausible factor that could account for these breaks is changing climate conditions in the
watersheds of these three Great Lakes. Between 1970 and 1990, precipitations increased
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to the dominant influence of local climate conditions in the watershed of each of the Great
Lakes on the temporal variability of water levels [3].

The interconnected nature of the five lakes leads to the postulate that the interannual variability
of their water levels may be correlated with the same climate indices. Analysis of the correlation
between these water levels and five climate indices revealed a negative correlation between
AMO and water levels in Lakes Superior, Michigan–Huron, and Erie, on one hand, and a
negative correlation between PDO and water levels in Lake Ontario, on the other hand. It is
worth specifying, however, that for Lake Superior, this correlation is only observed at the
annual scale. While this result cannot be used to conclude that the interconnected nature of
the lakes influences the relationship between climate indices and water levels, it does suggest
a possible influence of the effects of water level regulation on this relationship. The two least
regulated of the five lakes (Michigan–Huron and Erie) are correlated with the same climate
indices at all time scales. Although Lake Superior is adjacent to Lake Michigan–Huron, its
water levels are not correlated with AMO at all scale. And as far as Lake Ontario is concerned,
despite its proximity to Lake Erie, its water levels are correlated to a different climate index,
namely PDO.

The influence of AMO on the temporal variability of hydroclimate variables has been high‐
lighted for many regions of North America [39–43, 44]. The sign of this correlation changes
from region to region. For instance, in the Pacific Northwest and Northeastern regions of the
United States, as well as in Florida, this correlation is positive, whereas in the continental region
and the Mississippi River and Great Lakes watersheds, this correlation is negative [41]. Thus,
during a positive phase of AMO, water levels in the Great Lakes tend to increase due to an
increase in precipitation likely resulting from enhanced cyclonic activity in winter. In contrast,
the influence of PDO on the temporal variability of hydroclimate variables has mainly been
detected in the western part of the North American continent [45–49, 50]. In the Great Lakes
watershed, a negative correlation between PDO and amount of snow has been brought to light
[51, 52, 53], with the negative phase of this index being associated with an increase in amount
of snow and, as a result, in water levels in Lake Ontario.

Over the years, the Great Lakes were affected to varying degree by human activity, including
diversion within watersheds; dredging of natural channels connecting the lakes; and regula‐
tion of water levels [8, 54, 55]. It is therefore reasonable to expect that these different human
impacts may have affected the dependence between climate indices and water levels in the
lakes. Application of the copula method revealed breaks in this dependence at different scales.
For water levels in Lakes Michigan–Huron and Erie, the three waterbodies least affected by
human activity, breaks in this dependence occurred in the late 1960s and early 1970s. The only
plausible factor that could account for these breaks is changing climate conditions in the
watersheds of these three Great Lakes. Between 1970 and 1990, precipitations increased
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significantly in the Great Lakes watershed [e.g., For example, see 2], coinciding with a change
in phase for AMO, from positive to negative after 1970 [41]. As far as Lake Ontario is concerned,
the breaks in dependence occurred in the late 1950s and may therefore be related to water level
regulation in this lake as a result of the digging of the Great Lakes-St. Lawrence Seaway System.
Finally, for Lake Superior, the break in dependence occurred in 1954, which is not related to
any significant development project. However, from a hydrological and climate standpoint,
Assani et al. [2] observed an increase in the frequency of relatively low water levels during the
1950s and 1960s, reflecting a trend of decreasing precipitation in the watershed.

In conclusion, the influence of the interconnected nature of the Great Lakes on the temporal
variability of their water levels decreases with increasing distance between individual lakes,
likely as a result of the effect of local climate conditions on this variability. At the annual scale,
however, water levels in four of the five Great Lakes are negatively correlated with AMO, and
only water levels in Lake Ontario, the most downstream of the lakes, are correlated with PDO.
For the first four lakes, the break in dependence between water levels and climate indices was
affected by changes in climate conditions in their watersheds, whereas for Lake Ontario, water
level regulation in its watershed affected this break. This study shows that the influence of
local climate conditions and human activity in the watersheds of the Great Lakes strongly
dampen the effects of interconnection on the temporal variability of water levels in the lakes.
As a result, hydroclimate changes affecting one lake do not necessarily propagate to other lakes
located downstream.
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Chapter 3

Lake La Salada de Chiprana (NE Spain), an Example of an
Athalassic Salt Lake in a Cultural Landscape

Rutger De Wit

Additional information is available at the end of the chapter
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Abstract

On a global scale, athalassic inland salt lakes are abundant, albeit restricted to semiarid
and arid climates. La Salada de Chiprana is unique in Western Europe, because it is a
permanent and relatively deep (up to 5.6 m) hypersaline lake (40–90 g total dissolved
salt L–1) since 1700 AD. It forms part of a cultural landscape, which imposes a chal‐
lenge for management. The aim of this paper is to describe the specific microbial biota
and how they interacted with both animals and plant species during the last 25 years.
The deeper parts regularly showed salinity stratification with an anoxic sulfide-rich
hypolimnion  and  a  bloom  of  green  sulfur  bacteria  (Prosthecochloris  aestuarii  and
Chlorobium vibrioforme) at the pycnocline. Despite highly eutrophic conditions, often the
top water layer is transparent due to top-down control of phytoplankton populations
by the  brine  shrimp,  Artemia  parthenogenetica.  This  allows for  the  development  of
submerged  aquatic  vegetation  of  the  endemic  foxtail  stonewort  Lamprothamnium
papulosum var. papulosum f. aragonense, and microbial mat communities build by the
cyanobacterium  Coleofasciculus  (Microcoleus)  chthonoplastes  coexisting  with  green
filamentous nonsulfur bacteria (Chloroflexaceae). The microbial mats show photosyn‐
thetically induced precipitation of high-Mg calcite,  which by incorporating viruses
represents a mechanism for their fossilization.

Keywords: microbial mat, multiple stable states, regime shift, charophyta, cyanobac‐
teria, Coleofasciculus (Microcoleus) chthonoplastes, Chloroflexaceae

1. Introduction

Saline aquatic environments on the Earth include the ocean and the transitional environments
(lagoons, estuaries, coastal wetlands, river mouths, etc.) on the coast where the salinity is derived

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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from the sea, and epicontinental streams and lakes without a recent connection to the sea. The
former are called thalassic (i.e., derived from the sea) and the latter athalassic. On a global scale,
athalassic inland salt lakes are widely distributed (see Figure 1). These areas are characterized
by their arid or semiarid climate, with annual rainfall values of 25–200 and 200–500 mm,
respectively, which are largely insufficient to compensate for evaporation. In a landscape setting,
such a structural water deficit does not allow the formation of permanent rivers that slow down
the formation of river valleys. In many cases, the water simply flows to depressions in the
landscape from where it escapes to the atmosphere by evaporation. Such inland areas that drain
to a depression in the landscape with no outlet to rivers flowing to the sea are called endorhe‐
ic basins. Permanent and temporal salt lakes are typically found in these endorheic basins where
they often occupy the lower parts. In addition, athalassic salt lakes occur in Antarctica, where
high salinities in the lake are a consequence of outfreezing. During freezing of water, ice crystals
of almost pure water are formed while the dissolved salts are expelled from the freezing volume
to the remaining water that becomes progressively more concentrated in total dissolved salts.
Lake Bonney (77°43′S 162°22′E) is a permanent ice-covered athalassic saline lake on the Antarctic
continent in the McMurdo Dry Valleys. On a global scale, inland saline lakes represent a volume
of 85 × 103 km3, which is not much lower than the global volume of freshwater lakes of 105 × 103
km3 (Shiklomanov 1990 cited by Williams [1]). However, the Caspian Sea represents almost 75%
of the total volume of inland salt lakes. Other well-known salt lakes include the Dead Sea (Middle
East), the Aral Sea (Central Asia), Mono Lake in California (USA), Mar Chiquita (Argentina),
Sambhar Salt Lake (India), and Lake Eyre (Australia). In Western Europe, Spain is the only
country where inland athalassic saline lakes occur in three different regions. The majority of
these saline lakes are ephemeral showing alternations between shallow water bodies during
wet periods and dry salt flats during dry periods. Lake La Salada de Chiprana is a unique salt
lake in Western Europe because it is permanent and deep (up to 5.5 m depth).

Figure 1. Global distribution of athalassic salt lakes (shaded areas indicate the regions where such lakes occur natural‐
ly) from Williams [1]. With kind permission of Cambridge University Press, Environmental Conservation.

Lake Sciences and Climate Change44



from the sea, and epicontinental streams and lakes without a recent connection to the sea. The
former are called thalassic (i.e., derived from the sea) and the latter athalassic. On a global scale,
athalassic inland salt lakes are widely distributed (see Figure 1). These areas are characterized
by their arid or semiarid climate, with annual rainfall values of 25–200 and 200–500 mm,
respectively, which are largely insufficient to compensate for evaporation. In a landscape setting,
such a structural water deficit does not allow the formation of permanent rivers that slow down
the formation of river valleys. In many cases, the water simply flows to depressions in the
landscape from where it escapes to the atmosphere by evaporation. Such inland areas that drain
to a depression in the landscape with no outlet to rivers flowing to the sea are called endorhe‐
ic basins. Permanent and temporal salt lakes are typically found in these endorheic basins where
they often occupy the lower parts. In addition, athalassic salt lakes occur in Antarctica, where
high salinities in the lake are a consequence of outfreezing. During freezing of water, ice crystals
of almost pure water are formed while the dissolved salts are expelled from the freezing volume
to the remaining water that becomes progressively more concentrated in total dissolved salts.
Lake Bonney (77°43′S 162°22′E) is a permanent ice-covered athalassic saline lake on the Antarctic
continent in the McMurdo Dry Valleys. On a global scale, inland saline lakes represent a volume
of 85 × 103 km3, which is not much lower than the global volume of freshwater lakes of 105 × 103
km3 (Shiklomanov 1990 cited by Williams [1]). However, the Caspian Sea represents almost 75%
of the total volume of inland salt lakes. Other well-known salt lakes include the Dead Sea (Middle
East), the Aral Sea (Central Asia), Mono Lake in California (USA), Mar Chiquita (Argentina),
Sambhar Salt Lake (India), and Lake Eyre (Australia). In Western Europe, Spain is the only
country where inland athalassic saline lakes occur in three different regions. The majority of
these saline lakes are ephemeral showing alternations between shallow water bodies during
wet periods and dry salt flats during dry periods. Lake La Salada de Chiprana is a unique salt
lake in Western Europe because it is permanent and deep (up to 5.5 m depth).

Figure 1. Global distribution of athalassic salt lakes (shaded areas indicate the regions where such lakes occur natural‐
ly) from Williams [1]. With kind permission of Cambridge University Press, Environmental Conservation.

Lake Sciences and Climate Change44

Limnology is the scientific study of the physical, chemical, geological, and ecological dynamics
of inland lakes and other inland water bodies. The term was introduced by François-Alphonse
Forel (1841–1912), who studied Lake Geneva. Most limnologists neglected the study of inland
salt lakes for a long time, despite their global importance. Even today, the salt lakes do not
receive the interest they merit as it is reflected by the fact that limnology is sometimes
incorrectly described as the discipline studying freshwater systems. The original focus on
freshwater lakes in limnology can be explained by historic reasons as this discipline really
started to develop in Western Europe around the turn of the twentieth century, where inland
salt lakes are scarce as mentioned above. Even around the 1920s, limnologists were mainly
active in Western and Central Europe as well as in the eastern part of the USA where freshwater
lakes predominate. By the end of the 1940s, Ramón Margalef (1919–2004) initiated the study
of the inland Spanish salt lakes and American and Australian researchers became interested
in the salt lakes in the semiarid and arid parts of their large countries. William David Williams
(1936–2002) has been particularly active in promoting the study of salt lakes at a global level
and highlighted the threats to inland salt lakes and advocated the need for conservation
measures [2].

The salinity is highly variable among athalassic saline lakes both in terms of concentration and
composition of dissolved salts. The salt often derives from the soils in the endorheic basin,
which are lixiviated by rainwater that carries the dissolved salts to the terminal lake. Hence,
the salt composition of the inflowing water is strongly determined by the parent material and
the sedimentary deposits that form the soils in the endorheic basin. The concentration of salts
in salt lakes is generally expressed in units of total dissolved salts per liter (TDS L-1). Inland
lakes are considered as saline lakes when the concentration of total dissolved salts exceeds 3
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and 10 g L-1 are often referred to as subsaline. On the other side, lakes with salinities exceed‐
ing 40 g TDS L-1 are considered as hypersaline. Dissolved salts in inland lakes mainly include
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2- and HCO3
-), chloride (Cl-), sulfate (SO4

2-), and silicate (SiO(OH)3
-

and other forms), and the cations sodium (Na+), magnesium (Mg2+), calcium (Ca2+), and
potassium (K+). The final composition in the lake water depends on both, the composition of
the inflowing water and the mineral precipitation processes. Hence, high Ca2+ and low Mg2+

give rise to lakes dominated by halite (NaCl), while high Ca2+ combined with high Mg2+ gives
rise to Na+, Mg2+, Cl- and often SO4

2- dominated lakes ranging in pH from 6 to 8.5. Lake
Chiprana is an example of the latter and is characterized by a high pH for this group, i.e., a
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2+ and a high pH of 10–11 [3]. A precise determination of TDS requires
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molecules are incorporated in different crystals during the precipitation. Moreover, the use of
a measure of conductivity may be problematic. At first, the relation between TDS and
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Lake La Salada de Chiprana (NE Spain), an Example of an Athalassic Salt Lake in a Cultural Landscape
http://dx.doi.org/10.5772/6443

45



Inland saline lakes in a pristine landscape are ideal sentinels for variations and changes in the
climate. Hence, in permanent salt lakes, draught periods are reflected by the lowering of the
water table, decreasing water volume, and increasing salinity as well as a decreasing surface
area. The latter is due to exposure of the shallowest parts. From the littoral zone into the lake,
the shallow areas are designated as playas. These playas typically alternate between emersion
after dry periods and submersion following wet periods. The exposed bottom of playas is often
covered by a salt crust. However, prolonged exposure for many years may result in coloniza‐
tion by halophyte vegetation. During wet periods, the reverse occurs. These variations can
potentially be monitored by remote sensing. For temporal salt lakes, increasing draught results
in shorter submersion and longer exposure where the lake bottom appears as a salt pan. For
example, in the temporal lake La Dehesilla (Spain), during the water years 1989 and 1990, the
lake was filled with water during 5 months and completely dry during 7 months. The salinity
of the water varied from 20 g TDS L-1 to 90 g TDS L-1 during the wet periods [5]. Potentially,
the duration of the submerged and exposed periods can be monitored by remote sensing.

Nevertheless, humans nowadays heavily impact the inland salt lakes and jeopardize the
conservation of the unique values of these ecosystems [1]. The human threats include inflow
diversions, irrigation, mining, pollution, and biological disturbances, e.g., the introduction of
exotic species. In many salt lakes, the variations of water volume and salinity do no longer
faithfully reflect the natural climatic variation alone, but are rather modified by many of these
human impacts. There is an urgent need for conservation measures that are particularly
adapted to inland salt lakes. A good example for conservation measure is Mono Lake in
California [1]. In this chapter, I describe some of the unique values of the athalassic salt lake
La Salada de Chiprana, with a particular focus on the microbial communities. In addition, I
discuss the management actions put in place for the conservation of this lake. However,
Chiprana Lake is not a pristine saline lake as humans have heavily impacted the catchment
since 1700. For centuries, this allowed the existence of this permanent lake in a cultural setting.
Major changes in agriculture since the 1950s have represented a threat to the unique values of
this lake. This poses the question on how to develop conservation measures for this interesting
salt lake in a changing cultural context.

2. Lake La Salada de Chiprana as a specific case of an athalassic salt lake in
a cultural landscape

2.1. Localization and history of lake La Salada de Chiprana

“La Salada de Chiprana” (41°14′30″N, 0°10′50″W, NE Spain) is the only permanent athalassic
shallow salt lake in Western Europe. This salt lake (Figure 2 and 3) is located in an endorheic
basin in the Ebro Valley 6 km SW of the village of Chiprana, and occupied a total surface of
31.5 ha in 1991 and varied in surface between 36 ha in 1993 and 22 ha in 2008. Today, the lake
La Salada de Chiprana is a protected area which benefits from the following qualifications: (1)
Ramsar wetland site since 1994, (2) site of community interest (SCI) according to the Habitat
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Directive of the European Union since 1997, and (3) natural reserve of the Gobierno de Aragón
since 2006.

Figure 2. Lake La Salada de Chiprana (Aragón, Spain) located in NE Spain in the valley of the Ebro River close to the
Mequinenza Reservoir (41°14’30”N, 0°10’50”W; see maps). Panoramic view of lake La Salada de Chiprana from the
southwestern shore of the lake showing palaeocanals and playas. Close-up of paleocanal with playa in the back.

This salt lake lies upon the upper Oligocene-Miocene Caspe formation that mainly comprises
sand and siltstones deposited by a river. Hence, the area where the salt lake occurs is located
in a former river valley, where the river meandered. Gravel and sand were being deposited in
the riverbed, while silt was deposited in the floodplain during flooding of the river. The
differences in compaction and erodability of the sand and siltstones have resulted in an
inversion of topography in the landscape, with the meandering sandstone formations emerg‐
ing as ridges in the landscape. These sandstone formations are, therefore, called paleocanals
(see Figure 2).

A paleolimnological study [6] has shown that during most of the Mid and Late Holocene, lake
La Salada de Chiprana was a temporal lake. Human activities in the surroundings included
deforestation, irrigation, and olive tree planting. In the thirteenth century, a small irrigation
canal, the Civán canal, was created to carry water from the Guadalupe River into the surround‐
ings of the lake. All these changes resulted in increased flow of water into the lake and it thus
became a permanent hypersaline lake since 1700 AD. Irrigation practice was formally organ‐
ized since 1838, when a committee of 40 landowners was formed. The irrigated surface reached
3912 ha during the 1950s and was reduced by 400 ha because of the construction of a dam and
the large Reservoir of Mequinenza in the Ebro River in 1967. In 1988, a smaller reservoir was
built in the Guadalupe River to allow for an increase of irrigation in the region. A new Civán
canal was built, running parallel to the old canal, which obtains its water directly from this
reservoir. Since then, an additional 200 ha has been irrigated. Olive trees were the main crops
until 1970. Nowadays, most of the crops include cereals and alfalfa [6]. Hence, for the last 300
years, lake La Salada de Chiprana has been subjected to both climatic and anthropogenic
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influences. The watershed sensu stricto of the lake is of 768 ha of which 515.7 ha benefit from
protection measures, i.e., 154.8 ha as a natural reserve and 360.9 ha as a peripheral buffer zone.
However, due to the irrigation canals, the watershed receives water inputs from the outside
of this watershed. In the early 1990s, scientists expressed their concern about the conservation
of the unique properties of the lake and called for regulation of the water flows in the area.

2.2. Regulating the water flows and management of the Salada de Chiprana Lake

Irrigation water for agriculture in the watershed of the Salada de Chiprana is drawn from the
reservoir in the Guadalupe River and brought to the watershed of the lake via open irrigation
canals. These comprise the Civán canal that connects to the smaller Acequia de Farol and the
Acequia de la Casilla canal in the surroundings of the Salada de Chiprana. Moreover, overflow
of an upstream irrigation zone also feeds into the Acequia de Farol and the Acequia de la
Casilla, thus, representing an additional input. Often, more water is channeled to the water‐
shed of the lake than requested for irrigation. Before 1994, this excess irrigation water was
directly channeled into the Salada de Chiprana Lake. This practice created major environ‐
mental problems (see below) and, therefore, it was decided to build a dam, which allowed
diverting this surplus flow via the Arroyo del Regallo River into the Reservoir of Mequinenza
[6, 7]. In 1993, more than 100,000 m3 freshwater from Civán canal entered the lake in 1993 [6].
The hydraulic works have been used since 1994. In addition, measures were taken to prevent
the water from a small irrigation canal, i.e., the small Acequia de la Casilla, entered the lake
directly [7].

Between 1989 and 1993, the lake level rose due to dumping of surplus irrigation water and
irrigation returns in the watershed. As a result, by 1993, the lake salinity had been reduced to
30–40 g TDS L-1 and the surface area of the lake achieved a maximum of 36 ha. Between January
1994 and September 1995, the lake level decreased because the diversion and salinities
increased again to 80 g TDS L-1. Between 1995 and 1999, the lake level rose again, while after
2000, there was a persistent trend of decreasing lake levels. In the early 1990s, the maximum
depth reported for the lake was 5.6 m [8]. Between the early 1990s and early 2009, the lake level
decreased overall by 1.75 m [9]. Hence, on 4 August 2007, the Confederación Hidrográfica del
Ebro recorded a maximum depth of 3.7 m. The surface areas and volumes of the salt lake have
been calculated from the topography of the landscape and the level and bathymetry of the lake
[9, 10]. Superimposed on these trends, since 1998, the lake also showed repeatable intra-annual
fluctuations with amplitude of 30–50 cm [9]. Such behavior is natural for these salt lakes as
water levels rise during winter and spring and decrease during summer, thus achieving their
annual minimum levels in late summer or autumn. The decreasing lake level between 1991
and 2008, corresponded to a 42% reduction in surface (from 36 to 21 ha) a 55 % reduction in
volume (from 893,000 to 405,000 m3) [9]. The decrease in the surface is illustrated in Figure 3.
In accordance with the lake level, the salinity increased from 40 to 90 g TDS L-1 (Figure 3).
Nevertheless, the ionic composition remained remarkably constant during the entire 17 years
and was dominated by Na+, Mg2+, SO4

2-, and Cl-. The molar ratios of dissolved ions (n = 53)
were 1.13 ± 0.24 SO4

2-/Cl-, 1.38 ± 0.34 Na+/Cl-, and 0.97 ± 0.19 Mg2+/Cl-. Magnesium exceeded
calcium showing more variable molar ratios for Mg2+/Ca2+, i.e., 21.4 ± 10.5 (n = 53). The total
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amount of salts in the lake was estimated to be equal to 44,750 tons. After 1995, when the water
level dropped below 137.6 m (European Datum georeference system for W Europe, ED50)
above mean sea level (Alicante), a small basin in the SE corner became separated from the main
lake (Figure 3). This separated 822 tons of dissolved salt representing a loss of 2% of salt for
the main lake. Nevertheless, the salinities in the lake showed remarkable conservative
behavior, i.e., the mass of total dissolved salt in the lake was rather constant and variations of
its salinities were directly related to the volume of the lake [9].

Figure 3. Lake extent of the lake La Salada de Chiprana and updated bathymetry calculated from the bathymetric map
of Guerrero et al. [10] and based on monitoring of water height at a gauge and cartography (IGN Spain), adapted from
De Wit et al. [9], with kind permission of John Wiley. TDS = concentration of total dissolved salts. The right panel con‐
tains a prediction for a future extent when salinity would have increased to 120 g TDS L−1 and that can be expected to
occur before 2020, if the trend initiated since 2000 persists.

In conclusion, after a period of excessive water discharges in the lake in the early 1990s, since
the introduction of the measures in 1993, the lake hydrology has been governed by high
evapotranspiration (1000–1500 mm year-1), low rainfall (200–400 mm year-1), water runoff in
its endorheic watershed, irrigation returns and groundwater flows. This resulted, however, in
persistently decreasing lake levels and increasing salinities since 2000. To counteract this trend,
the managers have decided in 2013 to supplement clean freshwater into the lake from the Civán
River.

2.3. Variations in microbiological communities during the last 25 years in La Salada de
Chiprana

2.3.1. Planktonic communities and stratification of the water column

During the early 1990s, when the lake contained its highest amount of water and showed some
parts where depths reached more than 5 m, stratification of the water column was often
observed [8]. Figure 4 describes the stratification that I observed on 24 January 1990. The
stratification was based on a salt gradient. The upper water layer had been diluted by the
freshwater inflow and showed lower salinities than the bottom layer. The top layer or
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epilimnion was separated from the bottom layer (hypolimnion) by a density gradient or
pycnocline. Temperature also showed a gradient from 6°C in the epilimnion to 17°C at 2 m
depth. This is surprising as distilled water has a maximum density at 4°C and above 4°C its
density decreases with temperature. One would, thus, expect that the water of 6°C sinks to the
bottom in a lake where temperature achieves 17°C. Nevertheless, this was not the case as the
cold epilimnion water had a higher density than the warmer hypolimnion, due to the very
strong differences in salt concentrations. Temperature effects counterbalanced the salt gradient
but were clearly not sufficient to destroy the stratification. This phenomenon is known as an
inverse temperature gradient and can, sometimes, be observed in hypersaline systems. The
highly saline water has a strong tendency to absorb the energy from solar radiation. In addition,
the heat capacity of water decreases with increasing salinity and, thus, for the same amount
of energy absorbed, saline water increases more strongly in temperature than freshwater.

Figure 4. Stratification of physicochemical and microbiological variables in the deepest part (5.5 m) of the lake ob‐
served on 24 January 1990. The stratification is based on a gradient of salt concentrations (pycnocline), which is reflect‐
ed by conductivity. The upper part of 50 cm thickness (epilimnion) is oxic and low concentrations of Chlorophyll a
(Chla) reflect the presence of microalgae. Green sulfur bacteria, which are strict anaerobes, and phototrophic bacteria
develop in the anoxic zone at the pycnocline. These organisms contain bacteriochlorophylls c and d (BChlc and BCld)
as light-harvesting pigments, together with minor proportions of bacteriochlorophyll a.

The bottom layer and the pycnocline were completely anoxic, while only the epilimnion was
oxic. A low density of phytoplankton was reflected by a low chlorophyll a content of 1 μg L-1.
At the pycnocline, still sufficient light was present to favor the blooming of phototrophic
bacteria, i.e., green sulfur bacteria. These bacteria use H2S as the electron donor in anoxygenic
photosynthesis. Morphological observations with light microscopy indicated that cells similar
to Chlorobium vibrioforme were dominant, although they often coexisted with minor popula‐
tions of cells resembling Prosthecochloris aestuarii. The latter was often located deeper in the
lake. Xavier Vila and his colleagues at the University of Girona (NE Spain) succeeded in
isolating these green sulfur bacteria and obtained strains in pure culture, which were related
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to Prosthecochloris aestuarii SK413 and Chlorobium vibrioforme DSM260 [11]. Green sulfur
bacteria contain chlorosomes with bacteriochlorophylls capable to efficiently harvest light at
low intensities. Both isolated strains contained different allomers of bacteriochlorophylls c and
d (BChlc and BChld) and the carotenoid chlorobactene [11]. In addition, the green sulfur
bacteria also contain minor amounts of bacteriochlorophyll a (BChla) that occurs (i) in the
photosynthetic reaction centers, (ii) in the baseplate of the chlorosomes, and (iii) as associated
with the Fenna-Matthews-Olsen protein, all involved in the photosynthetic light processing.
Hence, the BChla measured has probable originated from these green sulfur bacteria in the
lake.

Interestingly, the sequencing of the 16S rRNA genes and the fmoA gene, the gene coding for
the Fenna-Matthews-Olsen protein, indicated that specific lineages of green sulfur bacteria
exist, which are adapted to marine and saline environments. Nonetheless, within such a
lineage, the Prosthecochloris strain isolated from Chiprana was actually quite different from the
type strain of Prosthecochloris aestuarii. The Prosthecochloris strain from Chiprana clustered with
a strain isolated from another inland salt lake in the Death Valley indicating that these inland
saltwater lake bacteria were separated from their marine relatives early during evolution [12].

The strong variations in salinities observed in the lake since the 1990s, triggered important
changes in the water column communities. In 1990, the Chla concentrations in the top layer
were low due to a strong top-down effect of the water column grazer, the brine shrimp Artemia
parthenogenetica (Bowen & Sterling, 1978). During 1992 and 1993, the strong input of freshwater
resulted in decreasing salinities with a wane of the brine shrimp populations as several species
in this genus do not occur below 35 g TDS L-1 [13]. Hence, in the absence of the top-down
control by brine shrimps, phytoplankton was able to develop high densities (with Chla values
up to 100 μg L-1), which was probably further enhanced by the high nutrient input into the
lake from the surplus irrigation water [14]. Fortunately, after 1994, with increasing salinities
the brine shrimps returned to the lake and the top-down control was reestablished. The
decreasing lake level and depth also resulted in less frequent occurrence of stratified periods.
This area is subjected to strong winds that act on the lake surface to induce strong mixing in
the lake and destruction of the pycnocline. In addition, the reduced freshwater input from the
watershed also implies that the top layer of the lake is exposed to a lesser degree of dilution
than before, which slows down the buildup of a pycnocline.

2.3.2. Benthic communities and their variations

Between 1989 and 1991, a large part the submerged playas were covered by benthic microbial
mats [8] build by the cosmopolitan cyanobacterium Coleofasciculus chthonoplastes (Thuret ex
Gomont) Siegesmund, Johansen et Friedl 2008. This is a filamentous cyanobacterium that
forms bundles in a common sheath (see Figure 5A). The species was previously known as
Microcoleus chthonoplastes, but a detailed phylogenetic study showed that among the filamen‐
tous Microcoleus species, the marine and halotolerant species including M. chthonoplastes
formed a lineage that was clearly different from the freshwater Microcoleus branch; therefore,
the species has been renamed by Siegesmund et al. [15]. Flowering plants (Magnoliophyta)
were also observed as Ruppia sp. that formed clear meadows. The development of Ruppia
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meadows is clearly antagonistic to the microbial mats as the plants occupy space, modify the
sediment surface and reduce light intensities at the sediment surface by shading of the canopy.
During this period, the extension of the Ruppia meadows, a phenomenon that was attributed
to decreasing salinities [8], resulted locally in replacement of the C. chthonoplastes mats.

Diaz et al. [14] observed that the continuously decreasing salinities between 1990 and 1993 in
combination with increased eutrophication resulted in heavy epiphytic growth on Ruppia,
often inducing their decline. Simultaneously, the microbial mats continued their demise,
probably because of reducing light at the sediment surface due to increasing shading by
phytoplankton (see Section 4.1). The excessive low salinities in the lake, together with the
progressive disappearance of the microbial mats and the poor quality of the Ruppia meadows,
motivated Spanish researcher to ring the bell and call for targeted management measures that
resulted in the hydraulic works achieved in May 1993 [7] (see Section 3).

Figure 5. (A) Phase contrast light microscopic image of Coleofasciculus chthonoplastes (Thuret ex Gomont) Siegesmund,
Johansen et Friedl 2008 (formerly Microcoleus chthonoplastes) showing multiple filaments in a common bundle. (B)
Transmission electron microscopic image of a cross section of a bundle of Coleofasciculus chthonoplastes. (C) Phase con‐
trast light microscopic image of a filamentous green nonsulfur bacterium from the Chloroflexaceae family, probably
Chlorothrix halophila. (D) Macroscopic image of the surface of a biofilm growing on the top of the debris of the foxtail
stonewort (Lamprothamnium papulosum var. papulosum f. aragonense (Prósper) Wood). The biofilm was mainly com‐
posed of green nonsulfur bacteria from the Chloroflexaceae family. (E) Macroscopic image (macrophotography) of a
cross section of a mat build by Coleofasciculus chthonoplastes in 2010 under very high salinities (>90 g TDS L−1). The pur‐
ple layer indicates the development of purple sulfur bacteria in these mats. Note a fine layer of fine-grained high-Mg
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meadows is clearly antagonistic to the microbial mats as the plants occupy space, modify the
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The situation was clearly reversed after the inauguration of these hydraulic works. Valero-
Garcés et al. [6] reported that since 1995, a particularly dry year in this region (200 mm rainfall),
water column transparencies had recovered in the lake. During a visit in September 1996, I
observed reestablishment of C. chthonoplastes microbial mats. Recolonization by microbial mats
continued and by 1999, the extent of microbial mats was similar to that described for the lake
in the late 1980s and early 1990s [8]. However, the Ruppia meadows had completely disap‐
peared by 1996 as a result of the increased salinities.

More detailed studies by Jonkers et al. [16] described the laminated structure of these mats as
multilayered microbial mats build by C. chthonoplastes living in association with filamentous
green nonsulfur bacteria from the Chloroflexaceae family. Chloroflexaceae show thin filament
morphologies of light green color, which do not fluoresce red light upon blue excitation and
can, thus, be distinguished under the microscope from the thin cyanobacteria filaments, e.g.,
Leptolyngbya. As green sulfur bacteria (see Figure 4), the filamentous green nonsulfur bacteria
also contain BChlc and BChld. These bacteriochlorophylls are involved in light harvesting and
are special, because rather than representing a single macromolecule, they comprise mixtures
of molecules known as allomers that may differ by the alcohol esterified to the macrocycle and
substituents on the macrocycle. The different allomers can be separated by HPLC, using a
reverse-phase protocol as that described by Buffan-Dubau et al. [17] (see Figure 6). The
phylogenetic study by Bachar et al. [18] has confirmed the presence of 16S rRNA gene
sequences affiliated to the Chloroflexaceae family some of them very closely related to the
Candidatus Chlorothrix halophila (see Figure 5C). Multiple white layers of calcium carbonate
were observed in the mat (see Figure 5E), which have been identified as high-Mg calcite [19].
In addition, diatoms sometimes occurred in the mat, particularly on the top surface layer,
particularly during spring. These diatoms are favored by high inputs of inorganic nitrogen,
i.e., NO3

- and NH4+ [20]. In contrast, the cyanobacteria were stimulated by the combined
addition of inorganic nitrogen end phosphate [20].

The microbial mats fixed N2 [21]. In general, C. chthonoplastes does not possess the genes for
N2 fixation, although one strain of this species was shown to contain these genes, which it
probably obtained through lateral gene transfer [22]. Hence, it appears most likely that the
N2 fixation is attributed to the heterotrophic bacteria in the mat [21], although N2 fixation by
cyanobacteria cannot be excluded [22].

Between 2000 and 2006, there was a spectacular development of charophytes, i.e., a specific
form of the foxtail stonewort Lamprothamnium papulosum var. papulosum f. aragonense (Prósper)
Wood. This charophyte has been described originally as a distinct species by Eduardo Reyes
Prósper in 1910 as a typical plant for the semiarid steppe lakes in Aragon [23, 24]. This form
of Lamprothamnium is able to thrive at extremely high salinities (70–90 g TDS L-1). In 2000–2001,
sparse populations coexisted with the C. chthonoplastes microbial mats. Some of the larger
individuals were overgrown by slimy biofilms comprising diatoms and Chloroflexaceae,
which at the sediment interface coalesced with the microbial mats. However, from 2002, this
charophyte dramatically increased its surface and at many places supplanted the existing C.
chthonoplastes microbial mats. This colonization culminated during 2005 in extensive prairies
covering virtually all sediments between 0.2 and 1.8 m water depths.
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Figure 6. HPLC traces of lipophilic pigments extracted from the 1–1.5 mm depth layer of a microbial mat build by the
cyanobacterium Coleofasciculus chthonoplastes associated with Chloroflexaceae. The pigment analysis was performed af‐
ter the protocol described by Buffan-Dubau et al. [17] using a diode array detector (350–800 nm). By comparing the
chromatograms selected at 440 and 664 nm, we can directly see whether the peaks correspond to a carotenoid (no ab‐
sorption at 664 nm) or to a green chlorophyll (Chla) and bacteriochlorophylls (BChlc and BChld). Note the different
peaks of BChlc and BChld, which correspond to different allomers that may differ by the alcohol esterified to the mac‐
rocycle and substituents on the macrocycle. λmax gives the absorption maxima of the separated pigments measured in-
line with the diode array detector.

In September 2006, it was observed that the shallower L. papulosum populations had become
exposed to air [9] as the water level had further decreased by 30 cm since September 2005. Full
sunlight and drying out of the top part triggered massive decay of Lamprothamnium and
detritus of this charophyte accumulated in the lake. In the shallower parts of the lake, photo‐
synthetic biofilms developed on top of this Lamprothamnium detritus (see Figure 5D). These
biofilms were dominated by Chloroflexaceae together with different species of filamentous
cyanobacteria. The remaining multilayered microbial mats build by C. chthonoplastes and
Chloroflexaceae that had been restricted in area in 2005 to the littoral zone up to a depth of 20
cm, were now completely emerged and dried out. Hence, healthy C. chthonoplastes mats had
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almost completely disappeared from the lake. The biofilms, mainly comprising Chloroflexa‐
ceae, persisted until the spring of 2007. After an almost complete wane of the C. chthono‐
plastes builds microbial mats in 2006, there was again a new colonization by young mats of the
shallower parts of the lake since the summer of 2007. However, during this period, salinities
continued to increase. This resulted, in 2010, in the precipitation of gypsum (CaSO4) at the
surface of the newly established multilayered microbial mats build by C. chthonoplastes (see
Figure 5E). During the 25-year-period, the microbial mats build by C. chthonoplastes waxed and
waned, and this chronology has been described in more detail by De Wit et al. [9].

2.3.3. Interactions between the pelagos and the benthos

When combining the observations about the pelagos and the benthos, it appears that regime
shifts are a characteristic feature in La Salada de Chiprana and may, thus, occur commonly in
hypersaline lakes. Hence, we can clearly discern different forms of an ecosystem state charac‐
terized by low water turbidity, low phytoplankton and strong development of benthic
communities. This low turbidity and low phytoplankton state seems to be obtained via top-
down control of phytoplankton by the brine shrimp Artemia parthenogenetica. Within these
benthic communities, the microbial mats build by C. chthonoplastes associated with Chloro‐
flexaceae occupy a conspicuous role. In some cases, these mats completely dominate the
benthic community in the lake, particularly at the shallower areas. Nonetheless, macrophytes
may enter in competition with these microbial mats for space at the lake bottom. At lower
salinities, probably up to 45 g TDS L-1, the microbial mats may suffer from competition with
Ruppia species. At higher salinities, the microbial mats may enter in competition with the
extremely halotolerant foxtail stonewort Lamprothamnium papulosum var. papulosum f.
aragonense (Prósper) Wood. Nevertheless, the observations after 2007 indicate that this
charophyte cannot colonize the lake when salinities are above 90 g TDS L-1.

Hypersaline systems are often, by nature, eutrophic. The athalassic lakes represent the terminal
for runoff and groundwater flows that carry both dissolved salt and nutrients. The water
budget is equilibrated by high evaporation from the lake. As a result, salt lakes accumulate
dissolved salts and nutrients. Therefore, in the long-term, they tend to become eutrophic and
more saline. During the low turbidity and low phytoplankton state, most of the nutrients will
be captured by the benthic communities, i.e., the microbial mats or the macrophytes, both
Magnoliophyta as Ruppia sp. and charophytes as Lamprothamnium papulosum. However, when
the top-down control is being relieved due to disappearance of brine shrimps from the lake,
the fast growing phytoplankton may quickly build up high densities and the water becomes
turbid. The increasing turbidity will have a negative impact on the performance of the benthic
mats and macrophytes. As a result, more and more nutrients will become available for the
phytoplankton and the system may flip over into a turbid state as it had been observed in 1993
and 1994 by Diaz et al. [14]. Such an interaction scheme is characterized by a positive feedback
loop for phytoplankton, i.e., the development of phytoplankton decreases the competitive
abilities of the benthic communities and, thus, favors its own growth. This poses the question
whether multiple stable states do exist for hypersaline lakes as these have been described for
freshwater lakes by Scheffer et al. [25], for which the alternate states are characterized by (1)
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phytoplankton-rich high turbidity without submerged benthic vegetation and (2) highly
transparent (clear) water, low phytoplankton with extensive meadows of submerged aquatic
vegetation, respectively. Nevertheless, to prove the presence of multiple stable states, it is not
sufficient to document regime shifts, but rather it needs to be shown that for a given window
of environmental conditions, two stable states do potentially exist, each of them stabilized by
positive feedback loops.

To define the windows for the different ecosystem states in this hypersaline lake, it appears
most important to consider the ecology of the brine shrimp, because of its role in top-down
control. Brine shrimps from different geographic origin have been reported to survive at
salinities ranging from 35 to 110 g TDS L-1. Assuming that this salinity range also applies for
the growth and survival of the species in the lake Artemia parthenogenetica, we can expect that
in this salinity window, a highly transparent water layer will favor benthic communities, i.e.,
most often microbial mats build by C. chthonoplastes co-occurring with Ruppia and/or Lampro‐
thamnion. When moving outside this window of salinities, we expect regime shifts. This has,
indeed, been observed during decreasing salinities in the early 1990s and I expect it to happen
in the future, if the water level continues to drop down. However, both shifts do not proof the
existence of multiple stable states. Multiple stable states could exist in the salinity window
ranging from 35 to 110 g TDS L-1, if certain conditions exist that keep the densities of the brine
shrimp very low. However, I am not aware of an efficient top-down control mechanism that
could keep the brine shrimps in check as the high salinities prevent the occurrence of fish or
invertebrate predators.

2.4. Coleofasciculus chthonoplastes microbial mats as stromatolites

The laminated structure of the C. chthonoplastes (see Figure 5E) shows that this benthic
microbial mat system can be considered a living stromatolite, which is a layered benthic
microbial community that accretes due to the trapping, binding and cementation of sedimen‐
tary grains. These mineral grains incorporated in the organic matrix can be derived from the
substratum, from external inputs or through the precipitation of mineral particles. The biofilms
show the clear presence of fine layers of carbonate grains (Figure 5E), which turned out to be
high-Mg calcite [19]. Ludwig et al. [26] reported that the precipitation of these grains was
driven by photosynthesis that results in higher pH values, locally, in the mat. Hence, the
precipitation of high-Mg calcite can be described by the following reaction equation: Mg2+ + 4
Ca2+ + 5HCO3

- + 5 OH- → MgCa4(CO3)5 + 5H2O. This represents the stoichiometry for a high-
Mg calcite crystal with 20% (molar) proportion of Mg. In practice, the values of Mg content in
the high-Mg calcite are variable [19].

Viruses are engulfed into these high-Mg calcite crystals, which represents a mechanism for the
fossilization of viruses and their long-term conservation in the geological record. This was
shown recently by using three different microscopy techniques (epifluorescence, electronic
and atomic force microscopes). These viruses were 50–80 nm in diameter, while energy-
dispersive X-ray spectrometer analysis showed that they contain nitrogen and phosphorus in
a molar ratio of approximately 9, which is typical for viruses of that size. Nucleic acid staining
revealed that they contain DNA or RNA. As characteristic for hypersaline environments, the
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concentrations of free and attached viruses were very high (more than 1010 viruses per g of
mat). Acid treatment that dissolved the high-Mg calcite showed that there were approximately
15 → 109 viruses per g of high-Mg calcite [19].

The observation in lake La Salada de Chiprana are also interesting in the way that it gives
additional ideas why the extension of stromatolites has decreased dramatically during
geological times. The current paradigm is that the evolution of metazoans has resulted in
increased grazing on the microbial communities of the stromatolites and that, therefore, the
present stromatolites are restricted to extreme environments where grazing pressure is low.
Such extreme environments include the hypersaline environments. The observations show
that the C. chthonoplastes build microbial mats can also be exposed to competition for space
with macrophytes, which includes both the Magnoliophyta Ruppia sp. as well as the charo‐
phyte Lamprothamnium papulosum var. papulosum.

3. Conclusions and perspectives

Athalassic saline lakes are home to interesting biota, and their conservation is most important
for scientific research, potential economic exploitation and aesthetics. When located in a
pristine landscape, these lakes are superb sentinels for detecting climatic variations through
monitoring of lake level, extent, salinities and biota. However, on a worldwide scale, many
athalassic salt lakes have suffered severe degradation and it has been predicted that during
this decade, the surface and volume of these lakes will decrease with increasing salinities, and
that this will result in further degradation of their ecosystem values. Despite the fact that the
Salada de Chiprana represents a strongly anthropogenic-influenced salt lake that forms part
of a cultural landscape, its specific ecosystem biodiversity and ecosystem properties merit full
protection in this global context. Therefore, management actions taken in 1993 allowed
preventing direct introduction of surplus irrigation water into the lake. Although these
management actions have resulted in beautiful, albeit variable, ecosystem properties from
1995–2006, I think that the current trend of increasing salinities and decreasing lake surface
may jeopardize its conservation in the future. Figure 3 includes a prediction of surface and
bathymetry when salinities will reach 120 g TDS L-1, which will imply the demise of the brine
shrimps and the disappearance of the C. chthonoplastes microbial mats. This is expected to occur
before 2020, if no further measures were taken.

The main question is now whether a conservation scheme for the lake La Salada de Chiprana
should be based on the conservation of specific communities and ecosystem properties or
should priority be given to reducing the human impacts and reestablishment of the natural
climatic and hydrological factors? The latter is not really feasible in the context of the human
influenced landscape. Therefore, it has been envisioned to add additional clean water from the
Civán canal into the lake to compensate for the systematic loss of volume and first experiments
have been performed in 2014.
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Abstract

In the Mexican Central Plateau (MCP), due to their long history of geologic instability,
numerous fluvial systems that were blocked formed extensive shallow lakes. Environ‐
mental conditions of this area have favored the agricultural land use and the settlement
of great industrial corridors and cities. Human activities in MCP are largely sustained by
intense water use that has led to a high deterioration in the water bodies of this area. We
analyze the water quality of two selected shallow lakes of the MCP: Yuriria Lake and
Xochimilco Lake and early warning biomarkers of native sentinel species of each lake.
Both studied lakes are influenced by the input of complex mixtures of pollutants. We
assess water quality index and a set of oxidative stress biomarkers in native endemic
species of each lake. Results showed that the input of xenobiotics and changes in the
periods of dry and rains in the shallow lakes studied provoke a stronger response in
sentinel  organisms because  dilution  effects  are  minimal  in  a  small  water  column.
Furthermore, resuspension of sediments in shallow lakes can release pollutants to the
water column that could exert damage to the health condition of the aquatic biota
compromising the survival of endemic sensitive species.

Keywords: Yuriria Lake, Xochimilco Lake, lipid peroxidation, antioxidant defenses,
water quality, Ambystoma mexicanum, Chirostoma jordani
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1. Introduction

The Mexican highland has capture the interest of several researchers as this area is considered
a biodiversity hot spot [1] and, also, is a biogeographic transition zone between the Nearctic and
Neotropical zones. Furthermore, this area has a recent volcanic origin that provides singular
habitats giving rise to particular evolutionary process to the development of endemic species [2].

The Mexican Plateau is a large arid‐to‐semiarid plateau that occupies the northern and central
Mexico, ranges from the United States border in the north to the Trans‐Mexican Volcanic Belt
in the south, and is bounded by the Sierra Madre Occidental and Sierra Madre Oriental to the
west and east, respectively. A low east‐west mountain range in the state of Zacatecas divides
the plateau into northern and southern sections: the Northern Plateau and the Central Plateau.

The Central Plateau (Southern Plateau and also called “Mesa de Anáhuac”) is a high land lying
at elevations from 1800 to 2300 m, which contains numerous valleys originally formed by
ancient lakes [3]. This area was dominated by high volcanic activity; consequently, numerous
fluvial systems blocked have formed extensive shallow lakes and swamps on the plateau [4].
The ancient name of this area in Nahuatl language was “Anáhuac,” which means “Land on
the Edge of the Water.” These lakes have faced interesting evolutionary process that leads to
the development of endemic species [5].

In this zone, a temperate climate, relatively abundant rainfall, and rich alluvial and volcanic
soils create favorable agricultural conditions, and much of the land supports extensive farming
as well as cattle grazing in some of the drier basins. Land uses are characterized by agriculture
(corn, sorghum, beans, wheat, and sugarcane), industry (sugar refineries and grain mills,
mining, textile, oil, chemicals, among others), and urban (the area is densely populated and
encompasses major urban centers of Mexico including Mexico City) [6, 7]. This area harbors
more than 11% of the total population of Mexico, approximately 11 million people, in <3% of
Mexican territory, making this region one of the most densely populated in the country. The
human activities and development in Central Mexico are largely sustained by intense water
use that has led to a high deterioration in the water bodies of this area [8]. Although the most
distinctive feature of the Mexican hydrology involves the presence of fluvial systems, the
Central Plateau offers the opportunity to study the scarce but interesting lakes originated along
with the Trans‐Mexican Volcanic Belt.

The agriculture, industrial, and urban activities provoke the input of anthropogenic pollutants
(metals, hydrocarbons, pesticides) to aquatic systems, which form complex mixtures of
xenobiotics, with the potential to exert many adverse effects on receiver ecosystems [9]. The
assessment of the stress effects on the health of the biota in water bodies is very difficult given
that exposure to multiple stressors produces both antagonistic and synergistic effects [10]. The
bioindicator approach is a validated bioassessment method that monitors responses of key
aquatic organisms (sentinels) as integrators of stress effects and as sensitive response (early
warning) indicators of environmental health [11]. This integrated approach involves measur‐
ing early warning biomarkers and indicators at different levels of organization, from the
individual to the population or community level. When applied in field situations, both of
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these biological indicators can be extrapolated to enable predictions of damage at higher levels
of organization that may not be reversible. Some authors [12] have designed protocols for rapid
assessment of the health condition, recommending the use of sentinel species to allow
monitoring of the response of a biological marker as well as population‐based indicators of
various environmental stressors.

Early warning biomarkers are useful tools for environmental assessment, which targets
analysis of quantification at different levels of organization: molecular, biochemical,
physiological, and morphological changes resulting from stress generated by environmen‐
tal modifications [13]. Several stressors exert damage via oxidative stress, defined as the
imbalance between the production of reactive oxygen species (ROS) and antioxidant defense,
causing damage to lipids, proteins, carbohydrates, nucleic acids, as well as to the cell
membrane [14].

Various xenobiotics are known to exert oxidative stress due to their redox cycling properties
and their potential to produce ROS [14]. Lipid peroxidation (LPO) is one of the most commonly
used biomarkers for evaluating oxidative stress; it reflects the action of ROS on lipids and is
quantified by the presence of lipid metabolites, such as malondialdehyde. Aerobic organisms
have developed antioxidant defenses to eliminate or prevent cell damage caused by ROS [15];
some of these defenses include various enzymes such as superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPx) [16].

For this research, we study the water quality of two selected shallow lakes of the Mexican
Central Plateau (MCP): Yuriria Lake (Lerma Basin) and Xochimilco Lake (basin of México),
and the oxidative stress responses (lipid peroxidation and antioxidant enzymes) of native
sentinel species of each lake, the silverside fish Chirostoma jordani (in Yuriria Lake), and the
amphibian (Axolotl) Ambystoma mexicanum (in Xochimilco Lake).

2. Description of the studied lakes

Yuriria Lake is located in the Mexican Central Plateau in the Lerma–Chapala basin (Fig‐
ure 1A), at 1740 m.a.s.l., with an area of 66 km2 and a maximum depth of 3.2 m. It is an artificial
lake constructed by a diversion of Lerma river, which is their main tributary, the same that
carries pollutants such as agrochemicals, heavy metals, organic matter, waste from mining
activities, livestock, industrial, urban and rural wastewaters [17]. The western end of the lake
receives water intermittently from the channel La Cinta from Cuitzeo Lake, where there are
records of the presence of metals such as arsenic, iron, and zinc, as well as discharges from
industrial and domestic waste that inputs to the lake [18]. Also, at the western end, the lake
receives input from the channel La Cienega from textile and tanning facilities which increases
BOD5, ammonia and total suspended solids, fats and oils, phenols, sulfur, chromium, and other
heavy metals [19]. This lake is included in the list of Ramsar wetlands since 2004.
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Figure 1. Location of (A) Yuriria Lake and (B) Xochimilco Lake. Circles represent the sampling sites.

The rainy season at Yuriria Lake is from May to September with mean values of 37.5–78.9 mm
[20]. In the study period, the lake faced an atypical prolonged drought and the rainfall was
delayed with monthly averages of 15 and 16.5 mm in May and August 2009, respectively, and
lasted until November (with 10 mm), with values lower than the historical minimum average
[21]. Moreover, during May 2010, the mean monthly rainfall was 7 mm; therefore, in this study,
the rainy season included the months from May to November 2009 and the dry season from
December 2009 to May 2010.

Monitoring was conducted in May, August, and November 2009 and February and May 2010.
Seven study sites were established to collect water samples (Figure 1): three in the lake (C,
CHG, ISL), the three tributaries of the lake (CC, CIE, the diversion channel of the Río Lerma
L), and the effluent (E). Specimens of the native fish silverside Chirostoma jordani were collected
in CHG and ISL with a net (1.5 m high and 4 m in length and 0.8 cm mesh) and a catch effort
of 1 h. At each study site, 30 organisms were dissected in the field to get the gills, liver, and
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muscle for biomarkers assessment. The tissues obtained were transported in liquid nitrogen
to the laboratory for later processing.

Xochimilco Lake is a shallow urban water body located in the south of Mexico City with an
extension of 26.57 km2 that belongs to the basin of Mexico. The climate is temperate, ranging
from 13 to 25°C, with an average annual temperature of 16°C, an average annual rainfall
between 700 and 900 mm, and the rainy season is during the summer (May to October). The
lacustrine zone of Xochimilco has a long historical and cultural wealth that includes its high
biodiversity and the floating gardens or “Chinampas” [22]. This lake has been one of the main
water supplies for Mexico City. Nevertheless, since 1971, the inputs of wastewater in the lake
from a treatment facility have provoked water quality depletion and the ecosystem deterio‐
ration [23]. Xochimilco Lake is included in the Ramsar list of wetlands since 2004. Three study
sites were examined in Xochimilco Lake considering the main land uses that have impact on
water quality and generate contrasting conditions: the urban zone (UZ), the tourist zone (TZ),
and the agricultural zone (AZ) (Figure 1B). Monitoring was conducted in three periods of the
year: rainy season (October 2008), the cold drought season (January 2009), and the warm
drought season (May 2009). The sentinel organism studied in this lake was the “axolotl”
Ambystoma mexicanum, a native amphibian that is neotenic and endemic of the basin of México.
The species faces a reduction in its populations and is considered critically endangered [24].
The studied organisms were donated specimens that are cultivated in the Unit of Management
from the Center of Biological and Aquaculture Researches (CIBAC). Data of oxidative stress
biomarkers are from bioassays with the amphibian A. mexicanum exposed to elutriates from
the three study sites.

3. Acclimatization of Ambystoma mexicanum

Acclimatization of organisms: Juvenile organisms of A. mexicanum (7 ± 1 cm length and weight
of 4.0 ± 0.5 g) were used for the bioassays; organisms were donated by the CIBAC. For
acclimatization, organisms were maintained in aquaria for 30 days with hard reconstituted
water (100 mg/L CaCO3) [25]. The oxygen saturation levels in the aquaria were maintained by
aeration, the temperature was 17 ± 1°C with a photoperiod of 12 h light: 12 h dark. Organisms
were fed with Tubifex sp. in a daily ration equal to 10% of the wet weight of the amphibians.

4. Sediment elutriation

Sediment elutriates have been useful for evaluating the risk that sediment contamination can
exert on aquatic biota and the potential contributions from this matrix to the water column [26].
Elutriates were prepared following the procedure of the USEPA [27]. Water (hard reconstituted
water with 100 mg/L CaCO3) was added to sediments in a volume ratio of 1:4 at room tem‐
perature (20 ± 2°C). After the correct ratio was achieved, the mixture was stirred vigorously
(100 rpm) for 30 min and then was allowed to settle for 1 h. The supernatant was siphoned off
without disturbing the settled material and centrifuged to remove particulates prior to
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chemical analysis (2000 rpm, 30 min). This procedure was done for each study site (UZ, TZ,
and AZ) for bioassays.

5. Water Quality Index

In the studied lakes, at each site and study period, dissolved oxygen (mg/L), conductivity (mS/
cm), water and air temperature (°C), and pH were recorded in situ using a multiparameter
probe quanta. Duplicate water samples were collected and transported for their laboratory
analysis in dark and cool conditions. In order to quantify hardness (CaCO3 mg/L), color (Pt–
Co units) and nitrates (NO3 mg/L) were determined in the laboratory with a spectrophotometer
HACH DRL/2500. The biochemical oxygen demand (BOD5 mg/L), alkalinity (mg/L), chloride
(mg/L) and total and fecal coliform (most probable number, MPN) were quantified according
to the APHA [25] procedures. Water Quality Index (WQI) was estimated according to [28],
which evaluates on a scale of 0–100.

6. Oxidative stress biomarkers

The set of oxidative stress biomarkers in the sentinel organism of each studied lake includes
the level of lipid peroxidation (LPO), and the antioxidant enzymes superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GPx). LPO was determined using the
method of [29] in homogenates of the study tissues, previously washed with Tris–HCl, pH 7.4.
The results were determined by reading the absorbance of the pink adduct obtained at 535 nm
using the molar extinction coefficient of 1.56 × 105 M-1 cm-1. CAT was determined using the
technique of [30], measuring the consumption of H2O2 at 480 nm. SOD activity was evaluated
by reading absorbance at 560 nm by the method of [31]. The enzymatic activity of SOD was
expressed as units (U) per mg protein. CAT activity was calculated as the rate constant of the
first order of the decomposition of H2O2. GPx activity was measured with the method proposed
by [32] using cumene hydroperoxide as a substrate, and the oxidation of NADPH was
determined spectrophotometrically at 340 nm reading for 4 min. The enzyme activity was
calculated as nmol NADPH oxidized per minute per mg protein, using the molar extinction
coefficient of 6.22 × 106 M-1 cm-1. All assays were assessed by triplicate.

7. Statistical analysis

Analysis of variance (ANOVA) was performed to determine the existence of differences: in
biomarker responses between sites and periods of study. All statistical analyzes were per‐
formed using the software XLSTAT‐Pro 2015.
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8. The study case of Yuriria Lake

8.1. Water quality

Mean WQI values ranged from 55 to 70, with a global mean of 65.85 ± 4.74 for all sites and
study periods. However, in the limnetic zone, mean values ranged from 63 to 70, and the center
of the lake (C) was the site with the highest value. The tributaries, especially CC, showed the
lowest average value (55), and the global mean of tributaries was 58.3 ± 3.5. The mean value
for the effluent was 61 (Figure 2A). Mean values of WQI for periods of study varied from 57
to 66, with an overall mean of 61 ± 3.28; August was the month with the lowest WQI and May
2010 had the highest (Figure 2B).

Figure 2. Mean values of WQI in Yuriria Lake. (A) Study sites and (B) periods of study.

8.2. Oxidative stress biomarkers in the fish silverside Chirostoma jordani

In general, the gills presented higher values of LPO than liver and muscle. In gill, May 2009
was the month with the highest levels and November the lowest (p < 0.05) (Figure 3A). In the
liver, the level of LPO increased markedly and significantly during November and February
in the ISL and May 2010 at both sites, compared to other seasons (p < 0.05) (Figure 3A). In
muscle, the highest level of LPO was observed during February and May 2010 at both sites,
while for the rest of the season, LPO values did not differ significantly (Figure 3A).

The activity of SOD and GPx significantly increased during November (p < 0.05), mainly in the
gills, compared to the rest of the seasons (Figure 3B, C). CAT activity also showed higher values
during November; however, its highest value was found in gills during February in CHG
(Figure 3D). In general, for both sites, the activity of antioxidant enzymes decreased from
February to May 2010 (p < 0.05) (Figure 3B, C).
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Figure 3. Oxidative stress biomarkers of C. jordani. (A) Lipid peroxidation (LPO) in gills (G), liver (L), and muscle (M);
(B) superoxide dismutase activity (SOD); (C) glutathione peroxidase activity (GPx); and (D) catalase activity (CAT). *
indicates significant differences between sites and seasons, gills (*), liver (+), and muscle (¤). The level of significance
was put at p < 0.05.
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8.3. Somatic indices

The assessment of somatic indices revealed that the condition factor (K) displayed small
variation between sites and between periods with no significant differences (p < 0.05). The
hepatosomatic index (HSI) showed significant differences between sites in August and
between periods in May, and values were significantly lower than those of other periods (p < 
0.05). The gonadosomatic index (GSI) showed the greatest variation, with a clear reproductive
peak during May 2010, which differed significantly (p < 0.05) from the values found in the
other seasons (Figure 4).

Figure 4. Somatic indices for C. jordani. The letters indicate differences statistically significant between GSI, and (*) in‐
dicates differences statistically significant between the HSI. The level of significance was put at p < 0.05.

9. The study case of Xochimilco Lake

9.1. Water quality

Xochimilco Lake has highly mineralized water and fertilized; conductivity showed higher
values (mean value of 791 mS/cm), and the water is highly alkaline (137–288 mg/l), rich in
carbonates (CaCO3 69–120 mg/l) and sulfates (38–67.5 mg/l). The WQI fluctuated from 45.78 to
61.87 in the UZ in June and in the AZ in January, respectively, with a global mean value of
54.48 (Figure 5A, B). There were no significant differences between study sites, neither between
periods; however, the AZ showed a trend to reach the higher values, particularly in November
and January (Figure 5C, D).
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Figure 5. Mean values of WQI in Xochimilco Lake. (A) Study sites, (B) mean values by study sites, (C) periods of study,
and (D) mean values by periods of study.

9.2. Oxidative stress biomarkers in the axolotl Ambystoma mexicanum

The LPO levels in gills showed the higher values in June, at the beginning of the rainy season,
in the three study sites, while LPO levels in liver showed the higher values in AZ in November,
in the UZ and TZ in January, and in TZ in June (Figure 6A). On the other hand, the antioxidant
activities of SOD and GPx showed a depletion in January (during the winter) and June (rainy
season) and an increase in activity in November, in all tissues and study sites (Figure 6B, C).
However, CAT activities in gills showed a very slight fluctuation between periods and study
sites, but CAT activity in liver showed a trend to increase in January (in TZ and AZ) and in
June in TZ (Figure 6C).

Figure 6. Oxidative stress biomarkers of A. mexicanum. (A) Lipid peroxidation (LPO) in gills (G) and liver (L), (B) su‐
peroxide dismutase activity (SOD), (C) glutathione peroxidase activity (GPx), and (D) catalase activity (CAT).
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10. The importance of using biomarkers in sentinel organisms to assess
environmental lake conditions

Yuriria Lake displays the general problem of water quality in the Mexican Central Plateau and
the Lerma–Chapala basin, urban, and industrial wastewater discharges, and leachates of
agrochemicals [33]. Particularly, the middle Lerma (where Yuriria Lake is located) is recog‐
nized as the most polluted area, with WQI scores between 41.1 and 54.2 in 1999 [8, 17]. In the
Lake, the WQI ranged from 55 to 70, showing higher values than those of the Lerma River. All
the tributaries showed lower WQI, and previous studies recorded that the type of pollution
that inputs to the lake differs, forming a mix of xenobiotics with potential to exert damage to
the aquatic biota. The tributaries CC and CIE receive discharges from a textile industry, which
produces various alkaline residues [34]. The tributary L, which showed the lowest WQI scores,
receives discharges from different pollution sources, including oil, mining, and waste disposal
from various industries [18].

The toxic effects of the mixture of xenobiotics in aquatic ecosystems depend on the bioavaila‐
bility and persistence of contaminants; the susceptibility of organisms to accumulate them;
and the interference of these compounds with biochemical, physiological, and ecological
processes [14]. In Yuriria Lake, our results suggest that the silverside C. jordani faces oxidative
stress, indicating that the xenobiotics in the lake are able to produce pro‐oxidants. The highest
LPO levels were observed in gills and liver. Gills are the first organ of contact with water and
thus are exposed directly to any xenobiotic in the aquatic environment.

Exposure to various xenobiotics can promote the formation of ROS and induce oxidative stress
[16]. An increase in the level of LPO in liver was observed at the end of the rainy season
(November) and during the dry season (February and May 2010), making evident the seasons
when the pro‐oxidant agents in Yuriria Lake trigged oxidative stress.

An increase in LPO levels in fish can trigger an antioxidant response as a defense mechanism
to prevent cell damage caused by pro‐oxidant agents [15] and could be expressed as increased
or depleted in antioxidant enzyme activities [13]. In both cases, the result is impairment to the
antioxidant system. In C. jordani inhabiting Yuriria Lake, both responses were detected:
stimulation of the antioxidant activity in November, when LPO levels in liver and muscle
began to increase; and depletion in antioxidant activity during May 2009 with the highest levels
of LPO in the gills, and May 2010 when LPO in liver and muscle increased. Some authors [35]
have indicated that complex mixtures of contaminants entering water bodies are not stable in
time and space. Others [36] have found that a catfish exposure to metals such as isolated Cu,
Zn, Pb, Cd, and As can provoke an increase in GPx activity and inhibition of CAT, but in
combination, such as Cu and Zn, CAT activity increases. In addition, an increase in CAT
activity has been found in fish exposed to polychlorinated biphenyls and polycyclic aromatic
hydrocarbons and herbicides such as paraquat and glyphosate [37]. In our study, in November,
the highest GPx and SOD activities were detected, but in May, these enzymes showed a
decrease; these responses show that the fish is able to adapt to the fluctuating stressors in the
lake by inducing additional synthesis of antioxidant enzymes to regulate oxidative stress.
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The coupled biological responses of C. jordani with environmental fluctuations allowed the
identification of critical periods in the health of C. jordani, which occurred in February and May
2010 (dry season), when the higher LPO, the lower the antioxidant response, and the lowest
K was observed in contrast to the higher WQI scores detected in the same period. The WQI
did not include xenobiotic assessment, and consequently, the biological responses assessed in
C. jordani (biomarkers, somatic indices) are more sensitive as indicators of the lake condition.
The drought has been recognized as one of the critical periods in fish health because during
this period, the dilution capacity of aquatic ecosystems is low, which increases the risk of
exposure to high concentrations of pollutants [38].

Xochimilco Lake is an urban lake that receives the inputs of pollutants from various sources.
Urban lakes are impacted by atmospheric deposition, runoffs from urban areas, and rainfall
containing a wide range of pollutants [39]. The present study highlights the damages exerted
by sediment elutriates in the amphibian A. mexicanum, even when all the components of the
mixture of pollutants in elutriates were not identified. The LPO reaction mechanisms can
damage the lipids found in the cell membrane, altering their cohesion, flowability, permea‐
bility, and metabolic function and lead to membrane instability and cell death [14].

Various studies have reported that LPO is an indicator of the toxic action of contaminants,
which leads to loss of cell function by oxidative stress. The LPO results in this study showed
it is a suitable biomarker that provides important qualitative and quantitative information
about the effects of toxic exposure from elutriated sediments from Lake Xochimilco. The most
severe damage were detected in June (the rainy season), in the three study sites. During the
rainy season in urban lakes, the runoff can lead to the input of several potential pro‐oxidant
contaminants that can be incorporated to the sediment and exert LPO. The depletion of the
antioxidant enzymes SOD and GPx makes evident that January and June are periods were pro‐
oxidants are more bioavailable and that can exert a severe damage in the defense mechanisms
of the sentinel species. Some authors [40] have found that exposure of amphibians to pollutants
increases the production of ROS, causing subsequent alterations in the antioxidant defenses.
Amphibians have distinctive characteristics, such as their aquatic–terrestrial life and the
semipermeability of their skin, that make these species useful as bioindicators [41]; however,
there are few studies evaluating amphibian ecotoxicology from urban ecosystems, as the case
of Xochimilco Lake.

11. Concluding remarks

The data presented in the study of Yuriria Lake make evident that due to the shallowness of
the lake the changes in the periods of dry and rains exert strong influence in the response of
sentinel organisms detected by their biomarkers and bioindicators measurements. The input
of xenobiotics in Yuriria lake, being a shallow water body, provokes a stronger response in
sentinel organisms because dilution effects are minimal in a small water column; consequently,
the health condition of the aquatic biota of this lake is more vulnerable to be affected during
long dry periods or by the delay of the rainy season; furthermore, once the rainy season began,
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the lixiviation of xenobiotics from the basin can be incorporated in the lake and also can
provoke stressful conditions, also by the scarce dilution potential of a shallow lake.

In the case of Xochimilco Lake, the results showed that the elutriated sediments from the three
study sites of Lake Xochimilco were able to induce damages by LPO and in the antioxidant
defense of the amphibian, which can compromise several physiological functions and
ultimately the life cycle of the amphibian. Since the runoff of pollutants is a common event in
urban lakes and sediment resuspension is a frequent process in shallow lakes, the biological
responses observed in A. mexicanum after exposure to sediment elutriates reflect the risks that
this amphibian faces in Lake Xochimilco, due to the toxicological potential of the sediments.

The integrated assessment of aquatic ecosystem approach (assessing environmental condition
and biological responses) is more robust than just the physicochemical approach since offers
information about the health condition of the aquatic biota. The studied lakes of the Mexican
Central Plateau, a zone with high degree of endemisms of aquatic species, are facing stressful
conditions that endangered the health of endemic species; thus, it must be a priority to provide
measures of conservation to the improvement of the health condition of these aquatic ecosys‐
tems.
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Abstract

In freshwater ecosystems, zooplanktons provide an important food source for larval
fish. Some species of zooplanktons are usually considered as useful indicators of water
quality  and trophic  state,  for  example,  Filinia  longiseta,  Keratella  cochlearis,  Keratella
quadrata, Brachionus angularis, etc. The purpose of this study is to describe the recent
zooplankton  composition  and  monthly  variations,  to  compare  results  with  earlier
studies, to determine the trophic level of the eutrophic lake and to show eutrophic lakes
in Turkey.

Keywords: zooplankton (Rotifera, Cladocera, Copepoda), eutrophic, lake, Karamık, Tur‐
key

1. Introduction

Zooplanktonic organisms form the second ring of the food chain in lake ecosystem after
phytoplanktonic organism. Zooplanktonic organisms are one of the crucial study subjects in
freshwater ecosystems. As forming the basic food chain between primary producers and
other higher forms in the founded food chain, zooplankton has a great significance in aquatic
ecosystems. Naturally, undergoing a change in number or variety of these organisms affects
the living groups on the top of the food chain pyramid [1]. Zooplankton is significant for the
nutrition of fish, fry, some invertebrates and birds and in the biodiversity structure of the
ecosystem [2–5]. Besides, it is used as an indicator of trophic situation and the quality of water
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in the lakes [6–10]. Zooplanktonic organisms, which are significant for inland fishery, with
some species, are evaluated as indicators of contamination with their sensitivity to environ‐
mental changes and forming the great part of the aquatic organisms [11]. Zooplankton species
are showed as bioindicator for determining the environmental contamination occurred due
to  environmental  parameters  [12,  13].  Among  zooplanktonic  organisms,  Rotifera  is  the
primary  vertebrate  group  of  freshwater.  While  Rotifera  has  an  important  role  in  many
freshwater, Cladocera and Copepoda group are utilized in culture studies [14]. In eutrophica‐
tion, distribution and intensity of especially Copepoda and Rotifera group of organisms among
zooplanktonic organisms have been pointed out to be effective [15, 16]. Among zooplank‐
tonic organisms, particularly small-sized Cladocera, the dominance of Rotifera species means
eutrophic lakes; on the other hand, the dominance of Copepoda species points out oligotro‐
phic lakes [17, 18]. In addition to this, Cyclopoida and Harpacticoid Copepoda groups have been
used to determine the trophic situation [19, 20]. In the lakes where some dominant zooplank‐
ton species are located, the biodiversity of eutrophic lake has been observed as low. Also,
zoobentos and Rotifera diversity are very low in the areas where eutrophication has been
shown very high [21, 22]. Copepoda, which is intensely found in freshwater ecosystems, forms
the main constituent  of  planktonic  community.  Copepoda  group of  organisms have been
shown as the indicator species for determining the quality of water [23].

In the sediments of the lakes, the records of the change of the biological communities can be
followed constantly, because while protecting the quality and the structure in aquatic ecosys‐
tems, it is benefited from the earlier formations. In fact, diatoms have been used in the content
of functional implementations to evaluate the paleolimnological past of the trophic structure
of the lakes. Besides, ecological communities in freshwater ecosystems have been primarily
examined in taxonomically and morphologically. Lately, functional organizations, distribu‐
tion of the species and different ecological roles have been stated as important features.
Cladocera is important on the water quality and ecology of the lakes when appeared in the
middle level of trophic degree [24]. Also, Cladocera has been defined as a good indicator of
hydrological dynamism of the water floor and the heterogeneity of the habitat [25]. Rotifera,
Cladocera, and Copepoda are the basic groups of zooplankton in freshwaters. Many Rotifera has
great effect on the metabolism and rapid turnover of the lacustrine food chain [26, 27]. Cladocera
group has viability feature in extreme conditions of freshwater [20]. It was observed that the
contribution of Rotifer species in zooplankton community might raise the eutrophication [28].
Generally, zooplankton gives immediate reaction to climate change, but endangered popula‐
tions can be too much insistent on main distribution areas for a long time [29]. Among the
zooplankton community, Rotifers, having a high sensitiveness on the conditions of the
environment where they live, have a particular importance being an indicator on determining
the water quality, contamination, and eutrophication level of the water that contains some
species [30]. To fulfill the food need of the people, freshwater fishery is gaining emphasis
gradually because of the rising population of the world. Thus, the studies have been speeded
up on zooplanktonic organisms, which are one of the main food sources of many fish species
in larval stage and forms the basic chain of the food chain in transforming the phytonutrients
to proteins in aquatic environment.
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2. Eutrophic lakes in Turkey

Eutrophic lakes in Turkey are listed in Table 1.

Lake name Locality Surface area Trophic state References

Beyşehir Lake Konya, Isparta 650 km2 Mesotrophic-eutrophic [31, 32]

Eğirdir Lake Eğirdir, Isparta 468 km2 Mesotrophic-eutrophic [33]

Marmara Lake Salihli, Manisa 45 km2 Eutrophic [34]

Akşehir Lake Konya 353 km2 Mesotrophic-eutrophic [35, 36]

Karagöl Yamanlar, İzmir 2 ha Eutrophic [37]

Çavuşçu Lake Ilgın, Konya 1000 ha Mesotrophic-eutrophic [38]

Gala Lake Enez İpsala 5.6 km2 Eutrophic [39]

Mogan Lake Gölbaşı, Ankara 561.2 ha Mesotrophic-eutrophic [40]

Karataş Lake Burdur 11.9 km2 Vulnerable to eutrophic [5, 41]

Gölhisar Lake Burdur 400 ha Mesotrophic-eutrophic [42]

Ladik Lake Samsun 141.40 km2 Eutrophic [10]

Yenişehir Lake Reyhanlı, Hatay 105.340 m2 Eutrophic [43]

Terkos Lake İstanbul 25 km2 Eutrophic [44]

Çernek Lake Samsun 589 ha Eutrophic [45]

Karamık Lake Çay, Afyonkarahisar 38 km2 Eutrophic [1, 46, 47]

Liman Lake Kızılırmak Delta 50.000 ha Eutrophic [48]

Gölcük Lake Ödemiş, İzmir 125 ha Eutrophic [49]

Eber Lake Bolvadin, Afyonkarahisar 12.500 ha Eutrophic [50]

Table 1. List of eutrophic lakes in Turkey.

3. Zooplankton indicators of eutrophic lake

Zooplanktonic organisms are studied from many researchers in terms of taxonomy and
ecology. Species revealed in freshwater areas are used as an indicator to determine the water
quality, contamination and eutrophication condition [51, 52]. Rotifera species are widely stated
as an indicator of eutrophic water. Brachionus calyciflorus, Trichotria tetractis, and Filinia
longiseta species are used as an indicator of eutrophication [53]. It is believed that Rotifera is
dominant in eutrophic water. Because parthenogenetic reproduction and population length
are very broad, lakes were seen as convenient for eutrophication for the species of Sattal
Keratella sp, Brachionus sp, F. longiseta, and T. tetractis [54]. Brachionus calyciflorus, B. angularis,
Keratella quadrata, K. cochlearis, Polyarthra dolichoptera, Euchlanis dilatata, Lecane luna, Pompholyx
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sulcata, Filinia longiseta, Trichocerca species (Rotifera), Bosmina longirostris, Chydorus sphaericus,
and Daphnia cucullata (Cladocera) are among the species characteristic of eutrophic water [55].
It was reported by Bozkurt and Akın [56] that species of Brachionus quadridentatus, Notholca
squamula, Lepadella patella, Lecane bulla, Bosmina longirostris, Alona rectangula, Acanthocyclops
robustus, and Cyclops vicinus were known as the indicator species of eutrophication and found
mainly in hot zones. In Ballybeg, Crans and Morgan Lakes in Ireland Bosmina longirostris,
Daphnia longispina, D.pulex, Leydigia leydigi and Oxyurella tenuicaudis species while showing a
positive relationship with trophic condition variables at the same time are formed in high
eutrophic areas [24]. Yet, in the study on the composition of zooplankton in Ladik Lake in 2015,
the lake was identified as eutrophic for Brachionus calyciflorus, B. angularis, Keratella quadrata,
K. cochlearis, Bosmia longirostris, Cyclops vicinus, and Thermocyclops crassus [10]. Keratella
cochlearis, Keratella qaudrata, Brachionus angularis species, among the Rotifera group of organ‐
isms, are shown as the indicator of eutrophication by some researchers [2, 19, 27, 57]. Among
the Rotifera group, Brachionus calyciflorus, B. angularis, Keratella cochlearis, Keratella qaudrata,
Conochilus dossuarius, Filinia longiseta, Trichocerca capucina, Trichocerca cylindrica and Bosmina
longirostris, Graptoleberis testudinaria among Cladocera group are stated as the most important
indicators found in eutrophic conditions [19, 58–61].

While Brachionus angularis and Keratella tropica species form strongly in eutrophicated water
[62], Brachionus calyciflorus, Daphnia sp. and Ceriodaphnia sp form in eutrophication conditions
in Beira Lake [8]. Furthermore, Cladocerans and Cyclopoid Copepods adapted very well to
eutrophic water [63]. In Sakarya River (Turkey) zooplankton, many species are shown as the
indicator of eutrophication. As typical eutrophic species Brachionus spp., E. dilatata, F. longiseta,
K. cochlearis, K. quadrata, P. quadricornis, B. longirostris, C. sphaericus and C. vicinus in Sakarya
River [64]; B. urceolaris, B. calyciflorus, K. quadrata, E. dilatata, B. longirostris, C. sphaericus, C.
vicinus and E. serrulatus in Gölcük Lake were found [48]. Anuraeopsis fissa, Brachionus angularis.
Keratella cochlearis f. tecta, Pompholyx sulcata and Filinia longiseta species are important eutro‐
phication indicators in the lakes of Poland [65].

4. Example of eutrophic lake: Lake Karamık (Çay, Afyonkarahisar, Turkey)

On the fishery of Lake Karamık, the size distribution of pike population, spawning period and
nutrition were studied by Aksun [66, 67], and then in 2000s, the fishery of Lake Karamık and
determining the biological properties of economical fish species were investigated by Çubuk
et al [68]. Lake Karamık is located in 20 km southwest of Çay District in Afyon Province.
Karakuş Mountains lie in the south part. The altitude is 1067 m, the acreage is 38 km2 and the
average deepness ranges between 2 and 3 m. Most of the lake is covered with plants living in
water and on the surface of the water, and thus, the area for fishery is very limited. Lake
Karamık is a very shallow lake showing eutrophic properties [1]. Snow and rain water, and
Dipsiz, Aykırı and Kocabaş springs are the water sources of the lake and the outlets of the lake
are evaporation and the sinkholes, named as Büyük subatan and Küçük subatan, in the south
of the lake. The lake drains its water to Lake Hoyran via sinkholes. The wastewater of Afyon-
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Çay SEKA paper mill was emptied to the lake in the past. After the year 2004, the mill was
closed and the wastewater was prevented.

5. Study area

5.1. Sample collection and analysis

Monthly sampling was realized in Lake Karamık in three stations between the dates of March
2002 and March 2003. The coordinates of first station are 38° 26′ 10.16″ N, 30° 52′ 14.30″E,
second station are 38° 27′ 13.33″N, 30° 51′ 20.05″E and third station are 38° 26′ 44.60″ N, 30°
50′ 36.47″E in Çay District in Afyon Province (Figure 1). Zooplankton samples were taken out
of the lake via a 55 micron length of plankton mesh, and then, the samples were fixed in a %4
formaldehyde solution. Related sources were used in the sorting and identification of the
species of zooplanktonic organisms [69–76]. Olympus model search technique and the invert
and stereo model microscopes were used in species identification While making preparations
for identification of the species, the samples were taken on the glycerine + formalin mixture
dribbled on the slide, and then, the samples, covered with cover glass, were fixed with Canada
balsam and taken into the collection In the identification process of the Rotifera species taking
trophy with bleach, in the identification process of Copepoda and Cladocera, dissection process
was realized. 0.10 and 0.60 mm numbered FST (fine science tools) stainless steel injections were

Figure 1. The study area and sampling stations in Lake Karamık.
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used in the dissection process. Photographs of the organisms were taken by a microscope
connected Nikon brand imaging device.

To determine the trophic index of the lake, Brachionus:Trichocerca (QB/T) [61] equality was used.
According to Sládeček [61], while a quotient between one and two corresponds to mesotrophic
conditions and a ratio of >2 is encountered in eutrophic lakes, a quotient of 1 indicates
oligotrophic conditions. We used Soyer’s [77] frequency index to define the frequency of
species in the research area and constant (F ≥ 50%), common (50% > F ≥ 25%), or rare (F < 25%)
estimated results were taken. F = m/M × 100 is used in this index (F) to evaluate special species
that m is the number of stations for the species and M is the number of all stations.

6. Results and discussion

In this study, totally 69 zooplankton species were identified. Thirty-seven of the species belong
to Rotifera group (%54), 22 to Cladocera group (%32) and 10 to Copepoda group (%14) (Figure
2). The identified taxa were listed according to Ustaoğlu [78] and Ustaoğlu et al. [79].

6.1. Zooplankton composition of Lake Karamık (Çay, Afyonkarahisar, Turkey)

Platyias quadricornis (Ehrenberg, 1832), Brachionus angularis Gosse, 1851, Brachionus quadriden‐
tatus Hermann, 1783, Brachionus rubens Ehrenberg, 1838, Keratella tecta (Gosse, 1851), Keratella
quadrata (Müller, 1786), Notholca acuminata (Ehrenberg, 1832), Euchlanis incisa Carlin, 1939,
Euchlanis meneta Myers, 1930, Mytilina mucronata (Müller, 1773), Mytilina ventralis (Ehrenberg,
1830), Trichotria pocillum (Müller, 1776), Trichotria tetractis (Ehrenberg, 1830), Macrochaetus
collinsii (Gosse, 1867), Lepadella ehrenbergi (Petry, 1850), Lepadella ovalis (Müller, 1786), Lecane
elsa Hauer, 1931, Lecane luna (Müller, 1776), Lecane ohioensis (Herrick, 1885), (Herrick, 1885),
Lecane bulla (Gosse, 1886), Lecane clostrocerca (Schmarda, 1859), Lecane cornuta (Müller, 1786),
Lecane lunaris (Ehrenberg, 1832), Lecane curvicornis (Murray, 1913), Lecane quadridentata
(Ehrenberg, 1830), Trichocerca iernis (Gosse, 1887), Trichocerca similis (Wierzeski, 1893),
Ascomorpha saltants Bartsch, 1870, Synchaeta pectinata Ehrenberg, 1832, Polyarthra dolichoptera
delson, 1925, Dicranophorus grandis (Ehrenberg, 1832), Testudinella patina (Hermann, 1783),
Conochilus unicornis Rousselet, 1892, Hexarthra mira (Hudson, 1871), Filinia longiseta (Ehrenberg,
1834), Filinia terminalis (Plate, 1886), Colletheca sp, Daphnia curvirostris Eylmann, 1887, Daphnia
longispina O.F. Müller, 1875, Simocephalus exspinosus (Koch, 1841), Simocephalus vetulus (O.F.
Müller, 1776), Ceriodaphnia quadrangula (O.F. Müller, 1785), Ceriodaphnia reticulata (Jurine,
1820), Scapholeberis kingi Sars, 1903, Bosmina longirostris (O.F. Müller, 1785), Eurycercus lamella‐
tus (O.F. Müller, 1785), Pleuroxus aduncus (Jurine, 1820), Pleuroxus laevis (Sars, 1862), Alonella
excisa (Fischer, 1854), Alonella nana (Baird, 1850), Chydorus sphaericus (O.F. Müller, 1776), Alona
costata Sars, 1862, Alona guttata Sars, 1862, Alona rectangula Sars, 1862, Acroperus harpae (Baird,
1835), Graptoleberis testudinaria (Fischer, 1848), Biapertura affinis (Leydig, 1860), Tretocephala
ambiqua (Lilljeborg, 1900), Oxyurella tenuicaudis (Sars, 1862), Acanthodiaptomus denticornis
(Wierzejski, 1887), Macrocyclops albidus (Jurine, 1820), Eucyclops macruroides (Lilljeborg, 1901),
Eucyclops macrurus (G.O. Sars, 1863), Eucyclops serrulatus (Fischer, 1851), Eucyclops speratus
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estimated results were taken. F = m/M × 100 is used in this index (F) to evaluate special species
that m is the number of stations for the species and M is the number of all stations.

6. Results and discussion

In this study, totally 69 zooplankton species were identified. Thirty-seven of the species belong
to Rotifera group (%54), 22 to Cladocera group (%32) and 10 to Copepoda group (%14) (Figure
2). The identified taxa were listed according to Ustaoğlu [78] and Ustaoğlu et al. [79].

6.1. Zooplankton composition of Lake Karamık (Çay, Afyonkarahisar, Turkey)

Platyias quadricornis (Ehrenberg, 1832), Brachionus angularis Gosse, 1851, Brachionus quadriden‐
tatus Hermann, 1783, Brachionus rubens Ehrenberg, 1838, Keratella tecta (Gosse, 1851), Keratella
quadrata (Müller, 1786), Notholca acuminata (Ehrenberg, 1832), Euchlanis incisa Carlin, 1939,
Euchlanis meneta Myers, 1930, Mytilina mucronata (Müller, 1773), Mytilina ventralis (Ehrenberg,
1830), Trichotria pocillum (Müller, 1776), Trichotria tetractis (Ehrenberg, 1830), Macrochaetus
collinsii (Gosse, 1867), Lepadella ehrenbergi (Petry, 1850), Lepadella ovalis (Müller, 1786), Lecane
elsa Hauer, 1931, Lecane luna (Müller, 1776), Lecane ohioensis (Herrick, 1885), (Herrick, 1885),
Lecane bulla (Gosse, 1886), Lecane clostrocerca (Schmarda, 1859), Lecane cornuta (Müller, 1786),
Lecane lunaris (Ehrenberg, 1832), Lecane curvicornis (Murray, 1913), Lecane quadridentata
(Ehrenberg, 1830), Trichocerca iernis (Gosse, 1887), Trichocerca similis (Wierzeski, 1893),
Ascomorpha saltants Bartsch, 1870, Synchaeta pectinata Ehrenberg, 1832, Polyarthra dolichoptera
delson, 1925, Dicranophorus grandis (Ehrenberg, 1832), Testudinella patina (Hermann, 1783),
Conochilus unicornis Rousselet, 1892, Hexarthra mira (Hudson, 1871), Filinia longiseta (Ehrenberg,
1834), Filinia terminalis (Plate, 1886), Colletheca sp, Daphnia curvirostris Eylmann, 1887, Daphnia
longispina O.F. Müller, 1875, Simocephalus exspinosus (Koch, 1841), Simocephalus vetulus (O.F.
Müller, 1776), Ceriodaphnia quadrangula (O.F. Müller, 1785), Ceriodaphnia reticulata (Jurine,
1820), Scapholeberis kingi Sars, 1903, Bosmina longirostris (O.F. Müller, 1785), Eurycercus lamella‐
tus (O.F. Müller, 1785), Pleuroxus aduncus (Jurine, 1820), Pleuroxus laevis (Sars, 1862), Alonella
excisa (Fischer, 1854), Alonella nana (Baird, 1850), Chydorus sphaericus (O.F. Müller, 1776), Alona
costata Sars, 1862, Alona guttata Sars, 1862, Alona rectangula Sars, 1862, Acroperus harpae (Baird,
1835), Graptoleberis testudinaria (Fischer, 1848), Biapertura affinis (Leydig, 1860), Tretocephala
ambiqua (Lilljeborg, 1900), Oxyurella tenuicaudis (Sars, 1862), Acanthodiaptomus denticornis
(Wierzejski, 1887), Macrocyclops albidus (Jurine, 1820), Eucyclops macruroides (Lilljeborg, 1901),
Eucyclops macrurus (G.O. Sars, 1863), Eucyclops serrulatus (Fischer, 1851), Eucyclops speratus
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 (Lilljeborg, 1901), Cyclops strenuus paternonis (Lindberg, 1956), Megacyclops viridis (Jurine, 1820),
Megacyclops gigas (Claus 1857), Nitocra hibernica (Brady, 1880).

Figure 2. Composition of zooplankton in Lake Karamık.

Among the species identified in the lake, K. quadrata, L. luna, L. bulla, T. patina, D. longispina,
D. curvirostris, E. lamellatus, C. aphaericus, A. rectangula, P. aduncus, A. denticornis, E. macrurus
and C. strenuus paternonis were widely found, and P. quadricornis, B. rubens, K. cochlearis tecta,
N. acuminata, E. meneta, M. mucronata, T. tetractis, L. elsa, T. similis, D. grandis and A. guttata
were rarely found (Table 2). In this lake, 42 species by Gündüz [1], 86 species by Emir and
Demirsoy [46], 18 species by Gündüz [80] and 9 species by Kazancı et al. [41] were reported.
While 56 species were similarly found as in previous searches [1, 41, 46, 80], 64 species that
were determined in previous were not appeared in this study (Table 3). First study on
zooplankton in the lake started with Gündüz [1] (20 species of Rotifera and 22 species of
Cladocera). Though in the study after 12 years, Rotifera group of organisms were widely studied
[46] (86 species of Rotifera). Eighteen organisms only of Cladocera group were listed in the
checklist presented in 1997 [80]. However, in the limnologic survey realized in the lake in 1999,
a few zooplanktonic organisms were reported (totally nine species). The new species identified
in this study (K. cochlearis tecta, L. ehrenbergi, L. ovalis, L. cornuta, L. curvicornis, T. similis, D.
grandis, Colletheca sp., B. longirostris, A. guttata, B. affinis, E. macruroides, E. serrulatus, M.
gigas) were indicated with asterisk and bold (Table 3). According to frequency index values,
four species classified as constant (F ≥ 50 %), 14 species as common (50 % > F ≥ 25 %), 51 species
as rare (F < 25 %). The constant species K. qaudrata was identified in all stations with the highest
frequency value (74.29%). Of the group Cladocera, C. sphaericus (71.43%), A. rectangula (60 %),
P. aduncus (54.29%) were other widespread species (Table 2).

Variations in the Zooplankton Species Structure of Eutrophic Lakes in Turkey
http://dx.doi.org/10.5772/63749
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Species/authors [1] [46] [80] [41] Present study

Rotaria neptunia

Rotaria rotatoria

Rotaria socialis

Philodina megalotrocha

Platyias quadricornis

Epiphanes senta

Brachionus angularis

Brachionus calyciflorus

Brachionus diversicornis

Brachionus plicatilis

Brachionus quadridentatus

Brachionus rubens

Brachionus urceolaris

Keratella cochlearis

Keratella tecta*

Keratella quadrata

Keratella tropica

Notholca acuminata

Kellikottia longispina

Anuraeopsis fissa

Euchlanis dilatata

Euchlanis incisa

Euchlanis meneta

Mytilina mucronata

Mytilina ventralis

Lophocharis rubens

Lophocharis salpina

Trichotria pocillum

Trichotria tetractis

Colurella adriatica

Colurella colurus
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Species/authors [1] [46] [80] [41] Present study

Colurella obtusa

Colurella uncinata

Colurella sp.

Squatinella mutica

Squatinella rostrum

Squatinella sp.

Lepadella ovalis

Lepadella patella

Macrochaetus collinsii

Lepadella ehrenbergi*

Lepadella ovalis*

Lepadella sp.

Lecane elsa

Lecane inermis

Lecane luna

Lecane nana

Lecane ohioensis

Lecane stichaea

Lecane furcata

Lecane hamata

Lecane lamellata

Lecane bulla

Lecane clostrocerca

Lecane cornuta*

Lecane lunaris

Lecane curvicornis*

Lecane quadridentata

Lindia truncata

Scaridium longicaudum

Monommata longiseta

Eosphora najas
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Species/authors [1] [46] [80] [41] Present study

Notommata copeus

Pleurotrocha petromyzon

Cephalodella auriculata

Cephalodella catellina

Cephalodella gibba

Cephalodella sterea

Cephalodella ventripes

Trichocerca cylindrica

Trichocerca iernis

Trichocerca similis*

Trichocerca tenuior

Trichocerca weberi

Ascomorpha ovalis

Ascomorpha saltants

Synchaeta oblonga

Synchaeta pectinata

Polyarthra dolichoptera

Polyarthra vulgaris

Asplanchna girodi

Asplanchna priodonta

Asplanchna sieboldi

Asplanchna sp.

Dicranophorus grandis*

Encentrum saundersiae

Testudinella patina

Pompholyx complanata

Floscularia ringens

Ptygura beauchampi

Conochilus dossuarius

Conochilus natans

Conochilus unicornis
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Species/authors [1] [46] [80] [41] Present study

Hexarthra fennica

Hexarthra mira

Hexarthra sp.

Filinia longiseta

Filinia pejleri

Filinia terminalis

Colletheca ornata

Colletheca sp.*

Diaphanosoma lacustris

Daphnia curvirostris

Daphnia longispina

Simocephalus exspinosus

Simocephalus vetulus

Ceriodaphnia dubia

Ceriodaphnia quadrangula

Ceriodaphnia reticulata

Scapholeberis kingi

Moina branchiata

Macrothrix laticornis

Macrothrix rosea

Bosmina longirostris*

Eurycercus lamellatus

Pleuroxus aduncus

Pleuroxus laevis

Alonella excisa

Alonella nana

Chydorus sphaericus

Alona costata

Alona guttata*

Alona rectangula

Acroperus harpae
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Species/authors [1] [46] [80] [41] Present study

Graptoleberis testudinaria

Biapertura affinis*

Tretocephala ambiqua

Oxyurella tenuicaudis

Acanthodiaptomus denticornis

Macrocyclops albidus

Eucyclops macruroides*

Eucyclops macrurus

Eucyclops serrulatus*

Eucyclops speratus

Eucyclops sp.

Cyclops strenuus paternonis

Cyclops sp.

Megacyclops viridis

Megacyclops gigas*

Nitocra hibernica

Table 3. Checklist of zooplankton species studied during the present and earlier studies in Lake Karamık.

Among the species identified in the lake, B. angularis, F. longiseta, Keratella quadrata [19, 57],
B. longirostris and G. testudinaria ([58–60] species grow in eutrophic conditions. According to
QB/T Rotifera index, with the values of Karamık Lake with QB/T = 2.3 [46], Xochimilco Lake
(Mexico) QB/T = 10 [81], Dojran Lake (Macedonia) QB/T = 1.6 [82], Beyşehir Lake (Beyşehir,
Turkey) QB/T = 1.5–2 [30, 31], Gölcük Lake (Ödemiş, İzmir, Turkey) QB/T = 5 [48], Ladik
Lake (Samsun, Turkey) QB/T = 5 [10], Abo Zaabal Lake (Cairo, Egypt) QB/T = 4 [83], Liman
Lake (Kızılırmak delta, Turkey) QB/T = 2.5 [84] were shown as eutrophic. Rotifera species
were used as indicator while identifying the trophic condition of the lake.

In this study, Karamık Lake was determined QB/T = 1.5. Finally, the lake showed mesotrophic
property according to Rotifera index and eutrophic property in terms of Rotifera and Clado‐
cera dominance. It is reported that the dominance of Cladocera and Cyclopoid Copepoda group
of organisms in eutrophic waters [3], Cyclops strenuus Cyclopoid copepod dominance in
freshwater widely in oligotrophic waters and rarely in shallow eutrophic waters in Japan [85].
B. angularis, B. quadridentatus, K. qaudrata, P. dolichoptera, F. longiseta, C. qaudrangula, B. longir‐
ostris, C. sphaericus, Daphnia longispina and Cyclops strenuus paternonis species identified in this
study are the indicators of mesotrophic-eutrophic.
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While Keratella cochlearis, Keratella quadrata and Polyarthra vulgaris species were reported as
dominant species in the study made in the lake in 1984, the dominance of these little herbiv‐
orous zooplanktons (Rotifera and Cladocera) in the Lake Karamık was presented as the proof
that this lake was eutrophic [1]. After the closure of the paper mill around Karamık Lake,
becoming hypereutrophic of the lake was prevented. Existing quantitatively more of the
zooplankton species than zooplankton groups depends on high level of food, breeding success
of the Rotifera species and above all restrain of the increase in Cladocera and Copepoda by fish
[46]. Consequently, the dominance of the number Rotifera and Cladocera species and also being
in the large form of the Cladocera group of organisms show that the lake has turned into
eutrophic condition. In this research, the shallow eutrophic lakes in Turkey were reported, and
the zooplankton composition in shallow Lake Karamık was studied in detail, and zooplank‐
tonic organisms of the eutrophic lakes were presented. Finally, this study will be useful
contributions to the notice of zooplankton fauna of eutrophic lakes and of Turkey’s biodiver‐
sity.
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Abstract

Eutrophication as a result of human intervention has led to severe deterioration of fresh
water habitats. Due to population growth, industrialization and uncontrolled use of
fertilizers led to excess nutrient runoff entering into rivers and lakes; this has caused
reduction in water quality and abnormal changes in ecosystem structure and func‐
tion. A solution to this cultural eutrophication is an urgent necessity since nutrient
accumulation renders controlling eutrophication more difficult over time. Using algae
for reduction of nutrients is a unique technology, which utilizes the enormous potential
of microalgae in restoring water quality. This has a huge potential in urban lakes where
there is an urgent need to use such technologies in combination with existing ones to
speed up the process to reduce the formation of hypereutrophic lakes and dead zones
in oceans. In this book chapter, we explore the enormous potential of diatoms as cost-
effective, efficient and eco-friendly remedy for complex problems related to eutrophi‐
cation. We report the case studies on using diatom-based technology. This will give us
a new insight into microalgae-based lake remediation strategies, which can significant‐
ly reduce the cost, manpower needed and negative environmental impacts involved in
existing technologies.

Keywords: diatoms, eutrophication, phycoremediation, Nualgi

1. Introduction

Many human activities are polluting freshwater ecosystems, modifying the structure of aquatic
communities and thereby disrupting the functional continuum of river and lake systems. Indeed,
anthropogenic pollution of freshwater ecosystems by the addition of organic matter and
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nutrients is an increasing phenomenon that affects many lakes and rivers worldwide [1].
Physicochemical alterations caused by contaminated water and biological wastes often involve
increases in inorganic nutrients (ammonium, nitrate, nitrite, phosphate) and suspended organic
solids, a decrease in dissolved oxygen, and a settlement of suspended organic matter settling
on the lake bottom. Therefore, there is an urgent need to explore new eco-friendly, cost-
effective strategies to mitigate nutrient input into waterways and also to remove nutrients from
waterways.

Nutrient contamination of surface waters has led to widespread excessive algae growth, a
process known as eutrophication. Eutrophication can lead to fish kills through oxygen
depletion or the growth of toxic dinoflagellates that produce neurotoxins harmful to fish and
humans [2–4]. Eutrophication also can cause taste and odour issues that create expensive
problems for municipalities that rely on surface water for their drinking water and individual
households depending on groundwater [1].

Benthic diatoms are the dominant algal community in water bodies and they contribute
significantly to nutrient removal and dissolved oxygen levels in water. They also form the basis
of benthic food web in water bodies. Diatom algae contribute up to 40% of primary production
in lakes and oceans, which is more than that of all the tropical rain forests on earth. Diatoms
play an important role as a major carbon carrier to Deep Ocean to be one of the major contrib‐
utors to the “biological carbon pump”.

Diatoms are microscopic plants, which use nitrates and phosphates to grow along with other
nutrients such as silica, iron, copper, molybdenum, etc.; they use CO2 and produce O2 and they
can also accumulate heavy metals, so by triggering the growth of these algae, many problems
related to lake pollution can be solved. Growth of diatoms also reduces the growth of harmful
algae such as blue green algae (BGA) [5]. Diatoms are important primary producers in streams,
lakes and wetlands [6]. The main source of energy in streams was once thought to be detritus
from terrestrial origin but later research showed that primary production by algae was
important in many streams. Diatoms are now predicted to be the primary energy source in
many streams [7]. Diatoms are also known to be important sources of energy for invertebrates
in some headwater streams and even dominant, primary producers in many shallow lakes and
ponds. In wetlands, diatoms are significant primary producers because of their high turnover
rate. In addition to primary producers, diatoms are chemical modulators in aquatic ecosystems
[8]. They transform many inorganic chemicals into organic forms. Diatoms are primary
harvesters of inorganic phosphorus and nitrogen in stream spiralling in lake littoral modula‐
tion of influxes and in wetlands. Diatoms on surface sediments and plants are considered to
be important sinks for nutrients before release into the water.

Diatoms as indicators of lake water quality were well studied by many researchers but diatoms
also play a significant role in maintaining the water quality [9–11], so using diatom algae for
nutrient removal is novel and cost-effective method of water treatment. The main bottleneck
in using only diatom for nutrient removal is to trigger only diatom growth instead of other
algae, so to solve this problem, the main solution is to use the silica as the nutrient, which is
absolutely required by diatoms for their growth.
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Phycoremediation is defined as the use of algae to remove pollutants from the environment
or to render them harmless [12]. Phycoremediation has evolved from the early work done by
Oswald and Gotaas [13] for the use of microalgae for tertiary treatment of municipal waste‐
water to many other applications in which microalgae are cultivated and utilized for specific
bioremediation needs. The use of microalgae for the treatment of municipal wastewater has
been the subject of research and development for several decades.

Considering excess nitrate and phosphate as a resource and not as a pollutant is a key in
unlocking the problems related with nutrient pollution. Solar energy can be harnessed to grow
algal biomass on wastewater nutrients and this biomass can be a source on which fish can be
grown; this could provide a holistic solution to nutrient management problems. Nutrient
runoff from agriculture and sewage constitutes a major component of wastewater generated
everyday in both developed and developing nations such as United States and India. Excess
N and P fertilizers and untreated or partially treated sewage find its way to the water bodies
resulting in enrichment of nutrients, leading to eutrophication and formation of dead zones.
One of the highly significant and rapidly developing methods for nutrient removal is the use
of photosynthesis by growing algae. The use of algae for municipal wastewater treatment in
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Phycoremediation comprises several applications such as oxygenation of the atmosphere,
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and xenobiotic compounds removal by biosorption using algae, treatment of acidic and metal
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wastewaters, CO2 sequestration, transformation and degradation of xenobiotics and biosens‐
ing of toxic compounds by algae.

1.2. Diatoms and aquatic ecosystems

Phytoplankton community composition is highly dependent on the quantity and ratio of
macro- and micronutrients in aquatic ecosystems. There are many examples of taxonomic
shifts due to the relative supply of silica (Si) versus other nutrients (e.g. nitrogen (N) and
phosphorus (P)). Bacillariophytes, or diatoms, are fast-growing phytoplankton that utilize
dissolved silicate (SiO4) to make their siliceous-armoured skeletal frustules [17]. In marine
systems, diatoms require a particulate cell N/Si ratio of ~1 for balanced growth. Other phyto‐
plankton species, such as dinoflagellates, cyanophytes, haptophytes and raphidophytes, do
not utilize Si. If silicate is limiting, these other phytoplankton are capable of outcompeting
diatoms despite generally slower growth rates [18]. Therefore, by 'fertilizing' waters those are
depleted in Si relative to other macronutrients, such as with high Si-content solutions, the
potential exists to shift the phytoplankton community to diatom dominance.

Diatoms are a widespread, diverse group of microalgae found in all aquatic systems. They
represent a major component at the base of the marine food web, responsible for up to 50% of
total lake and oceanic primary production [7, 19] and 25% of all oxygen produced on the planet.
It also absorbs 23.5% of carbon dioxide generated on the planet. Diatoms can be found from
the poles to the tropics, vary in size (2–200 μm), shape (centric, pennate), and can exist as single
cells, colonies or chains [20]. Diatoms are opportunistic, generally exhibiting high growth rates
and blooming rapidly when nutrient and light conditions are favourable [21]. Similarly,
blooms can end as quickly when the diatoms have utilized all available nutrients and are either
grazed upon (supporting higher trophic levels) or sink rapidly (driving the carbon pump).
Diatoms require less light than other algae [22]; since their silica shells are transparent, they
grow even on cloudy or rainy days. Diatoms can even dominate under nutrient-limiting
conditions; in one example, a diatom species was shown to outcompete non-N-fixing cyano‐
bacteria under low nitrate concentrations in a eutrophic lake [23]. These factors make most
species of diatoms effective nutrient “sponges”. This combination of the diatom’s abilities
makes them an ideal organism for water remediation practices.

1.3. Diatom algae for nutrient removal

Growing microalgae/phytoplankton such as diatom algae in the sewage will enable the
nutrients in the sewage to be consumed and the oxygen produced will satisfy the BOD and
chemical oxygen demand (COD) and provide oxygen to fish. Phytoplankton is the natural
food for fish and diatoms are the best group of phytoplankton. Thus, polluted lakes will
become clean and have plenty of fish. About 50% of the photosynthesis on Earth takes place
in water—lakes and oceans and diatom algae account for about 50% of the algae in water
bodies. Treated water with BGA and green algae cannot be released into public water bodies.
Diatoms assimilate a significant amount of nutrients because they require high amounts of
nitrogen and phosphorus for the synthesis of proteins (45–60% of microalgal dry weight),
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nucleic acids and phospholipids. Nutrient removal can also be further increased by NH3

stripping or P precipitation due to the rise in the pH associated with photosynthesis.

1.4. Advantages of treating waste water with diatoms

Diatom algae are the most prolific microalgae in nature and they grow in all ponds, lakes,
rivers, oceans, aquariums, etc. They are responsible for about 20–25% of all photosynthesis on
Earth [24]; this is more than the share of tropical rain forests (~18%) and agriculture (8%).
Diatoms can consume N and P faster than other algae. Diatoms can consume all forms of N
such as nitrate, nitrite, urea and ammonia. Diatoms are best sequesters of CO2, so they can
release more oxygen.

1.5. Is diatom-based phycoremediation important?

Diatoms have an absolute requirement for significant amounts of silicon. Total algal biomass
cannot be limited by Si, but its availability will shape phytoplankton communities. Ryther and
Officer [25, 26] suggest that the eutrophication of waters by domestic wastes relatively poor
in Si could lead to Si depletion and the elimination of diatoms from the phytoplankton
communities. This process has been documented in the Laurentian Great Lakes [27]. Centric
diatoms have been classed as the most desirable phytoplankton in coastal and fresh waters
because they are important in aquatic food chains, they do not form noxious surface blooms
and they are not toxic. Marine diatoms often have high growth rates and some freshwater
diatoms have been shown to outcompete other algal groups for both N and P when adequate
Si is available [5, 28, 29]. Therefore, the availability of Si can make diatom consume N and P
at a faster rate than other undesirable species such as blue green algae and flagellates. Dissolved
silica becomes available in waters primarily through the weathering of silicate rocks. Domestic
wastes have low concentrations of Si relative to N or P [25], and the relative proportion of Si
to either N or P is very low compared to the requirements of diatoms and the relative abun‐
dance of these elements in natural water. The proportion in which nutrients are loaded to a
system can exert a strong influence on which algal species will thrive [30]. In this regard, the
apparent growing preoccupation with nitrogen and phosphate in the literature may be
counterproductive. A balanced approach emphasizing the interplay of various nutrients
including the trace metals in shaping phytoplankton communities and their response to
enrichment is required. If we can manage the species composition of eutrophic systems to
promote the growth of algal species such as diatoms that, in turn, increase the secondary
productivity of valuable food species, then we will have solved the important nutrient
limitation riddle.

1.6. Mechanism to trigger diatoms in open waters

Growing one type of algae in open waters is a complicated process, but diatoms have a
distinctive advantage because of their absolute requirement for silica. Therefore, by using this
advantage we can trigger diatoms in open waters especially in fresh water ecosystem where
silica concentration is less. Taking this advantage into consideration, we have developed a
nanosilica-based micronutrient mixture called “Nualgi”, which has nanosilica as its major
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constituent along with iron and nine other trace metals. The silica becomes both the carrier for
other nutrients and the nutrient by itself. It is in a water-dispersible particulate form. Nualgi
because of its nanosize is able to pervade very small spaces in the subsurface and remain
suspended in water, allowing the particles to travel farther than larger, macro-sized particles
there by increasing the bioavailability of the nutrients for easy absorption by microalgae and
achieve wider distribution. In water, Nualgi causes diatom algae to bloom, though any pond,
lake, estuary or coastal water has many species of organisms, only diatoms require silica and
they consume Nualgi rapidly and bloom. In laboratory experiments with pure marine diatom
cultures, highest biomass concentration and biomass productivity were attained in both C.
clostridium and C. fusiformis in cultures grown in Nualgi containing medium; these values were
almost double than in the popular f/2 medium [31] (Figure 1).

Figure 1. Effect of six different mediums on the growth of C. clostredium (A) and C. fusiformis (B) when compared with
Nualgi-containing medium.

From Laboratory trails with eutrophic fresh water from Hussain Sagar Lake, Nualgi triggered
diatom growth by not only triggering an increase in the number of diatom cells but also
increasing diatom diversity. In samples without Nualgi, six different species of diatoms were
identified in which Cyclotella meneghiniana, Gomphonema lanceolatum and Nitzschia palea were
the abundant species, whereas in samples with Nualgi addition Achnanthidium exiguum,
Navicula cryptocephala, Cymbella tugidula, Navicula gracilis and Pleurosigma elongatum were the
dominant species with a total of 30 different diatom species. The dominant species in samples
with no Nualgi addition were identified as pollution-tolerant species and in Nualgi-added
samples dominant species are less pollution-tolerant species; this change in diatom species
diversity clearly indicates the effect of Nualgi addition in nutrient reduction. In field conditions
with Nualgi, N-removal percentage was 95.1% and P removal of 88.9% was achieved over a
period of 10 days. COD and BOD reduction was also significant with 91 and 51%, respectively
(Thomas, unpublished). Nualgi as an efficient tool to trigger diatom growth is well proven in
both laboratory and field trials. Therefore, by using this product we want to propose a new
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strategy to mitigate excess nutrients by growing diatom algae in large fresh and brackish water
bodies [32].

1.7. Bioremediation versus phycoremediation

There is a general understanding that bioremediation is akin to phycoremediation. In actual,
they are very different and bioremediation is at best a subprocess of phycoremediation.

In bioremediation, bacteria are dosed into the water bodies. These break down the organic
matter in the sewage, dead algae and weeds. Bacteria consume oxygen, so aerators may have
to be used to provide the oxygen required. The organics are removed to a certain extent but
the dead bacteria sediment and accumulate. Thus, most of the nutrients remain in the lake.
Bacteria are cultured and dosed periodically. This is quite expensive. In nature, bacteria help
in the digestion of food even in human digestive system and in sewage treatment plants (STPs).
This is being copied. Mechanical aerators result in the release of CO2 at the power plants or
from the diesel engines. Similarly, STPs produce sludge, which is difficult to dispose off.

In phycoremediation, nutrient enrichment with Nualgi causes the native diatoms present in
all water bodies to grow. The oxygen produced by diatoms causes the native bacteria to grow
and these work in the same way as the bacteria dosed in bioremediation solutions. Diatoms
release pure oxygen during photosynthesis, resulting in increased DO levels; this will lead to
cascading improvement in water quality, aquatic life and biodiversity. Diatoms are consumed
by zooplankton and fish and thus exit the water as fish biomass. Very few diatoms die and fall
into the lake bed. Diatoms grow with a small dose nutrients and since fish consume them, the
income from the sale of fish will recover most of the cost of Nualgi used. The cost and quantum
of dosage are much less than the dosing of bacterial strains under bioremediation. Phycore‐
mediation restores the natural food chain in the lake and this is the best way to remove
nutrients. The native bacteria break down the nutrients and diatoms help remove them from
the water. Diatoms consume CO2 and nutrients to release O2. There is no waste generation.

1.8. Case study: phycoremediation of Indira Park Lake

1.8.1. Lake location and area

Indira Park is having 76 acres of area and it lies on the lower Tank Bund road downstream of
Hussain Sagar, Hyderabad, India. The total lake area is around 1.875 hectare with an average
depth of 8 m with a total water volume of 150,000,000 lL approximately with a daily inflow of
approximately 500,000 L.

1.8.2. Lake condition before treatment

The lake is heavily contaminated with blue green algae (BGA) mainly Microcystis sp. BGA is
present as a suspension in the water column all over the lake (Figure 2). Inlet water coming
from Hussain Sagar Lake is also contributing to BGA input. BGA mat is removed manually
on a daily basis. Foul smells emanate from the lake and also from places were lake water is
used for horticulture. Lake water contains total nitrogen (TN) and total phosphate (TP)
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concentration of 35.44 and 1.45 mg/l, respectively COD and BOD were also high at 323 and 64
mg/l, respectively.

Figure 2. Lake condition before treatment at different locations.

1.8.3. Treatment using Nualgi

Lake treatment was started on May 20, 2014 (Day 01), with the addition of 4 l of Nualgi lakes
with a subsequent addition of 2 l on days 6, 14 and 23, respectively. Nualgi was added along
the sides of the pond by using a boat, and water samples for testing were collected before
addition. Water condition on the day of addition was heavily contaminated with BGA growth
and the BGA layer is formed towards the east-side bridge, and as the air turbulence is from
west to east, BGA layer was forming on the bridge side (Figure 2).

1.8.4. Change in visible water condition and physiochemical parameters

Water quality of the pond changed considerably when we investigate at visible changes of
pond surface (Figure 3) and also the change in water quality parameters (Table 1) tested before
and 1 week after treatment a significant reduction in total dissolved solids (TDS) was observed
from the initial reading of 864–474 mg/l; similarly, COD and BOD were also reduced from 350
to 212 and 56 to 14 mg/l, respectively. Nutrient levels also reduced with nitrate reducing from
1.94 to 0.86 mg/l and phosphate reducing from 1.12 to 0.88 mg/l and Total Kjeldahl Nitrogen
(TKN) also reduced from 16 to 10 mg/l over a period of 7 days after the addition of Nualgi.
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Figure 3. Visible change in water colour and BGA layer during treatment with Nualgi.

S. No Parameter Inlet Day 01 Day 06 Day 14 Day 23 Percentage of reduction

Nualgi dosage 4 l 2 l 2 l 2 l

1 pH 7.61 6.56 6.98 6.99 7.01

2 Conductivity, ms/cm 1021 932 856 824 839

3 TDS, mg/l 935 864 474 948 1079

4 TSS, mg/l 33 14 <10 <10 <10

5 COD, mg/l 323 350 212 101 32 94%

6 BOD, mg/l 64 56 14 27 10 89%

7 DO, mg/l 0.3 0.6 0.2 1.2 0.8

8 TKN, mg/l 33 16 10 18 6 83%

9 Nitrate, mg/l 2.42 1.94 0.86 0.78 0.58 82%

10 Phosphate, mg/l 1.45 1.12 0.88 0.54 0.38 80%

11 Faecal coliform 21 18 8 12 12

Table 1. Water quality parameters tested with percentage of reduction for inlet water from Hussain Sagar, Indira Park
Lake water, during treatment with Nualgi and Nualgi dosage pattern.
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1.8.5. Change in phytoplankton diversity

From phytoplankton analysis, BGA was the dominant phytoplankton type present in the lake
before Nualgi addition and Microcystis sp. was the dominant species along with Spirulina sp.
but after Nualgi addition slowly the phytoplankton dominance shifted from BGA to diatoms
(Table 2) with Nitzschia sp., Navicula sp., Cocconeis sp., Gymphonema sp. and Gyrosigma sp. as
dominant species along with Cyclotella sp. during the initial phase of treatment. From this
analysis, Nualgi clearly triggered diatom growth and in turn diatoms acted as catalysts in the
improvement of water quality parameters and reduction of BGA growth.

Phytoplankton Day 01 Day 07 Day 16 Day 24

Blue green algae (BGA) 122 63 43 41

Diatoms

Pennate 11 34 54 71

Centric 2 13 16 16

Table 2. Changes in phytoplankton concentration and diversity during lake treatment using Nualgi.

2. Conclusions

Using algae for the reduction of nutrients is a unique technology, which utilizes the enormous
potential of microalgae in restoring water quality. Diatoms have the ability to simultaneously
tackle more than one problem, which is not capable by conventional chemical processes.
Growing microalgae using waste water can provide a viable alternative of tertiary biotreat‐
ment coupled with simultaneous production of value-added biomass with various benefits
such as production of biofuels, antioxidant, anti-cancerous, anti-obesity, anti-viral, antibacte‐
rial compounds, aqua, poultry, animal feed additives, etc. Phycoremediation is cost-effective
as it saves power and many chemicals, and it has a potential for CO2 sequestration—a solution
for the threat of global warming.
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Abstract

Lake Mohave, a man-made reservoir in the lower Colorado River, USA, was once home
to the largest wild population of the endemic and endangered razorback sucker Xyrauchen
texanus, estimated at 60,000 individuals in the late 1980s. Individuals of this population
were 25 years or older because recruitment was precluded by the removal of larval
production by introduced centrarchid species. A repatriation program was initiated in
the 1990s to replace the aging population with young fish by capturing larvae from the
reservoir and raising them in hatcheries and protected lakeside backwaters until they
were released back into the reservoir.  Although more than 200,000 fish have been
repatriated to Lake Mohave, the repatriate population has remained at a few thousand
fish. The wild population is now functionally extinct. The program has adapted to new
threats to the population, political realities, and technological advances. Management
shifted in 2006 to the Lower Colorado River Multi-Species Conservation Program, which
has politicized the process. The aim of this chapter is to describe the initial, informal
adaptive management strategy for razorback sucker in Lake Mohave, the transition to a
formal program, and the inherent pitfalls that formalization entails.

Keywords: endangered species, population dynamics, genetic diversity, razorback
sucker, hatchery management

1. Introduction

Razorback sucker Xyrauchen texanus is a long-lived catostomid that is endemic to the Colora‐
do River basin of western North America. Historically, it was encountered throughout the basin
in the mainstem Colorado River as well as medium to large tributaries [1]. Declines in abun‐
dance and range contraction over the last half century are attributed to habitat alteration (e.g.,
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dams and water extraction) and introduction and establishment of more than four dozen
nonnative fish species [2]. Razorback sucker was federally (USA) listed as endangered in 1991
[3], and management actions divided the basin into upper and lower units at Lee’s Ferry upstream
of the Grand Canyon (Figure 1). In the lower Colorado River, management actions were initially
focused on the largest remnant population of razorback sucker in Lake Mohave, a water
regulation reservoir impounded in 1951 by the completion of Davis Dam (Figure 2).

Figure 1. Map of the Colorado River drainage in western USA.

The management of razorback sucker in Lake Mohave began with a single goal, to replace a
declining old population likely to become extirpated by the turn of the twentieth century with
a young repatriated population [4]. This single goal was established in the early 1990s by the
ad hoc Lake Mohave Native Fishes Workgroup (NFWG), an informal group of biologists from
state and federal agencies, universities, and private entities. It was seen as a stop-gap measure
to buy time until effective, long-term recovery actions could be developed and implemented.
Nearly 30 years later, the management strategy has resulted in a genetically diverse repatriate
population of approximately 2500 individuals [5], far fewer than the estimated 60,000 wild
adults that resided in the lake in the late 1980s. However, without this repatriated population,
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razorback sucker would have disappeared from the reservoir, as the wild population is now
functionally extirpated [5].

Figure 2. Map of Lake Mohave Arizona and Nevada, USA.

The management strategy for razorback sucker in Lake Mohave has always been adaptive. As
is likely with any resource management program that has covered multiple decades, it had to
adapt to changing environmental conditions, technological advancements, and periodic
political intransigence. Today, adaptive management is at the cornerstone of federal policy
regarding endangered species recovery plans [6]. Recently, the informal adaptive management
strategy for razorback sucker in Lake Mohave (NFWG) has been replaced by the formal and
well-documented adaptive management structure of the Lower Colorado River Multi-Species
Conservation Plan (LCR MSCP). This plan seeks to conserve at least 26 plant and animal species
in the lower Colorado River corridor while continuing to allow normal Colorado River water
and power operations [7]. Applying adaptive management principles to endangered species
recovery programs requires striking a delicate balance. The public and elected officials often
demand an end date, an exact price in dollars, and time for a recovery program, which can run
counter to the adaptive management approach because new data can change predicted
outcomes of management practices.
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2. Adaptive management of razorback sucker in Lake Mohave

2.1. Population decline and razorback sucker repatriation program

The number of razorback sucker in Lake Mohave was likely in the hundreds of thousands, if
not millions in the 1960s and 1970s, but no attempt to estimate their abundance was made until
the early 1980s [8]. By the late 1980s, the remnant population was estimated at 60,000 individ‐
uals [9]. This was the largest remaining population of razorback sucker in existence, but fish
that had been aged through otolith examination were old, between 25 and 45 years old [10].
Most of these adults were representatives of successful cohorts produced in the first few years
after impoundment of the reservoir, and no recruitment had been detected for 25 years. If this
continued, the population was projected to disappear before the turn of the century [1, 11].

Although the immediate threat to the species within Lake Mohave was simple to identify, no
simple solution was available. The complete removal of larval production from the entire
reservoir through predation, mainly from introduced centrarchid species, was seemingly
improbable, but multiple studies spanning several decades throughout the basin all pointed
in the same direction [12, 13]. Data to support alternative hypotheses could not be produced.
Resource limitation appeared promising and was carefully investigated but could not be
clearly identified as a mortality factor [14, 15]; larval razorback sucker survived and grew
inside protective enclosures placed in the reservoir, and razorback sucker grew to adults when
placed in a nonnative free environment. Neither the political climate nor the technical
knowhow was available at the time or is presently available to remove all nonnative fish species
from the reservoir. Therefore, if the population and the species were to be perpetuated,
assistance would have to take the form of stocking fish.

Early attempts to produce juveniles took place in an isolated backwater adjacent to Lake
Mohave at Yuma Cove where a large aggregation of fish was available during the spawning
season [1]. The first attempt in January 1991 was to stock ripe fish captured from the reservoir
(33 females and 67 males) directly into the backwater. Larvae were produced but no juveniles
survived; at least none was detected, and no mortality factor was identified. A year later in
January 1992, 28 females and 60 males were transferred from the lake into the backwater.
Larvae again were produced and this time juveniles survived and nearly 300 were captured
the following autumn. However, genetic evaluation indicated that the juveniles represented
a relatively small number of parents, their variation was less than expected relative to the wild
adult population, and this method of propagation was unlikely to preserve the population’s
genetic diversity [5, 16, 17]. The next iteration in March 1993 involved manually spawning ripe
fish on site and stocking about 200,000 embryos thus produced into the backwater. Unfortu‐
nately, water level in the backwater lowered unexpectedly and exposed the bottom where
most fertilized ova had settled, killing them. Nonetheless, some larvae hatched and a small
number of juveniles was captured. At the same time, a number of laboratory-reared fish (meta-
larvae and juveniles averaging 26 mm long) were stocked into this and other backwaters
around the lake. Survival of these fish was variable among sites, but recovery of fewer than
500 juveniles was inadequate to fulfil programmatic goals of stocking thousands of young fish.

Lake Sciences and Climate Change122



2. Adaptive management of razorback sucker in Lake Mohave

2.1. Population decline and razorback sucker repatriation program

The number of razorback sucker in Lake Mohave was likely in the hundreds of thousands, if
not millions in the 1960s and 1970s, but no attempt to estimate their abundance was made until
the early 1980s [8]. By the late 1980s, the remnant population was estimated at 60,000 individ‐
uals [9]. This was the largest remaining population of razorback sucker in existence, but fish
that had been aged through otolith examination were old, between 25 and 45 years old [10].
Most of these adults were representatives of successful cohorts produced in the first few years
after impoundment of the reservoir, and no recruitment had been detected for 25 years. If this
continued, the population was projected to disappear before the turn of the century [1, 11].

Although the immediate threat to the species within Lake Mohave was simple to identify, no
simple solution was available. The complete removal of larval production from the entire
reservoir through predation, mainly from introduced centrarchid species, was seemingly
improbable, but multiple studies spanning several decades throughout the basin all pointed
in the same direction [12, 13]. Data to support alternative hypotheses could not be produced.
Resource limitation appeared promising and was carefully investigated but could not be
clearly identified as a mortality factor [14, 15]; larval razorback sucker survived and grew
inside protective enclosures placed in the reservoir, and razorback sucker grew to adults when
placed in a nonnative free environment. Neither the political climate nor the technical
knowhow was available at the time or is presently available to remove all nonnative fish species
from the reservoir. Therefore, if the population and the species were to be perpetuated,
assistance would have to take the form of stocking fish.

Early attempts to produce juveniles took place in an isolated backwater adjacent to Lake
Mohave at Yuma Cove where a large aggregation of fish was available during the spawning
season [1]. The first attempt in January 1991 was to stock ripe fish captured from the reservoir
(33 females and 67 males) directly into the backwater. Larvae were produced but no juveniles
survived; at least none was detected, and no mortality factor was identified. A year later in
January 1992, 28 females and 60 males were transferred from the lake into the backwater.
Larvae again were produced and this time juveniles survived and nearly 300 were captured
the following autumn. However, genetic evaluation indicated that the juveniles represented
a relatively small number of parents, their variation was less than expected relative to the wild
adult population, and this method of propagation was unlikely to preserve the population’s
genetic diversity [5, 16, 17]. The next iteration in March 1993 involved manually spawning ripe
fish on site and stocking about 200,000 embryos thus produced into the backwater. Unfortu‐
nately, water level in the backwater lowered unexpectedly and exposed the bottom where
most fertilized ova had settled, killing them. Nonetheless, some larvae hatched and a small
number of juveniles was captured. At the same time, a number of laboratory-reared fish (meta-
larvae and juveniles averaging 26 mm long) were stocked into this and other backwaters
around the lake. Survival of these fish was variable among sites, but recovery of fewer than
500 juveniles was inadequate to fulfil programmatic goals of stocking thousands of young fish.

Lake Sciences and Climate Change122

The real “aha” moment came with the suggestion to harvest naturally produced larvae directly
from the lake and transfer them to protective custody in nonnative-free rearing sites including
lakeside backwaters. Larvae were known to be phototactic [8] and easily captured, abundant,
and likely to represent the genetic diversity of the wild adult population. Thus, in winter-
spring 1994 began the methodical process of nighttime harvest with dip nets of larvae that
were attracted to lights, rearing in safe places, and return to the lake as relatively large
subadults or adults. One unique aspect of the program was the early use of passive-integrated
transponder (PIT) tags. From the beginning, every attempt was made to implant all repatriated
razorback sucker with a PIT tag prior to being released into the reservoir. Each tag contained
a unique 10-digit hexadecimal code that was used to identify individual fish. With periodic
refinements, the same basic protocol is followed today.

Early indications were that the repatriation program was a success. By 1994, repatriated
razorback sucker were captured in routine monitoring on the spawning grounds throughout
the reservoir. To increase the capacity of the program, the NFWG partnered with golf courses
in Boulder City, Nevada, Willow Beach National Fish Hatchery (a federal trout hatchery that
was built on the shores of the reservoir downstream of Hoover Dam), and other entities. An
average of more than 12,000 razorback sucker was repatriated annually from 1997 to 2005. In
1999, the repatriate population was estimated at more than 1000 fish, based on PIT tag
recapture data [18]. However, from 1999 through 2004 the repatriate population appeared to
plateau at about 1500 fish (estimates fluctuated between 1000 and 2500) regardless of the
number stocked (Figure 3). It was clear that the repatriate population was not going to match
the previous size of the wild population under the current program. Meanwhile, the wild
population had declined from more than 60,000 in 1991 to less than 50 [5], and now is func‐
tionally extinct. Concerns over whether genetic diversity could be maintained long term with
a population of only a few thousand [19] motivated research into the sources of post-stocking
mortality.

Figure 3. Wild (black triangles) and repatriate (gray diamonds) population estimates and 95% confidence intervals for
razorback sucker in Lake Mohave. Estimates are single census mark-recapture estimates derived from captures during
annual netting activities in March. The solid line and secondary axes represent the cumulative number of PIT tagged
repatriated razorback sucker stocked into Lake Mohave.
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Based largely on work in the Gila River, the program originally considered a 250-mm razorback
sucker to be free from most predatory threats in Lake Mohave, as the main concerns were
channel catfish Ictalurus punctatus and centrarchid species common to the reservoir, for
example, largemouth bass Micropterus salmoides and bluegill Lepomis macrochirus. An unex‐
pected population expansion of one of the reservoir’s nonnative predatory fishes altered this
condition at nearly the same time the repatriation program was initiated. During a season of
heavy winter rains in 1983, the spillway was opened on Hoover Dam. Besides releasing water
downstream unfettered, this operation allowed the introduction into Lake Mohave of large
numbers of the obligate piscivore striped bass Morone saxatilis. Although this species already
was known to occur in Lake Mohave [20], the influx of individuals and their subsequent
reproduction and recruitment led to it becoming a predominant species by 1990. The impact
of striped bass was immediate and severe, yet interestingly the phenomenon is largely
unstudied except in the context of native fishes. The trout fishery downstream of Hoover Dam
was considered to be one of the best in the United States in the 1980s [21], but trout were rarely
seen more than a few weeks after stocking by the mid-1990s. Striped bass grew rapidly in Lake
Mohave obtaining sizes of up to 1200 mm TL and more than 30 kg in weight. The target-
stocking size of 250 mm for razorback sucker was clearly inadequate, but the “right” size to
mitigate striped bass predation was unknown.

Figure 4. Estimated first-year survival for repatriated razorback sucker released into Lake Mohave based on total
length (TL) when released. Survival estimates based on mark-recapture analysis of release and capture data in Lake
Mohave from 1993 through 2004.

One of the early attempts to quantify the size-survival relationship for razorback sucker used
PIT tag recapture data from annual census data. Sampling trips to monitor populations of
native (and endangered) bonytail Gila elegans and razorback sucker in Lake Mohave were
conducted multiple times per year, but most razorback sucker were captured on sampling
trips conducted during the peak of spawning activity in March. These “March Roundup”
recapture data were linked to stocking records to derive capture histories for all repatriated
fish released in Lake Mohave. TL at release was added as a covariate to first-year survival and
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the data were assessed within the mark-recapture software MARK. The resulting relationship
between first-year survival and TL at release was used as a management tool (Figure 4), but
there was considerable uncertainty about the relationship due to low survival of stocked fish,
less than 2% overall, and low annual recapture rates, less than 10% [18]. Increasing recapture
rate would require increasing netting effort during the March Roundup. Members of the
NFWG were concerned about increasing stress and potential delayed mortality due to
repeated handling of fish. The program needed to adapt to increase survival of stocked fish,
and increase recapture rates without increasing handling.

2.2. Research, adaptation, and emerging technology

Prior to the formal publication of the size-survival relationship, incremental increases in
stocking sizes were implemented moving to 300 and 350 mm TL from 1999 to 2004. By 2006,
the decision was made to produce fish that were nearly immune to predatory threats, which
required raising razorback sucker over 500 mm TL. Raising large numbers of razorback sucker
to 500 mm TL at the hatchery was going to take additional years of growth and experimenta‐
tion. In the interim acoustic telemetry studies were performed with small numbers of razor‐
back sucker at the potentially optimal stocking size of 500 mm TL and at the previously
common release size of 380 mm TL to test the hypothesis. The results from these studies were
unequivocal and confirmed the size-survival relationship, but survival also varied dramati‐
cally from year to year [22]. In addition, an acoustic tag that was implanted in a 520-mm TL
razorback sucker was recovered from the stomach of a relatively average sized 13-kg striped
bass by a fisherman [23], providing evidence that no size was completely safe from predation;
the maximum length of razorback sucker is thought to be near a meter [24], but few individuals
longer than 700 mm now are encountered [18, 20].

While razorback sucker were being held for additional years of growth at the hatchery, few
fish were stocked; only about 500 repatriates were released from the hatcheries between
November 2007 and October 2009. The 2007 population estimate, calculated after the 2008
March Roundup, had dropped to near 1000 adult repatriates. Although razorback sucker held
at the hatcheries had not reached the target length of 500 mm TL, the NFWG determined that
releasing fish at their current size was better than taking the risk that genetic diversity of the
population would be compromised due to the low population size. Over the next 18 months,
more than 20,000 razorback sucker were stocked from the hatchery system. Although the mean
TL of all fish stocked was similar to previous stockings (360 mm), more than 800 razorback
sucker at 450 mm TL or longer were released.

Along with a shift in release size, a technological shift also occurred in 2006. PIT tagging all
repatriates released into Lake Mohave had been conducted since the program began in 1992
with few exceptions. By 2006, PIT tag technology had progressed significantly. The 400-kHz
tags used in Lake Mohave for the previous 14 years were being superseded by 134.2-kHz PIT
tags. Some PIT tag readers could detect both tag frequencies, but the newer 134.2-kHz tags
were becoming the dominant format in animal tagging. The 134.2-kHz tag had significant
advantages over the older frequency. The 400-kHz tags were read by rubbing the PIT tag reader
over the tag injection site, the new 134.2-kHz tags could be read from tens of centimeters away.
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Not only did this reduce handling time by making it easier during capture to identify fish, it
was now possible to detect fish without handling them. After years of favoring methodological
continuity over emerging technology, the shift was made to 134.2-kHz tags in 2006. All
razorback sucker were now tagged with the new tag prior to repatriation, and any razorback
sucker captured during monitoring activities without a tag was given the new tag. Due to the
lack of stocking from 2006 through 2008, razorback sucker captured with 400-kHz tags were
given a 134.2-kHz tag starting in 2008 (double tagging).

Oversight of the management program also shifted by 2006. Prior to 2006, management of the
program was guided by the NFWG. However, in 2005 the Lower Colorado River Multi-Species
Conservation Plan was signed. This negotiated agreement between state water resource
agencies of the lower Colorado River basin and the federal government is a 50-year agreement
for continued operations and conservation actions for at least 26 native plant and animal
species. The informal adaptive management approach of the NFWG was replaced with a
formal adaptive management strategy when the LCR-MSCP was signed and became the de
facto management doctrine for razorback sucker and other native fish species in the lower
Colorado River. The LCR MSCP strategy for the conservation of razorback sucker in the lower
Colorado River closely followed the concepts developed by Minckley et al. [25]. This paper
acknowledged the limited success of the repatriation program, and advocated for a different
approach to conserving razorback sucker long term: create self-recruiting populations in off-
channel habitats free of nonnative fishes, while maintaining a genetically diverse population
of adults in the mainstem Colorado River and its reservoirs. The Lake Mohave razorback
sucker population continued to be important as the genetic repository of the species, and
understanding the population dynamics of the off-channel and reservoir populations would
be fundamental to the success of the program. Remote PIT scanning appeared to be the tool
needed to acquire the data upon which to base science-driven management decisions.

The increased reception range of the new 134.2-kHz PIT tag allowed for remote sensing of PIT
tags, that is, identifying a tagged fish without capturing it. Elsewhere, portable PIT scanners
were used to monitor behavior, movement, and habitat use of fishes in shallow waters of small
streams [26, 27], and fish movement has also been monitored in larger streams using units
permanently or semi-permanently mounted to the substrate or man-made structure [28, 29].
Initial testing of this technology in Lake Mohave relied on Biomark® flat-plate antennas and
FS2001 radiofrequency identification (RFID) scanners. These units were able to detect both
400-kHz and 134.2-kHz tags. Although read range of 400-kHz PIT tags was only a few
centimeters or less, razorback sucker were known to remain close to the substrate and the
potential to remotely contact at least a portion of 400-kHz tagged fish was important given the
small number of 134.2-kHz tagged razorback sucker released by 2008. These PIT scanning units
could only be deployed in the calm, lotic waters of the reservoir because they required a
floating component to contain the RFID readers and batteries. In 2008, the remote PIT-scanning
units on Lake Mohave contacted 176 unique PIT tags and 194 were contacted in 2009 [30]. In
2010, the number of available 134.2-kHz tagged fish increased due to large stocking events.
PIT scanning in the reservoir contacted 477 razorback sucker in that year, nearly twice as many
as the number encountered during the March Roundup (286 razorback sucker) in the same
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year. It was clear that this technology would allow for a much larger proportion of the
population to be contacted annually than the netting effort once the 134.2-kHz tagged fish
made up the majority of the population. This increase in monitoring data also would not
require additional handling or netting activities, which could impact survival or spawning
behavior. However, the PIT scanners could not alleviate one monitoring issue. Razorback
sucker were routinely observed in the swiftly flowing and turbulent riverine section of the
reservoir downstream of Hoover Dam, but these fish were generally unmonitored. Trammel
nets were ineffective in the fast-flowing river, and boat electrofishing was effective, but
potentially harmful to the fish [31]. PIT scanning would likely be effective as well, but the
floating systems could not be anchored well enough to remain in place in the river.

In 2010, a PIT scanner design was proposed for use in the riverine sections of Lake Mohave
based on systems described in Bond et al. [28]. The design was adapted to allow the unit to be
completely self-contained without a floating or a shore-based component. The first fully
submersible PIT scanners were developed and deployed in 2011 between Hoover Dam and
Willow Beach. Sites of deployment were based on observations of spawning aggregates during
the winter and spring months (January through April), and PIT scanner units were typically
deployed between 12 and 24 h before being retrieved, downloaded, and redeployed with fresh
batteries during week-long sampling trips. In that first year, 670 PIT tags from repatriated
razorback sucker were contacted. By 2012, this number nearly tripled to 1832, more than twice
the number contacted in the basin by PIT scanners (882). The total number scanned in the river
alone nearly matched the 2012 population estimate of 1854. Combined, repatriate PIT scanning
contacts in Lake Mohave exceeded the population estimate based on mark-recapture data from
netting activities during the March Roundup.

One purpose of extending PIT scanning to the riverine section below Hoover Dam was to
determine if the fish in the river and in the basin were of the same population. It was assumed
that razorback sucker moved throughout the reach between Davis and Hoover dams, and that
population estimates based on netting activities on the spawning grounds in the basin were
representative of the lake-wide population. Initial analysis of PIT scanning data from 2011 and
2012 in the basin and river did not support this assumption. More than 80% of the fish contacted
in the riverine reach downstream of Hoover Dam had been released (stocked) there, and more
than 80% of the fish contacted in the basin had been released in the basin. In year-to-year
comparisons, fewer than 10% of the fish contacted in one reach were contacted in the other
reach the subsequent year. The partial demographic isolation of the two subpopulations
required a rethinking of population estimates and the overall stocking strategy.

Beginning in 2012, year-to-year population estimates based on PIT scanning data supplement‐
ed the annual estimates based on annual netting activities. Consistent with the partial demo‐
graphic isolation demonstrated in the PIT scanning data, population estimates were divided
into basin and river subpopulations. In the first few years, the sum of subpopulation estimates
based on PIT scanning was similar to estimates from netting activities even though the river
subpopulation was not effectively sampled by netting activities. This was likely due to the
exclusion of 400-kHz tagged fish in PIT scanning and the lack of complete geographic coverage
of the basin area with PIT scanners. Netting activities generally covered four primary spawn‐

Adaptive Management of an Imperiled Catostomid in Lake Mohave, Lower Colorado River, USA
http://dx.doi.org/10.5772/63808

127



ing aggregates in the basin area: Halfway Wash, Tequila Cove, Yuma Cove, and Owl Point.
The majority of PIT scanning in 2011 and 2012 was concentrated in Tequila Cove and Yuma
Cove. These two sites had semi-permanent PIT scanners that scanned nearly continuously
throughout the spawning season (November through April). As the geographic coverage in
the basin improved, and the proportion of 134.2-kHz tagged fish increased, the subpopulation
estimate for the basin alone approached the overall estimate based on netting activities. By
2014, each subpopulation was estimated at around 1500 fish each. The discovery of additional
razorback sucker in the system was a positive development for the program. However, the
river subpopulation did not contribute significantly to the repatriation program. This is
because until recently all larvae collected in the lake for the repatriation program were collected
more than 10 km downstream of Willow Beach, whereas the majority of the river subpopula‐
tion was reproducing upstream reproducing upstream of Willow Beach. Proportional
representation of the riverine subpopulation in larval collections would require about half of
the 20,000 larvae collected annually to be collected upstream of Willow Beach, and so the
program must again adapt to this new paradigm.

3. LCR MSCP and the future of Lake Mohave

The original goal of replacing the wild adult population with a young repatriated population
was based on solid scientific evidence available at the time it was formulated. Changes in the
fish fauna and lower than expected adult survival resulted in a population of only a few
thousand, maintained through annual stocking of more than 10,000 razorback sucker. The
NFWG adapted to new data and technologies, and the NFWG recognized the futility of
continuing the stocking program indefinitely although a small population of razorback sucker
had been established and maintained. Alternative strategies to the repatriation program were
under development as early as the late 1990s. The overall strategy for razorback sucker
conservation in the lower Colorado River codified in journal publications [5, 25], the US Fish
and Wildlife Service (USFWS) implementation plans [32], and the LCR MSCP is one of natural
recruitment within protected off-channel habitats. These small populations would be managed
with the exchange of adults with the populations maintained in the mainstem and its reservoirs
and with each other to maintain genetic diversity. This would eliminate the need for hatcheries
and massive stockings and permit nearly natural selective pressures to continue. The LCR
MSCP conceptually is in agreement with this strategy, but its formal adaptive management
structure spreads limited resources too thin and its political nature creates obstacles to
implementation of new strategies when data are acquired.

The basic concept of adaptive management is to treat current management practices as
working hypotheses, and the results of such practices are evaluated through monitoring to
provide information, which forms the basis of changes in subsequent management practices.
The number of knowledge gaps identified by the LCR MSCP conceptual model for razorback
sucker [33] that required additional research stretches scant resources to their limit, and does
nothing for conserving the species in the short term. The immediate need of optimizing
stocking regimes should take precedence over understanding the complete life cycle of the
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species, especially when most of that research requires experiments with life stages that cannot
be found in the natural system. Razorback sucker as a species is still in crisis, the size of the
one population with the genetic legacy is too low to secure that legacy. Does it therefore make
sense to spend resources answering biological questions that at best will aid razorback sucker
recovery which is decades off and likely will not happen at all if current trends continue?

One example of the lack of focus since the LCR MSCP is the size at release for razorback sucker
in Lake Mohave. After the release of large fish from the hatchery system from 2009 to 2011, an
experiment that began prior to the LCR MSCP, the target released size returned to 300 mm TL.
The only large fish released into Lake Mohave have been from lakeside backwaters. This has
resulted in almost no razorback sucker stocked in the last 3 years from the hatchery being
captured or contacted via PIT scanners. For comparison, out of the 806 fish longer than 450
mm TL that were released during the attempt to grow 500-mm TL fish, 417 were contacted by
PIT scanners from 2011 through 2015. More than 22,000 razorback sucker were released in 2012
and 2013 (41 fish over 450 mm TL), and only 169 have been contacted more than 30 days after
their release. The complete failure of recently stocked fish to recruit to the adult population
has erased any gains in population size that were created from the large fish releases in 2009,
2010, and 2011.

Equally important, the political constraints cause actions that could benefit razorback sucker
to not be performed. The LCR MSCP mandates the creation of 360 surface acres of backwater.
The most successful backwaters in the system to date are the lakeside backwaters on Lake
Mohave. Experiments designed to assess the genetic contribution of one razorback sucker
generation to the next in backwater environments are currently being conducted in three
lakeside backwaters on Lake Mohave. Two of these backwaters produce young of year
razorback sucker annually, but must be harvested each year as the backwaters dry up during
reservoir drawdowns. One lakeside backwater at Yuma Cove that is deep enough to retain
water year-round has a healthy population of several hundred razorback sucker, some stocked,
some self-recruited in the backwater. With the exception of Cibola High Levee Pond [25], there
is currently no other location on the lower Colorado River that has proven as effective.
However, the LCR MSCP does not give credit to the program for any off-channel habitat
created in Lake Mohave, and unfortunately the lakeside backwaters will only be used for
experiments or grow-out, and no new backwaters will be created on the reservoir.

4. Conclusions

The real danger of an expensive management program for any endangered species is failure
to produce tangible results. A perception that millions of tax dollars were spent without a
return on the investment would likely reduce support for future programs. The endangered
fish recovery program in the upper basin should be a warning sign for the LCR MSCP.
Although the LCR MSCP is very specifically a conservation and not a recovery program, that
distinction will likely not save it from public or political scrutiny if it is perceived a failure. A
30- or 50-year time span may seem like a long time to recover a species, but it is within the life
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span of a single razorback sucker. It is unreasonable to expect that our understanding of the
causes of population decline for razorback sucker will reach the level of being able to reverse
that decline within the life span of a single fish. The upper basin has had nearly three decades
to reach that goal, yet not one population of razorback sucker in that region is doing better
now than before the beginning of the program if impacts of stocking are excluded. Although
stocking can reduce the probability of extinction, it does nothing to improve the probability of
self-sustenance, which is a fundamental requirement of any successful recovery program.

The ultimate fate of the razorback sucker population in Lake Mohave under the LCR MSCP is
unknown, but if the NFWG had required that a complete understanding of razorback sucker
life history and predator-prey interactions be obtained prior to stocking one fish, there would
be no population to conserve. The NFWG was able to focus on a single goal, adapted to new
information, and still failed to achieve its goal. The LCR MSCP is attempting to achieve
multiple goals, with a 5-year planning cycle, a 54-member steering committee, and an
expectation that “program-level adaptive management is not anticipated to occur often over
the 50 year term because the HCP conservation direction was developed using the best
available information” [34]. There recently has been a refocus on meeting a target release size
of near 500 mm TL. If razorback sucker at or near 500 mm TL are released consistently, a
substantial increase in the number of individuals in the population is expected. These actions
will secure the razorback sucker in Lake Mohave for a number of years; however, conservation
and recovery of the species in the lower Colorado River will require successful implementation
of the backwater-based program concept [25, 32]. Such a plan already has proven its biological
efficacy and we urge the LCR MSCP partners to move forward aggressively to identify,
confront, and overcome political and logistical barriers and put that plan into practice.
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Abstract

The former Texcoco Lake (TL) belongs to a closed basin (Basin of México), with a semi-
arid climate and soil types Solonchaks and Vertisol, which confer saline and alkaline
properties to the waterbodies. Historically, this lake has been facing extraction of salt for
agricultural and livestock use. As a result of population growth, the lake has lost more
than 95% of its surface; however, currently TL is formed by permanent and temporary
shallow wetlands interconnected by the rainy season which are used as buffer zones to
avoid possible floods to the City of Mexico and as receptors of wastewater discharges.
Due to the above, the former TL has a very diverse mosaic of conditions in the remain‐
ing wetlands, therefore their quality assessment comprises a complex task of interpreta‐
tion and analysis. To perform this, it is important to have a series of indicators and analysis
tools that take into account the state of contamination of the waterbodies in different
periods of study. Additionally, is imperative to have essential elements of interpreta‐
tion which allow to combine all the features of analysis in a comprehensive scrutiny of
the health status of these water bodies. The purpose of this research is to analyze the
quality of water and sediments of the remaining wetlands located in the basin of the former
TL through various physicochemical parameters and heavy metals, and using multivari‐
ate methods and water and sediment quality indices.

Keywords: saline lake, water wells quality, chemometric, sediment quality, wetlands
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1. Introduction

Due to constant and rapid human population growth, water bodies around the world have
been threatened [1]; even large lakes are considered especially vulnerable because they are the
final receivers of a number of pollutants, in most cases due to poor connectivity with other
waterbodies, these pollutants are deposited indefinitely altering the quality of water and
sediment [2]. Among the main activities affecting lentic systems worldwide are overexploita‐
tion of water and other resources associated with water bodies, contamination by direct or
indirect sources, agriculture, and industry [3]. It has been estimated that coverage occupy‐
ing lakes and ponds around the world ranges from 1.3 to 1.8% and although it is numerical‐
ly dominated by small systems, the largest contribution in terms of the total area is given by
the great lakes [4–7].

Another important aspect regarding the current status of epicontinental waterbodies is the
distribution of freshwater lakes in relation to salt water. According to [8], about half of
the epicontinental water of the world is saline (in area and volume), while the other half
is freshwater; an epicontinental waterbody is considered saline if it exceeds the salt con‐
centration of 3 g/L without marine environment contact [9]. Regarding its location, epi‐
continental saline lakes are commonly found in endorheic basins, arid or semiarid
climates, and geographically within a latitudinal range of 20–40° in both hemispheres [6,
10].

Mexico has 0.1% of epicontinental water of the world and more than half a million cubic
meters is represented by lakes [8]. Saline lakes in Mexico are located mainly in the north
and center of the country associated with arid and low rainfall [6, 11]. In this sense, one of
the most important saline lakes is the former Lake Texcoco, which has been a great biologi‐
cal and cultural referring in Mexico; Texcoco Lake and lakes of Zumpango, Xaltocan, Xochi‐
milco and Chalco formed a large lake complex where the ancient Aztec civilization was
established [12].

The former Texcoco Lake belongs to a closed basin (Basin of México), with a semiarid climate
and summer rains, with maximum temperature ranges from 30 to 32°C in April and June,
while the minimum from 2 to 5°C in October to March. The soil in the lake are Solonchaks and
Vertisol, which give saline and alkaline properties to the waterbodies [10], favoring the
concentration of ions of manganese, ammonium, nitrites, nitrates, sulfates, and metals [12].
According to [13], this lake is athalassohaline and alkaliphilic due the high concentration of
ions such as magnesium, sulfate, calcium, sodium, and bicarbonate derived from rocks and
geological weathering. Historically, this lake has been used for the extraction of salt from the
ancient Aztec civilization; later, with the arrival of the Spaniards it has been continuously
drained by agriculture, livestock, and expansion of the City of Mexico, losing more than 95%
of its surface [6, 12, 14].

Nowadays, this lake has become a fragmented aquatic ecosystem, formed by the remaining
temporary or semi-permanent wetlands interconnected during the rainy season whose
function has been to avoid possible floods to the City of Mexico, as well as to act as a wastewater
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receptor. Because of this, in the former Lake Texcoco, there is a very diverse mosaic of
environmental conditions in the remaining wetlands; thus, the assessment of water and
sediment quality comprises a complex task of interpretation and analysis. To perform this task,
it is important to use a series of indicators and analysis tools that account the assessment of
the state of contamination of the waterbodies in different periods of study, using elements of
multivariate analysis, which allow the joint interpretation of the parameters analyzed for a
comprehensive scrutiny of the health status of these water bodies. In this sense, the aim of this
research is to analyze the current condition of water quality of the remaining wetlands located
in the basin of the former Texcoco Lake through numerous physical and chemical parameters
and heavy metals, using multivariate methods and indices of water quality.

2. Chemometric analysis and multivariate approach

One of the great challenges in the aquatic ecosystems assessment is the opportunity of
integrating natural phenomena and pollution that occur in rivers and lakes [15]. The elements
of variation in a waterbody can be discrete or specific depending on the nature of the study
site [16]; having a data set that reflects clearly the main trends and sources of pollution or
variation of physical, chemical, and biological properties in these environments is crucial.

In this sense, chemometric analysis can be defined as a discipline derived from chemistry that
uses mathematics, statistics, and logic to design or select the optimal experimental procedures
that provide the most relevant chemical information data analysis for obtaining knowledge
from natural systems [17]. This tool in conjunction with multivariate analysis is able to reduce
the multidimensionality of the parameters in natural environments to get graphical models or
indices that provide insight into the current state of water bodies [18]. In recent years, the
application of different statistics multivariate techniques, such as cluster analysis (AC),
principal component analysis (PCA), factor analysis (FA), and discriminant analysis (AD) have
contributed to identifying possible sources that influence waterbodies, and have offered a
valuable tool in the reliable management of water resources [19, 20]. These techniques have
been successfully used to classify water quality data and detect similarities between samples
and/or parameters in many research studies [21, 22].

3. Study area

The area of the former Texcoco Lake is located between 19° 20′N, 98° 05′W and 19° 35′N, 99°
05′W (Figure 1). The lake is an area where Vertisol, Solonchak, and the saline soil type
predominates [23], which characterizes this as one of the few saline lakes of Mexico. It is located
at an average altitude of 2200 m, with an average annual temperature of 16°C and rainfall of
705 mm [24].
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Figure 1. Location of waterbodies and wells studied in the former Texcoco Lake. The white circles represent waterbod‐
ies: 1. Lago Nabor Carrillo; 2. Laguna Cola de Pato; 3. Laguna de Evaporación; 4. Laguna Colorada; 5. Laguna 14; 6.
Depósito de Evaporación; 7. Laguna 16; 8. Casa del Ermitaño and 9. Xalapango. The black circles represent wells: 1.
Vivero; 2. Colector múltiple del Lago Nabor Carrillo; 3. Well No. 15; 4. Well No. 16; 5. Well No. 17; 6. Well No. 18; 7.
Well No. 19 and 8. Well No. 21.

The waterbodies in the area of the former Lake Texcoco include a system of interconnected
wetlands in an interrupted and ephemeral mode with a heterogeneity of uses including
historical uses. The Lago Nabor Carrillo is an artificial waterbody that receives input from
treated water from local plants and from zones of the east of Mexico City. On the other hand,
the evaporation tank (Depósito de evaporación) is an artificial water body constructed for
extraction of caustic soda, currently out of operation. In contrast, within these water bodies
are the Laguna 16, the House of Hermit (Casa del Ermitaño), and Xalapango that are natural
water bodies receiving contributions from rivers coming from the northeast and southeast
regions adjacent to the area of Texcoco Lake.

In relation to wells, the depth of static water level fluctuates from 40 to 130 m [25]. The
shallowest values are recorded in the southwestern portion of the aquifer near Lago Nabor
Carrillo, which gradually increase by topographic effect from north and east, where the
foothills of the mountains that delimit the aquifer are located.

4. Methods

4.1. Sampling methods and analytical procedures

Water samples were collected from 19 study sites from nine waterbodies, as well as a set of
eight wells (Figure 1) in the area of the former Lake Texcoco in June, September, and November
2015. Water samples were taken at surface using plastic containers of 2.5 L and free from metal
and detergents following the methods of field sampling for waterbodies receiving wastewater
and sampling of water for human consumption proposed by [26].

All water samples were kept at 4°C in dark conditions for transportation for further laboratory
analysis.
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Water quality analyses included 25 physicochemical parameters (Table 1), of which only
temperature, conductivity, pH, and dissolved oxygen were measured in situ. Likewise, ten
metals were quantified in water, sediments, and wells. Analytical procedures were performed
in accordance with the guidelines of Mexican standards [27, 28].

Physicochemical parameters Sample

Temperature (°C) (T°C) Hardness (mg/L) (Dur) Waterbody and water well

pH Phosphates (mg/L) (PO4)

Dissolved oxygen (mg/L) (OD) Nitrates (mg/L) (NO3)

Conductivity (μS/cm) (Cond) Nitrites (mg/L) (NO2)

Total solids (mg/L) (ST) Total nitrogen (mg/L) (TN)

Total suspended solids (mg/L) (SST) Ammonia nitrogen (mg/L) (NH3)

Total dissolved solids (mg/L) (SDT) Organic nitrogen (mg/L) (ON)

Settleable solids (mg/L) (SD) Oil and grease (mg/L) (O and G)

Turbidity (NTU) (Turb) Sulfates (mg/L) (SO4)

Biochemical oxygen demand
(mg/L) (BOD)

Methylene blue active substances
(mg/L) (MBAS)

Chemical oxygen demand
(mg/L) (COD)

Total coliforms (NMP/100 ml) (Tot Col.)

Cyanides (mg/L) (CN) Fecal coliforms (NMP/100 ml) (Fec Col.)

Chlorides (mg/L) (Cl)

Metals

Aluminum (mg/L) (Al) Cadmium (mg/L) (Cd) Waterbody, sediment and
water well

Lead (mg/L) (Pb) Chrome (mg/L) (Cr)

Iron (mg/L) (Fe) Nickel (mg/L) (Ni)

Arsenic (mg/L) (As) Copper (mg/L) (Cu)

Barium (mg/L) (Ba) Mercury(mg/L) (Hg)

Table 1. Physicochemical and metals analyzed in the water and sediment samples.

4.2. Analysis and data interpretation

Trophic state index (TSI) [29] was calculated from the results of the total phosphorus concen‐
tration and using the following mathematical expression:

48

( ) 10[6 ]
2

ln
TPTSI PT

ln
= -

Chemometric Analysis of Wetlands Remnants of the Former Texcoco Lake: A Multivariate Approach
http://dx.doi.org/10.5772/63436

139



where TSI (PT) is the trophic state index for total phosphorus and TP is the concentration of
total phosphorus (mg m−3). The index expresses the trophic state based on the following scale:
<30 as oligotrophic; 40–50 mesotrophic; eutrophic 50–70; and 70–100 or greater than 100 as
hypereutrophic [29].

On the other hand, the Water Quality Index proposed by the National Sanitation Foundation
(WQI-NSF) [30] generates results from 0 to 100, with zero considered the worst quality and
100 as excellent quality. The WQI-NSF has the following expression:

9 9

1 1
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where p is measured for the ith parameter; Ti is the transformed value from the curve pi quality
of each parameter, such that Ti(pi) = qi and wi are the relative weight for the ith parameter.
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The WQI-NSF represents water quality in general giving different grades depending on the
value obtained, but without incorporating qualifications for specific water uses, such as
drinking water, recreational use, suitable for agriculture, etc.

Finally, the proposed Pollution Index (Cd) by [31] was calculated, which determines the
relative contamination of different metals separately and presents the sum generated by each
of these components. This contamination index is calculated according to the following
equation:
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where Cfi is the contamination factor for the metal, CAi the analytical result of the metal, CNi
the maximum permissible limit of the metal. According to [32]

Pollution levels are referred to Cd:

Cd < 1 Low contamination

1 < Cd < 3 Medium contamination

Cd > 3 High contamination
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Additionally, in the case of sediments, [33] proposed the metal pollution index (MPI), which
is a very simple index, calculated as a geometric mean concentration of metals by the expres‐
sion:

1

1 2 3( )n
nMPI M M M M= × × ×¼×

This index has the peculiarity that does not use reference levels, safety data sheets, reference
sites, or baselines. There is no classification of polluted or unpolluted, but allows comparisons
with other aggregations (sites) and highlighting those sites with high concentrations of metals.

The variation of each parameter over the periods and study sites was performed by a factor
analysis (FA) to identify which parameters are statistically significant for further analysis.
From this information, a cluster analysis (AC) was assessed using the Euclidean Distances
Index and Ward ligation method.

The set of indicators of water quality analysis was performed by Pearson correlation in a PCA
from a data matrix consisting of the study sites as rows and environmental parameters as
columns. The array data was standardized by X = log(x + 1) to make evident the chemometric
trends of water bodies from the former Texcoco Lake. All statistical analyses were performed
using the software XLSTAT-2015.

5. Results

5.1. Physico-chemical characterization of the waterbodies from the former Lake Texcoco

The water bodies of the former Texcoco Lake have a high conductivity with values ranging
between 932 and 12.266 mS/cm, mainly due to the high concentration of chlorides and metals
such as Fe and Mg. On the other hand, the concentration of total suspended solids, dissolved
solids, and settleable solids is very high, with values of up to 88.39 mg/L in the study sites: S2
(Laguna Cola de Pato) and S5 (Laguna 14); these conditions are due to the shallowness of the
waterbodies and because the allochthonous materials entering the waterbodies are easily
deposited. Furthermore, the high content of dissolved material in the water increases the
concentration of BOD5 and COD, reaching values of up to 195.76 and 7,858 mg/L respectively,
in S2 and S5 sites.

5.2. Factor analysis

The FA for the set of physicochemical parameters showed that the first factor F1 (51.15% of
the explained variance) includes the parameters related to the input of organic compounds,
such as dissolved oxygen, BOD5, COD, total nitrogen, ammonia nitrogen, and organic
nitrogen, as well as elements that provide ions and suspended materials such as conductivity,
total solids, fluorides, phosphates, sulfates, and MBSA. In the second factor F2 (20.62% of the
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explained variance), the factors related to the obstruction in light penetration were pondered
such as suspended solids, turbidity, oil, and grease (Table 2).

F1  F2 

Temperature (°C) 0.694 −0.310

pH 0.840 −0.162

Dissolved oxygen (mg/L) 0.614 −0.443

Conductivity (μS/cm) 0.880 −0.435

Total solids (mg/L) 0.892 −0.246

Suspended solids T (mg/L) 0.304 0.813

Dissolved solids T (mg/L) 0.845 −0.410

Settleable solids (mL/L) −0.474 0.357

Turbidity (NTU) 0.386 0.827

BOD soluble (mg/L) 0.799 0.213

COD soluble (mg/L) 0.923 −0.026

Chlorides (mg/L) 0.896 −0.391

Hardness (mg/L) 0.288 −0.187

Fluorides (mg/L) 0.890 −0.214

Phosphates (mg/L) 0.807 −0.214

Nitrates (mg/L) 0.153 0.388

Nitrites (mg/L) 0.203 0.513

Total nitrogen (mg/L) 0.913 0.342

Ammonia nitrogen (mg/L) 0.715 0.677

Organic nitrogen (mg/L) 0.927 0.220

Oil and grease (mg/L) 0.436 0.751

Sulfates (mg/L) 0.664 −0.645

MBAS (mg/L) 0.769 0.141

Total coliforms (NMP/100 mL) −0.084 0.866

Fecal coliforms (NMP/100 mL) 0.683 0.181

Solonchak 0.920 0.315

Vertisol −0.920 −0.315

Variability (%) 51.153 20.620

% accumulated 51.153 71.773

F1 and F2 belong to factorial loads of FA. Bold number indicates significant values.

Table 2. Factor analysis (FA) for the periods and study sites and the environmental parameters.
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5.3. Cluster analysis

The nine water bodies were separated into two groups and four independent units (Figure 2).
The first group corresponds to the study sites S3 (Laguna Evaporation), S1 (Lago Nabor
Carrillo, the largest waterbody and receiving wastewater), and S4 (Laguna Colorada); these
sites are in the south and southeast of the former Texcoco Lake. The second group corresponds
to the study sites S2 (Laguna Cola de Pato) and S5 (Laguna 14), which are located in the
northwest region of the former Texcoco Lake. These waterbodies have the highest conductivity
values, suspended materials (ST, SST, SDT and SD), BOD5, and COD. Finally, the four
independent units correspond to S6 (Depósito de evaporación), S7 (Laguna 16), S8 (Casa del
Ermitaño), and S9 (Xalapango). These sites are in the north and northeastern portion of the
lake.

Figure 2. Dendrogram of study sites with the Euclidean distances dissimilarity index, based on the parameters of
greater significance in the factor analysis.

5.4. Water quality index

The WQI-NSF scores ranged from 18.51 in S3 in September to 44.19 in S7 during June. However,
all scores in the WQI-NSF qualify from waters with poor quality (41 to 50) to very poor quality
(0–40) (Figure 3a).
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Figure 3. Water Quality index (WQI-NSF) values: (a) WQI-NSF for the waterbodies during the three periods of study;
(b) WQI-NSF for the wells in the former Texcoco Lake.

Mean values of WQI for all study sites and periods of study are 32.39, 24.71, and 28.95 in
June, September, and November, respectively. However, the dispersion of the data in Sep‐
tember is wider, indicating low and high values of WQI-NSF in some water bodies.

According to the records of the National Meteorological System [34], the rainy season of this
region ends in September (96.6 mm/month), which could contribute to the depletion of WQI-
NSF by the increased input of allochthonous materials and increased wastewater flow from
the rivers of the eastern region of the former Texcoco Lake. Similarly, the runoff in a closed
basin directly increases settleable and suspended solids in the waterbodies, causing further
deterioration of water quality.

According to [14, 35], the rivers from the eastern portion of the former Texcoco Lake provide
to these water bodies high values of organic matter and fecal contamination, reaching 49.75
million fecal coliforms/100 mL−1. High values of coliform not only exceed the maximum
permissible guidelines of the Mexican standards (1000–2000 NMP 100 mL−1), but also consid‐
erably deplete the results of water quality index.

5.5. Trophic state index

The TSI values fluctuated between 106.19 in site S8 to 180.43 in site S4 during June. All sites in
the three periods of study showed hypereutrophic condition (70–100+). However, it is
remarkable that waterbodies S2 and S5 showed the highest values during November, where
the concentration of PO4 reached 156.8 mg/L and 107.98 mg/L, respectively, with the highest
values of this nutrient throughout the study sites and seasons (Figure 4).
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Figure 4. Values of TSI for water bodies during the three periods of study.

5.6. Pollution Index

Results of Pollution Index show that study sites S1, S3, S7, and S8 showed values from low
pollution (Cd < 1) to medium pollution (1 < Cd < 3), which is consistent because the site S1
receives treated wastewater, while the sites S7 and S8 are small waterbodies isolated without
input from wastewater (Figure 5).

Figure 5. Values of the metal pollution index (Cd) for the nine bodies of water during three study periods.

In contrast, other sites qualify with high pollution, being the site S2 (168.75), S5 (121.01) and
S9 (80.43) in November those sites that reached the highest values of metal contamination. In
the case of S9, despite being a natural water body, it receives inputs from rivers located in the
eastern portion of the former Texcoco Lake and according to [14, 35], they transport in their
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current a considerable amount of contaminants and heavy metals such as Pb, Zn, Ni, Cu, and
Cd, although the concentrations do not exceed the maximum permissible guidelines.

The high metal concentrations, particularly for waterbodies of the central part of the lake, are
because many of these waterbodies are small and very shallow, with a high variation in
volume. On the other hand, continuous evaporation processes concentrates salts in the water,
since they have also the highest concentrations of conductivity (>20,000 mS/cm) chlorides
(>120,000 mg/L) and total dissolved solids (>300,000.00 mg/L). Finally, being small and shallow
waterbodies, they are influenced by Solonchak soil that predominates in the area. In these soils,
aluminum salts (alumina) are predominant, which may be contributing to the increase in the
index scores as the aluminum concentration exceeds more than forty times the reference value.

5.7. Metal pollution index

The MPI provides a geometric mean of the metal concentration for each waterbody, thus this
index is an indicator of the level of contamination by these elements. There are metals whose
presence in nature or polluting sources is very low, while other metals may be in abundance
(either in nature or polluting sources). The assessment of geometric mean values contributes
to the elimination of those extreme values that affect the correct interpretation of the data.

The result set of geometric mean values was considered as the overall average for all the water
bodies studied (Figure 6a and b, horizontal orange line). The global geometric mean value for
all the study sites indicates that waterbodies S2 and S5 are those with the highest values of
MPI for the three periods of study, with values of 0.54, 0.57, and 0.77 and 0.50, 0.41 and 0.71
for the months of June, September, and November, respectively. This coincides with the
Pollution Index, which indicates that these waterbodies are the most contaminated by metals.

Figure 6. Values of the metal pollution index (MPI) for the nine water bodies during the three periods of study (a); for
sediments of nine water bodies (b) and for the eight wells (c).

According to this index, the sites S7, S8, and S1 were sites with lower concentration of metals
during the three periods of study, which in relation to the previous analysis allows to group
these waterbodies with the best quality indicators among all water bodies studied.
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5.8. Metal contamination in sediments

In the case of sediments, the MPI showed a maximum value of 0.54 for S2 in September, while
the minimum value was 0.12 for S9 during September. The overall mean was 0.21 (geometric
mean of all water bodies and periods of study) (Figure 6b). It is a remarkable increase of metals
in sediments during September, which may be due to the effects of the rains that carry metals
to waterbodies and these can be settled down with the material being transported, or can be
chelated and removed from the water column to the sediments. This analysis shows that there
is a higher concentration of metals in water reaching values up to 0.77-fold, related to the
concentration in sediments.

5.9. Water quality of wells

The scores for the wells qualify as good water quality (Figure 3b). According to the National
Water Commission [36], the static level of depth of the wells for the area of Texcoco fluctuates
between 40 and 130 m, the wells being closest to Lago Nabor Carrillo with depths of 50 m [37].
The geological profile of the Texcoco area consists of clays with a high concentration of salts
and silts up to 80 m deep [35], giving rise to very poor permeability of surface water into the
aquifer.

Furthermore, the MPI scores for wells reflect the scarce metal concentration (Figure 6c).
However, the high concentration of Mn (0.17–1.86 mg/L) is a distinctive feature of the geology
of the area and in this sense, the presence of this metal is removed by a local treatment plant
that recovers water from this series of wells for public supply. This suggests that the quality
of water in the aquifer in this area can be considered good, although the geological nature and
soil type provide metals and a large amount of salts.

6. Integration of the indices

In the present study, we used four indicators of pollution of water bodies:

• Water quality index (WQI-NSF).

• Trophic state index (TSI).

• Cd pollution index (indicator of contamination by heavy metals based on international
security standards for different uses of water).

• Metal pollution index (MPI).

The WQI-NSF is an indicator of water quality by different environmental parameters meas‐
ured in the water and allows decisions about the use of the resource; in this case, all water
bodies were classified into two categories: (a) poor quality and (b) very poor quality.

The TSI is an indicator of nutrient enrichment, which indicates that due to the high concen‐
tration of nutrients these waterbodies are susceptible to algal blooms, both by microalgae or
cyanobacteria, which can become potentially toxic.
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Cd pollution index is based on comparative environmental standards. Its purpose is to ensure
environmental safety standards regarding the use of water. In this case we used international
criteria for aquatic life protection, protection of human health and public supply, of which the
strictest criteria were selected.

The MPI is indicator of the level of metals in water and sediments, offering an overall average
metal content in each compartment. Based on the above, a principal component analysis (PCA)
(Figure 7) was performed, and to identify trends, three of the five indices were used: TSI, WQI-
NSF, and MPI; thus the analysis considers nutrient enrichment, the state of water quality and
metal contamination.

Figure 7. Biplot of the Principal Component Analysis for the water bodies based on TSI, WQI-NSF, Cd pollution index,
and MPI.

The use of all these indices allows the identification of different kinds of deterioration of the
waterbodies.

The PCA showed a 72.50% explained variance, with 55.74% in the first component and 16.75%
in the second. On the upper and lower right quadrants the vectors of MPI, TSI, and Cd were
located and the three sampling seasons were associated with these vectors. Furthermore, the
waterbodies S2, S4, and S5 were also associated with these vectors. These waterbodies, as was
already indicated, have the highest concentrations of metals. Similarly, S2 and S5 reached the
highest values of the TSI for the three periods of study.

On the upper left quadrant, the vector of WQI-NSF showed that sites S1, S7, S8, and S9 in June
and September reached the highest values of WQI; in addition, these sites exhibit the lowest
concentration of metals and lowest values of the TSI. In this sense, these water bodies are
characterized by better water quality among all the study sites.
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7. Conclusions

Water bodies within the ancient Texococo Lake, assessed with different tools, show a high
degree of contamination.

The WQI-NSF, an indicator of physical and chemical quality, notes that water bodies showed
poor to very poor water quality.

All water bodies have a high degree of nutrient enrichment and are in hypereutrophic
conditions.

The concentrations of heavy metals through various indices (Cd and MPI) showed that the 20
waterbodies are highly contaminated by metals, with a higher concentration in both water and
sediments.

Water quality of wells is good despite the high concentration of Mn by natural geological
effects. Also by the geological features of the study area, the pollution of the surface water does
not compromise the quality of the aquifer, mainly due to low permeability of the lithologic
material in this area.

The integration of the WQI-NSF, TSI, Cd, and MPI indices and use of multivariate analysis
identified those bodies of water in which metal contamination is more relevant than the
deterioration of water quality by other physico-chemical parameters, as well as those water‐
bodies that have better conditions, despite their poor water quality.
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Abstract

The aim of this study is to propose a water quality index for reservoirs in a basin using
fuzzy logic. Most of the water quality indices are designed for use in rivers and streams
and based on expert opinion; however, when the water is dammed, the quality usually
Is modified. Mexico is a country with many contrasts in quantity and quality of water.
Management of water resources in the Lerma River is achieved with a system of artificial
reservoirs where water is stored in order to meet human needs, such as public supply,
industry, agriculture and recreation, among others. Monitoring of 11 reservoirs in the Río
Lerma basin was performed to characterize the water quality. Using the water quality
data, those indicators that do not represent redundancy were selected based on the
concentration gradient that occurred in the different reservoirs. Thus, the proposed index
uses eight indicators of water quality. The fuzzy inference system is composed by 633
rules with a score from 0 to 100 and seven verbal categories. The index was validated by
comparison with other water quality index, and their use across the basin was tested by
applying it in five additional water bodies.

Keywords: fuzzy inference system, physicochemical approach, reservoirs, water qual‐
ity

1. Introduction

Water quality assessment traditionally has been measured by physical and chemical parame‐
ters and through the comparison of results of monitoring programs with the existing local
guidelines. Only in some of these cases, the use of this methodology allows for a proper
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identification of contamination causes and may be essential for checking legal compliance;
however, it does not readily give a global behaviour of the water quality in a basin [1].

Water quality indices have been used to translate large data sets on water quality into a single
value representing a certain level of water quality [2]. The common denominator for all water
quality indices is its ability to combine data from monitoring programs by means of a simple
quality vector [3].

The most common water quality constituents used in water quality indices include dissolved
oxygen (DO), pH, temperature, faecal coliforms, turbidity, biochemical oxygen demand,
chlorides, colour, nitrates, total phosphorus, and total solids [3, 4]. These parameters tradi‐
tionally have been selected and qualified through the combined judgment of a panel of water
quality experts within a region or country utilizing a set of questionnaires based on the Delphi
system [5, 6].

Water quality indices are mainly used by water resource managers to communicate whether
water is acceptable for its intended uses [3, 6–9], as well as to compare and identify trends
between different watersheds or water bodies, and facilitate comparison among different
sampling sites and/or events [1, 2, 10, 11].

In addition to water uses (public water supply, agricultural irrigation, industrial, navigation,
recreation, etc.), which are qualified by water quality indices, the services provided by water
bodies, such as maintenance of groundwater level, balance of atmospheric gasses, climate
regulation, and reduction of soil erosion, are extremely important to human welfare; however,
their importance has decreased and is not considered in the assessment tools. There is evidence
that many human dominated ecosystems have become highly stressed and dysfunctional [12].

The evolution of water quality indices has been satisfactory in terms of water resources
management because they were all developed for a specific set of goals such as rating the water
use [13], communication tool, and decision-making managers [6], and they are based on criteria
or standards (environmental benchmarks) that reflect the impairment of quality caused by the
presence of pollutant/parameter considered in the water quality index (WQI).

Horton [14] is considered the pioneer in the design of water quality indices, and he proposed
that various water quality characteristics could be integrated into an overall index. This first
WQI was defined as a rating reflecting the composite influence on overall quality of a number
of individual quality characteristics. After Horton, numerous indices have been developed
that include different water quality characteristics, calculation methods, and different pur‐
poses. Dinius [6] proposed a geometric WQI qualifying until six water uses.

Numerous studies have used water quality indices to determine water quality in rivers [2, 3,
9, 15–20]. Recently, fuzzy theory has been used to design water quality indices and also to
assess the water quality in rivers [21–25].

Few studies, much less at a regional level, have been conducted to assess the water quality in
lakes or reservoirs in terms of a water quality index. In some cases, studies are available on
trophic state development [26–29]. López [28] carried out a regional study in reservoirs of the
Río Lerma basin, pointing out the existence of a trophic gradient from a regional perspective.
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Sedeño-Díaz and López-López [30] applied a geometric WQI to 10 reservoirs of the Río Lerma
basin, and Shuhaimi-Othman et al. [31] carried out a study of the water quality changes of
Chini Lake. Fuzzy synthetic evaluation [32] and fuzzy theory [33, 34] have been utilized for
diagnostic of trophic state in reservoirs. None of these WQI has been developed from a gradient
of environmental conditions inside a hydrologic basin which allows to compare the different
water bodies inside the same region.

Human population growth and changes in adjacent land use have increased the pollutant and
nutrient inputs in the reservoirs, altering water quality and accelerating the eutrophication of
reservoirs, lakes and watercourses. The Río Lerma basin with an extension of only 3% of the
Mexican territory is the most important water system in the central plateau of Mexico.
Likewise, urban areas, agricultural lands, and industrial centres located along its course are
set to become one of the most densely populated and polluted regions in the country. This
basin has experienced negative impacts due to human activities; it currently faces an imbalance
between water demand and availability, primarily due to its natural water scarcity as well as
uneven water quality distribution. The rapid urban and industrial growth among other
economic and social factors has made this worse. Water needs have grown, water users are
fiercely competing with each other and conflicts are emerging as a result. Hence, water quality
has also deteriorated as urban and industrial effluents are often discharged without treatment.
The Río Lerma basin is also considered as a centre for fish fauna endemism [2] and therefore
is mandatory to take conservation measures.

To overcome the water availability problem, numerous reservoirs have been built to satisfy
the needs of the population. Cotler-Ávalos [35] indicates that at present there are 552 reservoirs
in the basin. Therefore, it is important to have simple and easy-to-use tools to assess the water
quality of the reservoirs and facilitate interpretation and decision making, since they are the
main source of water to meet the needs of the population in that region. In this study, a water
quality index (WQI) based on fuzzy logic was designed to assess and to compare the environ‐
mental condition of several reservoirs of the Río Lerma basin, using a selection of eight water
quality characteristics.

2. Background about fuzzy logic and fuzzy inference systems

The aim of this section is not to expose the full fuzzy logic theory (FL); however, it is important
to give a brief introduction. FL was introduced in 1965 by [36], and it is a mathematical tool
for dealing with uncertainty as it is able to measure linguistic concepts or subjective words
that are fundamentally imprecise, ambiguous or fuzzy [21, 37].

We can ask what does a water quality index do with the FL. For several years, FL has been
applied to design environmental indices because it solves complex situations such as ambi‐
guity, subjective judgments, and interpretation of a complex set of multidimensional data [22,
37]. The results of a WQI are most often associated with different linguistic water quality
categories (e.g. excellent, good, regular, or bad water quality). These linguistic variables use
unclear boundaries, that is, these terms include a high degree of uncertainty. In addition,
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considerable vagueness is involved in the allocation of a water quality score for multiple uses
inclusive of a specific use [11]. FL can be considered as a language that allows us to translate
the uncertainty of natural language into mathematical expressions [11]. Thus, FL has been
considered as a useful tool for modelling water quality as it is an alternate approach to
problems where the goals and boundaries are diffuse or imprecise [24, 38].

2.1. Fuzzy inference systems (FISs)

FISs are based on the fuzzy set theory, which maps input values to output values [23, 38]. The
input is called antecedent, while the output is known as consequent. Maps are outlined in the
membership functions.

A membership function is a curve whose shape is defined by convenience [11, 38], and that
defines how each point in the antecedent is mapped to a membership value in a range of 0–1
[21]. In FIS, different shapes of membership functions can be used, such as Gaussian, bell,
trapezoidal and triangular, among others. Trapezoidal and triangular membership functions
have the advantage of being asymmetric [39], but the gradient of values of membership
develops over the same slope value.

In concordance with [11, 38, 40, 41], a FIS consist of three main steps:

• Fuzzification, is the process which changes a crisp input data to a fuzzy number expressed
in a membership function, that is, the transformation of a numerical value of any water
quality variable into a membership grade to a fuzzy set.

• Evaluation of fuzzy decision through the system of linguistic If-Then rules which include
the fuzzy operators to integrate the combined antecedents to the consequent.

• Defuzzification, is the process to obtain a representative value of a fuzzy set, that is, the final
crisp value that integrates all attributes of the multiple antecedents. There are different
methods of defuzzification, the most common are centroid, mean of maxima, and bisector;
however, it is very important to select an appropriate defuzzification method.

These fundamental three steps are imperative to obtain a successful FIS.

In concordance with [38], there are at least six reasons to use models based on fuzzy rules and
fuzzy sets: (a) they can be used to describe a large variety of nonlinear relations, (b) they tend
to be simple, since they are based on a set of local simple models, (c) they can be interpreted
verbally and this makes them analogous to artificial intelligence models, (d) they use infor‐
mation that other methods cannot include, (e) the fuzzy approach has a big advantage over
other indices as they have the ability to expand and combine quantitative and qualitative data
that express the water quality status, and finally, (f) FL can deal with and process missing data
without compromising the final result.
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3. Methods

3.1. Study area

We studied 11 reservoirs with different water use (power generation, agriculture irrigation,
drinking trough, recreational, and public supply) and different location within the Río Lerma
basin (upper, middle, and lower reaches), all of them considered as hydrological priority
systems by Mexican Environmental Authorities (Figure 1).

Figure 1. Río Lerma basin and location of reservoirs studied.

The upper Río Lerma includes the following reservoirs: Ignacio Ramírez (IR), Tepetitlán (TP),
Trinidad Fabela (TF), and Tepuxtepec (TX). In the middle portion of Río Lerma are Ignacio
Allende (IA), Potrerillos (PO), Umecuaro (U), Loma Caliente (LC), Carmen (CA), and Cointzio
(CO), and finally, the reservoir studied in the lower Río Lerma was Wilson (W).

Some reservoirs are located in the headstreams of some Río Lerma tributaries (LC, U, TP, TF,
PO), while others are close to urban or industrial centres (IA, CO, TX) or adjacent to agriculture
and livestock areas (CA, W, IR). Nonetheless, they all sustain human influence of one kind or
another.

3.2. Water quality variables

Water quality for each reservoir was characterized by means of 19 parameters, four times in
an annual cycle to determine the spatial and temporal variation in one year: dissolved oxygen
(mg/L), water temperature (T, °C), Secchi disk transparency (SDT, m), chlorophyll a (Chl a,
μg/L), turbidity (Turb, NTF), and specific conductance (Cond, μS/cm) were measured in situ
with a Hydrolab DataSonde Surveyor 4, while biochemical oxygen demand (BOD, mg/L), total
nitrogen (TN, mg/L), nitrates (NO3, mg/L), nitrites (NO2, mg/L), ammonia (NH4, mg/L), total
phosphorus (TP, mg/L), ortho-phosphates (O-PO4, mg/L), total suspended solids (TSS, mg/L),
and colour (C, Pt-Co units) were determined through Hach techniques with a Hach spectro‐
photometer DR2500. Alkalinity (Alk, mg/L), hardness (H, mg/L), and chlorides (Cl, mg/L) were
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determined by titration, and finally, total dissolved solids (TDS, mg/L) were measured with a
TDS meter Hach model 44600.

A multivariate discriminants analysis (DA) was applied to water quality data to find trends
and reservoirs sharing similar characteristics. Maximum, minimum, and median of all water
quality parameters along 11 reservoirs were taken into account to select those parameters that
should be incorporated in the FIS. Likewise, multiple regressions were carried out to find
relationships among different parameters and to eliminate those with redundancy or without
significance.

The range of values for each selected parameter was considered by taking into account the
absolute lowest and the absolute highest values in all the reservoirs and is expressed along the
x-axis in the membership function curve.

The membership functions were assigned using the Gaussian curve because is the shape that
better reflects the semantic meaning of each parameter considering that increased or decreased
water quality is not lineal.

Linguistic classification for each water quality parameter in the antecedent was considered
only with three categories: Excellent, Medium, and Bad. In the case of water temperature, only
two categories were used: Excellent and Not Excellent, since both low and high temperatures
alter the physiology of organisms inhabiting the water of the reservoirs. The linguistic variables
in the consequent output were considered as Unacceptable, Very Polluted, Contaminated,
Regular Quality, Slightly Polluted, Good Quality, and Excellent.

Different defuzzification methods were tested (Bisector; Centroid; Large of Maximum, LOM;
and Middle of Maximum, MOM) to select the best method.

In addition, the water quality index proposed by [6] was computed for all the reservoirs to
obtain a reference value of water quality (benchmark).

3.3. Mathematical analyses

Statistical analyses were performed using the StatistiXL version 1.8. The Fuzzy Water Quality
Index for the Río Lerma reservoirs was carried out using the Fuzzy Logic Design Toolbox of
MATLAB V. R2013a.

4. Results

4.1. Water quality index as reference status

As a first approach, WQI proposed by [6] (WQIDinius) was computed for all the reservoirs to
have a reference status of water quality. Mean values for each reservoir are show in Table 1
and Figure 14. The maximum value of WQI was in LC, a reservoir located in a headstream of
a tributary of Río Lerma. The lowest score of WQI was detected in TX, which is located
downstream of an urban and industrial zone. These results are the benchmark to compare the
new water quality index.
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Reservoir LC U TF TP PO W CO IR CA IA TX

WQI 79.9 74.83 71.54 70.94 69.84 67.78 67.21 66.42 62.82 62.79 62.49

Table 1. Mean WQIDinius scores for all the reservoirs.

4.2. Selection of environmental variables

In order to select the environmental variables (water quality parameters) to be used in the
setting of the new Fuzzy Water Quality Index for reservoirs of Río Lerma basin (FWQILerma), a
DA was performed with the purpose to detect groups of reservoirs sharing water quality
characteristics. In this sense, DA scatter plot showed a significant formation of four groups
(Wilk’s Lambda = 15E-8, p < 0.001, Figure 2). Using box and whisker plots, we detect the
environmental variables that typify the groups of reservoirs as follows:

Group I:Reservoirs (U, LC, and Pot) with SDT > 0.5 m (Figure 3a), and the lowest concentration
of TSS (Figure 3b), turbidity (Figure 3c), colour (Figure 3d), conductivity (Figure 3g), and TDS
(Figure 3h).

Group II:Reservoirs (Tepe and TF) with the lowest concentration of nutrients (nitrates and
ortho-phosphates, Figures 3g and 3h, respectively).

Group III:Reservoirs (Co and W) with the highest concentration of nitrates (Figure 3g),
turbidity (Figure 3c), and colour (due the presence of clay, Figure 3d), and the lowest values
of hardness (Figure 3i).

Group IV:It includes the reservoirs IR, Car, IA, and Tepu, which shows the highest concen‐
tration of hardness (Figure 3i), TSS (Figure 3b), ortho-phosphates (Figure 3f), biochemical
oxygen demand (Figure 3j), and the lowest values of SDT (Figure 3a).

Figure 2. Scatter plot of the discriminant analysis of reservoirs based on their water quality attributes.
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Figure 3. Box and whisker plots of physicochemical variables that characterize each group of reservoirs according to
DA.

Based on these groups, five variables were selected: (a) Secchi disk transparency, (b) conduc‐
tivity, (c) nitrates, (d) ortho-phosphates, and (e) colour, with the following justification:

Secchi disk transparency: This is an important physical parameter in lentic systems because it
has a close relationship with turbidity (physical and biological), the total suspended solids and
colloidal particles. In several cases, there is a direct relationship with chlorophyll a content and
therefore, in such cases, can be an indicator of biological productivity for lentic systems.

In the Río Lerma basin, a relationship between SDT, turbidity, Chl a, and TSS data was
determined for all the water bodies studied. The following expression summarizes the
relationship among these parameters:

21.83 0.00598 ( ) 0.27 (  ) 0.101 ( )       0.816SDT ln Turbidity ln Chl a ln TSS R= - - - =

Thus, we can consider only SDT measure as a representative parameter of Chl a, turbidity, and
TSS — the last two are parameters that characterize the reservoirs according to DA.
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The membership function for SDT was obtained considering the minimum (0.07 m) and
maximum value (1.5 m) of transparency detected in all the reservoirs (Figure 4).

Figure 4. Membership function for SDT.

Conductivity: The specific conductance or conductivity represents the salinity of water. It is a
measure of the ability of water to conduct electrical current; likewise, conductance qualitatively
reflects the status of inorganic pollution and is a measure of total dissolved solids and ionised
species in the water [16, 19]. An empirical relationship between total dissolved solids and
conductivity can be derived for any stream. High levels of dissolved and suspended solids in
the water systems increase the biological and chemical oxygen demand, which deplete the
dissolved oxygen levels in the aquatic systems. The levels of TDS in a broad sense reflect the
pollutant burden of the aquatic system [16], and include the carbonates and sulphates that are
considered in hardness measurements. Therefore, conductivity is an important parameter to
be considered in the FWQILerma. The membership function was considered taking into account
a range of values of conductivity from 0 to 700 μs/cm (Figure 5).

Figure 5. Membership function for conductivity.

Colour: Water colour is indicative of substances in solution or in colloidal suspension, but also
is the result of interplay of light on suspended particulate materials together with such factors
as bottom or sky reflection. Dissolved substances and particulate organic matter contribute to
the colour and turbidity of natural waters. It is also indicative of algae blooms [7]. For the Río
Lerma basin reservoirs, in addition to SDT, colour was considered as an important factor due
the nature of the substrate, because colour varies according to the type of clays found in
different regions of the basin independently of primary production due to algae. Reservoirs
Co and W were those with the highest values of colour due to clays. The membership function
of colour was determined considering a range of values from 0 to 700 Pt-Co units (Figure 6).
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Figure 6. Membership function for colour.

Ortho-phosphates: They are the bioavailable chemical species of phosphorus for the aquatic
organisms, which is the main reason for its consideration in this index. Still more than total
phosphorus, this one can be in nonbioavailable dissolved inorganic forms for the organisms
or in particulated form (like part of the aquatic organisms). Furthermore, ortho-phosphates
are an indicator of the trophic state, as well as of municipal effluents and the agricultural runoff.
The membership function was performed considering a range from 0 to 12 mg/L of ortho-
phosphates (Figure 7).

Figure 7. Membership function for ortho-phosphates.

Nitrates: The nitrates are a chemical species of the nitrogen bioavailable to be used by the
aquatic biota, mainly by the primary producers. Nitrates are a source of nitrogen present in
water column that permits the aquatic biota to cover their nutritive needs of nitrogen. Likewise,
it is an indicator related to the trophic state in lentic systems. The membership function was
performed considering a range of values from 0 to 40 mg/L, taking into account all the
reservoirs (Figure 8).

Figure 8. Membership function for nitrates.

Three additional variables were included in the FWQILerma: dissolved oxygen, water temper‐
ature, and ammonia, taking into account the following:
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Dissolved oxygen is one of the critical parameters for aquatic life support and the most
frequently measured parameter in monitoring studies. This parameter represents the amount
of oxygen that is available to aquatic organisms for metabolism/respiration and assimilation
of food [42]. DO is an indicator of photosynthetic activity and the deoxygenation and reaeration
factors such as water currents, temperature, wave action, and other disturbances at the
reservoir surface results in a greater passage of the oxygen into solution. Membership function
was based on the percentage of saturation of DO, taking into account that temperature and
altitude are the principal factors that affect the concentration of DO, and that 100% represents
the better condition of DO (Figure 9).

Figure 9. Membership function for DO.

Water temperature is an important parameter in water quality because it has a great relation‐
ship with the physiology of the aquatic organisms; in lentic systems, the temperature shows
a gradient in the first metres of deep, and in certain reservoirs, a thermocline may occur. To
determine a value of temperature, which represents an ideal value for the fish fauna and other
aquatic organisms living in the Río Lerma basin, the mean value of temperature from 1975
through 1999 in the 17 monitoring stations (in all of the three portions of this basin) was
considered as a satisfactory value; the data were taken from [2]. The 100% of membership
(excellent) was adjusted on the mean value of water temperature in that period. Temperature
values above or below the mean value were considered “Not Excellent” in a gradient of
decrease or increase (Figure 10).

Figure 10. Membership function for water temperature.

Ammonia is considered because it is a chemical that participates in the cycle of nutrients (N)
and is an indicator of organic pollution that is faster and easier to determine than the total and
faecal coliforms. It is an indicator of faecal pollution and municipal wastewaters. Ammonia is
excreted by animals and is produced during decomposition of plants and animals. Ammonia
is an component in many fertilizers and is also present in sewage, storm water runoff, certain
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industrial wastewaters, and runoff from animal feedlots. Furthermore, ammonia can be toxic
depending on the temperature and pH. In this sense, ammonia can be an excellent water
quality indicator of organic pollution, mainly of domestic wastewater. The membership
function was considered with a range from 0 to 1.6 mg/L, which were the values observed
through all the reservoirs (Figure 11).

Figure 11. Membership function for ammonia.

4.3. Inference rules (If-Then)

Since eight water quality variables were used to perform the FWQILerma, it was necessary to
conform a system of If-Then rules. The effect of the different water quality variables cannot be
isolated because all of them occur simultaneously in the water. Then, a single rule must
incorporate all the variables, and so all the rules. Thus, the FIS for FWQILerma was composed
by 633 If-Then rules considering the eight water quality variables as the antecedent and seven
linguistic categories in the consequent output.

Examples of inference rules for each category of the consequent output are:

• If DO is bad, and NO3 is excellent, and DS is medium, and Specific Cond is excellent, and
O-PO4 is excellent, and Colour is excellent, and Ammonia is excellent, and Temp is not
Excellent, then WQI is Unacceptable.

• If DO is medium, and NO3 is medium, and DS is bad, and Specific Cond is bad, and O-
PO4 is bad, and Colour is bad, and Ammonia is bad, and Temp is excellent, then WQI is Very
Polluted.

• If DO is excellent and NO3 is bad, and DS is bad, and Specific Cond is medium, and O-
PO4 is medium, and Colour is bad, and Ammonia is bad, and Temp is Excellent, then WQI
is Contaminated.

• If DO is excellent and NO3 is excellent, and DS is bad, and Specific Cond is medium, and O-
PO4 is bad, and Colour is bad, and Ammonia is medium, and Temp is Not excellent, then
WQI is Regular Quality.

• If DO is excellent and NO3 is excellent, and DS is excellent, and Specific Cond is medium,
and O-PO4 is medium, and Colour is medium, and Ammonia is medium, and Temp is
excellent, then WQI is Slightly contaminated.
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• If DO is excellent and NO3 is excellent, and DS is excellent, and Specific Cond is excellent,
and O-PO4 is medium, and Colour is medium, and Ammonia is Good Quality, and Temp
is excellent, then WQI is Good Quality.

• If DO is medium and NO3 is excellent, and DS is excellent, and Specific Cond is excellent,
and O-PO4 is excellent, and Colour is excellent, and Ammonia is excellent, and Temp is
excellent, then WQI is Excellent.

The consequent output is a crisp value as a result of defuzzification process, which is associated
with the linguistic category in the consequent. Thus, the Input-Output map of the FIS for
FWQILerma is depicted in Figure 12.

Figure 12. Map for fuzzy water quality index inference system.

4.4. Selection of defuzzification method

As indicated above, different methods of defuzzification were tested, for which ANOVA was
performed between the WQIDiniuis results and the scores obtained for FWQILerma with the
application of the following defuzzification methods: Bisector, Centroid, LOM, and MOM. In
this case, the best method was selected based on the minimum statistical difference between
WQI proposed by [6] (benchmark) and defuzzification results. Figure 13 shows the box and
whisker plot of the comparison between WQIDinius score and the scores of the different methods
of defuzzification; LOM is the one with the smallest difference with WQIDinius; in fact, there is
a total overlap. In this sense, LOM was selected as the method of defuzzification for FWQILerma.
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Figure 13. Box and whisker plot representing the results of ANOVA of the application of different defuzzification
methods compared with the benchmark WQIDinius.

Figure 14. WQI scores (±SD) of Río Lerma reservoirs, considering results of WQIDinius and FWQILerma.

Once the defuzzification method was selected, it is possible to compute the FWQILerma for all
the reservoirs. Figure 14 shows the WQI scores for WQIDinius and FWQILerma. The best scores
were obtained from LC, U, TP, and TF reservoirs, which are in headstreams.

4.5. Model validation

In order to identify the effectiveness of the FWQILerma, a validation process was carried out
using five new water bodies located in different sites into the Río Lerma basin. Thus, two water
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bodies with an excellent water quality were selected: Nieves and Zacapu Lake; on the other
hand, additional water bodies were selected with a regular water quality: Melchor Ocampo
Reservoir, Pool Lake, and Solis Reservoir.

When the FWQILerma was applied to these water bodies, the first two showed a score of 86, and
the other three obtained the score of 64, 64, and 62, respectively (Figure 15), showing that
FWQILerma effectively reflects the water quality status in other water bodies of the same basin.

Figure 15. WQI scores for water bodies of validation.

5. Discussion

The WQI have been an excellent tool to assess water quality using physicochemical approach.
Historically, water quality indices have been applied by environmental agencies to take
decisions about water management and conservation and to advise the water quality status to
the public. Both regional (ecoregions) and basin approaches have proven to be the most
successful tools for the assessment of water resources. In this case, the new FWQILerma is focused
in assessing reservoirs located in the same basin, considering different water uses, surrounding
land use, and their position into the basin. Like other WQI, their scores are into the range of
0–100, with the superior limit indicating an excellent water quality. Unlike other WQI that use
15–18 water quality variables, FWQILerma only uses eight. This is the first WQI that includes
SDT as an important parameter, making measurement easier and cost-effective. It is an
important issue in a basin with a high number of reservoirs.

Fuzzy inference system has been used by other authors to design WQI for rivers [24, 38], but
not in reservoirs or lakes. Liou and Lo [12] applied fuzzy set theory to evaluate trophic state
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in some reservoirs in China using the three typical parameters: total phosphorous, Chl a, and
SDT.

Bai et al. [11] and Mourhir et al. [23] proposed a river water quality index based on fuzzy logic,
using six indicators and 15,625 and 86 rules, respectively. The fuzzy WQI proposed by [38]
was set up with 27 water quality indicators (WQInd) and 96 fuzzy inference rules; while those
proposed by [24] is composed of 9 variables and 3125 fuzzy rules. In this study, a multivariate
analysis of discriminants and other statistic tools were employed to characterize the reservoirs
and select the most important water quality variables; in this sense, FWQILerma was set up by
eight water quality indicators and 633 inference rules.

While other authors have applied only one of the traditional methods of defuzzification: Centre
of Gravity [21], Centroid [11, 21, 38], or MOM [41], this study analysed what could be the best
defuzzification method, considering a benchmark. Thus, the best method for defuzzification
was LOM. In this sense, comparison with other WQI as a benchmark was a process to know
the range of water quality at which the reservoirs should be. In this study, we look for the
match with the WQIDinius.

Ocampo-Duque et al. [38] compared their FWQI with some impact indicators such as bio‐
chemical responses in fish, which matched with FWQI spatial data. Semiromi et al. [21]
compared their FWQI with other indices using a set of independent data. In this study,
FWQILerma was compared to WQIDinius to verify the range of scores and to select the best method
of defuzzification, which is a part of the validation process. On the other hand, a set of other
reservoirs into the Río Lerma basin was used to evaluate the applicability of this index in other
water bodies whose water quality data were not used in the setting, that is, its potential use at
the regional or basin levels was tested.

Thus, FWQILerma scores were compatible with the water quality status assessed with the
WQIDinius. This index showed that those reservoirs exposed to minimum impact (U, LC, TF,
and TP) obtained the best scores, while those reservoirs closed to urban, industrial, or agri‐
cultural zones (W, TX, CO) displayed scores with a regular water quality.

6. Concluding remarks

• Water Quality Indices are important tools to assess the status of water bodies considering
the integrated measure of physical and chemical indicators that contribute to decision
making.

• In concordance with other authors, FL and FIS in this study resulted to be excellent tools to
assess the water quality in water bodies.

• FWQILerma shows to be consistent with WQIDinius.

• FWQILerma proved to be an outstanding and robust tool to rate and take decisions about the
water quality in reservoirs located in the Río Lerma basin since it reflected the water quality
scores in the same range as other indices.
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• This index is believed to be cheaper because it uses only eight parameters, among them DO
and conductivity are measured in the field using a probe (a very common equipment for
water quality monitoring), and SDT is recorded with a single Secchi disk.

• This index is one of the WQI specially configured to assess water quality in reservoirs.
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Abstract

Since the shallow coastal lakes are not only one of the most valuable ecosystems in the
world  but  also  some  of  the  most  threatened  as  they  receive  the  wastewater  dis‐
charged from the watershed, it was important to develop a more detailed modelling
component  for  the  lake  system.  Nowadays,  relative  to  the  present  advances  in
computational sciences, hardware and software, improvement in rivers, catchments and
lakes modelling has been only modest since the past few decades. The main objective
of  the  study  is  to  examine  and  evaluate  the  impact  of  alternative  water  quality
management  practices  in  the  selected drainage  catchment,  and their  effect  on  the
environmental condition of the lake as an important component of the watershed. A
hydrodynamic and water quality model was used to study the current status of coastal
lakes subject to the discharges and pollution loadings coming from the agricultural
drains and the point sources discharge directly to the lake, through simulating the flow
circulation  inside  the  main  basin  of  the  lake,  the  transport  and  advection  of  the
pollutants due to the effluent discharges from drains and other sources of pollutants,
and identify and develop the most critical surface drainage water quality indicators to
simulate and predict the temporal and spatial variation of pollution.

Keywords: water quality, modelling, coastal lakes, pollution, Mariout Lake

1. Introduction

The aim of modelling of surface water quality is to construct a mathematical model of the water
body in order to simulate variation in water quality with the variation in initial and boundary
conditions. The modelling is applied to solve problems related to water quality by analysing

© 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.



the occurring phenomena and finding dependencies between them as well as to attempt to
predict and quantify effects of the changes in the aquatic environment [1]. Over the past 75 years,
engineers have developed water quality models to simulate a wide variety of pollutants in a
broad range of receiving waters. In recent years, these receiving water models are being coupled
with  models  of  watersheds,  groundwater,  bottom  sediments  to  provide  comprehensive
frameworks predicting the impact of human activities on water quality [2].

Mathematical modelling of lakes water quality started to receive high attention in the 1960s.
According to [3], mathematical models of lakes have evolved along two different lines. First,
there was the extension of the zero‐dimensional model to one‐, two‐ and three‐dimensional
models. Then, there were the modelling activities that focused primarily on a better and more
detailed description of the chemical‐biological processes [4]. From the survey of the literature,
many lake models have been applied in various regions, and as a result of several applications,
models have become more and more complex.

Modelling of water quality in lakes involves the representations of effluent quality, mixing
pattern, physical and chemical processes and biological growths and their role in the
removal and release of substances.  Such models can be classified into physical,  chemi‐
cal or biological models that simulate lakes eutrophication. Another classification may be
as long‐term  planning models or short‐term  operational models.  Several water quality
studies have been performed on lakes in general and on shallow lakes in particular,  for
example,  [5–9].

The objective of this chapter is to illustrate the technique of building a hydrodynamic and
water quality model as application on one of the Egyptian coastal lakes (Mariout Lake).

2. Lake Mariout, one of Egyptian Northern Delta lakes

The northern delta lakes provide many economic, environmental and social benefits to the
people of Egypt and the Mediterranean. Some of these benefits are easy to quantify. For
example, the 1998 catch from the four lakes — Burullus, Idku, Manzala and Mariout —
amounted to LE 1.05 billion, or roughly 35 percent of the country's total fish income. The lakes
currently provide passive primary and secondary treatment of wastewater that would be
equivalent to hundreds of millions of dollars worth of new treatment plants. Other important
and valuable benefits are much harder to quantify. It is unknown how much property damage
and economic dislocation Lake Mariout prevented in 1992 when Alexandria experienced
severe flooding, or how much the lake contributes to agricultural production by buffering
against seawater intrusion of groundwater supplies. Beyond Egypt, it is difficult to value the
benefit that those wetlands provide to sustain migratory birds of the entire Eastern Mediter‐
ranean/Black Sea region. In the future, with predicted sea level rise and the frequency of coastal
storms on the increase, the lakes may be even more important to prevent natural disasters [10].
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Figure 1. Lake Mariout location.

Figure 2. Lake Mariout satellite image and sample location.
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Lake Mariout is the smallest of the northern lakes and perhaps the most threatened. Lake
Mariout lies between Latitude 31° 07’ N and Longitude 29° 57’ E along the Mediterranean coast
of Egypt. The lake environment was continuously subjected to quality degradation due to
human pressure as well as land reclamation reducing the area of the lake.

Currently, the lake is divided artificially into four main basins as shown in Figures 1 and 2,
namely, 6000 feddans basin (Main Basin), 5000 feddans basin (South Basin), 3000 feddans basin
(West Basin) and 1000 feddans basin (Aquaculture Basin). These ponds are dissected by roads
and embankments as follows [11]:

• The Main Basin is about 14.77 km2 with an average depth of 0.8 m. This basin receives water
from the El‐Nubariya canal and Omoum drain, the heavily polluted water by industrial
wastes; and untreated sewage from municipal and industrial outfalls of El‐Qalaa drain had
been diverted through the new Richa drain. West Wastewater Treatment Plant effluent had
been discharged along the north of the basin. One minor inflow is a discharge of waste from
a textile plant into a ditch which crossed Qabarry. The Main Basin is bisected by the
Nubariya canal, and the triangular area between this canal and the Omoum drain is also
considered as part of the Main Basin.

◦ The Western Basin is about 11.59 km2 with average water depths of 0.7 m. Adjacent to
this basin, salt marshes are located and are producing 1,000,000 kg of unrefined salt per
year. They are surrounded by many industrial and petrochemical companies.

◦ The Southern Basin covers 33.77 km2, and is partially divided by El‐Nubariya canal,
although breaks in the canal embankments allow water to pass from one sub‐basin to the
other. This basin is very shallow and average water depths are 0.68 m. The main source
of water is El‐Omoum drain and El‐Nubariya canal. Along the length of the El‐Omoum,
a series of breaches allow flow to leave the drain and enter the basin. Along the western
boundary, a series of breaches allow exchange of water between the basin and the El‐
Nubariya canal. This basin consists of heavily vegetated areas and fish farms. Also,
considerable wetland loss in this portion of the basin was recorded. Many petrochemical
and petroleum companies, such as Amria and Misr Petroleum companies, discharge their
wastes into the north part of this basin.

◦ The (Fisheries) Aquaculture Basin covers 9.44 km2 (849 feddans), and it consists of a series
of small basins separated by earthen berms. This facility is a research centre for fish
farming and is operated by the Alexandria Governorate. There are two sources of water
for this facility. One is small pump stations which pump 400,000 m3/day from Abis drain
and which run parallel to the basin. The other is small openings from El‐Omoum drain.

Comparison of the chemical composition of Lake Mariout water with that of proper sea
water and drainage water shows that the lake water presents an intermediate composition
between both sea and drainage water. This phenomenon can be explained by seepage
from the sea. Such explantation is supported by the low level of water and by the water
balance which is supported by older data of the salt content of wells in Mariout region.
There are three main canals (El‐Qalaa, El‐Omoum and El‐Nubariya) that are considered
the main inflows to the lake. El‐Qalaa drain is located at north‐east while El‐Omoum and
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El‐Nubariya canals are at the east and south of the lake, respectively. Other inflows are
the water treatment plant (WTP) and the discharges from the petrochemical area nearby
the north western basin. El‐Omoum and El‐Nubariya canals are less polluted drains,
considering their nutrients (N, P) and DO concentrations. El‐Omoum receives mainly
agricultural drainage water; moreover, the drain receives both raw and treated waste‐
water from several defined and undefined sources. Therefore, these drains also contribute
to the nutrient loadings in the lake, but to a lesser extent. Additionally, non‐point sources
such as agricultural run‐off containing pesticides and fertilizers are also contributing to
the deterioration of the environmental quality of the lake [12].

As a result of the high nutrient loading, the lake has become anthropogenic‐polluted and
eutrophic. Eutrophication of lakes is a natural process that can be accelerated by man's
activities that introduce an excess of nutrients together with other pollutants. Main
sources of nutrients and pollutants can include: human sewage, industrial waste, farm
and urban run‐off. Currently, the lake is 60% covered by aquatic vegetation (Phragmites
australis and Eichornia crassipes). High nutrients and low DO concentrations have been
observed specially at the Main Basin, which in turn affects the ecological processes
occurring in the lake and therefore its whole environmental condition [13].

Applying a hydrodynamic and water quality numerical modelling study at Lake Mariout
will help to give some answers to both planning and technical questions of water quality
managers, decision makers and those of technical engineers working on the sampling,
monitoring and analysis of water quality parameters. Specifically, the main objectives of
the hydrodynamic and water quality numerical model study can be summarised as
follows:

◦ Studying the current status of the Lake Mariout and using the available data to simulate
the Main Basin of Lake Mariout subject to the discharges and pollution loadings coming
from the agricultural drains and the point sources discharge directly to the lake.

◦ Investigate the flow circulation inside the Main Basin of Lake Mariout and its effect in
minimizing the negative impacts on the water quality of the lake.

◦ Investigate the transport and advection of the pollutants due to the effluent discharges
from drains and other sources of pollutants.

• Identify and develop the most critical surface drainage water quality indicators to simulate
and predict the temporal and spatial variation of pollution.

• Examine and evaluate different modelling scenarios to study the impact of alternative water
quality management practices in the selected drainage catchment, and their effects on the
environmental condition of the lake as an important component of the watershed.

• Perform sensitivity analysis for modelling parameters and variables, showing the response
of the model to influential parameters and coefficients used in the modelling process,
especially those with high degree of uncertainties on their values.

• To achieve the study objectives, the following scope of work can be summarised as follows:
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• Data collection including both hydrographic and bathymetric survey for the Main Basin of
Lake Mariout, which is necessary to fulfil the hydrodynamic and water quality simulations
of the numerical model of the main basin of Lake Mariout.

• Develop a two‐dimensional hydrodynamic and water quality numerical flow model to
simulate the flow pattern in the lake vicinity of the study area, and the discharges and
pollution loadings coming from the agricultural drains and the point sources discharge
directly to the lake.

• After the model development, calibration is conducted in order that the model will be ready
for different potential model scenarios. This will help to investigate the impact of alternative
water quality management processes and their effects on the environmental condition of
the lake. The analysis of the model scenarios forms the basis to assess and select the optimum
solution for minimizing the pollution coming from the agriculture drains and other point
source of pollution to the lake.

3. Data collection and field measurements

The setup, testing and application of a lake model of hydrodynamics and water quality require
a variety of different data sets to specify boundary or input conditions and for model calibra‐
tion and verification.

In case of Mariout Lake, data collection includes historical data on the wind conditions, water
temperature, evaporation rate and the precipitation rate in the project site. Wind data were
extracted from the work of [14], the data show that the predominant wind direction is 22.5°
NW with a wind speed of approximately 3.75 m/s. The average monthly temperature in Lake
Mariout ranged from 13 to 29°C in a study carried by [15]. The annual average evapotranspi‐
ration used in the model was calculated with the Penman‐Monteith method [16], where the
crop coefficient Kc (reed) used in the calculation was extracted from a study based on field
experiment and measurements carried out in three locations in the UK [17]. The precipitation
value used in the model corresponds to the average precipitation of year 2007, (0.66 mm/day)
as presented in the Lake Mariout data acquisition report (NIOF, 2007[sn1]). The topography
and bathymetry data used in the model were provided by NIOF in a DEM format with
resolution of 45 m reference is made to [18].

Field measurements were carried out in coordination with the National Institute of Oceanog‐
raphy and Fisheries (NIOF) for 2 weeks. The samples were taken from nine sites representing
the Main Basin and discharge points of Qalaa drain, Omoum drain, Nubariya canal and El‐
Max pumping station as shown in Figure 2; the measurements comprised the following:

• Water flows (m3/h) which determines the inflow, outflow in the Main Basin.

• Water levels within the basin to a fixed point.

• Basic physical parameters: temperature, salinity and total suspended matter.
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• Organic matter of the lake.

• Nutrient variables: ammonia, nitrates and phosphorus compounds.

• Biological data including: chlorophyll‐a, phytoplankton, zooplankton.

• Microbiological data: faecal coliform and total coliform.

Results of field measurements of hydraulic parameters are shown in Table 1 and results of
field measurements of water quality parameters are shown in Table 2.

Site no. Site name Cross section (m2) Average
weekly water
velocities (m/s)

Average weekly
water discharges
(m3/hour)

2 Nubariya canal (desert road) 122.00 0.44 192480

3 Omoum Drain (desert road) 097.00 0.42 146658

5 Fisheries Hole in dam 001.60 0.30 001699

6 End Omoum diversion before Nubaria 136.00 0.11 053000

7 El‐Max Pumping Station 243.00 0.30 263193

8 Western Water Treatment Plant 003.40 1.22 015105

9 Qalaa Drain outlet in Main Basin 008.90 0.86 027602

Table 1. Water flow measurements.

Code Temp °C Trans
cm

EC
mS/cm

TDS
g/l

TSS
g/l 

Sal
‰ 

pH DO
mg/l

BOD
mg/l

COD
mg/l

NH3
µg/l 

NO2
µg/l 

NO3
µg/l 

TN
µg/l 

PO4
µg/l 

Tp
µg/l 

West Nubaria
PS

25.7 35 7.68 4.82 0.040 4.81 7.18 7.38 4.90 22.09 971 89.6 332.6 1981.2 54.2 115.36

Nubaria Canal
Desert Road

22.1 60 5.26 3.49 0.034 3.48 7.68 5.60 4.12 21.64 723 106.4 529.4 1844.7 66.7 161.04

Ommoun Desert
road

22.3 60 3.45 2.34 0.034 2.33 7.52 5.82 4.66 20.22 2164 150.5 470.1 3492.6 194.7 566.64

End of Qalaa
Diversion
Canal before
Nubaria Canal

22.8 15 2.39 1.21 0.111 1.21 7.33 0.00 111.56 88.96 19956 0.00 0 22856.1 915.2 1203.84

Western WTP 24.6 10 1.99 1.14 0.125 1.14 7.12 0.00 140.12 92.92 20996 0.00 0 24869.3 1019.7 1335.84

Main Basin 21.1 40 3.65 2.40 0.034 2.39 8.68 9.12 5.06 32.32 2640 102 150.8 3886.> 165.8 436.92

Noha El Max
station

21.3 35 5.9 3.59 0.043 3.58 7.32 5.42 4.92 40.84 4610 92.6 212.5 6365.7 190.3 528.24

Fisheries hole
in dam

22.1 15 2.41 1.28 0.115 1.28 7.67 0.00 120.04 90.69 19670 0.00 0 22886.4 928.4 1244.76

End of Qalaa
drain

23.8 20 2.34 1.26 0.109 1.26 7.22 0.00 123.12 89.50 20030 0.00 0 23386.1 905.3 1236.84

Table 2. Measured water quality parameters in Mariout Lake.
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The following section represents the hydrodynamic and water quality modelling studies that
were carried out to investigate the efficiency of the water circulation system and water quality
parameters inside the Main Basin of Mariout Lake. The model setup, calibration and the
analyses of the results of model scenarios are included. Depending on the model results and
analysis, the conclusions and recommendations are presented.

4. Water quality model development

Delft3D Software Package of Delft Hydraulics, the Netherlands, was used to develop the
hydrodynamic numerical flow and water quality model which simulates the flow pattern and
the water quality inside the lake. Delft3D is a integrated, powerful and flexible software, which
was developed by Deltares, the Netherlands. The hydrodynamic and water quality modules
were used in this study. Consequently, a brief explanation of these modules is in the following
section.

The FLOW module of Delft3D is basically a multi‐dimensional (2D and 3D) hydrodynamic
(and transport) simulation which calculates non‐steady flow and transport phenomena
resulting from tidal and meteorological forcing on a curvilinear, boundary‐fitted grid [19]. The
WAQ module of Delft3D for water quality modelling the spatial resolution generally consists
of the resolution of the underlying flow field as generated by the hydrodynamic model itself
or of flows on integer multiples of those hydrodynamic grid cells. For water quality modelling,
there also is external forcing in the form of waste loads, meteorology, open boundary concen‐
trations, etc. [20].

4.1. Setup of the hydrodynamic model

The hydrodynamic model simulates the flow pattern in the Main Basin vicinity. All parameters
and variables in the model have units according to the SI conventions. The coordinate system
used for the model is in WGS‐84 Geographic UTM system Zone 35. All metric coordinates in
this report will be given in this coordinate system. The depths and water level information in
the flow model are defined relative to a levelling datum, which is equal to mean sea level
(MSL). The following sections present the steps of development of Mariout hydrodynamic
model.

4.1.1. Grid generation

The first step in the schematization process is the design and generation of the computational
grid. The computational grid is a curvilinear grid to avoid the stair case problem which affects
the numerical accuracy. In the design of a curvilinear grid, it is important to follow the land
boundaries as good as possible. For the generation of a computational grid, the following items
are important:

• the areas which require the highest resolution;

• the orthogonality of individual cells;
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• the spatial variation of the dimensions of the cells;

• the total number of computational points.

The resulting computational grid is a compromise between the above items, the selected
dimensions of the model and the location of the boundaries. The general layout of the
computational grid of the Mariout model is given in Figure 2.

4.1.2. Depth schematization

The schematization of the land boundaries and the water depths have been derived from the
hydrographic survey data. The bathymetric data have been mapped through an interpolation
procedure on the computational grid of Mariout model. In this way, each coordinate of the
computational grid of the model is given a depth value. The transition between the regions
covered by different bathymetric data sources have been checked and smoothed where
necessary.

4.1.3. Boundary conditions

In the flow simulations of a specific area with two open boundaries, it is preferable to set up
one boundary as a discharge boundary and the other one as a water level boundary. In Lake
Mariout model, the open boundary for Nubariya Canal and Omoum Drain were selected as a
discharge boundary. The boundary at El‐Max Pumping station was selected as water level
boundary, while other sources like Qalaa drain and the West Water Treatment Plant were

Figure 3. Model schematization with all boundaries and sources of discharge.
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simulated as source point discharge. During the calibration phase, the discharges and water
level measurements at the location of the open boundaries and at the other sources of water
were used in the model. In the model scenarios (production simulations), the discharge data
imposed in the discharge boundary is based on the dominant flow condition. The water levels
associated with these discharges were used for each scenario as a water level boundary. The
relevant water levels associated to these discharges were obtained from the historical data
available about the Lake Mariout. Figure 3 shows the model schematization with all bounda‐
ries and the source points of discharges.

4.1.4. Parameter settings

A uniform water density of 1025 kg/m3 was used, representing the salt water density. The
acceleration of gravity was set to 9.81m/s2. The value for the horizontal eddy viscosity is set to
1.0 m2/s. The time step was selected for the model simulations based on the grid size and the
Courant Number. Time step of 0.5 min (30 s) was used in the simulations. This time step fulfils
the numerical criteria and the Courant Number requirements.

4.1.5. Model calibration

During the model calibration, the measured depth averaged flow velocities and water levels
which were carried out by the National Institute of Oceanography and Fisheries (NIOF) were
compared with the model results. Tuning of the roughness parameter in the model was carried

Figure 4. Flow velocity comparison at point fisheries hole in dam.
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out to obtain the best match between the model and the field measurements. Manning
roughness coefficient was varied between 0.02 at non‐vegetated area and 0.06 at the heavy
vegetated area along the model area to give the best match between the measurements and
the model computations. Figure 4 shows the comparison between the measured and computed
flow velocity values. The results for water level and currents were in good agreement with the
measurements, which confirms that the model simulates the flow pattern in the main basin of
Lake Mariout in the right way.

4.2. Water quality model setup

To apply the Delft3D‐WAQ module, the following steps must be followed:

• Get the result from the hydrodynamic simulation and make it suitable for application in the
water quality simulation (coupling process).

• Selection of the substances and water quality processes to be included in the model.

• Preparation of initial conditions, boundary conditions, waste loads, simulation time, output
variables and identification of monitoring points.

• Run the simulation and check the output.

• Calibrate and verify the model.

4.2.1. Selection of the processes involved in the water quality model

In Delft3D‐WAQ module, the constituents of a water system are divided into functional
groups. A functional group includes one or more substances that display similar physical and/
or (bio)chemical behaviour in a water system. Functional groups can interact with each other
directly or indirectly. PLCT (Processes Library Configuration Tool) is used to choose the
substances and water quality processes to be modelled. The selected substances groups and
parameters are described in Table 3.

Substance group Selected model parameters Associated processes

General Continuity, water temperature, salinity Temperature and heat exchange

Oxygen‐BOD BOD‐COD‐DO Mineralization BOD and
COD, sedimentation COD,
re‐aeration of oxygen

Suspended matter Inorganic matter (TSM) Sedimentation, resuspension

Eutrophication Ammonium (NH4), nitrate (NH3), ortho‐phosphate (PO4) Nitrification of ammonium
Denitrification of nitrates

Table 3. Model parameters and associated processes.
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4.2.2. Model boundary conditions and observation locations

Average historical monthly values have been selected for initial conditions of water quality
parameters inside the lake. The continuity parameter which checks the mass balance of the
model was set to 1 g/m3. The model simulation period was selected as the same period for the
hydrodynamic modelling, namely, for 1 month. Water quality model time step was set to 1
min. The default values were taken as input for some selected modelled substances, that they
are by default constant in time and space. However, process parameters are changed in the
process parameters data group because they can vary in time and/or space. Initially, process
parameters will have the default value that is taken from the PLCT.

The water quality model boundary sections are selected to be the same boundary sections for
the hydrodynamic model at the locations of the main input sources to the lake, where all
discharges enter the lake shown in Figure 3. At the two sections for the Omoum drain outlet
and Nubariya canal outlet, concentrations for different modelled parameters are defined as
time‐varying boundary conditions. The concentrations used at the boundaries are time series
average monthly concentrations for the modelling period.

4.2.3. The water quality model calibration

Figure 5 shows the simulation of dissolved oxygen in Mariout Lake as an example of output
from the model. In this study, the water quality model calibration is done on the conventional
water quality parameters or oxygen group, nutrients group and coliform group (faecal and
total) and process parameters are adjusted for of calibration. The model calibration was carried

Figure 5. Simulation of dissolved oxygen in Lake Mariout.
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out by visual comparison of simulations and measurements in graphs, together with the
calculation of the statistical error values such as mean relative error (MRE), the root mean
square error (RMSE) to examine the performance of the model.

The simulated water quality parameters were plotted in graphs to make comparisons with
respect to the observations in Lake Mariout during field survey, which were used to check
how the simulations fit the observations. Besides, MRE was used to quantify the agreement of
the model, by dividing the residuals by the observed values. In this study, the calculation of
RE and MRE was based on the following equations:

RE=(Csim- ) 100
 

Cobs Cobs
Sum RE n

´ ¸
¸

where Csim and Cobs are the simulated and observed values, respectively, and n is the number
of cases. The MRE denotes the mean relative difference between simulations and observations.

Table 4 shows the different values of RE and MRE for the modelled parameters at this level.
Figure 6 shows the calibration results of dissolved oxygen that shows good agreement with
field measurements It is noted that at the entrance of the Qalaa drain to the lake, the DO has
the lowest values; in general, the DO measurements are close to the simulated results with an
RME value of 5.11%. Figure 6 shows the calibration results of dissolved oxygen that shows
good agreement with field measurements.

Location/parameter DetN
(RE%)

NH4
(RE%)

N03
(RE%)

CBOD5
(RE%

COD
(RE%)

DO
(RE%)

FCOLI
(RE%)

TCOLI
(RE%)

Omoum Drain 5.13 5.87 1.70 3.41 1.84 0.40 27.78 0.64

WWTP 10.98 8.96 14.63 13.23 10.35 9 19.31 0.07

Fisheries Hole 3.36 1.36 6.54 1.69 4.00 9 10.14 1.11

Elmax 1.88 9.03 3.36 2.97 7.30 7.7 0.03 9.77

Main Basin Middle 0.09 8.46 6.87 6.93 11.51 0 2.39 3.22

Nobariya Canal 0.75 2.69 0.52 2.69 0.04 0.70 6.09 1.18

Qalaa Drain 10.89 4.57 6.87 4.08 4.19 9 0.41 13.31

MRE 4.72 5.01 5.79 5 5.6 5.11 9.45 4.19

Table 4. Relative error for the calibrated model parameters.

The simulated BOD and COD results are very close to the measured values at most locations
within the lake, and the MRE value is around 5% for BOD5 and 5.6% for COD. For eutrophi‐
cation parameters group, the values show agreement between measured and modelled
parameters with mean relative error 4.7% for DetN, 5% for NH4 values and 5.7% for PO4 values
that are considered acceptable for this kind of water quality modelling. For bacterial parame‐
ters, the faecal coliform values show a difference between simulated and observed values at
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locations in the Omoum drain outlet station, with a relative error of 27%. This could be due to
the low‐velocity distributions at these locations around the lake edges; but the overall MRE
for all measurement locations is within an acceptable range of 9% for faecal coliform and 4.2%
for total coliform.

Figure 6. Comparison between measured and modelled DO.

5. Conclusions

Unfortunately, Lake Mariout, one of the Egyptian coastal lakes, suffers from almost all possible
environmental problems. In order to evaluate the environmental condition of the Lake
Mariout, a 3D hydrodynamic and water quality model that simulates the lake response to
pollution loading from the watershed has been developed using the Delft3D hydrodynamic
module coupled with the DWAQ module. The model refers to the lake's Main Basin model
including watershed simulation scenarios.

First, the 2D hydrodynamic model was developed to simulate the hydrodynamic behaviour
of the lake through simulating the water velocity, current and flow within the lake basin. The
developed, well‐structured hydrodynamic model was also capable of describing the physical
and hydrodynamic processes of the water system. Second, a reliable water quality model lake
system in this research work is coupled with the developed and calibrated hydrodynamic 2D
model. The basic water quality modelling component simulates the main water quality
parameters including the oxygen compounds (BOD, COD, DO), nutrients compounds (NH4,
TN, TP) and finally the temperature, salinity and inorganic matter.

The calibration was conducted to compare the model results with the observed data at the
different locations for both the hydrodynamic and the water quality models. The model results
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and calculations are in reasonable agreement with the measured concentrations. This devel‐
oped calibrated model is able to predict the basic water quality indicators of the lake system
and ready to conduct any scenarios for watershed water quality management.
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discusses the relationship between lake and climatic change; the second section 
explains lake biology and health; and the third section focuses on water quality, 

management, and modeling. Scientists from different fields of lake sciences reported 
in this book their findings.
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