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ABSTRACT
Climate warming threatens the structure and function of shallow lakes, not least those in the
Mediterranean climate. We used a space-for-time substitution approach to assess the response
of trophic and community structures as well as the richness and evenness of multiple trophic
levels to temperature, hydrological, and nutrient constraints. We selected 41 lakes covering wide
climatic, hydrological, and nutrient gradients within a short distance for reducing the effect of
biogeographical factors in the western Anatolian plateau of Turkey. Generalized linear model
analyses revealed that temperature was overall the most important driving variable, followed by
total nitrogen (TN) and salinity. The chlorophyll a:total phosphorus ratio, the cyanobacteria:total
phytoplankton biovolume ratio, the fish:zooplankton biomass ratio, the proportion of small fish,
and fish richness increased with increasing temperature, whereas macrophyte plant volume
inhabited (PVI, %), richness, and evenness decreased. Grazing pressure, macrophyte coverage,
piscivore biomass, phytoplankton richness, and evenness decreased significantly with both
increasing TN and temperature. Temperature and nutrients also separated the northern highland
lakes from other lakes in a non-metric multidimensional scaling analysis. Additionally, salinity
reduced richness and evenness of phytoplankton and zooplankton. Our results indicate major
changes in lake structure and functioning with warming and eutrophication, and highlight the
need for strict control of nutrients and water use.
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Introduction

Global temperature and precipitation patterns have
changed markedly in recent decades and are predicted
to change even more with more frequent extreme events
(e.g., heatwaves, drought, flooding; Meehl et al. 2007,
Hao et al. 2018). Shallow lakes are the most widespread
type of inland waterbody in the world (Downing et al.
2006) They are sensitive to external perturbations,
including land use, human population rise, and climate
change (Jeppesen et al. 2009, 2015, Moss et al. 2011,
Gozlan et al. 2019), and are already heavily exploited
for the provision of “goods and services” (Dudgeon
et al. 2006, Woodward 2009). Shallow lakes are further-
more highly sensitive to the balance between evaporation

and precipitation because of their large surface:volume
ratio (Coops et al. 2003), a sensitivity particularly
marked in the Mediterranean climate owing to the
strong linkages between climate and the hydrological
cycle of the lakes (Bucak et al. 2017). Water abstraction,
mostly for the purpose of irrigation, a major water use,
has led to a significant decrease in surface and ground-
water levels and even loss of lakes and streams in the
Mediterranean region (Durduran 2010, Sanz et al.
2011, Graveline et al. 2012, Sabater et al. 2018, Gozlan
et al. 2019), a development that may be further exacer-
bated through the impact of future climate change
(Bucak et al. 2017). For Turkey, climate models predict
dramatic summer drought episodes across the western
and southern parts due to a >30% decrease in winter
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precipitation and enhanced summer evaporation (Lelie-
veld et al. 2012, Turunçoğlu et al. 2013). These drought
conditions may lead to an even stronger reduction in
runoff waters, projected to be as large as 30–40% in Tur-
key (Pachauri et al. 2014), which may have serious con-
sequences for the ecology of shallow lakes in this region
and ultimately may lead to complete drying out of the
lakes (Beklioğlu et al. 2007, Bucak et al. 2017, 2018).

Moreover, higher evaporation in summer from
extreme droughts, often combined with water abstrac-
tion, results in reduced water levels, higher sediment
resuspension unless macrophytes growth is stimulated
by better light conditions, and prolonged retention
time, often resulting in enhanced eutrophication and sali-
nisation (Talling 2001, Beklioğlu et al. 2007, 2017, Özen
et al. 2010, Coppens et al. 2016). In the Mediterranean
region, enhanced nutrient loading during wet periods
may not lead to a major increase in lake nutrient concen-
trations because it can be counteracted by the dilution
effect through enhanced flushing (Coppens et al. 2016,
Beklioğlu et al. 2017). Concentrations may, however,
increase in drought periods because of evaporative
water loss, prolonged retention, and internal loading
(Jeppesen et al. 2009, 2011, Özen et al. 2010, Coppens
et al. 2016). Such conditions are anticipated to become
even more pronounced in the future because of expected
droughts and heat waves with higher frequency and
intensity.

Increased temperatures, salinity, and eutrophication
substantially influence lake food web structure and com-
munity composition (Carpenter et al. 2001, Jeppesen
et al. 2007, Meerhoff et al. 2007, Moss 2010, Brucet
et al. 2012, Gutierrez et al. 2018). Warmer lakes tend to
have higher densities of small fish (Blanck and Lamour-
oux 2007, Meerhoff et al. 2007, Jeppesen et al. 2012, Brucet
et al. 2013, Boll et al. 2016) and small-sized zooplankton
(e.g., Gyllström et al. 2005, Tavşanoğlu et al. 2015, 2017)
and are thus more sensitive to nutrient addition because
grazer control of phytoplankton is weaker (Meerhoff
et al. 2007, 2012, Lemmens et al. 2018). Consequently,
higher frequency and longer duration of cyanobacteria
blooms have been observed (Havens et al. 2019). Changes
in salinity may havemore profound consequences than an
increase in temperature per se for the diversity and com-
munity structure of organisms as a consequence of
osmotic stress and reduced top-down control (Brucet
et al. 2009, Bezirci et al. 2012, Gutierrez et al. 2018) and
may negatively affect the resilience of lakes (Jeppesen
et al. 2007, 2015, Meerhoff et al. 2012, Brucet et al.
2010, 2012).

Surveys of lakes over broad geographical areas can
contribute to the understanding of ecosystem control
mechanisms. Space-for-time substitution involving

sampling along latitudinal or altitudinal gradients has
been used to provide proxies of thermal or hydrological
gradients (Woodward et al. 2010, Meerhoff et al. 2012,
Jeppesen et al. 2014). Although this method is limited
by underlying confounding gradients in geology, geogra-
phy, biogeography, land use, and human population rise
(e.g., Jeppesen et al. 2014), it is, if interpreted carefully, a
plausible way to forecast future changes (Gyllström et al.
2005, Meerhoff et al. 2012, Jeppesen et al. 2014, Man-
tzouki et al. 2018).

Today, unprecedented rates of climate change are
occurring, involving extreme events such as heatwaves,
drought, or flooding that threaten the current structure
and functioning of lakes when combined with additional
multiple stressors (Yang et al. 2008, Malmquist et al.
2009, Richardson et al. 2019). Climate change itself
also exacerbates the effects of stressors, especially eutro-
phication, thereby potentially preventing detection of
signals of change (Moss et al. 2011). The current study,
encompassing shallow lakes located in areas displaying
a wide array of climatic features and land use intensity,
uses a space-for-time substitution approach to document
the responses of trophic and community structures, rich-
ness, and evenness at multiple trophic levels to variations
in effects of hydrological constraints, land use, and tem-
perature. Our ultimate aim was to increase the knowl-
edge of how climate change and eutrophication affect
shallow lakes in semiarid Mediterranean climatic regions
already declared as some of the most sensitive in the
world (Gozlan et al. 2019).

Materials and methods

Study sites

Turkey is bounded by 2 continents (36°–42°N; 26°–45°E)
and has several high mountain ranges that create a con-
tinental-scale variety of climates. It encompasses warm
to hot temperate zones with/without dry summers,
including the Mediterranean climate zone and arid
cold steppe with/without dry summers according to the
Köppen-Geiger climate classification (Peel et al. 2007).
These large variations have led to the presence of numer-
ous ecosystem types and habitats exhibiting exception-
ally high biodiversity and extensive endemism within a
relatively limited area (Şekercioğlu et al. 2011). Further-
more, the 41 lakes selected in the current study are
located within nearly 5° of latitude (41°52′N–37°06′N)
and elevations ranging from 0 to 1423 m in the Western
Anatolian Plateau (Fig. 1). The average elevation of the
Anatolian Plateau is 1100 m a.s.l., and high elevation
lakes were found at all latitudes; however, the study
lakes were lumped into 2 elevation groups, 0–50 and
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700–1328 m a.s.l., respectively, and regarded as lowland
and highland lakes, respectively. Thus, the lakes studied
covered distinct climates, from the cold steppe to Medi-
terranean climate in mid to southwest Turkey and from
the warm temperate to the subhumid climate in north-
west Turkey (Peel et al. 2007).

Sampling and analysis

We sampled 41 lakes during the peak of the growing sea-
son between July and August 2007–2013 following a
snapshot sampling protocol described and standardised
by Moss et al. (2003). Salinity was measured in situ
using a YSI 556 MPS multi-probe (YSI, Yellow Springs,
OH, USA), and Secchi disk transparency was measured
with a 20 cm diameter disk. We used a visibility index,
calculated as Secchi disk depth to maximum depth
ratio, because Secchi depth is not sufficiently informative
for exceptionally clear-water lakes where the Secchi
depth is greater than the water depth (here the visibility
index was set to 1). Water samples for chemical and
plankton analyses were taken from depth-integrated
mixed samples (40 L) at the deepest point of each lake.
The water samples were kept frozen and analysed for
total phosphorus (TP; Mackereth et al. 1978) and total
nitrogen (TN) using a Scalar Auto-analyzer, San++
Automated Wet Chemistry Analyzer (Skalar Analytical,
B.V. Breda, The Netherlands), and chlorophyll a
(Chl-a; Jespersen and Christoffersen 1987).

A 50 mLwater sample from each lake was fixed using a
2% Lugol’s solution for phytoplankton species determina-
tion; counting (Utermöhl 1958) and biovolume calcula-
tion (Hillebrand et al. 1999, Sun and Liu 2003) were
based on the mean length and geometric shapes of at
least 10 individuals of each species.Weused cyanobacteria
and total phytoplankton biovolumes for the statistical
analysis. For zooplankton, 20 Lwater sampleswerefiltered
through a 20 µm filter and preserved in 4% Lugol’s solu-
tion. Samples were counted until 50–100 individuals of
themost abundant taxa and the body size of 25 individuals
of each taxonweremeasured,whenpossible.Dryweight of
zooplankton was estimated from the allometric relation-
ship between weight and body length (Dumont et al.
1975, Bottrell et al. 1976, Ruttner-Kolisko 1977,McCauley
1984). For rotifers, biomass was estimated from measure-
ments of the principal diameters of the organisms, and dry
weight was calculated based on Dumont et al. (1975) and
Ruttner-Kolisko (1977). Biomasses of total zooplankton,
large zooplankton (>0.7 mm), cladocerans, and rotifers
were used for statistical analyses.

The composition and relative abundance of fish were
determined using multiple mesh-sized Lundgren gill nets
(mesh sizes 5–55 mm, randomly lined). The number of

nets used per lake increased with lake area, with a max-
imum of 8 (Moss et al. 2003, Boll et al. 2016). We used
average catch per unit effort (CPUE), number per unit
effort (NPUE), or biomass per unit effort (BPUE), and
the ratio of fish <10 cm to total fish numbers as an indi-
cator of the proportion of small fish. We used the pro-
portions of small fish and piscivores biomass (BPUE)
and total fish density (NPUE) for statistical analysis.

For macrophytes, both plant coverage and percent
plant volume inhabited (PVI%), calculated using the
equation plant coverage × average plant height/water
depth (sensu Canfield et al. 1984, Levi et al. 2014),
were used for the analyses.

Mean summer air temperature and precipitation sea-
sonality (PS, coefficient of variation [CV], a measure of
the variation in monthly precipitation totals over the
year) data at 30-arc seconds spatial resolution (equiva-
lent to ∼0.86 km2 at the equator and less elsewhere, com-
monly referred to as “1 km” resolution) were assembled
from the WorldClim database using the sampling loca-
tion coordinates for each study lake (Hijmans et al.
2005, WorldClim 2013). Net evaporation (precipita-
tion–evaporation difference) data were compiled from
Turkish Meteorological Office (2013). PS represents
annual trends in seasonality (e.g., maritime effects),
and net evaporation represents severity of summer con-
ditions or drought. These variables likely capture differ-
ences in the study lakes better than weather-specific
temperature and precipitation data (WorldClim 2013).

Data on fertiliser use and livestock density across the
landscape were compiled from the Turkish Statistical
Institute based on the Turkish Ministry of Food, Agricul-
ture and Livestock (Turkish Statistical Institute 2013) and
used to estimate the effects of land use in the lake catch-
ments. Because land use data were not available at catch-
ment scale, data from the nearest province of each study
lake were used, including information on cattle and
sheep per hectare and the quantity of fertiliser used per
hectare of arable land. Livestock numbers were standard-
ised based on the mean weight ratio of the groups (cow
and sheep), with 1 cow being equal to 5 sheep.

Statistical analyses

Weused a generalized linearmodel (GLM)withGaussian
error distribution and a logarithmic link function to assess
the effects of environmental variables on lake trophic and
community structures, and also on the richness and even-
ness of the different community members. We excluded
collinear (Pearson r > 0.6) predictors. Small sample size
precluded model selection using all environmental vari-
ables; thus, mean air temperature, salinity, and TN were
used because they have been regarded as primary drivers
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of lake functioning and community structure and are the
most relevant variables for testing our hypothesis. We
used TN instead of TP because TN had stronger predic-
tive power for Chl-a. The best model was selected using
a forward stepwise procedure based on Akaike’s informa-
tion criteria. For each lake, species evenness was calcu-
lated as the Pielou’s evenness, and species richness was
determined as the total number of different species.

Non-metric multidimensional scaling (NMDS) ordi-
nation was used to determine how the study lakes were
associated according to bioclimatic, biological, and envi-
ronmental variables, includingmean summer air temper-
ature, PS, net evaporation, latitude, elevation, visibility
index, salinity, TN, livestock number, fertiliser use,
Chl-a, macrophyte coverage, large zooplankton biomass,
proportion of small fish, and piscivorous fish biomass
using pairwise Euclidean dissimilarities (Legendre and
Legendre 1998). Subsequently, permutational multivari-
ate analysis of variance using distance matrices (ADO-
NIS) was used to test the significance of differences
across identified lake groups (Anderson 2001).

The analyses were conducted with R software using
the vegan package (R Development Core Team 2019).

Results

The 41 study lakes were largely shallow and small with
wide variations in TN concentrations as well as notable
differences in visibility and Chl-a concentrations
(Table 1). Mean summer air temperature of the lakes

varied between 16 and 26 °C, salinity between 0.1‰
and 4.8‰, and TP and TN between ∼15–633 μg L−1

and 239–2340 μg L−1, respectively. Of the lakes, 32 had
macrophytes, with macrophyte PVI% and coverage aver-
aging 17.4% and 26.4%, respectively. Piscivores were
caught in only a limited number of lakes. The proportion
of small fish to total fish varied between 0 and 1 with a
mean of 0.3 (Table 1).

We used GLM to analyse the responses of trophic
structure and community composition as well as the
richness and evenness of organisms related to the
explanatory variables of temperature, TN, and salinity
(indicators of the climate, nutrient enrichment, and
hydrology, respectively). Of the 3 explanatory variables
selected, temperature was overall the most important
driving variable, followed by TN and salinity (Table 2).
The Chl-a:TP ratio representing the yield, the cyanobac-
teria to total phytoplankton biovolume ratio, the preda-
tion pressure of fish on zooplankton (fish to zooplankton
biomass ratio), the proportion of small fish, and fish
richness increased with increasing temperatures,
whereas macrophyte PVI, richness, and evenness
decreased (Table 2). The visibility index (Secchi disk to
maximum depth ratio) and zooplankton evenness
decreased with increasing TN concentrations, whereas
total phytoplankton biovolume increased. Chl-a concen-
trations, cyanobacteria biovolume, biomasses of zoo-
plankton and rotifers, and total fish density (NPUE)
increased with temperature and TN (Table 2). Addition-
ally, zooplankton biomass and fish (NPUE) were nega-
tively affected by salinity. The biomass of cladocerans

Figure 1. Names and locations of the 41 study lakes in Turkey. H = Highland, L = Lowland, N = Northern, S = Southern.
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and large zooplankton increased with increasing TN but
decreased with temperature and salinity. Grazing pres-
sure (zooplankton:phytoplankton ratio), macrophyte
coverage, piscivore biomass, phytoplankton richness,
and evenness decreased significantly with both increas-
ing TN and temperature (Table 2). Phytoplankton rich-
ness and evenness were additionally decreased with
increasing salinity. While zooplankton richness and
evenness were negatively related to salinity, the evenness
was also negatively affected by TN (Table 2).

Lake area and mean depth were separately tested as
additional explanatory variables together with tempera-
ture, TN, and salinity. Lake area had a significant nega-
tive relationship with Chl-a:TP concentrations (p <
0.01) and the fish:zooplankton biomass ratio (p < 0.05),
whereas mean depth had a negative relationship with
macrophyte coverage (p < 0.001) and PVI (p < 0.01).
Additionally, lake area had a significant positive relation-
ship with cyanobacteria biovolume (p = 0.03) as well as
total zooplankton (p < 0.05) and cladoceran biomass
(p < 0.05). We further tested the effects of area and lati-
tude together with temperature, TN, and salinity on rich-
ness and evenness at the different trophic levels. Lake
area and latitude had significant positive effects on zoo-
plankton richness (p < 0.01) and fish richness (p <
0.001), respectively. The effect of fish density (NPUE)
as an additional explanatory variable together with tem-
perature, TN, and salinity was also tested to reveal top-
down effects. Fish density contributed significantly and
positively to the variation in Chl-a concentrations, the
cyanobacteria:phytoplankton biomass ratio, and rotifer
biomass (p = 0.021, p = 0.03, and p = 0.049, respectively).
To explore the role of macrophyte coverage and PVI for
zooplankton biomass, we included these separately into
GLM with temperature, TN, and salinity, but no signifi-
cant effects of the 2 variables were captured. To explore
the effect of zooplankton on Chl-a concentrations and
Chl-a:TP, we conducted further GLM analyses using

large zooplankton biomass as an explanatory variable
with temperature, TN, and salinity. We found a signifi-
cant negative effect of biomass of large zooplankton on
the Chl-a concentration (p = 0.02) but no significant
effect on Chl a:TP.

We used NMDS to analyze how the study lakes were
associated relative to the climatic, environmental, and
biological variables. Two clusters of lakes were identified

Table 1. Range, mean, and median of some of the physical, chemical, and biological characteristics of the
study lakes. Macrophyte PVI is the macrophyte percent volume inhabited.
Variables Range Mean Median

Mean summer air temperature (°C) 16–26 20 21
Precipitation seasonality (mm) 29–98 47 40
Net evaporation (mm) 276–839 481 461
Elevation (m) 0–1423 777 975
Lake area (ha) 0.1–714 60 9
Mean depth (cm) 22–474 167 152
Salinity (‰) 0.1–4.8 0.6 0.2
Visibility index 0.1–1.0 0.4 0.3
Total phosphorus (μg L−1) 15–633 131 79
Total nitrogen (μg L−1) 239–2340 1091 955
Chlorophyll a (μg L−1) 1.8–100.4 24.2 12.7
Macrophyte PVI (%) 0–77.5 17.4 7
Macrophyte coverage (%) 0–89 26.4 20.0
Piscivorous fish (g fish per net per night) 0–2923 339 0
Proportion of small fish to total fish (g fish per net per night) 0–1 0.3 0.2

Table 2. Parameter estimates from a generalised linear model of
multiple regression. Independent variables include total nitrogen,
mean summer air temperature (given as temperature), and
salinity. Dependent variables are chlorophyll a (Chl-a); Chl-a:TP;
NPUE = number per unit effort (individual fish per net per
night); BPUE = biomass per unit effort (g fish per net per night);
proportion of small fish NPUE = small fish NPUE to total fish
NPUE ratio, PVI = macrophyte percent volume inhabited (%).
Variables Total nitrogen Temperature Salinity

Trophic structure
Visibility index −0.020* — —
Chl-a <0.001*** 0.029* —
Chl-a:TP — 0.049* —
Cyanobacteria:phytoplankton — 0.004** —
Zooplankton:phytoplankton −0.049* −0.023* —
Fish:zooplankton — 0.023* —
Community variables
Phytoplankton 0.004** — —
Cyanobacteria 0.025* 0.060 —
Zooplankton <0.001*** 0.053 −0.001**
Large zooplankton 0.010* −0.010** —
Cladocera 0.027* −0.045* −0.056
Rotifers 0.024* 0.020* —
Macrophyte coverage −0.004** −0.005** —
Macrophyte PVI — −0.052 —
Fish NPUE 0.004** 0.007** −0.013*
Piscivore BPUE −0.052 −0.019* —
Proportion of small fish NPUE — 0.042* —
Richness and evenness
Phytoplankton richness −0.054 −0.054 −0.028*
Zooplankton richness — — −0.007**
Macrophyte richness — −0.040* —
Fish richness — 0.038* —
Phytoplankton evenness −0.030* −0.052 −0.045*
Zooplankton evenness −0.026* — −0.040*
Macrophyte evenness — −0.030* —
Fish evenness — — —

Significance level: *p < 0.05; **p < 0.01; ***p < 0.001.
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in the first NMDS analysis, differing along an elevation
gradient as lowland (L) and highland (H) lakes
(Fig. 2a). Although ADONIS showed that these 2 lake
groups differed significantly (p = 0.001, R2 = 0.13),
there was also important overlap. The lowland lakes
had high values of mean summer temperature, PS,
high net evaporation, salinity, fertiliser use, livestock
density, TN, and Chl-a concentrations as well as high
proportions of small fish, the same characteristics also
shared by some of the highland lakes (Fig. 2a).

Because highland lakes were rather widespread along
the different gradients, we further analysed the highland
lake cluster using NMDS analysis. The lakes from the
highlands differed markedly along the latitudinal gradi-
ent, divided clearly into northern and southern highland
lakes (NH and SH, respectively; Fig. 2b). These 2 groups
differed significantly based on a global ADONIS test
(p = 0.001, R2 = 0.26). The NH lakes were associated
with high visibility, macrophyte coverage, piscivorous
fish biomass, total large zooplankton biomass, and
mean depth, whereas the SH lakes were related to the
same variables as the lowland lakes (Fig. 2b).

Some of the key bioclimatic and environmental vari-
ables, critical for separating the 3 lake groups, were used
to compare the lakes pairwise (Fig. 3). Lake area, mean
depth, cyanobacteria biomass, and the proportion of
small fish significantly differed only between the northern
highland and lowland lakes (Fig. 3a, b, f). The lowland
lakes were larger, shallower, and had a higher cyanobacte-
ria biomass and proportion of small fish than the highland
lakes. Salinity and livestock density in the catchment

differed only between the northern and southern highland
lakes, being lower in the northern highland lakes (Fig. 3c,
k). Pairwise comparisons showed that TN and Chl-a con-
centrations were significantly different between the north-
ern and southern highlands lakes and between the
northern highland and lowland lakes (Fig. 3d–e). Pisci-
vore biomass and the amount of fertiliser used in the
catchment differed significantly among all the lake groups;
piscivore biomass was highest in the northern highland
lakes, and fertiliser use was highest in the lowland lakes
(Fig. 3h, j). Macrophyte coverage did not differ among
the lake groups (Fig. 3) but tended to be slightly higher
in the northern highland lakes.

Discussion

The results from our study lakes, representing different
elevations and latitudes corresponding to different cli-
matic and hydrological conditions and land uses, indi-
cated that temperature, nutrients, and salinity critically
affected the trophic structure, community composition,
richness, and evenness of organisms at multiple trophic
levels. Temperature was the most influential variable,
affecting trophic structure and community composi-
tion, followed by nutrients (TN) and salinity, which
was most critical for richness and evenness of various
trophic groups (Table 2). We also found major differ-
ences between the lakes in the northern highlands
and the other regions (southern highland lakes and
lowland lakes).

Figure 2. Classification of the 41 study lakes using non-metric multidimensional scaling analysis to compare (a) highland (n = 30) and
lowland lake (n = 11) groups and (b) 2 within-highland groups: the northern (n = 14) and southern (n = 16) highland lakes. Refer to
Fig. 1 for lake locations.

178 M. BEKLIOĞLU ET AL.



f

Figure 3. Box and whiskers plots of environmental variables in relation to lake groups. Northern highland (n = 14), Southern highland
(n = 16), and Lowland lakes (n = 11): (a) area, (b) mean depth, (c) salinity, (d) TN, (e) Chl-a, (f) cyanobacteria, (g) macrophyte coverage,
(h) piscivorous fish, (i) proportion of small fish, (j) fertiliser use, and (k) livestock number in the catchments. The box was drawn from the
first quartile to the third quartile, the middle is the 50% quartile or median, and the whiskers are from each quartile to the minimum or
maximum. For testing the significance between groups, Wilcoxon rank sum test was employed. Significance level: *p < 0.05, **p < 0.01,
***p < 0.001.
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Influence of temperature (climate)

The GLM analyses including air temperature, TN, and
salinity revealed that temperature was of key importance.
The Chl-a, Chl-a:TP ratio, cyanobacteria:phytoplankton
ratio, proportion of small fish, fish:zooplankton ratio,
and rotifer biomass all increased with temperature,
whereas BPUE of piscivores, fish, and the zooplankton:
phytoplankton ratio decreased. Together these results
concur with those of other multi-trophic level compara-
tive studies from European lakes and experimental inves-
tigations (Gyllström et al. 2005, Meerhoff et al. 2012,
Jeppesen et al. 2015) as well as with a recent cross-Atlan-
tic comparison of shallow lakes in Florida (USA) and
Denmark (Jeppesen et al. 2020). A higher yield (Chl-a:
TP) in warm lakes has also been recognised in other lat-
itudinal gradient studies (Mazumder and Havens 1998,
Flanagan et al. 2003) and may, in part, reflect a decline
in the grazing control of zooplankton on phytoplankton
because fish predation is higher on large-bodied zoo-
plankton (Jeppesen et al. 2009). This finding is supported
by the decrease in the biomasses of large zooplankton
and cladocerans and the zooplankton:phytoplankton
ratio with increasing temperatures observed in our
study. The significant reduction in piscivore biomass
with increasing temperature likely reduced the predation
control on planktivores. Accordingly, total fish density
(NPUE) increased significantly with temperature
(Table 2). Similar findings were obtained from 81 shal-
low European lakes, spanning a wider latitudinal gradi-
ent (Sweden to Spain), and (sub)tropical lakes
(Gyllström et al. 2005, Meerhoff et al. 2007, Iglesias
et al. 2008). Low abundance of piscivores with increasing
temperature may reflect that consumption of animals is
less appealing at higher temperatures (Moss 2010, Gon-
zález-Bergonzoni et al. 2012). A more detailed study on
fish abundance and community structure undertaken
in the same study lakes as those used in our investigation
suggested that temperature was among the most impor-
tant factors contributing to fish species richness, espe-
cially the proportions of small omnivorous and
zooplanktivorous fish (Boll et al. 2016). Similarly, the
impact of temperature on fish richness has been evi-
denced in large-scale comparative cross-latitudinal stud-
ies on shallow and deep lakes, where higher
contributions of small, fast-growing species were
recorded in subtropical and Mediterranean regions
than in cold temperate areas (Blanco et al. 2003, Blanck
and Lamouroux 2007, Jeppesen et al. 2012, Brucet et al.
2013, Emmrich et al. 2014).

Furthermore, the biomass of cyanobacteria and their
share of the total phytoplankton biomass increased
with increasing temperature, as expected (Jeppesen

et al. 2009, Paerl and Huisman 2009, Moss et al. 2011,
Havens et al. 2019).

Macrophyte PVI, richness, and evenness significantly
decreased with increasing temperature, possibly an indi-
rect temperature effect because warm lakes are also more
nutrient-rich with low water clarity, leading to disap-
pearance of shade-intolerant species (Jeppesen et al.
2000). Evidently, nutrient availability further decreased
the macrophyte coverage (Table 2), although this was
unimportant for PVI. Analyses of surface sediment
remains of aquatic plants from many of the current
study lakes revealed nutrients and salinity as the most
important environmental variables determining commu-
nity composition (Levi et al. 2014), although the current
study could not fully confirm these findings.

Influence of nutrients (TN)

As expected from numerous previous studies (Carpenter
et al. 2001, Jeppesen et al. 2009, 2011, 2020), several of
the environmental variables studied were related to nutri-
ents (TN), mostly together with temperature but also
alone, and in a few cases with salinity (Table 2). Chl-a,
phytoplankton biomass, the biomass of cyanobacteria,
and various groups of zooplankton and fish (NPUE) all
increased, reflecting the higher availability of resources.
Moreover, we noted a decrease in the evenness of both zoo-
planktonandphytoplankton. Landuse clearly had a signifi-
cant effect on nutrient concentrations; however, elevated
nutrient concentrationsmay also, in part, reflect drier con-
ditions, leading to a decline in the nutrient retention capac-
ity and to lesswater toholdnutrientsbecause lakevolume is
reduced. Supporting this view is a mass balance study
undertaken in 2 Turkish lakes over a 20-year period indi-
cating a reduced nitrogen and phosphorus retention capac-
ity during periods with less precipitation and warmer
temperatures, leading to higher nutrient availability
(Özen et al. 2010,Coppens et al. 2016, Beklioğlu et al. 2017).

Influence of salinity

For a few variables, salinity also contributed to the vari-
ation. Salinity had strong and negative effects on the
richness and evenness of phytoplankton and zooplank-
ton. An analysis of surface sediment remains of cladoc-
erans collected from some of the current study lakes
also revealed that salinity and nutrients were the most
important environmental variables determining commu-
nity composition, richness, and diversity (Çakıroğlu et al.
2014). A similar response was reported for macrophytes
by Levi et al. (2014). Salinity has been identified as an
important stressor in other studies as well (for phyto-
plankton see Larson and Belovsky 2013; for zooplankton
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see Brucet et al. 2009 and Gutierrez et al. 2018), causing
osmotic stress in salt-sensitive zooplankton taxa, which
affects survival, reproduction, and growth (Aladin
1991, Aladin and Potts 1995, Jeppesen et al. 2007, Bezirci
et al. 2012, Gutierrez et al. 2018). Although salinity had a
negative effect on fish biomass, it did not influence fish
richness and evenness. Increased salinity can be expected
in the future in Mediterranean lakes as a result of precip-
itation deficiency and enhanced net evaporation induced
by climate change (Pachauri et al. 2014). A long-term
monitoring study conducted in 2 southern highland
shallow lakes in Turkey evidenced that prolonged
drought with a duration of 3–4 years resulted in a
3-fold increase in salinity and a shift to a meso-saline
state (from 1.2‰ to 3.2‰ and 1.0‰ to 2.8‰, respec-
tively; Beklioğlu and Tan 2008, Beklioğlu et al. 2017).

Influence of additional variables

Morphological factors (e.g., depth, area), such as the
large lake area range in our study lakes, sometimes over-
ride the effect of environmental drivers. Larger lakes may
have more species as more niches are offered, but in our
study, lake area emerged as a significant factor only for
richness of zooplankton (as found elsewhere, Dodson
1992) and the biomass of zooplankton, especially the
large zooplankters including cladocerans. Accordingly,
fish predation pressure on zooplankton (as indicated
by the fish to zooplankton biomass ratio) and Chl-a:TP
decreased with the lake area. Moreover, in addition to
the effects of temperature, TN, and salinity, fish density
(NPUE) contributed significantly to the variation in
Chl-a and the cyanobacteria:phytoplankton biomass
ratio, which was higher when NPUE was higher, typical
for lakes with higher fish predation pressure on large-
bodied cladocerans (Jeppesen et al. 2009). None of the
zooplankton variables was related to either macrophyte
cover or PVI, in contrast to the northern lakes in
which macrophytes offer reliable refuges against fish pre-
dation (Meerhoff et al. 2007, 2012). Our findings of weak
or no refuge effects is in line with in situ experiments
conducted in some of the current study lakes as well as
laboratory experiments (Tavşanoğlu et al. 2012, 2015)
and cross-climate experiments with artificial plants
(Meerhoff et al. 2007, 2012).

Northern and southern highland and lowland
lakes

The NDMS revealed some overlap between highland and
lowland lakes, mainly attributed to a relatively high agri-
cultural effect (higher fertilisation) as well as warmer
temperatures in some of the southern highland lakes

and the lowland lakes. Moreover, the northern highland
lakes clearly distinguished themselves from the southern
highland lakes. The northern highland lakes were char-
acterised by low agricultural impact (low fertiliser use
as well as low livestock density), higher net precipitation,
low air temperature, higher water depth, low concentra-
tions of nutrients and low Chl-a, clear water conditions,
high biomass of large-bodied zooplankton, high propor-
tions of piscivorous fish, and high macrophyte coverage,
although the latter was not significantly different (Fig. 2b
and 3). The high biomasses of piscivorous fish and large-
bodied zooplankton (e.g., cladocerans) and the indica-
tion of high zooplankton grazing pressure suggest low
top-down control by fish on the zooplankton in the
northern highland lakes. Similar conditions are found
in north temperate, relatively nutrient-poor lowland
lakes (e.g., Jeppesen et al. 2000). A study by Brucet
et al. (2017) on the predation effect of size-structured
predators (i.e., predation by individuals of different
sizes) on prey size structure, using data from some of
the current study lakes, revealed that highly size-diverse
fish assemblages including large piscivorous fish occur-
ring in the northern highland lakes were associated
with highly size-diverse zooplankton assemblages, com-
prising also large-sized cladocerans, as we found in the
highland lakes. Meanwhile many of the characteristics
of the lowland lakes were shared with southern highland
lakes, being overall larger, more saline, and more eutro-
phic, with higher TN and Chl-a concentrations, cyano-
bacteria biomass, and a larger proportion of small fish
(Fig. 2 and 3).

Conclusions, caveats, and perspectives

Enhanced temperature along with eutrophication and
salinity seemed to be the key factors controlling the
trophic structure, community composition, and rich-
ness and evenness of organisms at different trophic lev-
els in Turkish shallow lakes. However, possible
biogeographical effects cannot be fully excluded,
although we sought to minimise these in our study
by employing a large climate gradient over a short geo-
graphical distance. That we found a similar response
pattern in the Turkish lakes to other latitude studies
covering much larger latitudes and thus biogeographi-
cal gradients, however, suggests that the observed
responses to temperature, nutrients, and salinity are a
real functional response and not strongly influenced
by biogeography.

Climate change-induced extreme heat waves and
drought events are anticipated to occur more frequently
and with higher intensity in semiarid Mediterranean cli-
matic regions in the future (Pachauri et al. 2014).
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Moreover, the land affected by drought is expected to
double in size from 2000 to 2100 (IPCC 2007), entailing
a risk of much higher water temperatures and, in turn,
higher salinisation and risk of eutrophication. These
conditions will cause extensive phytoplankton growth,
probably with frequent cyanobacteria blooms in shallow
lakes or, perhaps, complete drying, as already observed
for some lakes (Graveline et al. 2012, Bucak et al. 2017,
Sabater et al. 2018, Gozlan et al. 2019). To counteract
the effect of warming, strict control of nutrients in shal-
low lakes seems to be a prerequisite to avoid cyanobacte-
ria blooms and turbid water. In addition to nutrient
control, restrictions on water use, especially for irrigation
purposes, are needed to mitigate the adverse impacts,
especially because >80% of the freshwater abstraction
in most Mediterranean countries is used for irrigation
(Katerji et al. 2008).

Acknowledgements

Most of us are part of the “Moss Scientific Family,” and we
wish to take this opportunity to dedicate our paper on the
ecology of Turkish shallow lakes to the memory of our
dearest Brian Moss. He was a world leading pioneer and sci-
entist on the ecology of shallow lakes as well as a great
mentor, and although he is no longer with us he continues
to inspire us.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This study was supported by TÜBİTAK-ÇAYDAG (Projects
no: 105Y332 and 110Y125); Middle East Technical Univer-
sity-BAP programme (BAP.07.02.2009–2012); FP-7
REFRESH (Adaptive strategies to Mitigate the Impacts of
Climate Change on European Freshwater Ecosystems),
under Contract Number 244121; and MARS (Managing
Aquatic ecosystems and water Resources under multiple
Stress), under the 7th EU Framework Programme, Theme
6 (Environment including Climate Change), Contract Num-
ber 603378 (http://www.mars-project.eu). AİÇ, ÜNT, EEL,
GB and KÖ were supported by TÜBİTAK-ÇAYDAG pro-
jects (Project nos.: 105Y332 and 110Y125); TB and NF
were supported by TÜBİTAK 2211 Scholarship Programme;
and AÖ and SE were supported by the METU-ÖYP Pro-
gramme. EJ, MB and KÖ were further supported by TÜBİ-
TAK BIDEB 2232 – Outstanding researchers programme. SB
was supported by the TUBITAK 2221–Visiting Scientist Fel-
lowship Program and by the Marie Curie Intra European
Fellowship no. 330249 (CLIMBING). We thank C. Can Bil-
gin for his valuable suggestions and contribution regarding
the use and estimation of bioclimatic values and Anne
Mette Poulsen for her valuable editorial comments.

ORCID

Meryem Beklioğlu http://orcid.org/0000-0003-2145-3941
Tuba Bucak http://orcid.org/0000-0002-6710-0423
Eti E. Levi http://orcid.org/0000-0001-9038-7285
Şeyda Erdoğan http://orcid.org/0000-0001-7729-7664
Arda Özen http://orcid.org/0000-0001-5315-8424
Ü. Nihan Tavşanoğlu http://orcid.org/0000-0001-8462-
415X
Nilsun Demir http://orcid.org/0000-0002-3895-7655
Korhan Özkan http://orcid.org/0000-0003-1911-6508
Sandra Brucet http://orcid.org/0000-0002-0494-1161
Erik Jeppesen http://orcid.org/0000-0002-0542-369X

References

Aladin NV. 1991. Salinity tolerance and morphology of the
osmoregulation organs in Cladocera with special reference
to Cladocera from the Aral Sea. Hydrobiologia. 225:291–
299.

Aladin NV, Potts WTW. 1995. Osmoregulatory capacity of the
Cladocera. J Comp Physiol B. 164:671–683.

Anderson MJ. 2001. A new method for non-parametric multi-
variate analysis of variance. Austral Ecol. 26:32–46.

Beklioğlu M, Bucak T, Coppens J, Bezirci G, Tavşanoğlu Ü,
Çakıroğlu A, Levi E, Erdoğan Ş, Filiz N, Özkan K, et al.
2017. Restoration of eutrophic lakes with fluctuating water
levels: a 20-year monitoring study of two inter-connected
lakes. Water. 9(2):127.

Beklioğlu M, Romo S, Kagalou I, Quintana X, Bécares E. 2007.
State of the art in the functioning of shallow Mediterranean
lakes: workshop conclusions. Hydrobiologia. 584(1):317–
326.

Beklioğlu M, Tan CO. 2008. Restoration of a shallow
Mediterranean lake by biomanipulation complicated by
drought. Fund Appl Limnol. 171(2):105–118.

Bezirci G, Akkas SB, Rinke K, Yildirim F, Kalaylioglu Z,
Severcan F, Beklioğlu M. 2012. Impacts of salinity and
fish-exuded kairomone on the survival and macromolecular
profile of Daphnia pulex. Ecotoxicology. 21(2):601–614.

Blanck A, Lamouroux N. 2007. Large-scale intraspecific varia-
tion in life-history traits of European freshwater fish.
J Biogeogr. 34(5):862–875.

Blanco S, Romo S, Villena MJ, Martínez S. 2003. Fish commu-
nities and food web interactions in some shallow
Mediterranean lakes. Hydrobiologia. 506–509(1–3):473–
480.

Boll T, Levi EE, Bezirci G, Özuluğ M, Tavşanoğlu ÜN,
Çakıroğlu Aİ, Özkan S, Brucet S, Jeppesen E, Beklioğlu M.
2016. Fish assemblage and diversity in lakes of western
and central Turkey: role of geo-climatic and other environ-
mental variables. Hydrobiologia. 771:31–44.

Bottrell HH, Duncan A, Gliwicz ZM, Grygierek E, Herzig A,
Hillbricht-Ilkowska A, Kurasawa H, Larsson P, Weglenska
T. 1976. A review of some problems in zooplankton produc-
tion studies. Norw J Zool. 24:419–456.

Brucet S, Boix D, Gascón S, Sala J, Quintana X, Badosa A,
Søndergaard M, Lauridsen TL, Jeppesen E. 2009. Species
richness of crustacean zooplankton and trophic structure
of brackish lagoons in contrasting climate zones: north tem-
perate Denmark and Mediterranean Catalonia (Spain).
Ecography. 32(4):692–702.

182 M. BEKLIOĞLU ET AL.

http://www.mars-project.eu
http://orcid.org/0000-0003-2145-3941
http://orcid.org/0000-0002-6710-0423
http://orcid.org/0000-0001-9038-7285
http://orcid.org/0000-0001-7729-7664
http://orcid.org/0000-0001-5315-8424
http://orcid.org/0000-0001-8462-415X
http://orcid.org/0000-0001-8462-415X
http://orcid.org/0000-0002-3895-7655
http://orcid.org/0000-0003-1911-6508
http://orcid.org/0000-0002-0494-1161
http://orcid.org/0000-0002-0542-369X


Brucet S, Boix D, Quintana XD, Jensen E, Nathansen LW,
Trochine C, Meerhoff M, Gascon S, Jeppesen E. 2010.
Factors influencing zooplankton size structure at contrast-
ing temperatures in coastal shallow lakes: implications for
effects of climate change. Limnol Oceanogr. 55:1697–1711.

Brucet S, Boix D, Nathansen LW, Quintana XD, Jensen E,
Balayla D, Meerhoff M, Jeppesen E, Browman H. 2012.
Effects of temperature, salinity and fish in structuring the
macroinvertebrate community in shallow lakes: implica-
tions for effects of climate change. PLoS ONE. 7(2):e30877.

Brucet S, Pédron S, Mehner T, Lauridsen TL, Argillier C,
Winfield IJ, Volta P, Emmrich M, Hesthagen T,
Holmgren K, et al. 2013. Fish diversity in European lakes:
geographical factors dominate over anthropogenic pres-
sures. Freshwater Biol. 58(9):1779–1793.

Brucet S, Tavşanoğlu ÜN, Özen A, Levi EE, Bezirci G,
Çakıroğlu Aİ, Jeppesen E, Svenning JC, Ersoy Z, Beklioğlu
M. 2017. Size-based interactions across trophic levels in
food webs of shallow Mediterranean lakes. Freshwater
Biol. 62:1819–1830.

Bucak T, Trolle D, Andersen HE, Thodsen H, Erdoğan Ş, Levi
EE, Filiz N, Jeppesen E, Beklioğlu M. 2017. Future
water availability in the largest freshwater Mediterranean
lake is at great risk as evidenced from simulations
with the SWAT model. Sci Total Environ. 581–582:413–
425.

Bucak T, Trolle D, Tavşanoğlu ÜN, Çakıroğlu Aİ, Özen A,
Jeppesen E, Beklioğlu M. 2018. Modeling the effects of cli-
matic and land use changes on phytoplankton and water
quality of the largest Turkish freshwater lake: Lake
Beyşehir. Sci Total Environ. 621:802–816.

Çakıroğlu Aİ, Tavşanoğlu ÜN, Levi EE, Davidson TA, Bucak
T, Özen A, Akyıldız GK, Jeppesen E, Beklioğlu M. 2014.
Relatedness between contemporary and subfossil cladoc-
eran assemblages in Turkish lakes. J Paleolimnol.
52:367–383.

Canfield DE, Shireman JV, Colle DE, Haller WT, Watkins CE,
Maceina MJ. 1984. Prediction of chlorophyll a concentra-
tions in Florida lakes: importance of aquatic macrophytes.
Can J Fish Aquat Sci. 41(3):497–501.

Carpenter SR, Cole JJ, Hodgson JR, Kitchell JF, Pace ML, Bade
D, Cottingham KL, Essington TE, Houser JN, Schindler DE.
2001. Trophic cascades, nutrients, and lake productivity:
whole-lake experiments. Ecol Monogr. 71(2):163–186.

Coops H, Beklioğlu M, Crisman TL. 2003. The role of water-
level fluctuations in shallow lake ecosystems: workshop con-
clusions. Hydrobiologia. 506-509(1–3):23–27.

Coppens J, Özen A, Tavşanoğlu ÜN, Erdoğan Ş, Levi EE,
Yozgatlıgil C, Jeppesen E, Beklioğlu M. 2016. Impact of
alternating wet and dry periods on long-term seasonal phos-
phorus and nitrogen budgets of two shallow Mediterranean
lakes. Sci Total Environ. 563–564:456–467.

Dodson S. 1992. Predicting crustacean zooplankton species
richness. Limnol Oceanogr. 37(4):848–856.

Downing JA, Prairie YT, Cole JJ, Duarte CM, Tranvik LJ,
Striegl RG, McDowell WH, Kortelainen P, Caraco NF,
Melack JM, et al. 2006. The global abundance and size dis-
tribution of lakes, ponds, and impoundments. Limnol
Oceanogr. 51(5):2388–2397.

Dudgeon D, Arthington AH, Gessner MO, Kawabata Z,
Knowler D, Lévêque C, Naiman RJ, Prieur-Richard AH,
Soto D, Stiassny MLJ, et al. 2006. Freshwater biodiversity:

importance, threats, status, and conservation challenges.
Biol Rev. 81(2):163–182.

Dumont HJ, Van De Velde I, Dumont S. 1975. The dry weight
estimate of biomass in a selection of Cladocera, Copepoda
and Rotifera from the plankton, periphyton and benthos
of continental waters. Oecologia. 19(1):75–97.

Durduran SS. 2010. Coastline change assessment on water res-
ervoirs located in the Konya Basin Area, Turkey, using mul-
titemporal Landsat imagery. Environ Monit Assess. 164(1–
4):453–461.

Emmrich M, Pédron S, Brucet S, Winfield IJ, Jeppesen E, Volta
P, Argillier C, Lauridsen TL, Holmgren K, Hesthagen T,
et al. 2014. Geographical patterns in the body-size structure
of European lake fish assemblages along abiotic and biotic
gradients. J Biogeogr. 41:2221–2233.

Flanagan KM, McCauley E, Wrona F, Prowse T. 2003. Climate
change: the potential for latitudinal effects on algal biomass
in aquatic ecosystems. Can J Fish Aquat Sci. 60(6):635–639.

González-Bergonzoni I, Meerhoff M, Davidson TA, Teixeira-
de Mello F, Baattrup-Pedersen A, Jeppesen E. 2012. Meta-
analysis shows a consistent and strong latitudinal pattern
in fish omnivory across ecosystems. Ecosystems. 15
(3):492–503.

Gozlan RE, Karimov BK, Zadereev E, Kuznetsova D, Brucet S.
2019. Status, trends and future dynamics of freshwater eco-
systems in Europe and Central Asia. Inland Waters.
9(1):78–94.

Graveline N, Loubier S, Gleyses G, Rinaudo JD. 2012. Impact
of farming on water resources: assessing uncertainty with
Monte Carlo simulations in a global change context. Agr
Syst. 108:29–41.

Gutierrez MF, Tavşanoğlu ÜN, Vidal N, Yu J, Teixeira-de
Mello F, Çakıroğlu AI, Liu HHZ, Jeppesen E. 2018.
Salinity shapes zooplankton communities and functional
diversity and has complex effects on size structure in
lakes. Hydrobiologia. 813:237–255.

GyllströmM, Hansson LA, Jeppesen E, Garcia-Criado F, Gross
E, Irvine K, Kairesalo T, Kornijow R, Miracle MR, Nykänen
M, et al. 2005. The role of climate in shaping zooplankton
communities of shallow lakes. Limnol Oceanogr. 50
(6):2008–2021.

Hao Z, Singh VP, Xia Y. 2018. Seasonal drought prediction:
advances, challenges, and future prospects. Rev Geophys.
56:108–141.

Havens KE, Ji G, Beaver JR, Fulton RS, Teacher CE. 2019.
Dynamics of cyanobacteria blooms are linked to the hydrol-
ogy of shallow Florida lakes and provide insight into possi-
ble impacts of climate change. Hydrobiologia. 829(1):43–59.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A. 2005.
Very high resolution interpolated climate surfaces for global
land areas. Int J Climatol. 25(15):1965–1978.

Hillebrand H, Dürselen CD, Kirschtel D, Pollingher U, Zohary
T. 1999. Biovolume calculation for pelagic and benthic
microalgae. J Phycol. 35(2):403–424.

Iglesias C, Mazzeo N, Goyenola G, Fosalba C, De Mello FT,
García S, Jeppesen E. 2008. Field and experimental evidence
of the effect of Jenynsia multidentata, a small omnivorous–
planktivorous fish, on the size distribution of zooplankton
in subtropical lakes. Freshwater Biol. 53(9):1797–1807.

[IPCC] Intergovernmental Panel on Climate Change. 2007.
Climate change 2007: impacts, adaptation and vulnerability.
In: Parry ML, Canziani OF, Palutikof JP, van der Linden PJ,

INLAND WATERS 183



Hanson CE, editors. Contribution of Working Group II to
the fourth assessment report of the Intergovernmental
Panel on Climate Change. Cambridge (UK): Cambridge
University Press.

Jeppesen E, Brucet S, Naselli-Flores L, Papastergiadou E,
Stefanidis K, Nöges T, Nöges P, Attayde JL, Zohary T,
Coppens J, et al. 2015. Ecological impacts of global warming
and water abstraction on lakes and reservoirs due to
changes in water level and related changes in salinity.
Hydrobiologia. 750:201–227.

Jeppesen E, Canfield DE Jr, Bachmann RW, Søndergaard M,
Havens KE, Johansson LS, Lauridsen TL, Sh T, Rutter RP,
Warren G, et al. 2020. Towards predicting climate change
effects on lakes: A comparative study of 1600 shallow
lakes from subtropical Florida and temperate Denmark
reveals substantial differences in nutrient dynamics, metab-
olism, trophic structure and top-down control. Inland
Waters. 10(2). doi:10.1080/20442041.2020.1711681.

Jeppesen E, Jensen JP, Søndergaard M, Lauridsen T,
Landkildehus F. 2000. Trophic structure, species richness
and biodiversity in Danish lakes: changes along a phospho-
rus gradient. Freshwater Biol. 45(2):201–218.

Jeppesen E, Kronvang B, Meerhoff M, Søndergaard M, Hansen
KM, Andersen HE, Lauridsen TL, Beklioğlu M, Özen A,
Olesen JE. 2009. Climate change effects on runoff, catchment
phosphorus loading and lake ecological state, and potential
adaptations. J Environ Qual. 38(5):1930–1941.

Jeppesen E, Kronvang B, Olesen JE, Audet J, Søndergaard M,
Hoffman CC, Andersen HE, Lauridsen TL, Liboriussen L,
Larsen SE, et al. 2011. Climate change effects on nitrogen
loading from cultivated catchments in Europe: implications
for nitrogen retention, ecological state of lakes and adapta-
tion. Hydrobiologia. 663(1):1–21.

Jeppesen E, Meerhoff M, Davidson TA, Trolle D, Søndergaard
M, Lauridsen TL, Beklioğlu M, Brucet S, Volta P, González-
Bergonzoni I, et al. 2014. Climate change impacts on lakes:
an integrated ecological perspective based on a multi-fac-
eted approach, with special focus on shallow lakes.
J Limnol. 73(1):84–107.

Jeppesen E, Mehner T, Winfield IJ, Kangur K, Sarvala J,
Gerdeaux D, Rask M, Malmquist HJ, Holmgren K, Volta
P, et al. 2012. Impacts of climate warming on the long-
term dynamics of key fish species in 24 European lakes.
Hydrobiologia. 694(1):1–39.

Jeppesen E, Søndergaard M, Pedersen AR, Jürgens K,
Strzelczak A, Lauridsen TL, Johansson LS. 2007. Salinity
induced regime shift in shallow brackish lagoons.
Ecosystems. 10(1):48–58.

Jespersen AM, Christoffersen K. 1987. Measurements of chlo-
rophyll a from phytoplankton using ethanol as extraction
solvent. Arch Hydrobiol. 109(3):445–454.

Katerji N, Mastrorilli M, Rana G. 2008. Water use efficiency of
crops cultivated in the Mediterranean region: review and
analysis. Eur J Agron. 28(4):493–507.

Larson CA, Belovsky GE. 2013. Salinity and nutrients influ-
ence species richness and evenness of phytoplankton com-
munities in microcosm experiments from Great Salt Lake,
Utah, USA. J Plankton Res. 35:1154–1166.

Legendre P, Legendre L. 1998. Numerical ecology, 2nd English
ed. Amsterdam (Netherlands): Elsevier.

Lelieveld J, Hadjinicolaou P, Kostopoulou E, Chenoweth J, El
Maayar M, Giannakopoulos C, Hannides C, Lange MA,

Tanarhte M, Tyrlis E, et al. 2012. Climate change and
impacts in the Eastern Mediterranean and the Middle
East. Clim Change. 114(3–4):667–687.

Lemmens P, Declerck SAJ, Steven AJ, Tuytens K,
Vanderstukken M, De Meester L. 2018. Bottom-up effects
on biomass versus top-down effects on identity: a multi-
ple-lake fish community manipulation experiment.
Ecosystems. 21(1):166–177.

Levi EE, Çakıroğlu AI, Bucak T, Vad Odgaard B, Davidson TA,
Jeppesen E, Beklioğlu M. 2014. Similarity between
contemporary vegetation and plant remains in the surface
sediment in Mediterranean lakes. Freshwater Biol. 59
(4):724–736.

Mackereth FJH, Heron J, Talling JF. 1978. Water analysis:
some revised methods for limnologists. Ambleside (UK):
Freshwater Biological Association, Scientific Publication
No. 36; 121 p.

Malmquist HJ, Antonsson T, Ingvason HR, Àrnason F. 2009.
Salmonid fish and warming of shallow Lake Elliðavatn in
Southwest Iceland. Verh Int Verein Limnol. 30:1127–1132.

Mantzouki E, Beklioglu M, Brookes JD, de Senerpont Domis
LN, Dugan HA, Doubek JP, Grossart HP, Nejstgaard JC,
Pollard AI, Ptacnik R, et al. 2018. Snapshot surveys for
lake monitoring, more than a shot in the dark: opinion arti-
cle. Front Ecol Evol. 6:201.

Mazumder A, Havens KE. 1998. Nutrient–chlorophyll–Secchi
relationships under contrasting grazer communities of tem-
perate versus subtropical lakes. Can J Fish Aquat Sci.
55:1652–1662.

McCauley E. 1984. The estimation of the abundance and bio-
mass of zooplankton in samples. In: Downing JA, Rigler FH,
editors. A manual on methods for the assessment of second-
ary productivity in fresh waters. IBP Handbook 17. Oxford
(UK): Blackwell Scientific Publications; p. 228–265.

Meehl GA, Stocker TF, Collins WD, Friedlingstein P, Gaye T,
Gregory JM, Kitoh A, Knutti R, Murphy JM, Noda A, et al.
2007. Global climate projections. In: Susan S, editor.
Climate change-the physical science basis—contribution
of Working Group 1 to the fourth assessment report of
the Intergovernmental Panel on Climate Change.
Cambridge (UK): Cambridge University Press; p. 747–845.

Meerhoff M, Clemente JM, Teixeira-de Mello F, Iglesias C,
Pedersen AR, Jeppesen E. 2007. Can warm climate-related
structure of littoral predator assemblies weaken the clear
water state in shallow lakes? Global Change Biol. 13
(9):1888–1897.

Meerhoff M, Teixeira-de Mello F, Kruk C, Alonso C,
González-Bergonzoni I, Pacheco JP, Arim M, Beklioğlu M,
Brucet S, Goyenola G, et al. 2012. Environmental warming
in shallow lakes: a review of effects on community structure
as evidenced from space-for-time substitution approaches.
Adv Ecol Res. 46:259–350.

Moss B. 2010. Climate change, nutrient pollution and the bar-
gain of Dr Faustus. Freshwater Biol. 55(1):175–187.

Moss B, Kosten S, Meerhoff M, Battarbee R, Jeppesen E,
Mazzeo N, Havens K, Lacerot G, Liu Z, De Meester L,
Paerl H, et al. 2011. Allied attack: climate change and eutro-
phication. Inland Waters. 1(2):101–105.

Moss B, Stephen D, Alvarez C, Bécares E, Bund WVD,
Collings SE, Van Donk E, De Eyto E, Feldmann T,
Fernández-Aláez C, et al. 2003. The determination of eco-
logical status in shallow lakes—a tested system

184 M. BEKLIOĞLU ET AL.

https://doi.org/10.1080/20442041.2020.1711681


(ECOFRAME) for implementation of the European Water
Framework Directive. Aquat Conserv. 13(6):507–549.

Özen A, Karapınar B, Kucuk İ, Jeppesen E, Beklioğlu M. 2010.
Drought-induced changes in nutrient concentrations and
retention in two shallow Mediterranean lakes subjected to
different degrees of management. Hydrobiologia. 646
(1):61–72.

Pachauri RK, Allen MR, Barros VR, Broome J, Cramer W,
Christ R, Church JA, Clarke L, Dahe Q, Dasgupta P, et al.
Climate change. 2014. Synthesis report. In: Pachauri R,
Meyer L, editors. Contribution of Working Groups I, II
and III to the fifth assessment report of the
Intergovernmental Panel on Climate Change. Geneva
(Switzerland): IPCC, ISBN: 978-92-9169-143-2; 151 p.

Paerl HW, Huisman J. 2009. Climate change: a catalyst for
global expansion of harmful cyanobacterial blooms. Env
Microbiol Rep. 1(1):27–37.

Peel MC, Finlayson BL, McMahon TA. 2007. Updated world
map of the Köppen-Geiger climate classification. Hydrol
Earth Syst Sci. 11:1633–1644.

RDevelopment Core Team. 2019. R: a language and environment
for statistical computing. Vienna (Austria). ISBN3-900051-07-
0 [accessed 2019 April 25]. http://www.R-project.org

Richardson J, Feuchtmayr H, Miller C, Hunter PD, Maberly SC,
Carvalho L. 2019. The response of cyanobacteria and phyto-
plankton abundance to warming, extreme rainfall events and
nutrient enrichment. Global Change Biol. 25:3365–3380.

Ruttner-Kolisko A. 1977. Suggestions for biomass calculation
of planktonic rotifers. Arch Hydrobiol Beih Ergebn
Limnol. 8(7):71–76.

Sabater S, Bregoli F, Acuña V, Barceló D, Elosegi A, Ginebreda
A, Marcé R, Muñoz I, Sabater-Liesa L, Ferreira V. 2018.
Effects of human-driven water stress on river ecosystems:
a meta-analysis. Sci Rep. 8(11462).

Sanz D, Castaño S, Cassiraga E, Sahuquillo A, Gómez-Alday JJ,
Peña S, Calera A. 2011. Modeling aquifer-river interactions
under the influence of groundwater abstraction in the
Mancha Oriental System (SE Spain). Hydrogeol J. 19
(2):475–487.

Şekercioğlu ÇH, Anderson S, Akçay E, Bilgin R, Can ÖE,
Semiz G, Tavşanoğlu Ç, Yokeş MB, Soyumert A, İpekdal
K, et al. 2011. Turkey’s globally important biodiversity in
crisis. Biol Conserv. 144(12):2752–2769.

Sun J, Liu D. 2003. Geometric models for calculating cell bio-
volume and surface area for phytoplankton. J Plankton Res.
25(11):1331–1346.

Talling JF. 2001. Environmental controls on the functioning of
shallow tropical lakes. Hydrobiologia. 458:1–8.

Tavşanoğlu ÜN, Brucet S, Levi EE, Bucak T, Bezirci G, Özen A,
Johansson LS, Jeppesen E, Beklioğlu M. 2015. Size-based
diel migration of zooplankton in Mediterranean shallow
lakes assessed from in situ experiments with artificial plants.
Hydrobiologia. 753:47–59.

Tavşanoğlu ÜN, Çakiroğlu AI, Erdoğan Ş, Meerhoff M,
Jeppesen E, Beklioglu M. 2012. Sediments, not plants,
offer the preferred refuge for Daphnia against fish predation
in Mediterranean shallow lakes: an experimental demon-
stration. Freshwater Biol. 57:785–802.

Tavşanoğlu ÜN, Šorf M, Stefanidis K, Brucet S, Türkan S,
Agasild H, Baho DL, Scharfenberger U, Hejzlar J,
Papustergiadou E, et al. 2017. Effects of nutrient and
water level changes on the composition and size structure
of zooplankton communities for shallow lakes under differ-
ent climatic conditions: a pan-European mesocosm experi-
ment. Aquat Ecol. 51(2):257–273.

Turkish Meteorological Office. 2013. Turkish State
Meteorological Service [accessed 2019 May 10]. https://
mgm.gov.tr/

Turkish Statistical Institute. 2013. Database for livestock statis-
tics. Statistics for livestock [accessed 2019 May 10]. http://
www.tuik.gov.tr/Start.do

Turunçoğlu UU, Dalfes N, Murphy S, DeLuca C. 2013.
Toward self-describing and workflow integrated Earth sys-
tem models: a coupled atmosphere-ocean modeling system
application. Environ Modell Softw. 39:247–262.

Utermöhl H. 1958. Zur Vervollkommung der quantitativen
Phytoplankton Methodik [Perfecting the quantitative phy-
toplankton methodology]. Mitt Int Verein Theor Angew
Limnol. 9:1–38.

Woodward G. 2009. Biodiversity, ecosystem functioning and
food webs in fresh waters: assembling the jigsaw puzzle.
Freshwater Biol. 54(10):2171–2187.

Woodward G, Perkins DM, Brown LE. 2010.
Climate change and freshwater ecosystems: impacts across
multiple levels of organization. Philos T Roy Soc B.
365:2093–2106.

[WorldClim] WorldClime–Global Climate Data. 2013. Free
climate data for ecological modelling and GIS, Version 1.3
[accessed 2019 April 25]. https://www.worldclim.org/

Yang XE, Wu X, Hao HL, He ZL. 2008. Mechanisms and
assessment of water eutrophication. J Zhejiang Univ-Sc B.
9(3):197–209.

INLAND WATERS 185

http://www.R-project.org
https://mgm.gov.tr/
https://mgm.gov.tr/
http://www.tuik.gov.tr/Start.do
http://www.tuik.gov.tr/Start.do
https://www.worldclim.org/

	Abstract
	Introduction
	Materials and methods
	Study sites
	Sampling and analysis
	Statistical analyses

	Results
	Discussion
	Influence of temperature (climate)
	Influence of nutrients (TN)
	Influence of salinity
	Influence of additional variables
	Northern and southern highland and lowland lakes
	Conclusions, caveats, and perspectives

	Acknowledgements
	Disclosure statement
	ORCID
	References

