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Body size is an important trait of any organism, including phytoplankton, because it affects physiological and
morphological performance, reproduction, population growth rate and competitive interactions. Understanding how
interacting top-down and bottom-up factors influence phytoplankton cell size in different aquatic environments is
still a challenge. Structural equation modeling (SEM) is a comprehensive multivariate statistical tool for detecting
cause–effect relationship among different variables and their hierarchical structure in complex networks (e.g. trophic
interactions in ecosystems). Here, several SEMmodels were employed to investigate the direct and indirect interaction
pathways affecting the phytoplankton size structure in 44 mostly eutrophic and hypereutrophic permanent lakes in
western Turkey. Among the 15 environmental variables tested, only rotifers and Carlson’s Trophic Index (TSI) had
significant direct positive effect on the mean phytoplankton size and size variance, respectively. The results indicate
that both bottom-up and top-down factors significantly affect phytoplankton community size structure in eutrophic
and hypereutrophic lakes in warm climates. Rotifer grazing increased the abundance of large-sized phytoplankton
species, such as filamentous and colonial cyanobacteria and TSI affected phytoplankton size variance, with a higher
size variance in hypereutrophic lakes.
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INTRODUCTION
Phytoplankton are the main primary producers in most
aquatic ecosystems and responsible for nearly half of
primary production on Earth (Field et al., 1998). Since
they form the base of most aquatic food webs, phyto-
plankton productivity affects all levels of the food web
(Graham and Wilcox, 2000). Moreover, they are a highly
diverse group and their size ranges from picoplankton,
with cell dimensions around 1–5 μm, to some colonial or
filamentous species that can be visible to the naked eye
(Reynolds, 2006). Cell size is a key trait for phytoplankton,
because it affects fundamental survival functions, like
nutrient uptake (Aksnes and Egge, 2006; Litchman and
Klausmeier, 2008), sinking rate (Padisák et al., 2003) and
grazer resistance (Pančić and Kiørboe, 2018). Both mean
cell size and the variance in cell size are important char-
acteristics of phytoplankton communities. They influence
the structure of planktonic food webs, cycling of energy
and materials and affect multiple ecosystem functions.
Variance in cell size is positively correlated with functional
diversity (Acevedo-Trejos et al., 2015).
Both abiotic (bottom-up) and biotic (top-down) factors

affect cell size. Availability of nutrients is generally consid-
ered to be one of the main abiotic drivers of phytoplank-
ton size (Edwards et al., 2012). For instance, small-celled
(10–20 μm) species have an advantage under nutrient-
deficient conditions due to high surface-to-volume ratio
(Chisholm, 1992; Clark et al., 2013). In contrast, large cells
perform better at high nutrient conditions, and increase
nutrient uptake with strategies such as distorting the diffu-
sive boundary layer, swimming, sinking or cell elongation
(Karp-Boss et al., 1996). Larger cells can also contain big-
ger vacuoles to store more nutrients, allowing for luxury
consumption (Litchman et al., 2009).
Eutrophication is one of the main causes of cyanobac-

terial blooms in recent decades (Paerl et al., 2011; Chirico
et al., 2020), but temperature increases due to climate
change also plays a role in increasing blooms. Temper-
ature affects phytoplankton seasonality, community struc-
ture and size distribution (Sheridan and Bickford, 2011;
Havens et al., 2019). Because the optimum growth tem-
perature of cyanobacteria is usually higher than in other
groups (25–35◦C), they may be favored by higher tem-
peratures (Thomas et al., 2016; Maliaka et al., 2020).
Temperature increase also enhances stratification, which
many cyanobacteria with gas vesicles are able to exploit
(Paerl and Huisman, 2009). Cyanobacterial blooms in
surface waters also may locally increase water temper-
ature due to high light absorption by photosynthetic
pigments, which in turn can enhance their competitive
advantage over other phytoplankton groups (Hense and
Beckmann, 2006; Mantzouki et al., 2018).

Grazing pressure, which is related to zooplankton com-
munity structure, has a direct effect on phytoplankton
size structure in lakes (Edwards et al., 2011; Hulot et al.,
2014; Frau et al., 2017). Although small-sized zooplankton
groups, like rotifers, small-sized cladocerans and nauplii
are capable of grazing on small phytoplankton species,
large cladocerans and calanoid copepods usually prefer
intermediate- and large-sized phytoplankton (Lampert
and Sommer, 2007; Colina et al., 2016). In eutrophic,
warm temperate and subtropical lakes (hereafter referred
as warm lakes), the zooplankton community is usually
dominated by small-sized zooplankton species due to
predation pressure on the zooplankton by fish (Jeppesen
et al., 1997; Vadadi-Fülöp et al., 2012; Tavşanoğlu et al.,
2015), which are predominately small, omnivorous and
found in high density (Meerhoff et al., 2012; Frau et al.,
2015; Boll et al., 2016). Consequently, grazing pressure
by small-sized grazers on small phytoplankton is expected
to be more intense in warm or eutrophic lakes (Mat-
suzaki et al., 2018). Similarly, Ger et al. (2016) and Mao
et al. (2020) suggested that top-down control on large
phytoplankton species in eutrophic waters is relatively
weak because of the small size of zooplankton grazers
and dominance by grazer-resistant large filamentous or
colonial phytoplankton.
Understanding underlying ecological mechanisms in

these systems is difficult because interactions between
abiotic and biotic parameters are complex and often non-
linear. To overcome these difficulties, we employ struc-
tural equation modeling (SEM)—a powerful multivariate
statistical tool to evaluate two or more structural cause–
effect relations to model multivariate relationships based
on correlations (Grace et al., 2015). SEM is a classic
approach (Wright, 1920, 1921) whose implementation
in ecology has increased in recent years (Grace, 2006),
though its application in freshwater ecosystems is still lim-
ited (Stomp et al., 2011; Fan et al., 2016; Cao et al., 2017;
Laughlin and Grace, 2019). SEM uses confirmatory fac-
tor analysis and path analysis to infer causal relationships
from complex ecological interactions, disentangling direct
and indirect effects of different drivers (Anderson and
Gerbing, 1988; Grace, 2006; Fan et al., 2016). SEM also
allows flexibility in defining the directionality of trophic
interactions, for example the interaction can be fixed as
zooplankton→ phytoplankton or phytoplankton→ zoo-
plankton.
In this study, we aimed to understand the main control-

ling factors on mean phytoplankton size and size variance
by SEM using multi-trophic-level data from 44 Turkish
lakes, allowing us to explore the effects of both top-down
(fish and zooplankton) and bottom-up (temperature, TP,
TN, etc.) drivers and their interactions. We hypothesized
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Ş. ERDOĞAN ET AL. DETERMINANTS OF PHYTOPLANKTON SIZE STRUCTURE

Fig. 1. Study lakes on the map of Turkey given each with a number. The color coding indicates the altitude of the lake; blue: 0–50 m.a.s.l.,
green:500–1000 m.a.s.l. and orange:1000–1500 m.a.s.l.

that in warm nutrient-rich lakes, high selective grazing on
small phytoplankton species is likely to lead to an increase
in mean phytoplankton size, due to high abundance of
small-sized grazers such as rotifers and small cladocerans.
In addition, the increase of grazing resistant large-bodied
species, like filamentous and colonial species of cyanobac-
teria, would lead to an increase in phytoplankton size
variance within a lake.

METHODS

Study lakes

Turkey is located between 36–42◦N latitude and 26–
45◦E longitude, with highlymountainous topography and
with multiple climatic zones, ranging from arid, cold
steppes to a warm temperate region to the hot and dry
Mediterranean (Peel et al., 2007). We sampled 44 per-
manent lakes between years 2006 and 2012. The lakes
are located in Western Anatolian Plateau, distributed
from north to the south, ranging from warm temperate
to hot Mediterranean climates. Elevation of sampling

sites ranges from sea-level to 1423 m.a.s.l. and latitudinal
gradient is between 37◦N and 42◦N (Fig. 1).

Sampling and analyses

Samples were collected during the peak-growing sea-
son (July–August) along both latitudinal and elevational
gradients. All the lakes were sampled once, and depth-
integrated water samples for all physico-chemical and
biological variables were collected using a snap-shot sam-
pling protocol that is widely used for sampling of lakes in
different continents (Kruk et al., 2009; Kosten et al., 2012;
Levi et al., 2014). The details of the study lakes can be
found in Beklioğlu et al. (2020).

Abiotic variables

The depth profile of each lake was determined in parallel
transects at even intervals by using a Portable Sounder
(Speechtech SM-5), the number of transects in each lake
was based on lake area. Temperature was measured in situ
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with a YSI 556 MPS multi-probe (YSI, Yellow Springs,
OH, USA), and Secchi disc transparency was measured
with a 20-cm diameter disc at the deepest point of each
lake. Depth-integrated samples including the entire water
column (surface to bottom) were taken at the deepest
point for each lake with a KC Denmark Ruttner sampler
(3.5-L capacity with a length of 50 cm). We collected a
total volume of 40 L. If a lake was too shallow to yield
that volume from a single sampling point, we took several
depth-integrated water samples from several points at the
deepest area to collect the required volume. The water
sample was mixed in a barrel and sub-samples were
taken for chemical analyses and for phytoplankton and
zooplankton investigation. Samples for water chemistry
analyses were stored frozen until analyzed for total phos-
phorus (TP; Mackereth et al., 1978), chlorophyll-a (Chl-
a; Jespersen and Christoffersen, 1987) and total nitrogen
(TN; using a Scalar Auto-analyzer, San++ Automated
Wet Chemistry Analyzer, Skalar Analytical, B.V. Breda,
The Netherlands).
In order to determine the trophic status of the lakes,

Carlson’s Trophic Index (TSI; Carlson, 1977, 1996) was
calculated based on TP, Chl-a and Secchi disc depth (SD)
measurements by employing the following equations;

TSI (Chla) = 9.81 ∗ ln (Chla) + 30.6
TSI (SD) = 60− 14.41 ∗ ln (SD)

TSI (TP) = 14.42 ∗ ln (TP) + 4.15

The average of these three equations was calculated
as the final TSI for each lake’s trophic status. TSI index
ranges from 0 to 100 that indicates the most oligotropic
and most eutrophic water trophic states, respectively.

Biotic variables

Fifty milliliter of water from the 40 L of composite water
sample from each lake was fixed using a 2% Lugol’s
solution, and they were stored in 50-mL dark glass bot-
tles for phytoplankton enumeration. Phytoplankton sam-
ples were counted according to the Utermöhl technique
(1958). Samples were shaken at least 100 times, then,
depending on the sample volume, were settled in Uter-
möhl chambers for 16–24 h. Subsequently, samples were
counted in horizontal transects under an inverted micro-
scope, until reaching 400 natural units of the most abun-
dant species. For small species ×400 and ×630 magnifi-
cations and for large species×20magnification were used
(Leica DMI, 4000B).
Filamentous and colonial species were counted as

one unit, and, where possible, organisms smaller than
2 μm were also counted. Identification of phytoplankton
species was carried out by the same person, using
reference taxonomy books (Prescott, 1973; Komarek

and Fott, 1983; Popovski and Pfiester, 1990; Cox, 1996;
Komarek and Anagnostidis, 1999; John et al., 2002).
Whenever possible, the dimensions of 10 individuals
per phytoplankton species were measured in each lake
and the same species means were applied in all lakes
to calculate phytoplankton community mean size and
size variances. Measurements were done with Leica
image analysis program, and biovolume was calculated
according to Hillebrand et al. (1999).
To sample for zooplankton, we filtered 20 L through

a 2-μm mesh (see Beklioğlu et al., 2020; Çakıroğlu et al.,
2016 for details). Zooplankton samples were stored in
50-mL dark glass bottles and preserved in 4% Lugol’s
iodine solution. Zooplankton counts were carried out at
the genus or species level, where possible. Samples were
counted until 50–100 individuals of the most abundant
taxa were recorded and, when possible, body sizes of
about 25 individuals of each taxon were measured and
body weight was calculated from length–weight allomet-
ric relationships (Dumont et al., 1975; Bottrell et al., 1976;
McCauley, 1984; Michaloudi, 2005). The biomass of
each zooplankton species or genus was calculated and
converted to dry weight according to Dumont et al.
(1975), Ruttner-Kolisko (1977) and Malley et al. (1989).
Fish community structure and abundance (catch per

numbers unit effort, CPUE, number net−1) were deter-
mined using Lundgren multi-mesh gillnets, covering 12
mesh sizes (5, 6.5, 8, 10, 12.5, 15.5, 19.5, 24.5, 29, 35,
43 and 55 mm; see Boll et al., 2016 for details). The
number of gillnets for each lake was determined based
on the lake area (0–2 ha: 2 sets of nets, 2–20 ha: 4 sets
nets, 20–100 ha: 6 sets nets and > 100 ha: 8 sets nets).
The gillnets were deployed parallel to the shore, to both
littoral and pelagic zones for 12 h. Detailed information
can be found in Boll et al. (2016). Zooplanktivorous fish
density (number of fish net−1 night−1), and the total fish
to zooplanktivorous fish ratio were calculated.
The macrophyte survey was conducted in transects,

with a rake. Plant height, plant coverage, water depth and
GPS coordinates were noted at each sampling point along
each transect. Percent plant volume inhabited (PVI) data
of the each of the study lakes were taken from Levi et al.
(2014) and it was calculated based on the formula of plant
coverage × average plant height/water depth (Canfield
et al., 1984).

Data analysis

Mean size-based biovolume for each phytoplankton
species andmean size-based biomass of each zooplankton
species were calculated as follows:

Mean phytoplankton size
(
μm3

)
=

∑
(mean volume ∗ abundance)∑

abundance
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Based on calculated size data, size variance (s2) for
phytoplankton in each lake was calculated as follows:

s2
(
μm3/L−1) =

∑ (
X−X

)2
n−1

X = ∑
(Mean volume ∗ abundance)

Consequently, we obtained two size-related variables
for each lake: (i) mean phytoplankton size and (ii) phyto-
plankton size variance. The same mean size formula was
also used to calculate zooplankton mean size.
SEM enabled us to determine how much variation in

mean phytoplankton size and phytoplankton size variance
could be explained by abiotic or biotic variables. A con-
vincing SEMmodel should have the following acceptable
fit measures: non-significant chi-square, low root-mean-
square error of approximation (RMSEA< 0.05), high
goodness-of-fit statistic (GFI> 0.09), high comparative
fit index (CFI> 0.09) and low standardized root-mean-
square residual (SRMR< 0.08; Browne et al., 1993;
Kline, 2005; Hooper et al., 2008). If the fit measures were
not satisfactory, the initial model was modified according
to the reasonable biological assumptions. Analyses were
repeated until the best-fit measures and significant
interactions among all the remaining variables were
obtained. Possible interaction pathways were tried among
significant parameters and the best result was chosen
according to the SEM fit parameters and significance of
explanation.
Our sample size was relatively small (44 lakes), thus we

could only use four environmental variables as explana-
tory variables in SEM to achieve adequate statistical
power. We used a pearson correlation matrix as a first
step to eliminate variables with high correlation coeffi-
cients and prevent multicollinearity (correlation coeffi-
cient> 0.8; Maruyama, 1998; Fig. 2 and Supplementary
Fig. S1). Among the possible variables, nutrients, tem-
perature and grazing are known to be among the main
drivers of phytoplankton community structure (Edwards
et al., 2012; Hulot et al., 2014; Thomas et al., 2017), and
zooplanktivorous fish may have indirect effect on phy-
toplankton via grazing on zooplankton (Meerhoff et al.,
2012). Consequently, TSI, temperature, total zooplank-
ton biomass, biomasses of different zooplankton taxa,
zooplanktivorous fish and total fish zooplanktivorous fish
ratio were chosen as the main parameters to include to
the SEM.
Only four explanatory variables may not be enough to

explain complex ecological pathways. Therefore, differ-
ent SEMs were used to find the best model that explains
the most interactions and main regulation patterns. The
different SEMs were constructed by replacing TSI with

TP and TN, separately, and by replacing total zooplank-
ton biomass with different zooplankton groups i.e. Clado-
cera, Rotifera and Copepoda and zooplankton mean size.
In addition, a model using the ratio of zooplanktivo-
rous fish to total fish biomass was compared with one
using zooplanktivorous fish biomass. Subsequently, the
best model among all different SEMs was chosen.
Tomeet the normality assumption, we log transformed

phytoplankton size, phytoplankton size variance, TSI,
surface temperature, TP, TN, total zooplankton, Chl-
a, latitude, Secchi disc depth, air temperature and
zooplankton size. For measurements that included zero
values (total fish/zooplanktivorous fish ratio, zooplank-
tivorous fish, cladocera, copepod, rotifer and PVI),
we log(x + z) transformed the data with z set to 50%
of detection limit for the biotic variables and 1 for
elevation.
We calculated Mardia’s coefficient of multivariate kur-

tosis and skewness values for each variable to check mul-
tivariate and univariate normality assumptions (Kline,
2005; Wang et al., 2011). Acceptable Mardia’s coeffi-
cient of multivariate kurtosis should be smaller than 1.96
(Wang et al., 2011) and it was calculated as −1.59. Skew-
ness and kurtosis values for each variable were also cal-
culated to check univariate normality assumption. All of
our variables fell within the acceptable range for SEM of
−3 to +3 for skewness, −10 to +10 for kurtosis (Kline,
2005; Weston and Gore, 2006).
Change in biomasses of total zooplankton, Cladocera,

Copepoda, Rotifera and cyanobacteria biovolume among
different trophic states were tested using Kruskall–Wallis
test with Bonferroni correction (P > 0.05).
R software (lavaan package) version 3.1.3 (R Develop-

ment Core Team, 2015) was used to conduct all statistical
analyses.

RESULTS

Water temperature of the lakes ranged from 16 to 32◦C
(Table I). Elevation ranged from 0 to 1423 m.a.s.l. The
lowest Secchi disc transparency was recorded in Lake
Küçük Akgöl (0.2 m) and the highest was recorded in
Lake Abant (9 m), consistent with the TP concentra-
tions, as the highest TP concentration was recorded in
Lake Küçük Akgöl (632 μg L−1) and the lowest TP was
measured in Lake Abant (15 μg L−1). The highest TN
concentration was 2340 μg L−1 (Lake Balıklı) and the
lowest TN value was 238 μg L−1 (Lake Poyrazlar). Accord-
ing to the TSI classification, there were 6 mesotrophic,
30 eutrophic and 8 hypereutrophic lakes. Mean sub-
merged plant PVI was 19% across all lakes, however
no macrophytes were recorded in 9 of the study sites
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Fig. 2. Pearson correlation matrix and correlation coefficients for PVI, zooplanktivorous fish, total fish/zooplanktivorous fish, latitude, altitude,
Copepoda, zooplankton size (zoopsize), total zooplankton biomass (total zoop), Cladocera, phytoplankton size variance (phyto variance), TSI, TP,
Chl-a, TN, air temperature, phytoplankton mean size (phyto size) and rotifera.

(Lakes Baldımaz, Derin, Buyuk, Ince, Eymir, Taşkısığı,
Karagöl, Seyfe and Barutçu). The most prevalent macro-
phyte taxa were Ceratophyllum sp., Myriophyllum spp., Pota-

mogeton spp. and Najas marina. Cyprinidae were the dom-
inant fish group in study lakes and mostly juvenile Cypri-

nus and Carassius spp. were observed in all lakes (Boll
et al., 2016). Abundance of total zooplanktivorous fish
for each lake is presented in supplementary material
(Supplementary Fig. S2), and the details of fish taxonomy
can be found in Boll et al. (2016).

According to Pearson’s correlation results, phytoplank-
ton mean size was positively correlated with Rotifera
biomass and zooplanktivorous fish abundance (Fig. 2 and
Supplementary Fig. S1), whereas variance in phytoplank-
ton size was positively correlated with Copepoda, zoo-
planktivorous fish abundance, temperature, TSI, TP, TN,
Chl-a and negatively correlated with elevation, secchi and
latitude. The highest positive correlation was observed
between TSI and secchi (−0.85). No significant correla-
tion was observed for total fish/zooplanktivorous fish ratio
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Table I: Main physical, chemical and biological characteristics of the study lakes (n = 44)

Variables Range Mean Median

Elevation (m) 0–1423 749.4 972.5

Latitude (oN) 36.7–41.9 39.7 38.9

Summer mean air temperature (◦C) 19.6–29.4 23.7 23.2

Surface water temperature (◦C) 16–32.4 24.5 25

TP (μg L−1) 15–632.6 121.2 81.1

TN (μg L−1) 238.8–2340 1084.6 972.9

TSI 38.9–83.7 61.9 63.2

Chlorophyll-a (μg L−1) 1.8–181.1 31 14.4

Total phytoplankton biovolume (mm3 L−1) 0.1–76.7 14.5 6.5

Total zooplankton biomass (μg L−1) 0.1–678.3 62.5 13.4

Cladoceran biomass (μg L−1) 0–62.7 7.4 1.8

Copepod biomass (μg L−1) 0–623.7 23.5 1.9

Rotifer biomass (μg L−1) 0–133.3 6.3 1.4

Zooplanktivorous fish (number net−1 night−1) 0–1210 100 1.3

Total fish/Zooplanktivorous fish (number net−1 night−1) 0–168 8.8 27.5

Submerged plants PVI 0–79.9 19.3 6.3

(see Fig. 2 and Supplementary Fig. S1 details for other
variables).

Phytoplankton and Zooplankton Taxonomic
Composition

Total phytoplankton biovolumes were generally high
in nutrient-rich lakes (Figs 3a and 4). The percent-
age of Cyanobacteria was higher in eutrophic and
hypereutrophic lakes compared with mesotrophic ones
and significantly increased with TSI value (R2 = 0.11,
P < 0.05). Cyanobacterial species were mostly from the
generaMicrocystis,Merismopedia andAnabaena (some species
from this genus were recently renamed Dolichospermum

and Sphaerospermopsis). Detailed phytoplankton taxon-
omy and biovolume data for each lake are presented
in supplementary material (Supplementary Tables S1
and S2). Although cyanobacteria biovolume differ-
ences among mesotrophic-eutrophic (P < 0.05) and
mesotrophic-hypereutrophic (P < 0.05) lake groups were
statistically significant, the difference between eutrophic
and hypereutrophic lakes (as determined by TSI) was
not significant (P > 0.05 by Kruskal–Wallis/Bonferroni;
Fig. 4c). Bacillariophyta, Dinophyta and Chlorophyta
contributions were high in mesotrophic lakes, while
in eutrophic and hypereutrophic lakes, cyanobacteria,
Chlorophyta and Cryptophyta groups contributed the
most to biovolume (Fig. 4b). The lowest cyanobacteria
biovolume was observed in mesotrophic lakes and
the highest cyanobacteria biovolume was observed in
hypereutrophic lakes (Fig. 4c).
Total zooplankton biomass did not show a consistent

increase along the TP gradient, although a few lakes
that had very high biomasses had the highest TP
(Fig. 3c and Supplementary Fig. S5). Mean zooplankton
size differed among lakes (Fig. 3d) and the highest mean

zooplankton size was observed in Copepoda group
(Supplementary Fig. S6). Bosmina and Ceriodaphnia were
the most frequent Cladoceran taxa and in eutrophic
and mesotrophic lakes, small-bodied (0.3–0.5 mm)
cladoceran species such as Bosmina, Chydorus and Alona

were dominant. Brachionus, Trichocerca, Poliarthra, Keratella

and Filina were the most commonly observed rotifer
taxa. Both calanoid and cyclopoid copepods were
observed across all lakes and dominant in eutrophic and
hypereutropic lakes. Detailed zooplankton taxonomy
and biomass data for each lake are given in supple-
mentary material (Supplementary Tables S3 and S4).
The difference among total biomasses of Cladocera,
Copepoda and Rotifera and among different trophic
states were not statistically significant (P > 0.05 by
Kruskal–Wallis/Bonferroni; Fig. 5).

SEM of phytoplankton mean size

Mean phytoplankton size did not show clear pattern
with increasing TP (Fig. 3b). However, mean size was
generally high at high TP concentration. Moreover, the
highest mean unit size was observed in cyanobacteria
group (Supplementary Fig. S5). Among different models
that tested different explanatory variables (Fig. 6a),
phytoplankton mean size was best explained by the
biomass of rotifers, zooplanktivorous fish and TP
(Fig. 6b). This SEM model did not reveal direct effects
of TP and zooplanktivorous fish on mean phytoplankton
size, but they acted indirectly through rotifer biomass,
which had a significant, direct and positive effect on
phytoplankton mean size (R2 = 0.15, P < 0.01). Overall
SEM results explained 15% of total variance in mean size
(RMSEA= 0, X 2 = 0.524, df = 3, GFI= 0.98, CFI= 1
and SRMR= 0.061; Fig. 6b).
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Fig. 3. (a) Total phytoplankton biovolume (mm3 L−1) for each study site along the TP concentration gradient, increasing from left to right, (b)
Mean phytoplankton size (μm) for each study site, (c) Total zooplankton biomass (μg L−1) for each study site, (d) Mean zooplankton size (μm) for
each study site.

SEM of phytoplankton size variance

The best SEM of variance in phytoplankton size included
TSI, and altitude as predictors (Fig. 6c). Although TSI
has a direct effect on size variance, altitude had an

indirect effect (R2 = 0.32, P < 0.05). Overall, our model
explained 32%of variance in phytoplankton size variance
(RMSEA= 0, X 2 = 0.255, df = 1, GFI= 0.996, CFI= 1
and SRMR= 0.025; Fig. 6c).
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Fig. 4. Phytoplankton community composition in the study lakes grouped based on the total TSI index classification (a) mean phytoplankton
biovolume (b) percent contribution of phytoplankton groups (c) Mean cyanobacteria biovolume in the study lakes.

Fig. 5. Mean zooplankton biomass of major taxonomic groups in lakes based on the total TSI index classification (a) mean zooplankton biomass
(b) percent contribution of zooplankton groups.

DISCUSSION

The results of SEM suggest that in warm lakes selective
grazing by small-sized zooplankton, mainly rotifers, had
a direct effect on phytoplankton mean size while TSI has
a direct positive effect on variance in phytoplankton size.
These results were in accordance with our first and second
hypotheses.
The significant direct positive effect of rotifers on

phytoplankton mean size (Fig. 6b) may be the result of
rotifers’ selective grazing pressure on small-sized phy-
toplankton. Owing to their small size, rotifers generally
are not considered a potential phytoplankton size and
biomass regulator. However, at high enough densities,

rotifers may have a strong impact on phytoplankton
biomass, especially for small-sized species (Lionard et al.,
2005). A similar effect was observed by Wong et al.
(2016). According to their results, average phytoplankton
size tends to increase with eutrophication due to higher
grazing pressure by micro-zooplankton (small rotifers and
ciliates, smaller than 200 μm) on small phytoplankton
species, eventually causing a proportional loss of 44
and 53% in small and medium phytoplankton species,
respectively (Wong et al., 2016).
In our study, cyanobacteria species had the largest cells

and their biomass was higher in eutrophic and hyper-
eutrophic lakes (Fig. 4c and Supplementary Fig. S5).
Rotifers can only graze on small organisms up to 5 μm
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Fig. 6. Phytoplankton mean size and size variance SEM analysis results (a) initial SEM diagram with all variables from each group were tested
individually, (b) Phytoplankton mean size SEM results, (c) phytoplankton size variance SEM results. Arrows represent casual positive relationship,
coefficients and significance values are presented on arrow lines. R2 values are given under variable names. P < 0.05∗; 0.01∗∗; 0.001∗∗∗.

(Silvia et al., 2019) and the abundance of potential
rotifer prey was much lower than other phytoplankton
groups in our study (Supplementary Fig. S4). The lack
of small species could be a result of rotifers’ grazing
but we cannot rule out grazing by protozoa and other
small zooplankters. Rotifers also graze on picoplankton
(size class: < 2 μm), but our inverted microscope counts,
though with certain limitations, indicated very few
picoplankton cells (<%1 of total biovolume) (Crosbie
et al., 2003; Carrick et al., 2017; Wei et al., 2019;
Supplementary Fig. S3). Rotifers could also have affected
picoplankton biovolume, but our study was not designed
to capture picoplankton and so a separate investigation
needs to be conducted to understand picoplankton
community response.

Our finding that TP and zooplanktivorous fish have
indirect effects on phytoplankton mean size through
increasing the small-sized grazer biomass, namely rotifers,
is in accordance with other studies from warm eutrophic
lakes. Other studies of warm and eutropic lakes have
found zooplankton communities to be dominated by
small-sized zooplankton species as a result of selective
predation by small omnivorous fish on large-sized grazers
(Meerhoff et al., 2012; Frau et al., 2015; Boll et al., 2016).
TSI was the main determinant of phytoplankton size

variance in our lakes (Fig. 6c). The increase in variance
was likely driven by an increase in the percentage of
large-sized phytoplankton species (such as filamentous or
colonial cyanobacteria) that often have high temperature
and nutrient requirements (Paerl and Huisman, 2008;
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Kosten et al., 2012; Lürling et al., 2018). TSI values are
calculated based on TP, Chl-a and Secchi-depth and so
increased TSI is consistent with the increased nutrient
needs of large-sized species. Consistent with this, we
found a positive and significant correlation between TSI
and cyanobacterial biovolume (P < 0.05). Cyanobacteria
contribution was significantly higher in eutrophic and
hypereutrophic lakes, compared to mesotrophic ones in
our dataset (Fig. 4c).
The distribution of elevations in our study was

bimodal with 13 lakes between 0 and 50 m classified
as lowland and the other 31 lakes between 535 and
1423 m classified as highland (Fig. 1; see also Beklioğlu
et al., 2020). TSI was negatively affected by elevation
according to the SEM analysis results for size variance
(Fig. 6c), but of the three components of TSI, only
SD depth differed significantly between highland and
lowland lakes (P < 0.01; Supplementary Fig. S7). Tem-
perature (P < 0.05) and total cyanobacteria biovolume
(P < 0.01) also were significantly higher in lowland lakes
(Supplementary Fig. S7), indicating that high temper-
ature may promote cyanobacteria increase in lowland
lakes. Furthermore, the interaction of temperature and
nutrients may also promote cyanobacteria blooms more
than expected (Elliot, 2012), either by a major increase
in total biomass or by a proportional increase in certain
taxa (Kosten et al., 2012).
Our results suggest that rotifers may have a significant

impact on phytoplankton mean size. In addition, TSI
had a positive effect on phytoplankton size variance.
The explained variances were 0.15 (mean size) and
0.32 (size variance) in 2 SEM models. Two other
studies using long-term data, found similar total variance
explained by SEM, 0.40 (Pätynen et al., 2015) and
0.14 (Du et al., 2015) for phytoplankton and Chl-a,
respectively.
It is important to note a few caveats. First, some of the

samples were collected over a time period of 6 years
which could introduce bias due to long term climate
change. Second, we were constrained in our use of
predictor variables by the relatively small number of
lakes in our dataset (despite the tremendous sampling
effort required). As a result, we may have oversimplified
the actual ecological interactions. A larger dataset might
explainmore ecological interactions or increase explained
variance percentages. Although our dataset has some
limitations, our results highlight the sensitivity of cell
size distributions to biotic and abiotic variables, such
as nutrient levels and zooplankton grazing. Our results
showed that SEM can be useful in understanding casual
relationships in phytoplankton mean size and variance in
mean size.

CONCLUSION

Our results imply that rotifer grazing and trophic state
have significant impact on phytoplankton size and vari-
ance in size regulation respectively. The effect of rotifers
on community size is likely through decreasing the preva-
lence of small cells susceptible to grazing. The effect
of trophic state on variance is likely through increas-
ing the abundance of filamentous and colonial species
which require high nutrients. Our results highlight the
sensitivity of cell size structure to environmental variables
and suggest that trait-based approaches, using cell size
in particular, can be a tool to assess ecological responses.
Although SEM analyses are common in other disciplines
(sociology, economics, etc.), their use in ecology, especially
in freshwater ecology, is still relatively rare. Our study
provides a new example of using SEM to detect cause–
effect relationship among variables and the hierarchical
effects of lake food web components on phytoplankton
size and size variance. We encourage other freshwater
ecologists to use this approach to improve our knowl-
edge of complex ecological networks and interactions in
freshwater systems.
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Supplementary data is available at Journal of Plankton Research online.
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Çakıroğlu, A. İ., Özcan, S., Brucet, S. et al. (2016) Fish assemblage and
diversity in lakes of western and Central Turkey: role of geo-climatic
and other environmental variables. Hydrobiologia, 771, 31–44.

Bottrell, H., Duncan, A., Gliwicz, Z. M., Grygierek, E., Herzig, A.,
Hillbricht-Ilkowska, A., Kurasawa,H. and Larsson, P. (1976) A review
of some problems in zooplankton production studies. Norweg. J. Zool.,
24, 419–456.

Browne, M. W., Cudeck, R., Bollen, K. A. and Long, J. S. (1993)
Alternative ways of assessing model fit. Sociol. Methods Res., 154,
136–136.
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