
PRIMARY RESEARCH PAPER

Salinity shapes zooplankton communities and functional
diversity and has complex effects on size structure in lakes
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Abstract Changes in zooplankton community struc-

ture and function were analyzed in 24 lakes covering a

wide salinity gradient (from 0.5 to 115 g l-1) in a

semiarid region in northwest China. We hypothesized

that species richness (S), species diversity (H), func-

tional diversity (FD), biomass, and size of zooplankton

would decrease with increasing salinity.We found that

S, H, and FD did decrease with increasing salinity,

whereas zooplankton sizes, size range, and biomasses

did not. In fact, the sizes of microcrustaceans were

mainly regulated by the abundance of small fish.

Besides the impoverishment of FD, the zooplankton

functional groups also varied along the salinity

gradient. A shift occurred from selective raptorial to

more generalist microphagous rotifers, from selective

to more generalist filter feeder cladocerans, and from

dominance of microphagous herbivorous copepods to

microphagous carnivores. Our study indicates that the

ongoing salinization of lakes with climate warming

will result in important changes in the zooplankton,

affecting not only the structure but also the functioning

of this community. A weakened top-down control by

zooplankton on phytoplankton at moderate high

salinities may be an indirect consequence, leading to

a worsening of eutrophication symptoms. Loss of fish

at high salinities may, however, counteract this effect.
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Introduction

Climate warming may lead to an increase in salinity in

lakes due to increasing temperatures and reduced net

precipitation, not least in arid and semiarid regions of

the world (Brucet et al., 2010). High evaporation

together with enhanced soil erosion following more

extreme rainfall events increases lake salinity and the

concentrations of other harmful substances, affecting

the aquatic biota (Jeppesen et al., 2015). Some studies

have suggested that salinity per se has only a minor

effect on zooplankton community structure and

trophic dynamics in saline lakes (Williams, 1998;

Waterkeyn et al., 2008). However, others have

revealed salinity to be an important environmental

filter that may change zooplankton richness and

diversity, causing a decline at high salinities (Schal-

lenberg et al., 2003; Jeppesen et al., 2007; Brucet et al.,

2009; Jeppesen et al., 2015). Taxon richness and

diversity are, however, also affected by a number of

other variables such as productivity, dispersal limita-

tions (Declerck et al., 2005), and trophic interactions

(e.g., high richness at lower trophic levels may be

promoted by high richness at high trophic levels)

(Jeppesen et al., 2000). Thus, richness and diversity

(as structural attributes of a community) can be

considered highly sensitive to biological and environ-

mental changes, even more than the ecological role

(function) of species, since sensitive species may be

replaced by tolerant ones with similar functions

(Schindler, 1990; Ruesink & Srivastava, 2001; Mano

& Tanaka, 2016). Loss of taxon richness and biodi-

versity can have negative consequences for the overall

functioning of the ecosystem (Flöder & Hillebrand,

2012; Ding et al., 2017) and such an impoverishment

of functional diversity (FD) might result in decreased

resilience, not least in an already perturbed system

(Vandermeer et al., 1998; Flöder & Hillebrand, 2012).

Considering that environmental filtering processes

particularly affect species traits and not so much the

taxonomic structure (Heino, 2008), a classification

based on organism traits associated with their specific

function in the ecosystem may provide key informa-

tion on the effects of salinity on lakes, linking

ecosystem function and biodiversity (Schmera et al.,

2009).

In recent years, an increasing number of studies

have been conducted to classify aquatic communities

based on their functional characteristics in order to

examine FD patterns as well as to find appropriate

functional indicators of environmental changes

(McGill et al., 2006; Barnett et al., 2007; Heino,

2008, Heino et al., 2013; Mason et al., 2013). For

example, phytoplankton trait-based approaches have

been used to characterize lake trophic levels (Rey-

nolds et al., 2002; Kruk et al., 2010) and to elucidate

how environmental conditions determine community

dynamics (Longhi & Beisner, 2010; Gallego et al.,

2012). For aquatic plants, functional classifications

and life-history traits have been used to assess the

effects of eutrophication and drought disturbances in

lakes (Grime, 1973; Nielsen, 2003). It has been found

that increasing productivity selects for the more

competitive species, resulting in decreased functional

richness and dispersion (Arthaud et al., 2012). Inver-

tebrate functional approaches have also been used to

assess the structuring effects of lake size and habitat

complexity (Heino, 2008) as well as to find appropri-

ate indicators of stream conditions for biomonitoring

purposes (Ding et al., 2017). These studies indicate

that functional and taxonomic approaches are often

highly correlated, providing rather similar information

about ecosystem functioning, and that a reduction in

taxa richness could result in a decline in their

functional components (Heino, 2008; Ding et al.,

2017).

Relatively little information exists on how increas-

ing salinity levels may act as an environmental filter

on the whole zooplankton community from a taxo-

nomic and functional perspective. A recent study

documented that salinity was one of the main predic-

tors of the spatial patterns and FD of zooplankton

(Helenius et al., 2016). However, this work refers to

brackish coasts and the functional classification was

performed only for crustaceans.

The size structure and biomass of the different

zooplankton organisms can also be used as a surrogate

of the community function (Obertegger & Flaim,
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2015). Recent studies conducted along a salinity

gradient have demonstrated a shift from dominance of

large and more efficient filter-feeding cladoceran

species at low salinities to dominance of copepods

and small cladoceran species at higher salinities

(Jeppesen et al., 2007; Brucet et al., 2009; Jensen

et al., 2010). Accordingly, it has been suggested that

species replacement may weaken top-down control by

zooplankton on phytoplankton at high salinities,

leading to a worsening of eutrophication symptoms

(Brucet et al., 2009). Besides the shift of species

ranges and the seasonal shifts in life cycle events

(Daufresne et al., 2009), this size reduction pattern has

been considered as the third universal response to

warming for ectotherm organisms. It is therefore

possible that an increasing salinity scenario produced

by climate change may create the same size-decline

trend as warming since the general mechanisms in

both cases include metabolic shifts and energy real-

location (Sheridan & Bickford, 2011).

The objective of this study was to evaluate the role

of salinity in shaping the zooplankton community

from both a taxonomic and a functional perspective by

analyzing 24 lakes along a wide salinity gradient

encompassing freshwater (0.5 g l-1) to hypersaline

lakes (115 g l-1) in a semiarid region in northwest

China. All lakes are located in the surroundings of

Lake Ulungur (47�160N, 87�200E), covering an area of
7900 km2 approximately, at 480–550 m altitude in the

Altay region of the Xinjiang province. This large-scale

study including species sharing the same biogeo-

graphical range (i.e., exposed to similar co-evolution-

ary processes and environmental filters) allowed us not

only to elucidate the effects of salinity on system

structure and functioning but also to predict possible

changes in semiarid shallow lakes associated with

climate change. Our hypothesis was that zooplankton

species richness (S), specific diversity (H), and FD

would decrease with increasing salinity because only

tolerant species would be able to survive in high-

salinity lakes, leading to an impoverishment of species

interaction.We further hypothesized that with increas-

ing salinity, zooplankton size and biomass would

decrease together with changes in species composition

and due to physiological constraints (e.g., the energy

requirements for osmoregulation would reduce the

energy input for individual growth). However, at high-

salinity levels, the disappearance of fish (their main

predators) would expectedly favor the occurrence of

other competitively superior zooplankters, and hence

high size ranges, leading to an increase in size and

biomass.

Methods

Study site

The sampling was performed during July 2014 along a

wide salinity gradient in the Ulungur Lake area (from

47�400 to 46�300N and 86�500 to 88�200E). This area is
located at an altitude ranging from 480 to 550 m in the

Altay region of the Xinjiang province in northwest

China. Twenty-four shallow and deep lakes were

sampled, encompassing freshwater (0.5 g l-1) to

hypersaline systems (115 g l-1). Lake area and mean

depth ranged from 0.02 to 24 km2 and 0.5 and 15 m,

respectively.

Chemical and environmental analyses

Salinity (g l-1), water temperature (�C), conductivity
(mS cm-1), pH, turbidity (NTU), chlorophyll-

a (lg l-1), and dissolved oxygen (mg l-1) were

measured in situ at the deepest point of each lake

using a YSI multiprob (YSI 6500, YSI Company,

USA). Secchi disc depth (cm) was also measured in

the limnetic area. Three replicates of water samples

(220 ml) were taken and frozen for posterior analysis

of total nitrogen (TN), total dissolved nitrogen (TDN),

total phosphorus (TP), total dissolved phosphorus

(TDP), nitrate (NO3
-), ammonium (NH4

?), nitrite

(NO2
-), and orthophosphate (PO4

3-). All these

parameters were measured according to the Chinese

Standard Methods for Monitoring Lake Eutrophica-

tion (Jin & Tu, 1990), which is similar to the US

standards (APHA, 1998). Another water sample

(1–2 l) was taken and filtered through a GF/C glass

fiber filter using an electric pump for measurement of

the chlorophyll-a (Chl-a) concentration. In the labo-

ratory, the Chl-a concentration was determined using a

90% (v/v) acetone/water solution extraction, followed

by spectrophotometry and calculated without correct-

ing for phaeophytin interference (USEPA, 2002).
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Fish

In each lake, survey fishing was undertaken using

gillnets with seven mesh sizes (7, 10, 15, 20, 25, 30,

and 40 mm from knot to knot), each section being

10 m long and 1.5 m high, comprising in total

91.5 m2. The gillnets were located perpendicular to

the littoral zones. Fish density and biomass were

calculated as CPUE (Capture Per Unit Effort) (number

of fish net-1 h-1) and Biomass Per Unit Effort

(BPUE) (g net-1 h-1). The fish were determined to

species level and then the standard length (0.1 cm) and

weight (0.1 g) of each fish were measured. For the

analysis, the fish were classified into three size ranges

in length: small (\ 10 cm), medium (10–25 cm), and

large ([ 25 cm), considering that their feeding habits

usually change during their growth and that small-

sized fish are typically zooplanktivorous. Fish size

diversity was calculated using individual size mea-

surements (Brucet et al., 2006; Quintana et al.,

2008, 2015) and following the non-parametric

methodology of Quintana et al. (2008). Size diversity

is related to the Shannon diversity index but adapted

for continuous variables (i.e., fish length) (Quintana

et al., 2008). Size diversity integrates the amplitude of

the size range and the size evenness, and it therefore

condenses different aspects of the size structure into a

single comparable value (Brucet et al., 2006; Quintana

et al., 2008).

Zooplankton

In all lakes, zooplankton sampling was performed at

one station in the pelagic area and at one station in the

littoral region to obtain an integrated and representa-

tive sample of each lake. Zooplankton samples were

collected with a Patalas sampler encompassing a water

column of approximately 1.5–5 m, depending on the

lake depth. Water samples sized between 15 and 50 l

(depending on the characteristics of the lake) were

filtered through a 20-lm mesh net. The animals

retained on the mesh were pooled and fixed with 4%

Lugol’s solution and stored in 100 ml plastic bottles.

Counting was performed in the laboratory follow-

ing standard methodologies using specific keys (e.g.,

Koste, 1978; Korı́nek, 1981, 2002; Korovchinsky,

1992; Alekseev, 2002). At least three (or more)

homogeneous aliquots were taken from the sample

to obtain 100 individuals of the dominant taxa. For

each sample, countings of every aliquot were averaged

after correcting for the amount of water filtered in

order to calculate individual abundances (ind. l-1)

and. Zooplankton larger than 140 lm were counted in

a 5 ml Bogorov counting chamber at 109 magnifica-

tion using a stereomicroscope (Nikon Eclipse, E100),

while subsamples between 20 and 140 lm were

counted in a 1 ml Sedgewick-Rafter chamber at 409

magnification.

In the analysis, some species were classified at

genus level because of morphological ambiguities of

preserved species (e.g., Mesocyclops, Acroperus,

Alona, Trichocerca, Synchaeta, Polyarthra, Col-

lotheca). When possible, 20–30 individuals of each

taxon were measured in each sample. After obtaining

length data, biomasses were calculated using length–

weight relationships available from the literature

(Dumont et al., 1975; Bottrell et al., 1976; Ojaveer

et al., 2001). If no information was available (e.g., for

some rotifers), geometric shapes were used instead.

For the functional characterization, the different

zooplankton taxa were divided into different groups

(Table 1) based on several traits such as their feeding

strategies, predator avoidance, and growth according

to Barnett et al. (2007) and Obertegger & Manca

(2011). Rotifers were separated into raptorials (Asco-

morpha, Asplanchna, Collotheca, Gastropus, Ploe-

soma, Polyarthra, Synchaeta, and Trichocerca) and

microphagous (Brachionus, Conochilus, Euchlanis,

Filinia, Keratella, Lecane, Notholca, Testudinella,

and Trichotria). Cladocerans and copepods were

classified into filtering Ctenopoda (Diaphanosoma

and Pseudosida), filtering Anomopoda (Daphnia,

Simocephalus, Ceriodaphnia, and Moina), selective

filter feeders (Bosmina and Bosminopsis), filtering

scrapers (Chydoridae and Macrotricidae), micropha-

gous herbivores (Sinocalanus, Arctodiaptomus, Cala-

noidea copepodites), and microphagous carnivores

(Mesocyclops, Cyclopoidea copepodites). A FD index

was calculated for each lake by using the eight

functional groups mentioned above and the same

formulae as for the Shannon–Wiener diversity index

(Shannon & Weaver, 1964). In addition, the propor-

tion of microphagous rotifers to raptorial rotifers

(microphagous:raptorial ratio) (Obertegger et al.,

2011) was calculated in order to identify possible

replacement of rotifer FGs along the salinity gradient.
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Statistical analyses

All 24 lakes were grouped according to salinity

following the classification of Hammer (1986) but

unifying two categories for high-saline lakes: subsaline

(Sub; 0.5–3 g l-1), which included seven lakes, hypos-

aline (Hypo; 3–20 g l-1), which included 13 lakes, and

meso-hypersaline (Meso-hyper:[ 20 g l-1), including

4 lakes. Differences in environmental characteristics

and zooplankton FD among these three salinity cate-

gories were assessed using the non-parametric Krus-

kal–Wallis with Dunn post hoc test (a = 0.05).

The similarity analysis was used to compare the

taxonomic composition among lake categories through

the Bray–Curtis dissimilarity index. Results were

displayed in a dendrogram following the method

unweighted pair-group with arithmetic mean

(UPGMA). A similarity percentage procedure (SIM-

PER) with 9999 permutations was performed on the

Bray–Curtis triangular matrix to determine taxonomic

differences among the lakes. A posteriori non-

parametric multivariate analysis of variance (NPMA-

NOVA) was performed to analyze whether those

differences were statistically significant. For this anal-

ysis, eight taxa were used, which included Asplanchna,

Brachionus, Hexarthra, Lecane, Daphnia, Di-

aphanosoma, Calanoidea, and Cyclopoidea. In addi-

tion, beta (b) diversity index or global replacement of

taxa between systems was calculated based on pres-

ence–absence data according toWhittaker (1972), using

the following formula: bw = (S/a) - 1, where S is the

total number of species recorded for the lakes and a is

the average number of species found within lakes.

From an initial set of twenty environmental (phys-

ical, chemical, and biological) variables, a correlation

matrix (Spearman non-parametric correlations, q) was
calculated in order to detect highly correlated vari-

ables. A correlation factor of 0.6 was considered

strong, and from each correlation pair only the

variable with the lowest VIF (Lepš & Šmilauer,

1998) was retained to diminish the chance of spurious

correlations in the successive steps. Then, a subset of

Table 1 Functional

characterization of the

different zooplankton taxa

based on several traits such

as their feeding strategies,

predator avoidance, and

growth

Modified from Barnett et al.

(2007) and Obertegger &

Manca (2011)

Rotifera Raptorial Ascomorpha

Asplanchna

Collotheca

Ploesoma

Synchaeta

Trichocerca

Polyarthra

Microphagous Brachionus

Conochilus

Euchlanis

Notholca

Trichotria

Filinia

Keratella

Lecane

Testudinella

Cladocera Filtering Ctenopoda Diaphanosoma

Pseudosida

Filtering Anomopoda Daphnia

Ceriodaphnia

Simocephalus

Moina

Selective filter feeders Bosmina

Bosminopsis

Filtering scrapers Chydoridae

Macrotricidae

Copepods Microphagous herbivorous Sinocalanus

Arctodiaptomus

Calanoidae copepodits, etc.

Microphagous carnivores Mesocyclops

Cyclopoidea copepodites, etc.

Hydrobiologia

123



explanatory variables known to influence the zoo-

plankton was selected (Jeppesen et al., 1994, 1996;

Kalff, 2002; Schallenberg et al., 2003; Brucet et al.,

2006, 2012; Moss, 2009; Helenius et al., 2016). Thus,

the following explanatory variables were considered

in the analyses: lake depth, salinity, temperature, pH,

concentration of NH4-N, PO4-P, and Chl-a, abundance

of small fish (10–25 cm SL), mean total fish biomass,

and fish size diversity.

Multiple generalized linear models (GLM) were

used to find the model that best explained the

variations in H, FD, S, total zooplankton size (TZS),

and total zooplankton biomass (TZB). From the

above-mentioned considered variables, we selected

three explanatory variables for each response variable

due to the small sample size (n=24), and different

models with all possible combinations were compared

in a set of preliminary analyses. Following the

information theoretic approach, we used the Akaike’s

Information Criterion corrected for small sample size

(AICc) to evaluate the models that best fitted the data

(Burnham & Anderson, 2002). The difference

between the lowest AICc value and AICc from all

other models (DAICc) was also calculated in order to

rank the potential models (Burnham & Anderson,

2002). Also, the AICc weight of a model (wi) was

calculated based on all candidate models (Burnham &

Anderson, 2002). For each response variable, an

exploratory analysis was performed, including verifi-

cation of normality, homoscedasticity, and sub- or

over-dispersion. According to that, S, H, TZS, and

TZB were analyzed using GLM with a Poisson error

distribution and a logarithmic link function, while FD

was analyzed using GLM with a Gaussian error

distribution and an identity link function. The selected

explanatory variables used to model S, H, and TZS

were: salinity, depth, and abundance of small fish.

However, in the first case (for S), the quadratic value

of salinity was also incorporated in the model to

include the distant values. To model FD, we used

salinity, depth, and fish size diversity as explanatory

variables, and to model TZB, the selected explanatory

variables were salinity, depth, and fish biomass.

Different multivariate analyses such as canonical

correspondence analysis (CCA) or redundancy anal-

yses (RDA) were performed to explore the controlling

factors of zooplankton composition in the lakes. The

choice of CCA or RDA was based on a previously

conducted detrended correspondence analysis (DCA):

when the response of the biological data was unimodal

we used CCA and when it was linear we used RDA (ter

Braak, 1994). All zooplankton functional groups were

included as response variables. The following biotic

and abiotic variables were used as explanatory ones:

lake depth, salinity, temperature, pH, concentration of

NH4-N, PO4-P, and Chl-a. Response and explanatory

variables were transformed, when necessary, and

standardized by norm. The explanatory variables

retained in the models were based on forward stepwise

selection (a = 0.05) and only those that had an

acceptable VIF value (\ 20) were finally considered

(Lepš & Šmilauer, 1998). The significance of each

variable and the combination of all canonical axes

were determined using the Monte Carlo permutation

test (999 permutations).

To analyze the relative importance of environmen-

tal and biological factors in shaping the zooplankton

FD, the variance partitioning procedure was used

(Borcard et al., 1992). We used partial CCA since the

response was unimodal. The whole variation of the

zooplankton matrix was partitioned into ‘‘biological

factors,’’ which included mean fish biomass (CPUE),

abundance of small fish (\ 10 cm length, CPUE), Chl-

a concentration, and ‘‘environmental factors,’’ which

included salinity, depth, PO4-P, and NH4-N. The

significance of these components was evaluated with a

Monte Carlo permutation test.

All statistical analyses were performed using R

software v0.99.903 (R Development Core Team,

2011) with the MASS, MuMIn, vegan, and Biodiver-

sity packages, and CANOCO 5 software (ter Braak &

Smilauer, 2002).

Results

A total of 70 (1–27 per lake) zooplankton taxa were

identified within the groups Rotifera (52 taxa),

Cladocera (12 taxa), and Copepoda (6 taxa). The

diversity index (Shannon–Wiener) ranged between

0.11 (at a salinity level of 21 g l-1) and 2.26 (at a

salinity level of 2.1 g l-1).

The lake salinity categories (Sub, Hypo, and Meso-

hyper) differed in depth, DO, TN, TP, and K; high-

salinity lakes were, in general, deeper and had low

DO, and higher values of TN, TP, and K were

recorded. In contrast, lake area, Secchi disc depth,

concentrations of Chl-a, NH4-N, PO4-P, and pH
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remained practically similar among the three groups

(Table 2). According to the Bray–Curtis dissimilarity

index, subsaline and hyposaline lakes showed the most

similar zooplankton taxa composition, from which the

meso-hypersaline lakes differed (cophenetic correla-

tion: 0.981; NPMANOVA, P = 0.042). Mean beta-

diversity (Whittaker index) was 0.53, meso-hyper and

subsaline lakes showed the largest replacement of taxa

(0.38), followed by sub- to hyposaline lakes (0.25).

Only 9 taxa were responsible for 90% of the variation

mentioned above, namely the rotifer genera Bra-

chionus, Hexarthra, Polyarthra, Keratella, Filinia,

and Lecane, the cladoceran Moina, and calanoid

copepods (all species) (SIMPER, P\ 0.05). A sig-

nificant positive correlation was found between

Shannon–Wiener taxonomic diversity and FD

(q = 0.43, P = 0.04).

The multiple GLM analyses showed that salinity

was the most significant variable explaining the

variation in species richness (S) and FD. In both

cases, an inverse relationship was observed, where

salinity negatively affected each analyzed variable

(S and FD). Using the AICmethod and the inference of

multiple models, we obtained sixteen candidate mod-

els to consider S (Table 3). The relative importance

(wi) of the variable salinity was 0.99 and that of its

quadratic term (salinity)2 was 0.91. From these values

and the obtained coefficients, the selected final model

included both variables as the main predictors of

zooplankton species richness (Table 4). In the case of

FD, eight candidate models were obtained (Table 3),

but only salinity was retained in the final model as a

significant variable (wi = 0.75) (Table 4). Although

for H, any explanatory variables were statistically

significant from the GLM, a significant negative

relation was found between H and log-transformed

salinity values (q = - 0.45; P = 0.027).

For TZS and TZB, none of the explanatory

variables included in the GLM were significant

predictors. In addition, no influence of salinity was

observed on either microcrustacean mean size

(r = - 0.23, P = 0.278 and r = - 0.02, P = 0.92,

for cladocerans and copepods, respectively) or on

rotifer mean size (r = - 0.288, P = 0.182). How-

ever, we found a significant positive correlation

between salinity and TZB (Fig. 1a, b) and that the

size range of zooplankton (maximum size minus

minimum size observed per lake) was highly variable

and high also at high salinities (Fig. 2). Among the

explanatory variables included, total fish biomass and

abundance of small fish correlated negatively with

TZB (Fig. 1c, d). Besides, the particular analysis of

Table 2 Differences in environmental characteristics (Krus-

kal–Wallis with Dunn post hoc test) among the three lake

systems classified according to salinity (modified from Ham-

mer, 1986)

H P Post hoc tests

Sub Hypo Meso-

hyper

Depth 7.83 0.019*

Sub 0.36 0.01

Hypo 1.00 0.03

Meso-

hyper

0.03 0.08

DO 8.74 0.012*

Sub 0.81 0.01

Hypo 1.00 0.01

Meso-

hyper

0.03 0.02

NT 14.92 \0.001*

Sub <0.01 0.01

Hypo 0.01 0.01

Meso-

hyper

0.03 0.02

TP 7.82 0.019*

Sub 0.48 0.02

Hypo 1.00 0.01

Meso-

hyper

0.05 0.04

K 18.7 \0.001*

Sub <0.01 0.01

Hypo \0.01 <0.01

Meso-

hyper

0.03 0.01

pH 0.6 0.74

Lake area 0.85 0.652

Secchi 3.92 0.14

Chl-a 1.43 0.49

NH4-N 3.22 0.19

PO4-P 2.18 0.33

Sub subsaline (0.5–3 g l-1), Hypo hyposaline (3–20 g l-1),

Meso-hyper mesosaline and hypersaline grouped lakes

([ 20 g l-1)

For the comparison within lake categories, the statistic Q is

given in italics and the P values from the Dunn post hoc test

are shown in bold. Asterisks indicate statistical differences

(P\ 0.05)
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cladoceran and copepod sizes excluding lakes without

fish (i.e., with salinities above 14 g l-1) revealed a

decline in microcrustacean size with increasing fish

abundance (Fig. 3). Fishless lakes were characterized

by the presence of relatively large and salt-tolerant

zooplankton species such as Daphnia magna Straus,

1820, Moina micrura Kurz, 1874, Arctodiaptomus

salinus (Daday, 1885), Sinocalanus tenellus (Kikuchi

K., 1928), and large Brachionus plicatilis Müller,

1786.

The functional classification of zooplankton taxa

showed a clear segregation along the salinity gradient

(Fig. 4). Among the cladocerans, selective filter

feeders and filtering scrapers were restricted to the

lower salinities, filtering Ctenopoda occupied an

intermediate niche, whereas filtering Anomopoda

were abundant at high salinities. Within the Copepoda,

calanoids were highly tolerant to salinity, while

cyclopoids disappeared at salinities [ 7.6 g l-1. As

regards to rotifers, a bimodal distribution was

observed for raptorials within a salinity range of

0.5–12 g l-1, while microphagous species dominated

at salinity concentrations over 12 g l-1 (r = 0.56,

P = 0.008, Fig. 4). The segregation of raptorial and

microphagous was represented by a replacement from

species of Ascomorpha, Asplanchna, Polyarthra,

Synchaeta, and Trichocerca genera to species of

Brachionus (being dominant), Conochilus, Euchlanis,

Filinia, Keratella, and Lecane genera (Fig. 5).

Moreover, within the raptorial rotifers, Asplanchna

was usually the dominant genus in subhaline lakes;

however, at higher salinities they disappeared and

raptorials such as Polyarthra and Hexarthra, mainly

H. oxyurus (Zernov 1903), became dominant.

Among the three salinity groups, freshwaters and

hyposaline lakes hosted on average 6.6 (± 1.5) and 3.7

(± 1.2) functional groups, respectively; while high-

salinity lakes had on average 2.5 (± 2) functional

groups: All three groups differed significantly

(F = 13, P\ 0.001). Also, the calculated FD Index

differed substantially between the two low-salinity

lakes and meso-hypersaline lakes (Fig. 6). Variance

partitioning indicated that both biological and envi-

ronmental factors influenced zooplankton FD. The

overall explained variation in this analysis was 20.3%

(environment alone: 8.1%; biological alone: 2.1%;

environment 9 biological: 10.1%). Monte Carlo test

results were significant for environment 9 biological

factors (F = 1.16, P = 0.034) but not for each factor

alone (F = 1.5, P = 0.088, and F = 0.8, P = 0.646

for environment and biological factors, respectively).

The first two axes of the RDA accounted for 58.3%

of the variation in total zooplankton FD (axis 1:

33.6%; axis 2: 24.7%) (Fig. 7). Among the copepods,

microphagous herbivores and microphagous carni-

vores were mainly correlated with the salinity gradient

and fish variables (size and diversity). Salinity was

Table 3 Statistics of the GLM

Candidate models K AICc AICc wi

Richness

sal ? sal2 3 130.13 0 0.55

absmallfish ? sal ? sal2 4 132.63 2.5 0.16

area ? sal ? sal2 4 132.73 2.6 0.15

absmallfish ? area ? sal ? sal2 5 135.44 5.31 0.04

sal ? sal2 2 135.55 5.43 0.04

absmallfish ? sal 3 136.16 6.03 0.03

Area ? sal 3 137.48 7.35 0.01

absmallfish ? area ? sal 4 138.11 7.98 0.01

absmallfish ? sal2 3 140.17 10.04 0

sal2 2 141.21 11.08 0

absmallfish 2 141.87 11.74 0

absmallfish ? area ? sal2 4 141.94 11.81 0

Area ? sal 3 143.03 12.9 0

absmallfish ? area 3 143.45 13.32 0

Null 1 145.35 15.22 0

Area 2 147.07 16.94 0

FD

sal 3 20.62 0 0.44

fishzd ? sal 4 22.56 1.94 0.17

Null 2 23.38 2.75 0.11

Area ? fishzd 4 23.52 2.9 0.1

fishzd 3 23.85 3.23 0.09

area ? fishzd ? sal 5 25.78 5.15 0.03

Area 3 25.99 5.37 0.03

Area ? fishzd 4 26.74 6.11 0.02

sal salinity, absmallfish abundance of small fish, fishzd fish size

diversity

Summary of model selection results for candidate models

explaining species richness (S) and functional diversity (FD).

Null model and models with strong support (DAICc B 2) are

provided and listed in decreasing order of importance. K (no. of

estimated parameters), AICc (Akaike information criterion

corrected for small sample size), DAICc (difference between

the lowest AICc value and AICc from all other models), and wi

(AIC weights) for all candidate models are presented
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also the factor that correlated (negatively) with most

raptorial cladocerans and rotifer abundances. Micro-

phagous copepods (calanoids) and filtering anomopo-

dos (Daphnia,Moina) were positively correlated with

fish size diversity and average fish biomass, indicating

high sensitivity to fish predation pressure in the lakes.

Among all lakes, the sub- and hypohaline ones were

characterized by the presence of fish, raptorial rotifers,

macrophagous copepods, and most cladocerans

(Fig. 7).

Discussion

Zooplankton constitutes a key component in aquatic

food webs and is highly important in the transfer of

Table 4 Weight of each

variable in the final models

explaining species richness

(S) and functional diversity

(FD) using GLM

Estimated variables,

standard errors (SE), and

significance values (P) are

presented

Explanatory variables wi Estimated variables SE P

Richness

Intercept 2824 83.56 \2e-16***

Salinity 0.99 - 35.9 10.11 0.000381***

Salinity2 0.91 0.259 0.09175 0.004763**

FD

Intercept - 0.20813 0.28982 \2e-16***

Salinity 0.75 - 0.01484 0.01635 0.0352*

Fig. 1 Means (± SD) of total and within-zooplankton group

biomasses in the four salinity categories: Sub subsaline

(0.5–3 g l-1), Hypo hyposaline (3–20 g l-1), Meso-hyper

mesosaline, and hypersaline ([ 20 g l-1) (a). Relationship

between total zooplankton biomass (log-transformed values)

and salinity (log-transformed values) (b). Relationship between

total zooplankton biomass (log-transformed values) and fish

parameters: small fish (fork length between 10 and 25 cm)

abundance (c) and fish biomass (d). Spearman correlation

coefficients (q) and P significance values are given for each

correlation graph

Hydrobiologia

123



energy and matter from primary producers to higher

trophic levels. Therefore, changes in their structure

and function as a result of salinity fluctuations would

have serious consequences for ecosystem functioning.

As expected, we found that zooplankton richness (S),

specific diversity (H), and FD decreased with increas-

ing salinity, as in previous studies on zooplankton

(Boix et al., 2008; Brucet et al., 2009; Jensen et al.,

2010; Tavsanoglu et al., 2015), fish (Harrison &

Whitfield, 2006), macroinvertebrates (Brucet et al.,

2012), and macrophytes (Rodrı́guez-Gallego et al.,

2015). Furthermore, we found that subsaline and

hyposaline lakes had the most similar zooplankton

taxa composition but differed from the meso-hyper-

saline lakes, the salinity group in which the largest

replacement of taxa occurred along the salinity

gradient. Salinity-tolerant species, such as the Bran-

chiopod Artemia sp., the copepod A. salinus, and the

rotifers B. plicatilis, H. oxyurus, and Colurella sp.,

dominated the zooplankton community in the high-

salinity lakes, which agrees with the findings in other

field and experimental studies (Toruan, 2012; Paturej

& Gutkowska, 2015; Tavsanoglu et al., 2015).

Calanoid copepods are considered to be salt-tolerant

taxa because of their marine origin (Sarma et al.,

2006), which explains their high tolerance to salinity,

not only in the lake region studied here but also in

other parts of the world (Brucet et al., 2009). By

contrast, rotifers may be limited by salinity because of

their freshwater origin (De Deckker, 1983); however,

B. plicatilis, H. oxyurus, and Colurella spp. such as C.

uncinata (Müller, 1773) are salt-tolerant species and

frequently occur in highly saline systems (Toruan,

2012; Paturej & Gutkowska, 2015), confirming our

first hypothesis that only salt-tolerant species are able

to survive in high-salinity lakes.

Fig. 2 Mean and range size

(in mm) of zooplankton for

each lake along the salinity

gradient. Fishless lakes are

shown as light bars and lakes

with fish as dark gray bars

Fig. 3 Relationship between Cladocera and Copepoda lengths

and the abundance of small fish (standard length between 10 and

25 cm). Pearson correlation coefficient (r) and P significance

values are given in each panel. Fishless lakes were excluded in

this analysis (i.e., lakes with salinities above 14 g l-1)

Hydrobiologia

123



Functional and species diversity declined together

since a significant positive correlation was found

between the Shannon–Wiener index and the FD index.

Among the three salinity categories, freshwater lakes

hosted significantly more functional groups than

hyposaline and meso-hypersaline categories. The

Fig. 4 Abundance (ind. l-1) and distribution of each zooplankton functional group along the salinity gradient in the study lakes.

Fishless lakes are shown with light bars and lakes with fish are shown with dark gray bars
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filtering scrapers, filtering Ctenopoda, and micropha-

gous copepods, were lost in the last categories.

However, there was not only a loss of FGs with

increasing salinity, for rotifers but also the relative

balance of the FGs changed. While microphagous and

raptorials were equally represented in the low-salinity

lakes, a disproportional increase of microphages

occurred in the most salty lakes. The differences in

food acquisition and processing mechanisms of

microphagous and raptorials might favor their coex-

istence in the low-salinity lakes (Obertegger et al.,

2011). However, in high-salinity lakes, the increase of

microphages may be explained by their stronger

competition ability for food in stressing environments

(Alva-Martı́nez et al., 2009), and probably because

they are better adapted to salinity than other rotifers

(Viayeh & Špoljar, 2012).

Both the imbalances and the decrease in FD may

not only result in less control of phytoplankton as

previously suggested (Helenius et al., 2016), but they

may also lead to less efficient nutrient cycling and

lower quality of the supply of food for invertebrates

and small fish at higher trophic levels (Barnett et al.,

2007; Obertegger & Manca, 2011).

The ‘compensation hypotheses’ (Schindler, 1990;

Ruesink & Srivastava, 2001; Mano & Tanaka, 2016)

suggest that sensitive species can be replaced by more

tolerant ones in stress situations, in this way main-

taining the stability of ecosystem functioning (Rue-

sink & Srivastava, 2001; Mano & Tanaka, 2016).

However, the replacements we observed both within

and between FGs in our study partly contradict these

hypotheses. We found that Asplanchna sp., a dominant

genus in subsaline lakes, disappeared at higher

salinities, while species such as Polyarthra sp.,

Synchaeta sp., and H. oxyurus became dominant

(Fig. 5). Although Polyarthra sp., Synchaeta sp., and

Hexarthra are raptorials and members of the same FG

Fig. 5 Abundances of the main raptorial genera (upper left panel), abundances of the main microphagous genera (upper right panel),

and abundances of total raptorial and microphagous rotifers (lower panel) along the salinity gradient
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as Asplanchna, these genera can have quite different

effects on phytoplankton and the microbial web due to

their different sizes, feeding habits, and swimming

behaviors. Apart from the coronal activity, Polyarthra

sp. and Hexarthra possess unusual appendages that

facilitate quick locomotion or saltation movements,

allowing efficient avoidance of predator attacks (e.g.,

from cyclopoid copepods, invertebrates, and small

fish) (Hochberg & Gurbuz, 2008). Asplanchna spp.

has a relatively wide food size spectrum and prey

diversity (Chang et al., 2010) compared with the other

two genera. Its diet includes particulate matter,

phytoplankton, protozoans, bacteria, and even

dinoflagellates (Chang et al., 2010). Thus, the replace-

ment of Asplanchna by Polyarthra sp., Synchaeta sp.,

and Hexarthra along the salinity gradient would

promote a change in the ecological role of the raptorial

FG, with potential consequences for the ecosystem

functioning.

Considering the replacements between FGs, we

found that selective raptorials diminished, while

microphagous rotifers increased along the salinity

gradient. This may have implications for the sizes of

the ingested particles since the former consume large

and the latter smaller-sized particles (between 15 and

20 lm) (Obertegger & Manca, 2011). Among clado-

cerans, a gradual shift occurred from an assemblage

including Bosmina sp. and chydorids to one composed

almost exclusively of Moina micrura and Daphnia

magna at intermediate salinity levels. Although the

latter are mostly generalist feeders and feed on a wide

spectrum of food types and sizes (Jeppesen et al.,

1996), they are more sensitive to toxic cyanobacteria

and large filament sizes than other groups such as

chydorids (Tõnno et al., 2016). This constraint may

have ecological implications since increased salinity,

apart from causing osmotic stress in the organisms,

may generate blooms of salt-tolerant cyanobacteria

(Paerl & Huisman, 2009) such as Microcystis aerug-

inosa (Tonk et al., 2007), Anabaenopsis sp., and

Nodularia sp. (Moisander et al., 2002). Thus, the

efficiency of cladocerans as a controller of phyto-

plankton might change at increasing salinities, leading

to a worsening of eutrophication symptoms (Jeppesen

Fig. 6 Zooplankton

functional diversity index

(upper panel) and the

contribution of each

functional group to the total

zooplankton community

(lower panel) within the four

lake systems, classified

according to salinity. Sub

subsaline (0.5–3 g l-1),

Hypo hyposaline

(3–20 g l-1), Meso-hyper

meso-hypersaline

([ 20 g l-1). Lowercase

letters indicate significant

differences
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et al., 2015). Among the copepods, calanoids (mi-

crophagous herbivores) remained highly tolerant to

salinity, whereas cyclopoids (microphagous carni-

vores) disappeared at salinities [ 7.6 g l-1, as also

seen in other salinity-gradient studies (Brucet et al.,

2009; Jeppesen et al., 2015). This shift may have

implications for other related trophic levels such as

primary producers. In fact, we found that phytoplank-

ton biomass (measured as Chl-a concentration)

remained almost constant along the salinity gradient,

which was probably controlled by the joint pressure of

large calanoids and other microphagous herbivores

favored by the absence of carnivorous cyclopoids.

Our second hypothesis was that zooplankton size

and biomass would decrease due to physiological

constraints with increasing salinity. Yet, contrary to

our expectation, we found that zooplankton mean

sizes, size ranges, and biomasses did not decrease with

increasing salinity. Actually, we found increased size

ranges and biomasses in high-salinity lakes compared

with subsaline and hyposaline ones. This contradicts a

previous study in brackish lakes which revealed no

effect of salinity on zooplankton size and biomass

(Gao et al., 2008) or a decrease in the mean size of

zooplankton with increasing salinity, affecting the

capacity of grazing zooplankton to control phyto-

plankton (Moss & Leah, 1982; Jeppesen et al.,

1994, 2007). Our study, however, covered a larger

gradient in salinity (0.5–115 g l-1) where fish were

absent when salinity exceeded 14 g l-1, allowing the

presence of large-sized zooplankton species such as

Artemia sp. and calanoid copepods (e.g., A. salinus, S.

tenellus) (Pennak, 1991; Tolomeev et al., 2010). We

found that copepod and cladoceran sizes correlated

negatively with the abundance of small fish and total

fish biomass in the lakes with fish. This result indicates

that fish predation rather than salinity was the key

factor determining abundance, biomass, and size of

zooplankton, which is in agreement with previous

studies undertaken in shallow brackish lakes (Brucet

et al., 2010; Jensen et al., 2010).

Fig. 7 First two axes of the RDA based on zooplankton

functional groups (FG) (axis 1 explaining 33.6% and axis 2

explaining 24.7% of the total variation). Zooplankton functional

groups are indicated with blue arrows, explanatory (environ-

mental and biological) variables with gray arrows (a, b), and the
ordination of lakes with circles (b). In the right panel, the circle
sizes are proportional to the abundance of each FG within each

lake. Fishless lakes are shown as white circles, lakes with fish as

gray circles. RRaptr: raptorial rotifers (Ascomorpha, As-

planchna, Collotheca, Gastropus, Ploesoma, Polyarthra, Syn-

chaeta, and Trichocerca); RMicrp: microphagous rotifers

(Brachionus,Conochilus, Euchlanis, Filinia,Keratella, Lecane,

Notholca, Testudinella, and Trichotria); ClFiltCt: cladoceran

filtering Ctenopoda (Diaphanosoma and Pseudosida), ClFiltAn:

cladoceran filtering Anomopoda (Daphnia, Simocephalus,

Ceriodaphnia, andMoina), ClSeleFi: cladoceran-selective filter

feeders (Bosmina and Bosminopsis), ClFilSc: filtering scrapers

(Chydoridae and Macrotricidae), CopMicr: microphagous

herbivores (Sinocalanus, Arctodiaptomus, Calanoidea cope-

podites, etc.) CopMacrf: microphagous carnivores (Mesocy-

clops, Cyclopoidea copepodites, etc.)
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We conceptually summarize the observed

responses of the zooplankton to increasing salinity

created by a combination of direct (physiological

constraints) and indirect factors (fish predation pres-

sure) from both a structural (taxonomic) and a

functional perspective (Fig. 8). In accordance with

Helenius et al. (2016), we found that salinity acted as a

primary physiological filter structuring species rich-

ness and diversity, while predation was the main

biological driving factor defining the species size

structure. While high abundances of small fish tend to

reduce the overall size of the zooplankton, favoring

smaller taxa such as B. longirostris and rotifers

(Brooks & Dodson, 1965), high salinity, if resulting

in loss of fish, promotes the presence of large and more

saline-tolerant zooplankton species such as D. magna,

Moina spp., large copepods, and large brachionid

rotifers.

Moreover, we found that the distribution and

abundance of each FG depended on the interactions

between different factors (e.g., the turnover between

raptorial and microphagous rotifers responded to

changes in salinity, turbidity, and TP), resembling

the pattern observed in previous works (Litchman

et al., 2013; Vogt et al., 2013).

Fig. 8 Schematic summary of the observed responses of the

zooplankton to increasing salinity induced by a combination of

direct (physiological constraints) and indirect factors (predation

pressure). Considering taxonomy, zooplankton richness (S) and

specific diversity (H) decreased from freshwater to hypersaline

lakes. Sensitive species were replaced by more tolerant ones,

and subsaline and hyposaline lakes (\ 20 g l-1) had the most

similar zooplankton taxa composition. A functional approach

revealed that the number of functional groups (FD) diminished

from subsaline to meso-hypersaline lakes. Zooplankton size and

biomass increased as a consequence of an increase in copepod

and cladoceran sizes, which were favored by the absence of fish

predation. Rotifer sizes did not depend on the salinity gradient

since no relation was found between these two variables
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It can be concluded that for the zooplankton

community, species diversity (H) and species richness

(S) can be seriously affected by increased salinities

with potential effects on the trophic structure. Func-

tional diversity (FD, based on the differentiation

between functional groups proposed in this work) and

size structure diminished from subsaline to meso-

hypersaline lakes, suggesting that both attributes may

be appropriate indicators of changes in ecosystem

functioning related to changes in salinity (Fig. 7).

More diverse functional groups and wider size struc-

tures may promote more complex and balanced

trophic structures, more productive systems, and more

resistant communities under extreme environmental

variations (Vandermeer et al., 1998; Vaughn, 2010;

Flöder & Hillebrand, 2012). It is evident from our

study that the expected salinity increase in lakes in arid

and semiarid climate zones in a warmer world (e.g.,

Jeppesen et al., 2015) will cause adverse effects on

biodiversity and functioning. However, our conclu-

sions should be interpreted with caution because other

factors may also influence the species responses such

as, among others, their physiological adaptation to

salinity, different biological interactions, and degree

of eutrophication.
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T. Węgleńska, 1976. A review of some problems in zoo-

plankton production studies. Norwegian Journal of Zool-

ogy 24: 419–456.

Brooks, J. L., S. I. Dodson, 1965. Predation, body size, and

composition of plankton. Science 150: 28–35.
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