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1  | INTRODUCTION

Omnivory, that is feeding on multiple trophic levels (Coll & 
Guershon, 2002; Pimm & Lawton, 1978), is a very frequent com‐

ponent of all food webs (Holt & Polis, 1997; Kratina, LeCraw, 
Ingram, & Anholt, 2012; Thompson, Hemberg, Starzomski, & 
Shurin, 2007). Intraguild predation (IGP) is one type of omnivory, 
referring to predation on a potential competitor (Arim & Marquet 
2004; Polis, Myers, & Holt, 1989). In an IGP system, two preda‐

tors share a food source (shared prey), thereby acting as compet‐
itors. One of them furthermore acts as a predator for the other, 
being an intraguild predator (IG predator), whereas the preyed 
competitor is the intraguild prey (IG prey). The feeding of an 
IG predator may have important influence on community per‐
sistence (Stouffer & Bascompte, 2010) and stability (Neutel et al., 
2007; Wootton, 2017).

Intraguild predation interactions are not static and their 
strength varies over time (Wootton, 2017). Besides changes in 
community composition (e.g. due to dispersal; Amarasekare, 
2006) or habitat structure (Anderson & Semlitsch, 2016; 
Janssen, Sabelis, Magalhaes, Montserrat, & Van der Hammen, 
2007), changes in the local environment (Sentis, Hemptinne, & 
Brodeur, 2014) can alter the strength of the links in IGP sys‐

tems, as was shown in the case of temperature (Boersma et al., 
2016) and productivity (Diehl & Feissel, 2000, 2001). In gen‐

eral, factors that decrease the strength of omnivorous trophic 
interactions (i.e. the omnivore feeds predominantly on one tro‐

phic level) will favour coexistence and increase the stability of 
food webs (Wootton, 2017). This suggests that the presence of 
a refuge that decreases the foraging ability of the IG predator 
on some prey groups will promote species coexistence (Janssen 
et al., 2007), which has been shown due to the presence and 
the structuring effect of vegetation (Bell, McCoy, & Mushinsky, 
1991), but decreased visibility can also decrease the suscepti‐
bility of zooplankton to visual predators (Nurminen & Horppila, 
2006; Vinyard & O'Brien, 1976).

Temporary waters are generally shallow and strongly exposed 
to the mixing effect of wind (Lahr, Diallo, Ndour, Badji, & Diouf, 
1999; Naganawa & Zagas, 2002). Besides, they are often visited 
by large wallowing mammals and waterfowl with obvious conse‐

quences for turbidity and mixing (Vanschoenwinkel et al., 2011). 
As a result, inorganic turbidity is generally high, but may vary con‐

siderably among temporary habitats due to differences in depth 
and macrovegetation cover (Boros, Katalin, Vörös, & Horváth, 
2017; Boven, Stoks, Forró, & Brendonck, 2008). As temporary 
ponds are often dominated by suspension‐feeding crustaceans 
(cladocerans, copepods, anostracans) and rotifers, it raises the 
question of how these organisms cope with turbid conditions. As 
suspended inorganic particles (e.g. clay, silt; Eiler et al., 2003) in‐

terfere with the filter‐feeding process (Kirk & Gilbert, 1990), their 
high concentration in the water is expected to have a negative 
effect on zooplankters (Dejen, Vijverberg, Nagelkerke, & Sibbing, 
2004; Teffera et al., 2018; Zhou, Qin, & Han, 2018). There is, 

however, a difference among suspension feeders in their ability 
of coping with (often extreme) turbid conditions. Non‐selective 
filter feeders such as cladocerans are generally believed to be ad‐

versely affected by the high concentration of inorganic suspended 
particles (but see Hart, 1992), which they ingest together with 
their food (e.g. bacteria, algae) (Levine, Zehrer, & Burns, 2005; 
McCabe & O'Brien, 1983). Conversely, rotifers and copepods are 
more flexible in their feeding mode and can selectively feed on 
suitable particles, hence they are less affected by inorganic sus‐

pended solids than cladocerans (Hart, 1986, 1988; Kirk, 1991a; 
Kirk & Gilbert, 1990). Compared to cladocerans and copepods, 
we know much less about the feeding mechanism of anostracans. 
These flagship species of temporary waters play several key roles 
in their ecosystems, for example, it is suggested that they inter‐
act strongly with zooplankton with consequences for the trophic 
structure (Waterkeyn, Grillas, Anton‐Pardo, Vanschoenwinkel, 
& Brendonck, 2011), and are also important as food source for 
waterbirds (Horváth, Vad, Vörös, & Boros, 2013b; Sánchez, Green, 
& Castellanos, 2006). Recent findings suggest that several anos‐

tracan species might act as IG predators in their habitats by prey‐

ing on zooplankton and at the same time, competing for e.g. algal 
food (Lukić, Horváth, Vad, & Ptacnik, 2018). Based on their occur‐
rence and habitat preferences, several anostracan species seem to 
be favoured by turbid conditions (Boudrias & Pires, 2002; Horváth, 
Vad, Vörös, et al., 2013b; Petkovski, 1991, 1993). For example, 
the three fairy shrimp species inhabiting Central European soda 
pans (including our study species Branchinecta orientalis) all seem 
to prefer highly turbid habitats according to field data (Horváth, 
Vad, Vörös, & Boros, 2013a). Although high turbidity may pro‐

tect them from visual predators (e.g. amphibians and certain bird 
species; Boudrias & Pires, 2002; Boven, Vanschoenwinkel, De 
Roeck, Hulsmans, & Brendonck, 2008; Petkovski, 1993), it could 
at the same time be a constraint for food uptake by filter‐feeding. 
It therefore seems unclear whether there is a causal relationship 
beyond predator avoidance behind the occurrence of anostracans 
in turbid waters, or whether turbidity merely coincides with other 
factors supporting them.

To date, there is little evidence on how inorganic turbidity af‐
fects trophic interactions, and particularly IGP relationships, in 
temporary ponds. To study whether herbivorous (on algae; shared 
prey) and carnivorous feeding (on zooplankton; IG prey) of anos‐

tracans (IG predator) is affected by increasing turbidity in a simi‐
lar manner, we first performed controlled laboratory experiments 
and then compared our results to empirical data from the field. 
The experimental turbidity gradient in our feeding experiments 
covered the typical range of turbidity found in our study systems, 
soda pans. We crossed the turbidity gradient with a treatment of 
prey type (algae, zooplankton, algae, and zooplankton combined) 
to study the effect of increasing turbidity on ingestion rates for 
different food types. We then performed a field test to find em‐

pirical support for whether the trophic position of anostracans 
and the trophic niche of communities (which are expected to shift 
with changes in the dominant prey type) change along a natural 
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gradient of turbidity in nine soda pans based on carbon and nitro‐

gen stable isotope analysis.

2  | METHODS

2.1 | Study system—soda pans of the Central 
European Lowlands

The soda pans of the Central European lowlands (Austria, Hungary, 
and Serbia) are inland saline waters of non‐marine origin. Their 
ionic composition is dominated by Na+, CO2−

3
 and HCO

−

3
 that is con‐

siderably different from sea water (Boros, Ecsedi, & Oláh, 2013). 
Due to their high surface‐to‐volume ratio their sediment can 
easily be stirred up by the mixing effect of winds, consequently 
the amount of total suspended solids (TSS) can be extremely 
high, varying from 10 to over 30,000 mg/L (Boros et al., 2013). 
Particularly at the upper end of this gradient, TSS comprises al‐
most exclusively abiotic and inorganic particles (e.g. clay, silt, sand) 
(Boros et al., 2017; Somogyi, Pálffy, Balogh, Botta‐Dukót, & Vörös, 
2017). The systems are naturally hypertrophic with total phos‐

phorus concentrations (TP) ranging between 67 and 58,772 μg/L 
(measured between 2009 and 2010; Boros et al., 2013). During 
their wet phase, soda pans and other temporary saline pools on 
the steppes of Central and Eastern Europe represent a consider‐
able proportion of shallow water habitats. For this reason, soda 
pans and sodic meadows are important resting sites for numer‐
ous waterbirds during their seasonal migration on the north‐south 
route in the Western Palaearctic (Boros et al., 2013; Horváth, Vad, 
Vörös, et al., 2013b). In general, these systems are fishless, while 
vegetation is only occasionally present around the shore. The algal 
and zooplankton density generally increases with TSS in the pans, 
reaching extremely high abundances (Horváth et al., 2014). Pico‐
sized unicellular algae are the dominant group of phytoplankton in 
these systems (Somogyi et al., 2009, 2017). The dominant species 
of zooplankton are the calanoid copepod Arctodiaptomus spinosus 

and the cladoceran Moina brachiata, especially in turbid and saline 
pans (Horváth et al., 2014).

2.2 | Study species—the fairy shrimp 
Branchinecta orientalis

Branchinecta orientalis inhabits mineral‐rich temporary waters and 
is distributed between 27° and 55°N in Europe and Asia (Mura & 
Takami, 2000; Padhye, Kulkarni, & Dumont, 2017). Active popula‐

tions of the species generally occur from March to June but excep‐

tions have also been recorded in late autumn or winter (Atashbar, 
Agh, Van Stappen, & Beladjal, 2014; Eder, Hödl, & Gottwald, 
1997; Petkovski, 1991; Šćiban, Marković, Lukić, & Miličić, 2014). 
In Central European soda pans, they occur within a wide turbidity 
range and represent the most frequent and numerous anostracan 
species (Horváth, Vad, Voeroes, et al., 2013a). B. orientalis is an 
omnivore, feeding on diverse groups of both phyto‐ and zooplank‐

ton (Lukić et al., 2018).

2.3 | Feeding experiments under 
laboratory conditions

2.3.1 | Cultivation of B. orientalis for feeding 

experiments: laboratory population

To hatch animals, sediment containing resting eggs was collected 
from a soda pan, Oberer Stinkersee (47°48′49.4″N 16°47′34.4″E), 
and stored dry at 4°C in the dark for several months. After siev‐

ing and centrifuging the sediment according to the sugar flotation 
method (Marcus, 1990; Onbe, 1978), we incubated the eggs for 
hatching in a climate chamber, with a light regime 16L:8D and a 
temperature of 18°C. Resting eggs were incubated in a medium 
prepared from sodium hydrogen carbonate and distilled water 
(i.e. artificial soda water, 0.5 g NaHCO3 per L water; conductivity 
0.5 mS/cm). Once the animals started to hatch, we picked them 
out manually and transferred them to larger plastic containers 
(21 L) filled with artificial soda water and with constant aera‐

tion. A small amount of dry sediment from their natural habitat 
was added to the medium, to promote bacterial growth (that can 
serve as food for anostracan nauplii; final conductivity of me‐

dium around 1 mS/cm). We fed anostracans daily with a mix of 
algal food (Cryptomonas sp., Scenedesmus sp., Chlamydomonas sp.), 
which was at a later stage combined with zooplankton (the rotifer 
Brachionus asplanchnoidis, the cladoceran M. brachiata, and the co‐

pepod A. spinosus), constantly maintaining a sufficient amount of 
food for animals in the culture. Animals were considered adults 
once mating was observed (around 4 weeks old in the case of the 
laboratory population).

2.3.2 | Collection of B. orientalis for feeding 

experiments: field population

The anostracans raised in the laboratory (mean ± SD of the body 
length 1.44 ± 0.13 cm) were smaller compared to those collected in 
the field (2.46 ± 0.22 cm); therefore, in a second set of experiments, 
we collected full‐sized adults in the field to verify data obtained with 
laboratory animals. For these experiments, live animals were col‐
lected from Mittlerer Stinkersee (47°48′27.5″N 16°47′19.5″E) dur‐
ing spring 2017. After collection from the field, the population was 
kept and maintained the same way as the population hatched in the 
climate chamber.

2.3.3 | Experimental design and food types

The zooplankton groups used in the experiments as food were 
also collected live on the field in the Seewinkel area (47°48′49.4″N 
16°47′34.4″E) and cultivated in the laboratory during the experi‐
ments. In the predatory feeding tests, two typical members of 
soda pan zooplankton communities were used (Horváth et al., 
2014; Tóth et al., 2014): a copepod (A. spinosus, 20 individuals in 
70 ml) and a rotifer (B. asplanchnoidis, 100 individuals in 70 ml). 
The zooplankton prey concentrations were comparable to the 
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zooplankton densities in their natural habitats in previous seasons 
(data not shown).

We offered two different sized algae as food in the herbivory 
feeding tests. A coccoid green algae Mychonastes sp. (Sphaeropleales; 
diameter 2–3 μm) was used as picoplankton (the dominant size group 
of phytoplankton in soda pans; Felföldi, Somogyi, Márialigeti, & 
Vörös, 2009; Vörös, Balogh, & Boros, 2005), and the green flagel‐
late Chlamydomonas sp. (Chlamydomonadales), which represented a 
larger unicellular food (7–18 μm length). The algal food concentra‐

tion was at least 4 × higher than the concentration considered as 
saturating food abundance for Daphnia magna (Porter, Gerritsen, & 
Orcutt, 1982), that is 2 mg/L dry weight in the feeding experiments 
with the laboratory animals and 7 mg/L with the anostracan popu‐

lation from the field.
We performed short‐term feeding experiments at multiple tur‐

bidity levels (from 40 min to 4 hr depending on the prey type and 
anostracan population such as in Lukić et al., 2018). We applied 
a logarithmic scale covering the entire range of turbidity levels in 
soda pans during spring (Horváth, Vad, Voeroes, et al., 2013a), when 
B. orientalis occurs (1–10,000 mg/L TSS concentrations; for dura‐

tion, food concentration, number of replicates and turbidity levels 
see Table S1). The number of replicates was generally higher in the 
carnivory feeding experiments compared to the herbivory feeding 
experiments, because of the previously noticed higher variation be‐

tween replicates (Lukić et al., 2018).
To create turbidity, we sieved the fine sediment (<250 μm) 

from a soda pan, Oberer Stinkersee (this is the same pan that was 
the source of the anostracan eggs used for the laboratory‐raised 
population). The chosen soda pan is turbid and the characteristic 
greyish‐white colour is caused by the high amount of suspended 
mineral particles in the water column (Boros et al., 2013). The sed‐

iment was dried and sterilised in an oven at 90°C (to avoid the 
growth of bacteria or algae). We added the selected amount of 
sediment (1–10,000 mg/L TSS; Table S1) to distilled water. Adding 
different amounts of dry sediment can result in slightly differ‐
ent salinity and pH levels in the treatments. To keep them the 
same at all turbidity levels, we added sodium hydrogen carbon‐

ate (NaHCO3, one of the most dominant compounds in the nat‐
ural habitats of B. orientalis; Boros, Horváth, Wolfram, &  Vörös,  
2014;  Horváth,  Vad,  Vörös,  &  Boros, 2013a) to the lower tur‐
bidity treatments until salinity was equal to the treatment with 
the highest concentration of TSS (10,000 mg/L; final conductiv‐

ity 1.6 mS and pH 8.4). As experimental units, transparent plastic 
vials of 100 ml total volume were used, filled up with 70 ml of the 
medium. In all experiments, two adult B. orientalis females were 
used per replicate. All experiments were run in a climate cham‐

ber during daytime under the same conditions used to maintain 
the algal and animal cultures (18°C). For all treatments and food 
items, controls (without B. orientalis) were run in parallel. To avoid 
algal sedimentation, medium was gently mixed in the algal feeding 
experiments (both controls and vials with B. orientalis) at regular 
intervals (30 min) and immediately before sampling phytoplank‐

ton for quantification.

In the first set of experiments, we tested how turbidity affects 
the ingestion rates of anostracans for all four prey types separately 
(Mychonastes, Chlamydomonas, Brachionus, and Arctodiaptomus) 
along an experimental turbidity gradient represented by five lev‐

els (1, 10, 100, 1,000, and 10,000 mg/L TSS). We then performed 
a second set of experiments employing B. orientalis collected as 
adults on the field, in order to test whether the effect of turbid‐

ity depends on adult size (animals from the field were considerably 
larger, see above). Here, we repeated the feeding experiments with 
three prey types individually (Mychonastes, Chlamydomonas, and 

Arctodiaptomus) and then tested for selective feeding using two food 
items (Chlamydomonas and Arctodiaptomus) provided in a mixture. 
In the second set of experiments, we used three turbidity levels (1, 
100, and 10,000 mg/L TSS) except for Arctodiaptomus (five levels; 
see Table S1).

2.3.4 | Calculation of biomass and ingestion rates

We calculated the dry weight biomass per cell from biovolume 
based on (Bowie et al., 1985; Vadstein, Jensen, Olsen, & Reinertsen, 
1988). Biovolume of the algal food was approximated by measur‐
ing cellular dimensions and approximating them to simple geometri‐
cal bodies (sphere for Mychonastes sp. and depressed ellipsoid for 
Chlamydomonas sp). In zooplankton, B. asplanchnoidis and A. spino‐

sus biomass per individual were calculated from the average weight 
of dried individuals (0.5 μg per individual for B. asplanchnoidis and 

13.5 μg per individual for A. spinosus).
Biomass ingestion rate per anostracan in the experiments was 

calculated based on the equations from Frost (1972) and Marin, 
Huntley, and Frost (1986), assuming that food concentrations were 
below saturating concentration: 

 where M is ingested biomass per animal and time (in μg/h); g, grazing 
coefficient; C0, phytoplankton cell concentration or concentration 
of zooplankton offered as food at the beginning of experiment (in 
cells/ml); V, volume of medium (in ml); m, average biomass (in μg) 
per phytoplankton cell or zooplankton individual; and N, number of 
anostracans per vial. The grazing coefficient (g) was calculated for all 
food types according to the formula: 

 where C0 is initial cell concentration of phytoplankton or initial con‐

centration of zooplankton offered as food at the beginning of the 
experiment; Ct, final cell concentration of phytoplankton or final con‐

centration of zooplankton offered as food at the end of the experiment, 
k, growth rate based on the change of algal concentration in controls 
(applicable for phytoplankton); and t, duration of the experiment (in hr) 
(Marin et al., 1986).

M=

gC0Vm

N
,

g=k−
ln (Ct)− ln (C0)

t
,
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2.4 | Trophic position in the natural environment: 
field sampling and sample analyses

2.4.1 | Field sampling and laboratory measurements

In April 2018, zooplankton and fully adult anostracans were col‐
lected in nine soda pans to determine the stable isotope (δ15N and 

δ13C) values of A. spinosus and B. orientalis in relation to turbidity. 
The anostracans were collected with a push net (mesh size of 2 mm), 
while water was collected with a plastic beaker and sieved through 
a plankton net (mesh size of 100 μm) for zooplankton. Samples of 
B. orientalis and zooplankton were rinsed with distilled water (to re‐

move the sediment and other particles suspended in the water col‐
umn) and immediately frozen on dry ice and, after being transported 
to the laboratory, stored at −80°C. We also collected additional 
zooplankton samples for species identification and for enumerating 
zooplankton density. For this, 20 L of water was sieved through the 
100‐μm plankton mesh and the sample was fixed in 70% ethanol. 
Animals were identified and quantified under stereo and light micro‐

scope in the laboratory.
Environmental parameters (water depth, conductivity, pH, TSS, 

chlorophyll a concentration, total nitrogen [TN], and TP) and zoo‐

plankton density were analysed 2 weeks prior to the collection of 
animals and again on the day of anostracan collection (except for 
zooplankton density). To measure the amount of TSS in soda pans, 
water samples were collected and for each pond 1–50 ml water (de‐

pending on turbidity) was filtered through a pre‐weighted GF/F filter 
immediately after returning from the field. Filters were dried in the 
oven at 60°C for overnight and measured again. The TSS concentra‐

tion was the difference between the dry weight of the filters before 
and after filtering, divided by the volume of water filtered through 
the filters.

2.4.2 | Stable isotope analysis

We used B. orientalis individuals (both males and females) of 2.0–
2.7 cm body length, which was the largest anostracan size group 
found in soda pans during the sampling. We decided to use one of 
the zooplankton prey groups as a baseline (Jardine, Kidd, & Fisk, 
2006), because in a previous sampling campaign we found the 
δ

15N and δ13C values of seston unreliable (due to the high variation 
among the replicates; data not shown). Arctodiaptomus spinosus, 
the IG prey of anostracans, was one of the dominant zooplankton 
taxa, being present in all of the nine soda pans. Therefore, we iso‐

lated Arctodiaptomus under a stereo microscope from the thawed 
zooplankton samples in the laboratory and used them as a baseline 
for the relative trophic position of anostracans. Calanoid copepods 
are mostly feeding on algae, protozoans and rotifers (Kleppel, 1993; 
Lapesa, Snell, Fields, & Serra, 2004). Since Arctodiaptomus is an om‐

nivore, the relative trophic position of Branchinecta should range 
from −0.5 (being purely herbivorous) to 0.5 (being a pure primary 
predator). Isolated Arctodiaptomus and Branchinecta specimens were 
rinsed once again with distilled water, then freeze‐dried and 0.3 mg 

of a homogenised sample was placed in tin caps (three replicates for 
each animal group and soda pan) as part of standard sample prepa‐

ration procedure to analyse nitrogen stable isotope composition 
by using the Elemental Analysis Isotope Ratio Mass Spectrometry 
(EA‐IRMS; EA—Thermo Scientific™ FLASH 2000 HT™; IRMS—
Thermo Scientific™ Delta V™ Advantage). For both Arctodiaptomus 

and Branchinecta, the whole body of the animals was used in the 
analyses, which is a regularly used method for both zooplankton 
(reviewed in Feuchtmayr & Grey, 2003) and anostracans (Sánchez 
et al., 2013). Relative trophic position of Branchinecta was deter‐
mined based on the following equation (modified from Hobson & 
Welch, 1992; Jardine et al., 2006):

where δ15N is the stable isotope ratio of nitrogen and Δ15N is the 
enrichment factor representing the increase in δ15N from one trophic 
position to the next, for which we used the general value of 3.4‰ 
(Fry, 2006; Jardine et al., 2006).

2.5 | Statistical analyses

Negative biomass ingestion rates were set to zero prior to statis‐

tical analysis of grazing rates (Boersma et al., 2016; Nejstgaard, 
Naustvoll, & Sazhin, 2001). Moreover, in a few cases with Brachionus 

as food, all offered rotifers were ingested, setting the final food 
concentration at the end of the experiments to zero. Since the final 
concentrations are log‐transformed in our equation to calculate 
the grazing coefficients, this would not have resulted in a meaning‐

ful value (Legendre & Legendre, 1998). Therefore, in these cases 
we decided to use a small non‐zero value of 0.25 rotifer per ex‐

perimental vial (mean between 0 and 0.5, a range that should be 
rounded to 0). TSS values were also log‐transformed for the analy‐

ses. We fitted linear regressions (LR) to analyse feeding efficiency 
(expressed in biomass ingestion rates) as a function of turbidity 
(log‐transformed TSS). We used a standardised regression coeffi‐
cient (lm.beta package; Behrendt, 2014) to compare the effect of 
turbidity on different food types. As variation in the experimental 
data tended to scale with turbidity, we tested for heteroscedasticity 
(Breusch–Pagan test, lmtest package; Zeileis & Hothorn, 2002). In 
cases where this test was significant (Mychonastes prey with labo‐

ratory‐raised anostracans, Chlamydomonas prey with field anostra‐

cans, and Chlamydomonas and Chlamydomonas + Arctodiaptomus 

prey in the mixed feeding of field anostracans, Table 1), we per‐
formed the Box–Cox (BC) transformation implemented with the 
caret package (Kuhn, 2008) on the biomass ingestion rate data set 
and then repeated the LR test. In every case, heteroscedasticity 
was non‐significant after transformation.

To compare the differences between the slopes of two selected 
prey types (Chlamydomonas and Arctodiaptomus in all the three ex‐

periments) we fitted LR including two treatments and their interac‐

tion (turbidity*prey) in each of the three sets of experiments. If the 

RTPB. orientalis=

�
15NB. orientalis−�

15NA. spinosus

Δ15N
,
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Breusch–Pagan test was significant in this step, a robust LR (lm_ro‐

bust() function in the estimatr package; Blair, Cooper, Coppock, 
Humphreys, & Sonnet, 2019) was chosen over a regular LR (this was 
necessary in the experiments with laboratory‐raised anostracans 
and the mixed food experiments with field anostracans).

For stable isotope analyses, we first checked the effect of tur‐
bidity on the δ15N values of Arctodiaptomus and Branchinecta in two 
separate LR models. Then to study the relationship between the 
relative trophic position of anostracans and environmental parame‐

ters, we selected the best linear regression model explaining relative 
trophic position. For that, we used a stepwise regression with for‐
ward selection implemented with the caret, leaps (Lumley & Miller, 
2017) and MASS (Venables & Ripley, 2002) packages. As predictors 
in the null model of the stepwise regression, we included TSS, con‐

ductivity, water depth, zooplankton density, and TN, including both 
measurements 2 weeks prior and on the day of the anostracan sam‐

pling (except zooplankton density). All predictors except conductiv‐

ity and TN were log‐transformed. Total phosphorus concentration 
and chlorophyll a were not included in the initial model because 
they both showed strong significant positive correlation with TSS 
at both time points, which is a general pattern in these habitats (see 
also Horváth et al., 2014). Model selection was based on mean ab‐

solute error and root mean squared error criteria. We tested the 
effect of the resulting best predictor (TSS) on the relative trophic 
position with an LR.

We used δ15N and δ13C values to calculate the area of the convex 
hull (i.e. trophic niche, as in Layman, Quattrochi, Peyer, & Allgeier, 
2007) of the soda pan communities (Arctodiaptomus + Branchinecta, 

altogether 6 samples per soda pan) using the SIBER package 
(Jackson, Inger, Parnell, & Bearhop, 2016). We log‐transformed 
the obtained trophic niche values and then tested their relation‐

ship with turbidity (log‐transformed TSS measured 2 weeks prior 

anostracan sampling) with an LR model. All data were analysed in 
R (R Core Team, 2014).

3  | RESULTS

3.1 | Feeding experiments

In the algal feeding experiments (for the ingestion rates see Table 
S2), turbidity had a similar significant negative effect on the inges‐

tion rates of both anostracan populations, the laboratory‐raised 
anostracans (Table 1 and Figure 1a,b) and the ones from the field 
(Table 1 and Figure 2a). Mychonastes was ingested at rates simi‐
lar to those found in the case of the laboratory population (con‐

sisting of somewhat smaller animals), while ingestion rates on 
Chlamydomonas appeared to be higher in the anostracans from 
the field. Ingestion rates on Chlamydomonas were overall higher 
(with close to one order of magnitude in a few treatments) than on 
Mychonastes for both the population from the field and the labora‐

tory‐raised anostracans.
The effect of turbidity on the carnivory of Branchinecta was 

not detectable in most cases. We did not find a significant effect 
of turbidity on feeding on Arctodiaptomus either in the laboratory‐
raised (Figure 1d and Table 1) or in the field population (Figure 2b 
and Table 1). Turbidity only had a significant negative impact on the 
ingestion of Brachionus (Figure 1c and Table 1).

In the feeding experiments with mixed food (algae + zooplank‐

ton offered simultaneously to the field population), results were 
similar to the individual experiments with both anostracan popu‐

lations (Table S2). Turbidity had a significant negative effect both 
on herbivorous and carnivorous feeding without BC transformation 
(Figure 3a), but after BC transformation, only the effect on herbiv‐

orous feeding stayed significant (Table 1). Overall, total biomass 

TA B L E  1   Linear regressions fitted for the feeding experiments: individual prey offered to the laboratory‐raised population of 
Branchinecta, individual prey offered to the population of Branchinecta from the field, and mixed prey (Chlamydomonas + Arctodiaptomus) 
offered to the population of Branchinecta from the field

 Food

No transformation Box‐Cox transformation

β R2 p β R2 p

Laboratory population of 
Branchinecta; individual prey

Mychonastes −0.63 0.35 .012 −0.72 0.48 .002

Chlamydomonas −0.84 0.69 <.001 – – –

Brachionus −0.47 0.19 .017 – – –

Arctodiaptomus* −0.18 −0.01 .386 −0.17 −0.01 .403

Population of Branchinecta 

from the field; individual 
prey

Mychonastes −0.72 0.45 .028 – – –

Chlamydomonas −0.51 0.23 .004 −0.52 0.25 .003

Arctodiaptomus −0.14 −0.00 .327 – – –

Population of Branchinecta 

from the field; mixed prey
Chlamydomonas −0.53 0.25 .003 −0.44 0.16 .015

Arctodiaptomus* −0.37 0.10 .046 −0.29 0.05 .123

Chlamydomonas + Arctodiaptomus −0.72 0.50 <.001 −0.75 0.54 <.001

β is the standardised regression coefficient. Missing values (‘–’) indicate that no Box–Cox transformation was performed for the data due to non‐sig‐

nificant outcomes of the Breusch–Pagan test which indicated a lack of heteroscedasticity. Asterisks indicate experiments where the Breusch–Pagan 
test was marginally significant (.05 < p < .1).
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ingestion rates (sum of all algae + zooplankton biomass consumed 
per experimental vial) were also decreasing with increasing turbidity 
(Figure 3b; Table 1). At the same time, the ratio of ingested food 
types (based on biomass) reversed with increasing turbidity, with a 
higher ratio of algal food ingested in clear compared to a higher ratio 
of animal food in turbid water (Figure S1).

By directly comparing the regression slopes for three exper‐
imental groups (feeding experiments with the laboratory‐raised 
anostracans, individual and mixed feeding experiments with anos‐

tracans from the field) across food type treatments, we found 
significant differences between the slopes of Chlamydomonas 

and Arctodiaptomus prey in the individual feeding experiments of 
anostracans from the field (the turbidity*prey interaction in LR: 
t76 = −2.11, p = .038). This interaction was not significant in the lab‐

oratory‐raised population (t36 = 0.35, p = .724) or the mixed feed‐

ing experiment with the anostracans from the field (t56 = −1.68, 
p = .097).

3.2 | Trophic position of anostracans in their 
natural habitats

There was a significant correlation between the δ15N values of 
anostracans and turbidity, while this was not the case for copep‐

ods (Figure 4a). The relative trophic position of Branchinecta rela‐

tive to Arctodiaptomus (omnivore) ranged from −0.39 (equivalent 
to the position of primary consumers, implying the dominance of 
herbivorous feeding on phytoplankton) to 0.68 (position of sec‐

ondary consumers, implying the dominance of carnivorous feeding 
on primary consumers). The relative trophic position of anostra‐

cans was best explained by the mean turbidity of their habitats 
measured 2 weeks before sampling for the stable isotope analysis 
(Table S3), although the relationship in the following LR was not 
significant (Figure 4b, p = .152).

The log‐transformed trophic niche values of soda pan commu‐

nities (Arctodiaptomus + Branchinecta) showed a significant positive 

F I G U R E  1   Biomass ingestion rates of Branchinecta orientalis (laboratory‐raised specimens) on the four different food groups. Effect of turbidity 
was significantly negative for herbivorous feeding on (a) Mychonastes sp. (linear regressions, LR: R2 = 0.35, p = .012), (b) Chlamydomonas sp. (LR: R2 = 

0.69, p < .001), and carnivorous feeding on rotifer (c) Brachionus asplanchnoidis (LR: R2 = 0.19, p = .017) but not significant for carnivorous feeding on 
calanoid copepod (d) Arctodiaptomus spinosus (LR: R2 = −0.01, p = .386) [Colour figure can be viewed at wileyonlinelibrary.com]
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correlation with the same measurement of turbidity (Figure 4c), in‐

dicating that the trophic role of anostracans became more distinct 
from the copepods as turbidity increased, which widened the isoto‐

pic niche of the community.

4  | DISCUSSION

Turbidity reduced the feeding rates of Branchinecta on both algal 
prey types (Mychonastes and Chlamydomonas) in all experimental 

setups. Although the ingestion rates on Chlamydomonas in the clear 
water treatment were much higher in the large anostracan popula‐

tion (compared to the smaller population raised in the laboratory; 
see Figures 1b and 2a), the overall response to the turbidity treat‐
ment was the same. In contrast, turbidity had no significant to weak 
effect on the ingestion of zooplankton. This altogether implied a 
shift in the IGP system, with an increasing relative importance of 
carnivory towards high turbidity. The observed increase in anostra‐

can δ15N values and relative trophic position, as well as the commu‐

nity trophic niche, match the experimental results. Thus, our results 

F I G U R E  2   Biomass ingestion rates of Branchinecta orientalis (specimens collected from the field) in the single‐food experiments. In case 
of (a) herbivorous feeding on the algae Chlamydomonas sp. biomass ingestion rates decreased significantly along the turbidity gradient (linear 
regressions, LR: R2 = 0.23, p = .004), while in (b) carnivorous feeding on the zooplankter Arctodiaptomus spinosus, no significant pattern was 
detected (LR: R2 = −0.0004, p = .327) [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  3   Biomass ingestion rates of Branchinecta orientalis (specimens collected from the field) in the mixed food experiment along 
the turbidity gradient. (a) Ingestion rates for Chlamydomonas sp. (linear regressions, LR: R2 = 0.25, p = .003; green empty circles and green 
regression line) and Arctodiaptomus spinosus (LR: R2 = 0.10, p = .046; red filled circles and red regression line). (b) Total ingestion rate in the 
same experiment (algae + zooplankton; LR: R2 = 0.50, p < .001) [Colour figure can be viewed at wileyonlinelibrary.com]
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showed that inorganic turbidity modulated the strength of trophic 
relationships between an IG predator and its prey, which implies an 
important community shaping role of turbidity in aquatic systems.

4.1 | Effect of turbidity on anostracan feeding

Up to now, very little is known on the possible environmental effects 
on the ingestion rates in anostracans. Herbivorous feeding (i.e. filter‐
feeding on algae) have been shown to be affected by salinity (Sánchez, 
Paredes, Lebouvier, & Green, 2016) and water quality (Brendonck, 
1993), but the effect of inorganic turbidity was so far unknown. For 

non‐selective filter feeders such as cladocerans, high amounts of TSS 
usually lead to the ingestion of increased amounts of inorganic parti‐
cles and consequently a reduction in ingested algae (Arruda, Marzolf, 
& Faulk, 1983; Hart, 1988). Another possible effect is the mechani‐
cal inhibition of food collection by inorganic particles, which has also 
been documented for filter feeders (Kirk, 1991b). Our observations on 
live anostracans collected from the field and used in our feeding ex‐

periments rather suggested the first effect (ingestion of high amounts 
of inorganic particles), as the intestines of animals feeding in turbid 
environments were greyer (D. Lukić, personal observation). In addi‐
tion to a lower ingestion of algae, we also recorded a decrease in the 
ingestion rate on the rotifer Brachionus. Brachionus is a relatively large 
rotifer species (180–500 μm body length), but a very slow swimmer. 
Therefore, some authors already considered feeding on rotifers as one 
way of filter‐feeding (as in feeding on algae) rather than true predato‐

rial behaviour (Dumont, Ali, Sarma, & Mertens, 1994), which is also 
supported by our results.

Many anostracan species live in turbid waters (Daborn, 1977; 
Hancock & Timms, 2002; Horváth, Vad, Vörös, et al., 2013a). Based 
on the existing evidence, anostracans are presumably not visual 
predators (Boudrias & Pires, 2002; Rogers & Timms, 2017) and rely 
on other senses instead to locate their prey. Their antennae and other 
extremities are densely covered by setae (Boudrias & Pires, 2002; 
Rogers, Quinney, Weaver, & Olesen, 2006; Rogers & Timms, 2017), 
which are suggested to play an important role in tactile (as suggested 
for Branchinella occidentalis; Rogers & Timms, 2017) or chemosen‐

sory detection of prey (suggested for Branchinecta species; Boudrias 
& Pires, 2002). These are in agreement with our findings and could 
explain the weak to no effect of increased turbidity on carnivorous 
feeding on the largest and most motile prey (Arctodiaptomus) offered 
in our experiments. This implies that feeding on Arctodiaptomus 

probably happens via another mechanism of feeding (different from 
the filtration of algae and rotifers), which suggests that anostracans 
are able to use different feeding mechanisms—filter and predatory 
feeding—depending on the prey type.

F I G U R E  4   Stable isotope data of Arctodiaptomus spinosus 

and Branchinecta orientalis from nine soda pans. (a) δ15N values 
of A. spinosus (linear regressions, LR: R2 = 0.19, p = .133; red 

filed circles and red regression line) and B. orientalis (LR: R2 = 

0.69, p = .003; blue empty circles and blue regression line) along 
the turbidity gradient (represented by log‐transformed total 
suspended solids [TSS]). TSS in the soda pans measured 2 weeks 
prior to animal sampling for stable isotope analysis. (b) Relative 
trophic position of B. orientalis (compared to A. spinosus) along the 
turbidity gradient (log‐transformed TSS; LR: R2 = 0.16, p = .152). 
Trophic position is calculated in relation to A. spinosus (intraguild 
[IG] prey), where 0 indicates when they occupy the same position 
(competition between IG predator and IG prey) whereas 1 indicates 
that the position of B. orientalis is one level higher (implying the 
predominance of a predator–prey relationship between IG predator 
and IG prey). (c) Convex hull area (i.e. trophic niche) of the soda pan 
communities (B. orientalis + A. spinosus) along the turbidity gradient 
(both variables were log‐transformed; LR: R2 = 0.46, p = .026) 
[Colour figure can be viewed at wileyonlinelibrary.com]
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In this study, the whole body of anostracans was used for 
stable isotope analysis, which integrates the information on food 
assimilated during the majority of the adult life of the studied or‐
ganisms (Zanden, Clayton, Moody, Solomon, & Weidel, 2015). For 
anostracans, it would probably be around 4 weeks prior to our 
sampling (judged based on the size of anostracans and the time 
of ice break). However, local values of TSS can show extreme 
temporal changes in soda pans (see Table S4). For that reason, we 
included data on TSS (and the other available environmental pa‐

rameters) from 2 weeks before the stable isotope sampling, and 
the 2‐week prior TSS values were indeed the best predictors of 
the trophic position of Branchinecta. The results of the field test 
were in accordance with our laboratory experiments—the relative 
trophic position of Branchinecta rose with TSS, with an increase 
of one entire level from the most transparent to the most turbid 
habitat—implying that increased turbidity induced a shift in their 
feeding (indicating zooplankton as major prey in these cases). This 
suggests that turbidity acts as an important determinant of the 
strength of trophic relationships between anostracans and their 
prey (Figure 5). Moreover, the increasing amount of available food, 
algae, and zooplankton, along the turbidity gradient (which is a 
general pattern in our study systems, Horváth et al., 2014) might 
compensate for the overall decrease in total ingested biomass 
with increasing turbidity we observed in our experimental setup, 
where food levels were kept constant. This can eventually explain 
the high abundances of anostracans even in very turbid habitats 
(Boudrias & Pires, 2002; Boven, Vanschoenwinkel et al., 2008; 
Horváth, Vad, Vörös, et al., 2013a).

4.2 | Effect of anostracans on the community as an 
IG predator

Our results have further implications regarding the importance of 
anostracans as IG predators for the entire community. Anostracans 
can reach high densities in their habitats (Daborn, 1977; Horváth, 
Vad, Vörös, et al., 2013b; Vanschoenwinkel, Brendonck, Pinceel, 

Dupriez, & Waterkeyn, 2013; Vanschoenwinkel, Seaman, & 
Brendonck, 2010) and they act both as competitors and predators 
of smaller zooplankton (Jocque, Vanschoenwinkel, & Brendonck, 
2010; Lukić et al., 2018; Waterkeyn et al., 2011), which suggests 
a high impact on the zooplankton community. Even though B. ori‐

entalis hatches very early after inundation/ice break (Lukić, Vad, & 
Horváth, 2016; Petkovski, 1991), it is probably predominantly her‐
bivorous in the early stages of its life (similar to other anostracans; 
Daborn, 1975; Fryer, 1983), which gives some time for zooplank‐

ton communities to establish at the beginning of the wet phase of 
their habitats. Moreover, anostracans disappear before temporary 
ponds dry out, while many zooplankton species occur throughout 
the whole wet season (Horváth, Vad, Vörös, et al., 2013a; Jocqué, 
Riddoch, & Brendonck, 2007; Tóth et al., 2014; Vanschoenwinkel, 
Waterkeyn, et al., 2010), which overall provides a temporal refuge 
for zooplankton (Kratina et al., 2012). In addition, anostracans do 
not feed on the largest zooplankton such as adult D. magna (they 
are only susceptible to anostracan predation in the earliest stages 
of their life, Lukić et al., 2018). In this way, anostracans could 
even promote the maintenance of larger Daphnia in the communi‐
ties through decreasing the densities of their competitors, that is 
smaller zooplankton taxa.

4.3 | Influence of turbidity on the IGP system

Changes in inorganic turbidity can lead to significant shifts in 
community composition (Teffera et al., 2018; Zhou et al., 2018). 
According to our results, suspended inorganic particles create a 
refuge for smaller prey of anostracans (algae and small zooplank‐

ton), comparable to structured habitats providing a refuge for IG 
prey (although the direct mechanism is different) (Janssen et al., 
2007). Similar phenomena were shown in case of visual predators 
(planktivorous fish) and their prey (zooplankton), where increased 
levels of turbidity or the deeper dark strata of lakes provided a 
refuge for zooplankton (the latter via diurnal vertical migra‐

tion of zooplankton) (Gardner, 1981; Vinyard & O'Brien, 1976). 
Furthermore, turbidity might also affect trophic relationships be‐

yond the boundaries of aquatic habitats as experimental evidence 
showed that increased amounts of detritus particles can inhibit 
the filtration rate of filter‐feeding waterbirds such as shovelers 
(Gurd, 2007).

At the same time, the effect of turbidity on the IGP system of 
temporary ponds is more complex. Our results show that turbidity 
probably does not affect the predation efficiency of anostracans 
on the IG prey (zooplankton) considerably, but it rather decreases 
competition for the shared resource (phytoplankton). We found 
that grazing on phytoplankton was very close to 0 in the most tur‐
bid treatments in our experiments, and the relative trophic position 
of anostracans similarly implied a predominantly carnivorous feed‐

ing in turbid habitats. As chlorophyll a concentrations significantly 
increase along the turbidity gradient in soda pans (Horváth et al., 
2014), we can exclude that the reason for the predominantly car‐
nivorous feeding of anostracans was resulting from limited amounts 

F I G U R E  5   A schematic representation of the changes in the 
relative strength of interactions in the studied intraguild predation 
system along the turbidity gradient, with anostracans as intraguild 
predators, zooplankton as intraguild prey, and phytoplankton as 
shared prey [Colour figure can be viewed at wileyonlinelibrary.com]
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of phytoplankton available as food. In temporary pond systems 
with anostracans as IG predators, turbidity does not provide effi‐
cient refuge for zooplankton (due to probably non‐visual predation 
of anostracans), but it decreases their grazing pressure on phyto‐

plankton (Figure 5), which can indirectly benefit zooplankton due to 
the higher phytoplankton (food) abundance in turbid ponds (Horváth 
et al., 2014). In hypertrophic systems such as soda pans (TP 67–
4,177 μg/L in spring 2018), the IG prey would otherwise be prone 
to extinction (Diehl & Feissel, 2001). Turbidity and productivity are 
typically correlated in soda pans (this study; Horváth et al., 2014), 
which suggests the importance of turbidity as a stabilising factor in 
this part of the food web.

5  | CONCLUSIONS

Our results show that inorganic turbidity can alter trophic relation‐

ships through the feeding of an IG predator (anostracans in this 
study). This also implies a possible community shaping role of turbid‐

ity on plankton communities, with the strength of top‐down control 
on the different groups varying with turbidity. In addition to the ef‐
fect on the feeding of anostracans, other taxonomic groups are also 
likely to be directly affected, depending on their feeding type. For 
example, the ability of copepods to cope with increased turbidity 
better than cladocerans (Dejen et al., 2004) could shape competi‐
tive interactions within the zooplankton communities and help to 
sustain copepod dominance in highly turbid soda pans (Horváth 
et al., 2014). The global presence of anostracans in turbid ponds 
could also at least partly stem from to their ability to feed on differ‐
ent prey types and to switch between multiple feeding mechanisms. 
Furthermore, amphibians and waterbirds feeding from temporary 
ponds could also be affected by changes in inorganic turbidity and 
subsequent changes in prey availability (Gurd, 2007). Therefore, the 
consequences of increased turbidity are expected to be complex, 
acting on multiple trophic levels.

ACKNOWLEDGMENTS

The work was supported by the Interreg V‐A Austria‐Hungary pro‐

gramme of the European Regional Development Fund (Vogelwarte 

Madárvárta 2). D.L. is a recipient of the DOC fellowship of the 
Austrian Academy of Sciences at the WasserCluster Lunz and 
University of Vienna. Cs.P., Cs.F.V., and Zs.H. acknowledge further 
support by GINOP 2.3.2.‐15‐2016‐00057. Authors thank Lake 
Neusiedl Biological Station, Thomas Zechmeister, Richard Haider, 
Christian Preiler, Radka Ptáčníková, and Zsuzsanna Márton for their 
help in field work, sample analysis, and maintenance of laboratory 
cultures.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID

Dunja Lukić  https://orcid.org/0000‐0001‐6838‐9831 

Robert Ptacnik  https://orcid.org/0000‐0001‐7176‐7653 

Csaba F. Vad  https://orcid.org/0000‐0003‐4744‐0698 

Csenge Pόda  https://orcid.org/0000‐0002‐5826‐7870 

Zsόfia Horváth  https://orcid.org/0000‐0003‐2857‐1094 

REFERENCES

Amarasekare, P. (2006). Productivity, dispersal and the coexistence of 
intraguild predators and prey. Journal of Theoretical Biology, 243, 121–
133. https ://doi.org/10.1016/j.jtbi.2006.06.007

Anderson, T. L., & Semlitsch, R. D. (2016). Top predators and hab‐

itat complexity alter an intraguild predation module in pond com‐

munities. Journal of Animal Ecology, 85, 548–558. https ://doi.
org/10.1111/1365‐2656.12462 

Arim, M., & Marquet, P. A. (2004). Intraguild predation: a widespread 
interaction related to species biology. Ecology Letters, 7(7), 557–564. 
https://doi.org/10.1111/j.1461‐0248.2004.00613.x

Arruda, J. A., Marzolf, G. R., & Faulk, R. T. (1983). The role of suspended 
sediments in the nutrition of zooplankton in turbid reservoirs. 
Ecology, 64, 1225–1235. https ://doi.org/10.2307/1937831

Atashbar, B., Agh, N., Van Stappen, G., & Beladjal, L. (2014). 
Diversity and distribution patterns of large branchiopods 
(Crustacea: Branchiopoda) in temporary pools (Iran). Journal of 

Arid Environments, 111, 27–34. https ://doi.org/10.1016/j.jarid 
env.2014.07.005

Behrendt, S. (2014). lm.beta: Add standardized regression coefficients to lm‐

objects. R package version 1.5‐1. Retrieved from http://cran.r‐proje 
ct.org/packa ge=lm.beta

Bell, S. S., McCoy, E. D., & Mushinsky, H. R. (1991). Habitat Structure: The 

physical arrangement of objects in space. Dordrecht, the Netherlands: 
Springer Science & Business Media.

Blair, G., Cooper, J., Coppock, A., Humphreys, M., & Sonnet, L. (2019). 
estimatr: Fast Estimators for Design‐Based Inference. R package. 
Retrieved from https ://cran.r‐proje ct.org/web/packa ges/estim atr/
index.html

Boersma, M., Mathew, K. A., Niehoff, B., Schoo, K. L., Franco‐Santos, R. 
M., & Meunier, C. L. (2016). Temperature driven changes in the diet 
preference of omnivorous copepods: No more meat when it's hot? 
Ecology Letters, 19, 45–53. https ://doi.org/10.1111/ele.12541 

Boros, E., Ecsedi, Z., & Oláh, J. (2013). Ecology and management of soda 

pans in the Carpathian Basin. Balmazújváros, Hungary: Hortobágy 
Environmental Association.

Boros, E., Horváth, Z., Wolfram, G., & Vörös, L. (2014). Salinity and ionic 
composition of the shallow astatic soda pans in the Carpathian Basin. 
Annales de Limnologie‐International Journal of Limnology, 50, 59–69. 
https://doi.org/10.1051/limn/2013068

Boros, E., Katalin, V.‐B., Vörös, L., & Horváth, Z. (2017). Multiple extreme 
environmental conditions of intermittent soda pans in the Carpathian 
Basin (Central Europe). Limnologica (Online), 62, 38–46. https ://doi.
org/10.1016/j.limno.2016.10.003

Boudrias, M. A., & Pires, J. (2002). Unusual sensory setae of the raptorial 
Branchinecta gigas (Branchiopoda : Anostraca). Hydrobiologia, 486, 
19–27. https ://doi.org/10.1023/a:10213 17927643

Boven, L., Stoks, R., Forró, L., & Brendonck, L. (2008). Seasonal dynamics 
in water quality and vegetation cover in temporary pools with vari‐
able hydroperiods in Kiskunság (Hungary). Wetlands, 28, 401. https :// 

doi.org/10.1672/06‐174.1
Boven, L., Vanschoenwinkel, B., De Roeck, E. R., Hulsmans, A., & 

Brendonck, L. (2008). Diversity and distribution of large branchiopods 



     |  237LUKIĆ et aL.

in Kiskunsag (Hungary) in relation to local habitat and spatial factors: 
Implications for their conservation. Marine and Freshwater Research, 
59, 940–950. https ://doi.org/10.1071/mf08154

Bowie, G. L., Mills, W. B., Porcella, D. B., Campbell, C. C., Pagenkopf, 
J. R., Rupp, G. L., et al. (1985). Rates, constants and kinetics formula‐

tions in surface water quality modeling (2nd edn). Environment Research 

Laboratory, Environmental Protection Authority EPA/600/3‐85/040.

Brendonck, L. (1993). Feeding in the fairy shrimp Streptocephalus probos‐

cideus (Frauenfeld) (Branchiopoda: Anostraca). II. Influence of envi‐
ronmental conditions on feeding rate. Journal of Crustacean Biology, 
13, 245–255. https ://doi.org/10.2307/1548972

Coll, M., & Guershon, M. (2002). Omnivory in terrestrial arthropods: 
Mixing plant and prey diets. Annual Review of Entomology, 47, 267–
297. https ://doi.org/10.1146/annur ev.ento.47.091201.145209

Daborn, G. (1975). Life history and energy relations of giant fairy shrimp 
Branchinecta gigas Lynch 1937 (Crustacea‐Anostraca). Ecology, 56, 
1025–1039. https ://doi.org/10.2307/1936144

Daborn, G. R. (1977). The life history of Branchinecta mackini Dexter 
(Crustacea: Anostraca) in an argillotrophic lake of Alberta. Canadian 

Journal of Zoology, 55, 161–168. https ://doi.org/10.1139/z77‐020
Dejen, E., Vijverberg, J., Nagelkerke, L. A. J., & Sibbing, F. A. (2004). 

Temporal and spatial distribution of microcrustacean zooplankton in 
relation to turbidity and other environmental factors in a large trop‐

ical lake (L. Tana, Ethiopia). Hydrobiologia, 513, 39–49. https ://doi.
org/10.1023/b:hydr.00000 18163.60503.b8

Diehl, S., & Feissel, M. (2000). Effects of enrichment on three‐level food 
chains with omnivory. The American Naturalist, 155, 200–218. https 
://doi.org/10.1086/303319

Diehl, S., & Feissel, M. (2001). Intraguild prey suffer from enrich‐

ment of their resources: A microcosm experiment with cili‐
ates. Ecology, 82, 2977–2983. https ://doi.org/10.1890/0012‐
9658(2001)082[2977:ipsfe o]2.0.co;2

Dumont, H. J., Ali, A. J., Sarma, S. S. S., & Mertens, J. (1994). Predatory 
filter‐feeding in fairy shrimps: Functional response of Streptocephalus 

proboscideus (Crustacea: Anostraca) fed Anuraeopsis fissa (Rotifera). 
Internationale Revue der Gesamten Hydrobiologie und Hydrographie, 79, 
511–519. https ://doi.org/10.1002/iroh.19940 790403

Eder, E., Hödl, W., & Gottwald, R. (1997). Distribution and phenology of 
large branchiopods in Austria. Hydrobiologia, 359, 13–22. https ://doi.
org/10.1023/a:10031 46416563

Eiler, A., Farnleitner, A. H., Zechmeister, T. C., Herzig, A., Hurban, C., 
Wesner, W., … Kirschner, A. K. (2003). Factors controlling ex‐

tremely productive heterotrophic bacterial communities in shallow 
soda pools. Microbial Ecology, 46, 43–54. https ://doi.org/10.1007/
s00248‐002‐2041‐9

Felföldi, T., Somogyi, B., Márialigeti, K., & Vörös, L. (2009). 
Characterization of photoautotrophic picoplankton assemblages 
in turbid, alkaline lakes of the Carpathian Basin (Central Europe). 
Journal of Limnology, 68, 385–395.

Feuchtmayr, H., & Grey, J. (2003). Effect of preparation and preservation 
procedures on carbon and nitrogen stable isotope determinations 
from zooplankton. Rapid Communications in Mass Spectrometry, 17, 
2605–2610. https ://doi.org/10.1002/rcm.1227

Frost, B. W. (1972). Effects of size and concentration of food particles 
on the feeding behavior of the marine planktonic copepod Calanus 

pacificus. Limnology and Oceanography, 17, 805–815. https ://doi.
org/10.4319/lo.1972.17.6.0805

Fry, B. (Ed.) (2006). Isotope Chi. In Stable isotope ecology (pp. 76–118). 
New York, NY: Springer.

Fryer, G. (1983). Functional ontogenetic changes in Branchinecta ferox 

(Milne‐Edwards) (Crustacea, Anostraca). Philosophical Transactions of 

the Royal Society of London Series B‐Biological Sciences, 303, 229.
Gardner, M. B. (1981). Effects of turbidity on feeding rates and selec‐

tivity of bluegills. Transactions of the American Fisheries Society, 110, 

446–450. https ://doi.org/10.1577/1548‐8659(1981)110<446:eotof 
r>2.0.co;2

Gurd, D. B. (2007). Predicting resource partitioning and commu‐

nity organization of filter‐feeding dabbling ducks from functional 
morphology. The American Naturalist, 169, 334–343. https ://doi.
org/10.1086/510924

Hancock, M. A., & Timms, B. V. (2002). Ecology of four turbid clay 
pans during a filling‐drying cycle in the Paroo, semi‐arid Australia. 
Hydrobiologia, 479, 95–107. https ://doi.org/10.1023/a:10210 22700201

Hart, R. C. (1986). Zooplankton abundance, community structure and dy‐

namics in relation to inorganic turbidity, and their implications for a 
potential fishery in subtropical Lake le Roux, South Africa. Freshwater 

Biology, 16, 351–371. https ://doi.org/10.1111/j.1365‐2427.1986.
tb009 76.x

Hart, R. C. (1988). Zooplankton feeding rates in relation to suspended 
sediment content: Potential influences on community structure 
in a turbid reservoir. Freshwater Biology, 19, 123–139. https ://doi.
org/10.1111/j.1365‐2427.1988.tb003 34.x

Hart, R. (1992). Experimental studies of food and suspended sedi‐
ment effects on growth and reproduction of 6 planktonic cladoc‐

erans. Journal of Plankton Research, 14, 1425–1448. https ://doi.
org/10.1093/plank t/14.10.1425

Hobson, K. A., & Welch, H. E. (1992). Determination of trophic relation‐

ships within a high Arctic marine food web using δ 13 C and δ 15 N 

analysis. Marine Ecology Progress Series, 84, 9–18.
Holt, R. D., & Polis, G. A. (1997). A theoretical framework for intragu‐

ild predation. The American Naturalist, 149, 745–764. https ://doi.
org/10.1086/286018

Horváth, Z., Vad, C. F., Tóth, A., Zsuga, K., Boros, E., Vörös, L., & 
Ptacnik, R. (2014). Opposing patterns of zooplankton diversity 
and functioning along a natural stress gradient: When the going 
gets tough, the tough get going. Oikos, 123, 461–471. https ://doi.
org/10.1111/j.1600‐0706.2013.00575.x

 Horváth, Z.,  Vad, C. F.,  Vörös, L., &  Boros, E. (2013a). Distribution and 
conservation status of fairy shrimps (Crustacea: Anostraca) in the as‐

tatic soda pans of the Carpathian basin: The role of local and spatial 
factors. Journal of Limnology, 72, 103–116. https ://doi.org/10.4081/
jlimn ol.2013.e9 

Horváth, Z., Vad, C. F., Vörös, L., & Boros, E. (2013b). The keystone role of 
anostracans and copepods in European soda pans during the spring 
migration of waterbirds. Freshwater Biology, 58, 430–440. https ://
doi.org/10.1111/fwb.12071 

Jackson, A. L., Inger, R., Parnell, A. C., & Bearhop, S. (2016). Comparing 
isotopic niche widths among and within communities: SIBER – Stable 
Isotope Bayesian Ellipses in R. Journal of Ecology, 80, 595–602. https 
://doi.org/10.1111/j.1365‐2656.2011.01806.x

Janssen, A., Sabelis, M. W., Magalhaes, S., Montserrat, M., & Van der 
Hammen, T. (2007). Habitat structure affects intraguild predation. 
Ecology, 88, 2713–2719. https ://doi.org/10.1890/06‐1408.1

Jardine, T. D., Kidd, K. A., & Fisk, A. T. (2006). Applications, consider‐
ations, and sources of uncertainty when using stable isotope analysis 
in ecotoxicology. Environmental Science & Technology, 40, 7501–7511. 
https ://doi.org/10.1021/es061 263h

Jocqué, M., Riddoch, B. J., & Brendonck, L. (2007). Successional phases 
and species replacements in freshwater rock pools: Towards a bi‐
ological definition of ephemeral systems. Freshwater Biology, 52, 
1734–1744. https ://doi.org/10.1111/j.1365‐2427.2007.01802.x

Jocque, M., Vanschoenwinkel, B., & Brendonck, L. (2010). Anostracan 
monopolisation of early successional phases in temporary waters? 
Fundamental and Applied Limnology, 176, 127–132. https ://doi.
org/10.1127/1863‐9135/2010/0176‐0127

Kirk, K. (1991a). Inorganic particles alter competition in grazing plank‐

ton ‐ the role of selective feeding. Ecology, 72, 915–923. https ://doi.
org/10.2307/1940593



238  |     LUKIĆ et aL.

Kirk, K. (1991b). Suspended clay reduces Daphnia feeding rate – be‐

havioral mechanisms. Freshwater Biology, 25, 357–365. https ://doi.
org/10.1111/j.1365‐2427.1991.tb004 98.x

Kirk, K. L., & Gilbert, J. J. (1990). Suspended clay and the population 
dynamics of planktonic rotifers and cladocerans. Ecology, 71, 1741–
1755. https ://doi.org/10.2307/1937582

Kleppel, G. (1993). On the diets of calanoid copepods. Marine Ecology 

Progress Series, 99, 183–195. https ://doi.org/10.3354/meps0 99183 
Kratina, P., LeCraw, R. M., Ingram, T., & Anholt, B. R. (2012). Stability and 

persistence of food webs with omnivory: Is there a general pattern? 
Ecosphere, 3, art50. https ://doi.org/10.1890/es12‐00121.1

Kuhn, M. (2008). Building predictive models in R using the caret package. 
Journal of statistical software, 28(5), 1–26.

Lahr, J., Diallo, A. O., Ndour, K. B., Badji, A., & Diouf, P. S. (1999). Phenology 
of invertebrates living in a sahelian temporary pond. Hydrobiologia, 
405, 189–205. https ://doi.org/10.1023/a:10038 79611584

Lapesa, S., Snell, T. W., Fields, D. M., & Serra, M. (2004). Selective feed‐

ing of Arctodiaptomus salinus (Copepoda, Calanoida) on co‐occurring 
sibling rotifer species. Freshwater Biology, 49, 1053–1061. https ://doi.
org/10.1111/j.1365‐2427.2004.01249.x

Layman, C. A., Quattrochi, J. P., Peyer, C. M., & Allgeier, J. E. (2007). 
Niche width collapse in a resilient top predator following eco‐

system fragmentation. Ecology Letters, 10, 937–944. https ://doi.
org/10.1111/j.1461‐0248.2007.01087.x

Legendre, P., & Legendre, L. (1998). Numerical ecology (2nd ed.). 
Amsterdam, the Netherlands: Elsevier Science B.V.

Levine, S. N., Zehrer, R. F., & Burns, C. W. (2005). Impact of resus‐

pended sediment on zooplankton feeding in Lake Waihola, 
New Zealand. Freshwater Biology, 50, 1515–1536. https ://doi.
org/10.1111/j.1365‐2427.2005.01420.x

Lukić, D., Horváth, Z., Vad, C. F., & Ptacnik, R. (2018). Food spectrum of 
Branchinecta orientalis—are anostracans omnivorous top consumers 
of plankton in temporary waters? Journal of Plankton Research, 40, 
436–445. https ://doi.org/10.1093/plank t/fby017

Lukić, D., Vad, C. F., & Horváth, Z. (2016). Isolation by sugar flotation 
has no direct effect on the hatching success of zooplankton resting 
eggs. Journal of Limnology, 75, 415–421. https ://doi.org/10.4081/
jlimn ol.2016.1385

Lumley, T., & Miller, A. (2017). Leaps: Regression Subset Selection. R pack‐

age version 3.0. https://CRAN.R‐project.org/package=leaps 
Marcus, N. (1990). Calanoid copepod, cladoceran, and rotifer eggs in 

sea‐bottom sediments. Marine Biology, 105, 413–418. https ://doi.
org/10.1007/bf013 16312 

Marin, V., Huntley, M. E., & Frost, B. (1986). Measuring feeding rates of 
pelagic herbivores: Analysis of experimental design and methods. 
Marine Biology, 93, 49–58. https ://doi.org/10.1007/bf004 28654 

McCabe, G., & O'Brien, W. (1983). The effects of suspended silt on feed‐

ing and reproduction of Daphnia pulex. American Midland Naturalist, 
110, 324–337. https ://doi.org/10.2307/2425273

Mura, G., & Takami, G. A. (2000). A contribution to the knowledge of the 
anostracan fauna of Iran. Hydrobiologia, 441, 117–121.

Naganawa, H., & Zagas, B. (2002). General aspects of the large branchio‐

pod crustacean fauna of Mongolia. Limnology, 3, 181–188.
Nejstgaard, J. C., Naustvoll, L.‐J., & Sazhin, A. (2001). Correcting for 

underestimation of microzooplankton grazing in bottle incubation 
experiments with mesozooplankton. Marine Ecology Progress Series, 
221, 59–75. https ://doi.org/10.3354/meps2 21059 

Neutel, A.‐M., Heesterbeek, J. A. P., van de Koppel, J., Hoenderboom, 
G., Vos, A., Kaldeway, C., … de Ruiter, P. C. (2007). Reconciling com‐

plexity with stability in naturally assembling food webs. Nature, 449, 
599–602. https ://doi.org/10.1038/natur e06154

Nurminen, L., & Horppila, J. (2006). Efficiency of fish feeding on plant‐
attached prey: Effects of inorganic turbidity and plant‐mediated 
changes in the light environment. Limnology and Oceanography, 51, 
1550–1555. https ://doi.org/10.4319/lo.2006.51.3.1550

Onbe, T. (1978). Sugar flotation method for sorting the resting eggs 
of marine cladocerans and copepods from sea‐bottom sediment. 
Bulletin of the Japanese Society of Scientific Fisheries, 44, 1411.

Padhye, S. M., Kulkarni, M. R., & Dumont, H. J. (2017). Diversity and 
zoogeography of the fairy shrimps (Branchiopoda: Anostraca) on 
the Indian subcontinent. Hydrobiologia, 801, 117–128. https ://doi.
org/10.1007/s10750‐017‐3122‐6

Petkovski, S. (1991). On the presence of the genus Branchinecta Verrill, 
1869 (Crustacea, Anostraca) in Yugoslavia. Hydrobiologia, 226, 17– 

27.

Petkovski, S. (1993). Taksonomsko‐morfološka i zoogeografsko‐ekološka 

studija Anostraca (Crustacea: Branchiopoda) jugoslovenskih zemalja. 

Prirodno‐matematički fakultet. PhD dissertation, University of Novi 
Sad, Novi Sad, Serbia.

Pimm, S. L., & Lawton, J. H. (1978). On feeding on more than one trophic 
level. Nature, 275, 542–544. https ://doi.org/10.1038/275542a0

Polis, G. A., Myers, C. A., & Holt, R. D. (1989). The ecology and evolution 
of intraguild predation: potential competitors that eat each other. 
Annual review of ecology and systematics, 20(1), 297–330. https ://doi.
org/10.1146/annur ev.es.20.110189.001501.

Porter, K. G., Gerritsen, J., & Orcutt, J. D. (1982). The effect of food con‐

centration on swimming patterns, feeding behavior, ingestion, assim‐

ilation, and respiration by Daphnia. Limnology and Oceanography, 27, 
935–949. https ://doi.org/10.4319/lo.1982.27.5.0935

R Core Team (2014). R: A language and environment for statistical com‐

puting. Vienna, Austria: R Foundation for Statistical Computing. 
Retrieved from http://www.R‐proje ct.org/

Rogers, D. C., Quinney, D. L., Weaver, J., & Olesen, J. (2006). A new giant 
species of predatory fairy shrimp from Idaho, USA (Branchiopoda: 
Anostraca). Journal of Crustacean Biology, 26, 1–12. https ://doi.
org/10.1651/c‐2509.1

Rogers, D. C., & Timms, B. V. (2017). Predatory morphology and be‐

haviour in Branchinella occidentalis (Dakin, 1914) (Branchiopoda: 
Anostraca: Thamnocephalidae). Linnean Society of New South Wales, 
139, 1–8.

Sánchez, M. I., Green, A. J., & Castellanos, E. M. (2006). Temporal 
and spatial variation of an aquatic invertebrate commu‐

nity subjected to avian predation at the Odiel salt pans (SW 
Spain). Archiv für Hydrobiologie, 166, 199–223. https ://doi.
org/10.1127/0003‐9136/2006/0166‐0199

Sánchez, M. I., Paredes, I., Lebouvier, M., & Green, A. J. (2016). Functional 
role of native and invasive filter‐feeders, and the effect of parasites: 
Learning from hypersaline ecosystems. PLoS ONE, 11, e0161478. 
https ://doi.org/10.1371/journ al.pone.0161478

Sánchez, M. I., Varo, N., Matesanz, C., Ramo, C., Amat, J. A., & Green, 
A. J. (2013). Cestodes change the isotopic signature of brine shrimp, 
Artemia, hosts: Implications for aquatic food webs. International Journal 

for Parasitology, 43, 73–80. https ://doi.org/10.1016/j.ijpara.2012. 
11.003

Šćiban, M., Marković, A., Lukić, D., & Miličić, D. (2014). Autumn popu‐

lations of Branchinecta orientalis G. O. Sars, 1903 and Chirocephalus 

diaphanus Prevost, 1803 (Crustacea, Branchiopoda) in the Central 
European Lowlands (Pannonian Plain, Serbia). North‐Western Journal 

of Zoology, 10, 435–437.
Sentis, A., Hemptinne, J.‐L., & Brodeur, J. (2014). Towards a mechanistic 

understanding of temperature and enrichment effects on species 
interaction strength, omnivory and food‐web structure. Ecology 

Letters, 17, 785–793. https ://doi.org/10.1111/ele.12281 
Somogyi, B., Felföldi, T., Vanyovszki, J., Ágyi, Á., Márialigeti, K., & 

Vörös, L. (2009). Winter bloom of picoeukaryotes in Hungarian 
shallow turbid soda pans and the role of light and tempera‐

ture. Aquatic Ecology, 43, 735–744. https ://doi.org/10.1007/
s10452‐009‐9269‐0

Somogyi, B., Pálffy, K., Balogh, K. V., Botta‐Dukát, Z., & Vörös, L. 
(2017). Unusual behaviour of phototrophic picoplankton in turbid 



     |  239LUKIĆ et aL.

waters. PLoS ONE, 12, e0174316. https ://doi.org/10.1371/journ 
al.pone.0174316

Stouffer, D. B., & Bascompte, J. (2010). Understanding food‐web per‐
sistence from local to global scales. Ecology Letters, 13, 154–161. 
https ://doi.org/10.1111/j.1461‐0248.2009.01407.x

Teffera, F. E., Lemmens, P., Deriemaecker, A., Deckers, J., Bauer, H., 
Gamo, F. W., … De Meester, L. (2018). Why are Lake Abaya and Lake 
Chamo so different? A limnological comparison of two neighboring 
major Ethiopian Rift Valley lakes. Hydrobiologia, 829, 113–124. https 
://doi.org/10.1007/s10750‐018‐3707‐8

Thompson, R. M., Hemberg, M., Starzomski, B. M., & Shurin, J. B. 
(2007). Trophic levels and trophic tangles: The prevalence of 
omnivory in real food webs. Ecology, 88, 612–617. https ://doi.
org/10.1890/05‐1454

Tóth, A., Horváth, Z., Vad, C. F., Zsuga, K., Nagy, S. A., & Boros, E. (2014). 
Zooplankton of the European soda pans: Fauna and conservation of 
a unique habitat type. International Review of Hydrobiology, 99, 255–
276. https ://doi.org/10.1002/iroh.20130 1646

Vadstein, O., Jensen, A., Olsen, Y., & Reinertsen, H. (1988). Growth 
and phosphorus status of limnetic phytoplankton and bacteria. 
Limnology and Oceanography, 33, 489–503. https ://doi.org/10.4319/
lo.1988.33.4.0489

Vanschoenwinkel, B., Brendonck, L., Pinceel, T., Dupriez, P., & 
Waterkeyn, A. (2013). Rediscovery of Branchipus schaefferi 

(Branchiopoda: Anostraca) in Belgium ‐ notes on habitat require‐

ments and conservation management. Belgian Journal of Zoology, 
143, 3–14.

Vanschoenwinkel, B., Seaman, M., & Brendonck, L. (2010). Hatching phe‐

nology, life history and egg bank size of fairy shrimp Branchipodopsis 

spp. (Branchiopoda, Crustacea) in relation to the ephemerality of 
their rock pool habitat. Aquatic Ecology, 44, 771–780. https ://doi.
org/10.1007/s10452‐010‐9315‐y

Vanschoenwinkel, B., Waterkeyn, A., Jocqué, M., Boven, L., Seaman, M., 
& Brendonck, L. (2010). Species sorting in space and time—the im‐

pact of disturbance regime on community assembly in a temporary 
pool metacommunity. Journal of the North American Benthological 

Society, 29, 1267–1278. https ://doi.org/10.1899/09‐114.1
Vanschoenwinkel, B., Waterkeyn, A., Nhiwatiwa, T., Pinceel, T., 

Spooren, E., Geerts, A., … Brendonck, L. (2011). Passive external 
transport of freshwater invertebrates by elephant and other mud‐
wallowing mammals in an African savannah habitat. Freshwater 

Biology, 56, 1606–1619. https ://doi.org/10.1111/j.1365‐2427. 
2011.02600.x

Venables, W. N., & Ripley, B. D. (2002). Modern applied statistics with S 

(4th ed.). New York, NY: Springer.
Vinyard, G. L., & O'Brien, W. J. (1976). Effects of light and turbidity on 

the reactive distance of bluegill (Lepomis macrochirus). Journal of 

the Fisheries Research Board of Canada, 33, 2845–2849. https ://doi.
org/10.1139/f76‐342

Vörös, L., Balogh, K. V., & Boros, E. (2005). Picoplankton predominance 
in soda lakes (in Hungarian with English summary). Hidrológiai, 85, 
166–168.

Waterkeyn, A., Grillas, P., Anton‐Pardo, M., Vanschoenwinkel, B., & 
Brendonck, L. (2011). Can large branchiopods shape microcrusta‐

cean communities in Mediterranean temporary wetlands? Marine and 

Freshwater Research, 62, 46–53. https ://doi.org/10.1071/mf10147
Wootton, K. L. (2017). Omnivory and stability in freshwater habitats: 

Does theory match reality? Freshwater Biology, 62, 821–832. https ://
doi.org/10.1111/fwb.12908 

Zanden, M. J. V., Clayton, M. K., Moody, E. K., Solomon, C. T., & Weidel, B. 
C. (2015). Stable isotope turnover and half‐life in animal tissues: A lit‐
erature synthesis. PLoS ONE, 10, e0116182. https ://doi.org/10.1371/
journ al.pone.0116182

Zeileis, A., & Hothorn, T. (2002). Diagnostic Checking in Regression 
Relationships. R News, 2(3), 7–10. https://CRAN.R‐project.org/doc/
Rnews/

Zhou, J., Qin, B., & Han, X. (2018). The synergetic effects of turbulence 
and turbidity on the zooplankton community structure in large, shal‐
low Lake Taihu. Environmental Science and Pollution Research, 25, 
1168–1175. https ://doi.org/10.1007/s11356‐017‐0262‐1

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article. 

How to cite this article: Lukić D, Ptacnik R, Vad CF, Pόda C, 
Horváth Z. Environmental constraint of intraguild predation: 
Inorganic turbidity modulates omnivory in fairy shrimps. 
Freshw Biol. 2020;65:226–239. https ://doi.org/10.1111/
fwb.13416 


