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1  | INTRODUC TION

The outcome of interactions between predators and prey can 
shape the structure of an entire community, influencing spe-
cies composition, size structure and spatial distribution (Englund, 
Johansson, Olofsson, Salonsaari, & Öhman,  2009; Hall, Threlkeld, 
Burns, & Crowley,  1976; Orrock et  al.,  2008). The introduction of 

top predators can lead to massive declines in prey species diversity 
(Pelicice & Agostinho,  2009; Pelicice, Latini, & Agostinho,  2015; 
Sharpe, Léon, González, & Torchin,  2017), which may remain low 
for decades (Sharpe et al., 2017). Predation does not only influence 
the populations of interacting species but it can also affect other 
organisms in different trophic levels of a community (Carpenter, 
Kitchell, & Hodgson, 1985; Ripple & Beschta, 2012). For example, 
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Abstract
1.	 Turbidity plays an important role in aquatic predator–prey interactions. Increases 

in turbidity are expected to reduce prey capture rates, especially for visually  
oriented predators. However, there is also evidence indicating that turbidity may 
have little or no effect on predation rates.

2.	 Here, we conducted a systematic review and meta-analysis of the relationship 
between turbidity and capture rate. We explored possible sources of heterogene-
ity in the effect sizes (capture strategy, predator's body size, relative eye size and 
turbidity range in the experiments) while controlling for the dependence among 
effects sizes and phylogenetic relationships among predator species.

3.	 We found a consistent negative effect of turbidity on prey capture and that tur-
bidity range (manipulated in the experiments) was the main factor accounting for 
between-study variation in effect sizes. Also, capture rates of both visually and 
non-visually oriented predators decreased with an increase in turbidity. In addi-
tion, for visually oriented fish predators, the relative eye size did not influence the 
effect sizes.

4.	 Despite the paucity of studies for some groups of aquatic predators (mainly in 
tropical regions), we provide corroborative evidence that turbidity is a critical en-
vironmental factor controlling predator–prey interactions. This result is especially 
relevant considering that changes in turbidity is a human-induced pervasive envi-
ronmental alteration resulted from, among other mechanisms, runoff after defor-
estation, eutrophication or oligotrophication in reservoir cascades, which imply 
changes in predator–prey interactions.
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the reintroduction of grey wolves Canis lupus into Yellowstone 
National Park-USA decreased the population size of elks Cervus ela-
phus, which reduced the grazing pressure on cottonwoods Populus 
spp. and willows Salix spp. (Ripple & Beschta, 2012).

The effect of predation on a community is mainly driven by the abil-
ity of predators and prey detect to each other (Thetmeyer & Kils, 1995). 
Being the first to detect provides an advantage either to predator to 
eat (Lima & Dill,  1990; Rodríguez & Lewis,  1997) or prey to escape 
(Chacin & Stallings, 2016; Green, Blumstein, & Fong, 2015). Therefore, 
environmental factors that hamper the detection of both predator and 
prey, such as presence and quantity of refuges or low light availability, 
have a strong influence on the outcome of interactions between pred-
ators and prey (Abrahams & Kattenfeld, 1997; Chacin & Stallings, 2016; 
Gregor & Anderson, 2016; Hansen & Beauchamp, 2015; Schwalbe & 
Webb, 2015; VanLandeghem, Carrey, & Wahl, 2011).

In aquatic systems, underwater light availability decreases as tur-
bidity increases (Anthony, Ridd, Orpin, Larcombe, & Lough, 2004; 
Davies-Colley & Nagels, 2008). Increased turbidity is often a result 
of increased concentration of suspended particles (Davies-Colley & 
Nagels, 2008; Nieman, Oppliger, McElwain, & Gray, 2018). Increased 
turbidity decreases the ability of visually oriented predators to 
see their prey (Higham, Stewart, & Wainwright,  2015; Ranåker, 
Nilsson, & Brönmark,  2012; Sweka & Hartman,  2003; Turesson 
& Brönmark,  2007), which negatively influences their prey con-
sumption (Figueiredo et  al.,  2019; Sweka & Hartman,  2003). The 
reduced efficiency in capturing prey in turbid waters of visually ori-
ented predators may even result in their low abundance and local 
extinction (dos Santos et al., 2017; Manning, Mayer, Bossenbroek, 
& Tyson, 2013; Tejerina-Garro, Fortin, & Rodríguez, 1998). Hence, 
traits that attenuate the impact of turbidity on prey capture, such 
as big eyes, can be favoured by natural selection (Caves, Sutton, & 
Johnsen, 2017; Nilsson, Warrant, & Johnsen, 2014). Moreover, some 
predator species can use chemical (Liao & Chang,  2003; Webster, 
Atton, Ward, & Hart, 2007) and mechanical cues to find their prey 
(Janssen & Corcoran, 1993; Junges, Lajmanovich, Peltzer, Attademo, 
& Bassó, 2010; Liao & Chang,  2003). Therefore, non-visual pred-
ators are less likely to be affected by increases in turbidity than 
visual predators (as demonstrated by Eiane, Aksnes, Bagøien, & 
Kaartvedt, 1999; Lunt & Smee, 2015).

Although a negative relationship between turbidity and predation 
rate is intuitive, there are also studies indicating that turbidity has lit-
tle or no effect on predation rates of both visually (e.g. Figueiredo, 
Mormul, & Benedito, 2015) and non-visually oriented predators (e.g. 
Ohata, Masuda, Ueno, Fukushini, & Yamashita, 2011). This lack of 
effect may be associated with habitat characteristics, such as ref-
uge availability (Figueiredo et al., 2015; Gregor & Anderson, 2016), 
or with the sensory compensation of predators, which perceive 
non-visual cues more efficiently in the absence of visual informa-
tion (Hartman & Abrahams, 2000). Understanding the causes of dis-
crepancies between studies that evaluated the effect of turbidity 
on predation rates allows to determine whether hypotheses related 
to the environmental effects (Chacin & Stallings, 2016) or presence 
of prey refuges (Figueiredo et al., 2015; Gregor & Anderson, 2016) 

are more plausible explanations of why prey capture rates differ 
between aquatic predators. This is especially important because 
the predicted increase in extreme events of rainfall due to global 
changes may increase the flow of terrestrial material into aquatic 
systems (Weyhenmeyer, Muller, Norman, & Tranvik,  2016) and 
the turbidity of aquatic bodies (Graneli, 2012; IPCC, 2014; van der 
Sluijs et al., 2011). The increase in extreme climatic events such as 
heavy precipitation and wind storms may also resuspend the sed-
iment, increasing inorganic and organic turbidity (Cózar, Gálvez, 
Hull, García, & Loiselle, 2005; Schälchli, 1992). On the other hand, 
habitat changes, such as reservoir construction decreases turbidity 
level by transforming a lotic into a lentic environment with low flow 
(a process known as oligotrophication; Barbosa, Padisák, Espíndola, 
Borics, & Rocha,  1999; dos Santos et al., 2017; Roberto, Santana, 
& Thomaz,  2009). Previous meta-analyses assessed the effect of 
human disturbances, specifically siltation (Chapman et al., 2014) and 
sediment dredging (Wenger et al., 2017) which increased turbidity. 
Both these meta-analyses observed a reduction in many population 
parameters, including reproduction, survival and feeding behaviour 
(Chapman et al., 2014; Wenger et al., 2017). However, they did not 
explore the potential causes of variation in the results (i.e. heteroge-
neity). Thus, quantifying the effect of turbidity on the capture rate 
of aquatic predators and assessing potential reasons of variation 
of turbidity effect between studies can help in the construction of 
more realistic models that seek to predict how increased turbidity 
will affect aquatic communities (Evans, 2012).

Here, we conducted a meta-analysis to test whether increased 
turbidity negatively affects the prey capture rate. We expected that 
(a) the relationship between turbidity and prey capture rate would be 
negative and (b) more pronounced for visually oriented species than 
for those that do not primarily use vision to detect their prey (e.g. 
species guided by chemical or tactile stimulus). We also expect that 
(c) the magnitude of the negative relationship between turbidity and 
prey capture rate would decrease with the size of the eye in visually 
oriented predators. Also, considering that different studies often dif-
fer in relevant ecological characteristics, especially in the predator 
and prey identity, their body sizes and the range of turbidity manipu-
lated in experiments, we assessed whether such ecological character-
istics influence the turbidity–prey capture rate relationship.

2  | MATERIAL S AND METHODS

2.1 | Search strategy

We performed a systematic search on the Web of Science data-
base, Scopus and Google Scholar on 31 January 2018, using the 
following set of keywords and Boolean operators: (‘predation rate*’ 
OR ‘consumpt* rate*’ OR ‘ingest* rate*’ OR ‘forag* success’) AND 
(‘turbidit*’ OR ‘transparen*’ OR ‘sediment*’). The systematic search 
was performed in the ‘topic’ field in Web of Science. In Scopus, the 
search was restricted to the document type ‘Article’ and to the sub-
ject area ‘Agricultural and Biological Sciences’ on ‘Title, Abstract and 
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keywords’. Google Scholar search involved the use of a single combi-
nation of each keyword relating predation to turbidity with singular 
terms in the Scholar Google. For instance, ‘predation rate, turbidity’, 
‘predation rate, sediment’ or ‘foraging success, transparency’.

We found 1995 studies using our search queries and after screen-
ing studies included in two related meta-analyses (i.e. Chapman 
et al., 2014; Wenger et al., 2017; Figure 1a). We evaluated the ab-
stract of 1,319 studies, after deleting the duplicates. We excluded 
1,191 studies which were (a) out of the scope of our meta-analysis, 
(b) not published in English, Spanish or Portuguese (language restric-
tions) or (c) did not present enough data (Figure 1b). Then, we eval-
uated the full text of the remaining 128 studies. After this step, we 
excluded 68 studies because, among other reasons, they were out 
of the scope of the meta-analysis or they did not present enough 
data (even after contacting the corresponding authors; Figure 1b). 
We also did not consider studies that measure predation rates on 
frozen, dead or artificial food.

We considered as predation the consumption (and death) of a 
prey individual. The included studies measured capture rates of both 
unicellular (e.g. Jones, Carrasco, & Perissinotto,  2015) and larger 
prey species (e.g. invertebrates and fishes; see Abrahams, Bassett, & 
Montgomery, 2017; Shoup & Lane, 2015, respectively).

2.2 | Data compilation

We compiled information on sample size, measures of central 
tendency (mean and median) and dispersion (standard deviation, 

standard error, range and confidence intervals) in studies comparing 
a control group to one or more experimental groups. Examples of 
such studies were experiments that measured predation rates in clear 
and turbid sample units (e.g. Helenius, Borg, Nurminen, Leskinen, 
& Lehtonen, 2013). From studies that assessed the relationship be-
tween turbidity and predation rates using turbidity as a continuous 
variable (e.g. Figueiredo et al., 2015; Sweka & Hartman, 2003), we 
compiled information on sample size and the correlation measure 
(Pearson correlations and coefficients of determination).

From each study, we recorded predator and prey species identi-
ties. Then, based on the literature, we recorded whether the preda-
tor species is mainly guided by visual or non-visual cues (Supporting 
Information S1; Ortega, Figueiredo, da Graça, Agostinho, & 
Bini,  2020). We compiled the size of the eye of visually oriented 
predators (eye diameter in relation to total body length; only for fish 
species) by photos available in technical reports (Hardie, 2003), ar-
ticles (Benine, Mariguela, & Oliveira, 2009) and the FishBase repos-
itory (Froese & Pauly, 2017). We also recorded the average size (in 
cm) of the predators and the range of turbidity (in nephelometric 
units; NTU) manipulated in each experiment.

2.3 | Data analysis

Thirteen studies reported Pearson correlation coefficients (r). For 
these studies, we calculated Fisher's z as a measure of effect size 
(Borenstein, Hedges, Higgins, & Rothstein, 2009). Negative z values 
indicate that predation rates in turbid conditions (treatment) are 

F I G U R E  1   Summary of studies' inclusion and exclusion stages. Preferred reporting items for systematic reviews and meta-analyses 
(PRISMA; Moher, Liberati, Tetzlaff, Altman, & The PRISMA Group, 2009) diagram (a). Other sources were two reviews on turbidity or 
sediment impacts on aquatic biota found in the systematic search. Reasons for exclusion of articles during the screening of abstracts and full 
texts (b). L/A: language/accessibility restriction; O/R/M: observational/review/modelling study; D/A/F: dead/artificial/frozen food
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lower than in clear waters (control) or that as turbidity increases, 
predation rates are reduced. For 44 two-group studies, we calcu-
lated Cohen's d and then transformed to z, following Borenstein 
et  al.  (2009). Thrity-two of these two-group studies presented 
standard-error and one study presented 95% confidence interval 
which we converted to standard deviation following Lajeunesse 
(2013) prior to d estimate. Three of the two-group studies pre-
sented medians and ranges in prey capture rates for controls and 
treatments. In these cases, we estimated the means and standard 
deviations for controls and treatments (following Hozo, Djulbegovic, 
& Hozo, 2005), estimated d and finally converted these values to z. 
Two of the two-group studies reported t and F values which were 
converted to d following Lajeunesse (2013). For two studies that 
measured prey survival rather than predator capture rates, we in-
verted the sign of the relationship by multiplying the z value by −1.

We estimated an accumulated effect size using a multilevel 
random-effects meta-analysis (Borenstein et  al.,  2009; Nakagawa 
& Santos,  2012). We controlled the dependence between effect 
sizes using a random-effect term coding each study (Nakagawa & 
Santos, 2012). Dependent effect sizes are multiple effect sizes re-
ported in the same study (Tanner-Smith & Tipton, 2014) which oc-
curred because some studies compared different treatment levels to 
the same control or because they measured the response variable 
separately for different taxonomic groups. The use of correlated ef-
fects sizes as ‘independent’ data violates the assumption of indepen-
dence between observations and artificially inflates the sample size 
of a meta-analysis (Noble, Lagisz, O'Dea, & Nakagawa, 2017).

We also tested for phylogenetic dependence in effect sizes using 
two methods. First, we calculated a mean effect size by species of 
predator, and then estimated the Pagel's λ statistic of phylogenetic 
signal (Münkemüller et  al.,  2012). We used 999 random permuta-
tions to test the Pagel's λ. Second, we controlled for phylogenetic 
dependencies when calculating an accumulated effect size (and its 
variance) in the multilevel random-effects model using a phyloge-
netic covariance matrix (Lajeunesse, 2009). We estimated the phy-
logenetic covariance matrix using a phylogeny grouping all species 
of predators found in the selected studies for the meta-analysis. We 
constructed a backbone phylogenetic hypothesis for large groups of 
aquatic predators (phylum, subphylum and class, such as Arthropoda, 
Crustacea, Vertebrata, Malacostraca, Chordata, Actinopterygii; e.g. 
Betancur-R et  al.,  2013, 2017; Nielsen,  2012). We also used phy-
logenetic hypotheses at the family and genus levels to determine 
finer relationships (Betancur-R et al., 2013, 2017; Cretê-Lafrenière, 
Weir, & Bernatchez, 2012; Waters, López, & Wallis, 2000). Although 
Pagel's λ statistic indicated that there is no phylogenetic signal in the 
mean effects sizes per species (λ = 0.0; p = 1.00), a model including 
the predator phylogeny as a random effect showed a lower Akaike 
information criterion (AIC = 658.31) than a model without phylog-
eny (AIC = 671.12; see Burnham & Anderson, 2002). Thus, we based 
our inferences on the multilevel random-effects meta-analysis in-
cluding the phylogeny.

We estimated the variance of true effect sizes (T2
total) and the 

proportion of this variance (I2total) that can potentially be explained 

by study-level explanatory variables (or moderators; see Borenstein 
et  al.,  2009; Borenstein, Higgins, Hedges, & Rothstein,  2017). We 
used the equations of Nakagawa and Santos (2012) to partition 
the heterogeneity between effect sizes (T2

total and I2total) into het-
erogeneity between studies (T2

between studies and I2between studies), 
heterogeneity at the level of studies (T2

study level and I2study level) and 
heterogeneity due to phylogenetic effects (T2

phylogeny and I2phylogeny).
We explored the heterogeneity in effect sizes using subgroup 

and meta-regression analyses. All subgroup and meta-regressions  
consisted of multilevel random-effects analyses with control for cor-
related effects size and phylogenetic effects (Nakagawa & Santos, 
2012). First, we used a subgroup analysis (Borenstein et al., 2009) to 
assess whether effects sizes vary between groups of predators (two 
levels: ‘visual’ and ‘non-visual’). Second, we used a meta-regression 
(Borenstein et al., 2009) to assess whether effect sizes varied with 
predator eye size. In this meta-regression, we used only data from  
visually oriented predators. Eye size relative to body size was trans-
formed by natural logarithm to linearize the relationship. Finally, 
we explored the influence of mean predator body size and range of 
manipulated turbidity on the variation of effect sizes with a meta- 
regression. We log-transformed the mean predator body size and the 
range in turbidity to increase the linearity of the relationships.

We evaluated publication bias using the Orwin fail-safe number 
(OFSN; Orwin, 1983), the Egger regression (Egger, Smith, Schneider, 
& Minder, 1997; Viechtbauer, 2010) and the trim-and-fill procedure 
(Duval & Tweedie,  2000). The OFSN estimates how many studies 
with effect sizes equal to zero are needed to reduce the observed 
(unweighted) mean effect size for a given target value deemed as un-
important (Orwin, 1983). We used as target values effect sizes equal 
to 50%, 25% and 10% of the observed effect size. The Egger regres-
sion consists of a regression between the effect size divided by its 
variance and a measure of its precision (Egger et al., 1997; Sterne & 
Egger,  2005). In the presence of funnel plot asymmetry (suggest-
ing bias), the intercept of this regression will be different from zero 
(Sterne & Egger, 2005). We used a meta-analytic model and the ef-
fect size variance as the precision measure for Egger regression. The 
trim-and-fill procedure is an iterative method where the most impre-
cise effect sizes are removed until a funnel-plot reaches symmetry 
(Borenstein et al., 2009; Duval & Tweedie, 2000). Then, the impre-
cise effect sizes are returned to the funnel-plot with their mirror 
values (effect sizes of the same magnitude but with the opposite sig-
nals), and the cumulative effect size is recalculated. The number of 
mirror effect sizes is the estimate of potentially omitted studies due 
to publication bias (Borenstein et al., 2009; Duval & Tweedie, 2000). 
To accommodate the lack of independence due to the presence of 
correlated effect sizes, we estimated the OFSN, Egger regression 
and trim-and-fill procedure with (a) mean effect sizes and variance 
by study and (b) by resampling (999 times) one effect size and its 
variance per study (Ortega, Thomaz, & Bini, 2018).

We performed all the analyses in the R software (R Core 
Team,  2018) using the metafor package (Viechtbauer,  2010), ape 
(Paradis, Claude, & Strimmer, 2004) and phytools (Revell, 2012). We 
used the metagear package (Lajeunesse, 2016) to download ‘.pdf’ files 

 13652656, 2020, 11, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2656.13329 by C

A
PE

S, W
iley O

nline L
ibrary on [06/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



     |  2431Journal of Animal EcologyORTEGA et al.

and metaDigitise (Pick, Nakagawa, & Noble, 2019) to extract effect 
sizes from figures. We used a significance level of 5% for all analyses.

3  | RESULTS

Most of the studies analysed were developed in the Northern 
Hemisphere, mainly in North America and Northern Europe 
(Figure 2). Some experiments were also carried out in South America, 
Africa and Oceania. The studies included in our meta-analysis used 
56 species, including fish (48 species), crustaceans (seven species) 
and bivalves (one species; Figure 3). Three field experiments did not 

specify the predator species, identifying the predator as a fish or 
decapods only.

We estimated 657 effect sizes from 60 studies. Effect sizes mea-
suring the relationship between turbidity and prey capture rate varied 
from −2.45 to 1.19. Among all 657 effect sizes, 31 were positive, 313 
were negative and 313 were not significant (i.e. with 95% confidence 
intervals (CI95) overlapping zero; Figure 4). We estimated a negative 
and significant effect of turbidity on prey capture rate (weighted 
Fisher's z ± CI95 = −0.37 ± 0.13; t = −5.38; number of studies (k) = 60; 
p < 0.01; Figure 4). In addition, we found a significant heterogene-
ity among the effect sizes (T2

between studies = 0.10; T2
study level = 0.07; 

T2
phylogeny = 0.01; Q = 11,294.05; df = 650; p < 0.01). According to  

the I2 statistic, approximately 99.6% (I2total) of the total heterogeneity 
can potentially be explained by moderators. Differences between 
studies (I2between studies), between effect sizes within studies (I2study level)  
and due to phylogenetic effects (I2phylogeny) accounted for 56.1%, 
39.3% and 4.2% of the total heterogeneity, respectively.

We did not find a significant difference in effect sizes between 
visually oriented and non-visually oriented predators (F1,550 = 1.52; 
k  =  49; p  =  0.22), indicating that both groups of predators had a 
reduction in the prey capture rate in environments with higher tur-
bidity. Also, for visually oriented fish predators, the relative eye size 
did not relate to the effect sizes (F1,483 = 1.68; k = 46; p = 0.20). 

F I G U R E  2   Global distribution of the experiments evaluating  
the effect of turbidity on prey capture rates included in the  
meta-analysis

F I G U R E  3   Putative phylogenetic relationships of the predator 
species used in the experiments included in the meta-analysis

F I G U R E  4   Variation of the relationship between turbidity 
and prey capture rate among the studies (Fisher's z). Dashed 
and continuous vertical lines indicate the cumulative (weighted) 
effect size and an effect size equal to zero, respectively. The 
closed diamond indicates the cumulative effect size and its 95% 
confidence interval (CI95). Circles in red, blue and black indicate 
negative, positive and non-significant effect sizes, respectively. 
The size of the circles indicates the weight of each effect size for 
the estimate of the cumulative effect size. The second x-axis at 
the top of the figure indicates Fisher's z values transformed to 
the correlation (Pearson's r) scale for comparison purposes
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The meta-regression model with turbidity range and mean body 
size of predators was statistically significant (F2,410 = 39.89; k = 36; 
p < 0.01; Pseudo-R2

between studies = 0.67). This model indicated that 
effect sizes were significantly and negatively correlated with turbid-
ity range (b = −0.16; t = −8.84; p < 0.01; Figure 5a), but not with 
predator body size (b = −0.10; t = −1.89; p = 0.06; Figure 5b).

Only the Egger test indicated that there was a publication bias 
in the literature on the effect of turbidity on prey capture rates. 
However, the trim-and-fill procedure, either using average effect 
sizes or the resampling method, indicated that the number of studies 
potentially omitted ranged between none and 3.06 studies only. The 
cumulative effect size, including the potentially omitted studies, re-
mains significantly lower than zero (Fisher's z ± CI95 = −0.31 ± 0.11). 
According to the Orwin fail-safe number, it would be necessary to 
include approximately 60, 179 and 537 studies with effects sizes 
equal to zero to reduce the mean effect size to 50%, 25% and 10% 
of the observed value, respectively. Using a resampling procedure to 
assess publication bias led to the same pattern (Table 1). Considering 
these results, it is unlikely that publication bias was a relevant issue 
in our meta-analysis.

4  | DISCUSSION

We found a consistent negative effect of turbidity on prey capture 
rates of aquatic predators. This effect did not depend on the type of 
predator (visually oriented or not) and predator body size. Also, the 
strength of the relationship between turbidity and prey capture rate 
increased (i.e. became more negative) with the increase in the range of 
turbidity manipulated in the experiments. This pattern suggests that 
an extreme shift in turbidity (as predicted to occur in many systems 
around the world; IPCC, 2014) can induce more pronounced changes 
in the outcomes of predator–prey interactions in aquatic ecosystems.

Turbidity negatively affects aquatic predator capture rates (e.g. 
Abrahams & Kattenfeld, 1997; Lunt & Smee, 2015; Nilsson et al., 2014; 
Turesson & Brönmark, 2007; van der Sluijs et al., 2011). The most 
direct interpretation is that turbidity reduces light availability and 
alters the composition of wavelengths (van der Suiljs et al., 2011), 
thus reducing the distances at which objects can be discerned 
(Nilsson et al., 2014; Weiffen, Möller, Mauck, & Dehnhardt, 2006). 
Therefore, visually oriented predators have their field of prey 

F I G U R E  5   Variation of the relationship between turbidity and prey capture rate (Fisher's z) in relation to the range of manipulated 
turbidity (a) and to predator body size (b). The continuous line indicates the values predicted by the meta-regression model and the dotted 
lines denote the 95% confidence interval of the predicted values. The horizontal dashed line indicates an effect size equal to zero. The size of 
the circles indicates the weight of each effect size to parameters estimate. The second y-axis to the right of figures indicates the correlation 
(Pearson's r). Note the natural logarithm scale in the x-axis

TA B L E  1   Analysis of publication bias. Number of studies 
potentially omitted and the cumulative effect size estimated by the 
trim-and-fill procedure. OFSN: Orwin's fail-safe number. OFSN1/2: 
number of studies required for a 50% reduction in observed effect 
size; OFSN1/4: reduction to 25% of observed effect size; OFSN1/10: 
reduction to 10% of observed effect size

Method Parameter Estimate
Measure of 
dispersion

Mean Number of studies 
omitted

0 4.49a 

Cumulative effect size −0.31 0.11b 

OFSN1/2 60

OFSN1/4 179

OFSN1/10 537

Egger intercept −2.84

Egger p value 0.01

Resampling Number of studies 
omitted

3.06 4.63a 

Cumulative effect size −0.34 0.13b 

OFSN1/2 46.81 16.54c 

OFSN1/4 153.08 33.12c 

OFSN1/10 471.95 82.79c 

Egger intercept −0.93 0.66c 

Egger p value 0.40 0.27

aStandard error. 
b95% confidence interval. 
cStandard deviation. 
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detection reduced in more turbid waters (Nilsson et al., 2014; Sweka 
& Hartman,  2003; Weiffen et  al.,  2006), reducing their ability to 
capture their prey. However, an intriguing finding is that both visual 
and non-visual predators have a reduced ability to capture prey in 
more turbid waters. This result is especially unexpected because in-
creased turbidity would reduce the distance at which prey should 
be detected by visual predators (Hartman & Abrahams,  2000), 
while chemosensory or tactile predators could still find their prey 
in turbid waters (Eiane et al., 1999; Lunt & Smee, 2015; Sørnes & 
Aksnes, 2004). A possible explanation for this result is that chemical 
cues can be used by predators to detect the presence of a given prey, 
but not to locate such prey (Conover, 2007; Johannesen, Dunn, & 
Morrell, 2012). Thus, the detection of chemical cues from the pres-
ence of prey could stimulate predators to spend more time searching 
for prey, but this predator behavioural change may not imply in prey 
capture rates at similar or higher levels than those recorded to clear 
waters (Johannesen et al., 2012). Furthermore, behavioural studies 
have demonstrated that under high turbidity prey reduce their ac-
tivity (Chamberlain & Ioannou, 2019; Kimbell & Morell, 2015) and 
can aggregate (Johannesen, Dunn, & Morrell, 2014; Ohata, Masuda, 
Takahashi, & Yamashita,  2014), which could result in reduced en-
counters between non-visual predators and their prey and decreased 
prey capture rate in turbid waters. For example, Ohata et al. (2011) 
attributed the increase in survival of larval ayu Plecoglossus altivelis 
co-occurring with moon jellyfish Aurelia aurita (a tactile predator) in 
turbid waters to a decrease in swimming activity by ayu. Also, Ohata 
et al. (2014) observed that in moderate turbidity larval ayu increased 
their shoaling behaviour. Shoaling is a type of aggregation which is 
an efficient antipredator behaviour against predators with different 
types of predation (Johannesen et  al.,  2014; Kullmann, Thünken, 
Baldauf, Bakker, & Frommen, 2008; Ohata et al., 2014).

Although the mean effect of turbidity on captures rates was 
negative, some studies included in our meta-analysis estimated pos-
itive effects. At least two hypotheses may explain these positive 
turbidity–prey capture relationships. First, chemosensory or tac-
tile predators may be favoured in turbid waters (Eiane et al., 1999; 
Lunt & Smee,  2015; Sørnes & Aksnes,  2004). For example, Lunt 
and Smee (2015) found higher predation rates by a chemosensory 
crab Callinectes sapidus in turbid waters. Also, tactile predators may 
be less sensitive to low visibility, which may render a competitive 
advantage over visual predators (Eiane et  al.,  1999). However, the 
low number of chemosensory or tactile predators included in our 
meta-analysis preclude us to explore further whether the turbid-
ity–prey capture is consistently positive for these groups of species. 
Second, the relationship between turbidity and prey capture may be 
positive for benthic predators (e.g. Lunt & Smee, 2014, 2015). For 
example, Lunt and Smee (2014) found crabs to be more abundant in 
turbid water due to lower predation by fish, and that crab predation 
was elevated in turbid water due to greater crab abundance. Few 
studies tested how benthic predators are affected by changes in tur-
bidity, then our results are focused on pelagic-nektonic data.

Species with larger eyes tend to have greater visual accuracy 
(Caves et al., 2017). Thus, capture rates of visually oriented predators 

with larger eyes would be less affected by an increase in turbidity 
than predators with smaller eyes. However, our results indicated 
that predator eye size does not explain the variation in the strength 
of the relationship between turbidity and capture rate. It is possible 
that other traits, such as capture behaviour (e.g. capture by filtration, 
drift in the water column, active pursuit, lurking or bait attraction; 
Edgehouse & Brown, 2014; Sazima, 1986; Thom, Bhattacharjee, & 
Siemann, 2018) may be important in influencing the strength of this 
relationship.

We did not find that predator body size (despite its large vari-
ation) affected the strength of the relationship between turbidity 
and capture rate. However, the range of turbidity used in the experi-
ments explained much of the heterogeneity in the turbidity–capture 
rates relationships, suggesting that this methodological difference 
plays an important role in the outcomes. The ranges of turbid-
ity in the experiments are often chosen to be similar to those ob-
served in environments near the experimental areas (e.g. Abrahams 
et  al.,  2017; Lunt & Smee, 2014). While this is justified by realism 
in the experiment, there were some extreme cases where the dif-
ference between clear and turbid treatments exceeded 2,000 NTU 
(e.g. Carrasco, Perissinotto, & Jones,  2013; Carrasco, Perissinotto, 
& Miranda, 2007; Jones et al., 2015). A practical implication is that 
extreme differences in turbidity between treatments can result in 
an overestimate of turbidity effect on capture rates. Likewise, di-
chotomies between clear and turbid waters with small differences in 
turbidity can result in underrated turbidity effect on capture rates. 
Despite these methodological differences, understanding the influ-
ence of turbidity range variation is relevant to known which species 
can cope well with reduced water transparency and which spe-
cies are more prone to be locally extinct in a scenario of increased  
human-induced changes in turbidity. Aquatic environments are expe-
riencing a reduction in water clarity via multiple stressors, including 
eutrophication and climate change (Asknes et al., 2009; Meyer-Jacob 
et  al.,  2020; Škerlep, Steiner, Axelsson, & Kritzberg,  2020). Thus, 
considering the body of evidence summarized here, an increase in 
turbidity may reduce the effects of predation on prey populations. 
On the other hand, some aquatic ecosystems are experiencing an 
increase in water transparency due to, for example, flow regulation, 
oligotrophication and climatic factors (Barbosa et al., 1999; Roberto 
et  al.,  2009; Vogt, Sharma, & Leavitt,  2015). Where an increase 
in water transparency can be expected (e.g. in cascade reservoir 
systems), we predict an increased predation pressure (dos Santos 
et al., 2017).

Turbidity can ultimately drive food-web dynamics by affecting the 
predator–prey dynamics. Using a long-term dataset, Lunt and Smee 
(2020) found that top predators were more abundant in clear wa-
ters while first-level carnivores and planktivorous species were more 
abundant in turbid waters. Also, van Dorst, Gårdmark, Svanbäch, 
and Huss  (2020) found that a visually oriented planktivorous fish 
was negatively affected by experimental water browning. In sum, 
increasing turbidity can trigger a regime shift of a food-web, being 
under top-down control by predation in clear water and bottom- 
up control in turbid water.
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4.1 | Gaps of knowledge in turbidity–capture 
rates literature

We did not find studies focusing on some important groups of 
invertebrate (e.g. Schyphozoa, Odonata and Hemiptera) and ver-
tebrate predators [e.g. fish (gymnotiforms and siluriforms), amphib-
ians, reptiles, mammals and birds]. Also, although the experiments 
are distributed around the globe, it is evident the lack of studies 
conducted in southern and eastern Europe, Central America, part 
of South America, Africa, Oceania and the Middle East. Some of 
these regions are highly diverse and underrepresented in the lit-
erature (e.g. Central America, north of South America, Africa and 
Oceania). These gaps reduce the reach of our results. For example, 
the capture rates of species that use electrical, chemical and me-
chanical cues for hunting (as in the case of gymnotiforms, siluri-
forms and scyphozoans; Eiane et al., 1999; Pohlmann, Grasso, & 
Breithaupt, 2001; Westby, 1988) can be less affected by increased 
turbidity. Similarly, assuming that predators in tropical regions 
evolved mainly in lotic environments with turbid waters (Fernando 
& Holčík,  1991; Gomes & Miranda,  2001), one would expect a 
lower effect of turbidity on capture rates. In short, the overall ef-
fect of turbidity on capture rates can be changed if studies that fill 
the knowledge gaps are included.

The predator–prey relationship can be influenced by both pred-
ator and prey traits. For instance, Jönsson, Hylander, Ranåker, 
Nilsson, and Brönmark (2011) observed that transparent copepods 
were more consumed in brown water treatment compared to algal- 
induced turbidity treatment. On the other hand, carotenoid-pigmented  
copepods were more consumed in the algal-induced turbidity treat-
ment (Jönsson et al., 2011). Although collected when available, prey 
traits were not explored in our synthesis due to little information on 
potential strategies to avoid predation (e.g. mobility ability, color-
ation or defensive morphological structures). Therefore, the extent 
that prey traits explain the negative turbidity–capture rates is still an 
open question.

5  | CONCLUSIONS

We observed a consistent negative relationship between turbid-
ity and capture rate in aquatic environments. This relationship was 
mainly explained by the turbidity range used in the experiments. 
Turbidity is thought to be an important factor controlling predation 
(Klobucar & Budy, 2016; Lindholm, Wolf, Finstad, & Hessen, 2016; 
Lunt & Smee,  2015; Sweka & Hartman,  2003; Turesson & 
Brönmark, 2007). Thus, human-induced changes in turbidity are ex-
pected to cause major shifts in predator–prey interactions based on 
accumulated empirical evidence.
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