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benefit from greater consideration of how prey life his-
tory attributes mediate population and community-level 
outcomes.

Keywords amphibian · growth-predation risk · 
Invertebrate · meta-analysis · metamorphosis

Introduction

Predators affect prey directly via consumptive effects 
(Ces) and indirectly via non-Ces (nCes) that cause prey 
to alter their behavior, growth, or morphology (sih et al. 
1985; abrams 1995). recent work has revealed that nCes 
of predators on prey can be as strong, and in some cases, 
exceed the Ces on prey (Werner and Peacor 2003; Preisser 
et al. 2005). Prey can assess predation risk and alter pheno-
typic traits to reduce mortality risk (abrams 1995; Werner 
and Peacor 2003), but avoiding predation invokes trade-offs 
such as reduced foraging, growth, and fecundity (Werner 
and gilliam 1984; Benard 2004; mcPeek 2004). like-
wise, prey with complex life histories (“complex lived”) 
can increase survival by reducing their exposure to preda-
tors via ontogenetic niche shifts [e.g., shorter larval period 
(skelly and Werner 1990; mcPeek et al. 2001)], but these 
niche shifts often impose costs that may carry over to sub-
sequent life stages and ultimately reduce fitness (Benard 
and Fordyce 2003; stamper et al. 2009).

theory predicts that larvae of complex-lived organ-
isms should metamorphose early from environments they 
perceive as risky, even if small size at metamorphosis is 
a trade-off (Werner 1986; ludwig and rowe 1990; rowe 
and ludwig 1991). some empirical studies have supported 
this prediction (skelly and Werner 1990; Benard 2004); 
however, recent literature reviews show that the nCes 
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of predators are inconsistent with theoretical predictions 
(Benard 2004; relyea 2007). specifically, larvae often have 
longer larval periods and achieve larger sizes at metamor-
phosis with predators than without predators (Benard 2004; 
relyea 2007). Prey vary in their trait responses to preda-
tors, but some of these reported inconsistencies could result 
from differences in functional characteristics of predators. 
Predator characteristics have only recently been revealed as 
important for understanding the strength of nCes (Preis-
ser et al. 2007). therefore, we sought to determine whether 
predator functional characteristics explain variation in 
nCes, which may clarify observed deviations in life his-
tory responses among prey.

Predator gape limitation is one functional characteristic 
that could generate variation in the intensity of nCes and 
trade-offs associated with prey growth and development. 
many communities in nature are size structured and the rel-
ative strength of interactions within those communities is 
dependent on individual growth (Wilbur 1988; Polis 1991; 
Persson et al. 1996). the individual growth rates of preda-
tors and prey can lead to an “arms race” between preda-
tor and prey that lasts throughout development (Polis 1988; 
Wilbur 1988; Werner 1988). For other predators, however, 
limitations in the size of their mouth or feeding appara-
tus constrain the ability to consume prey of a certain size 
(Brooks and Dodson 1965; Wilson 1975). In these cases, if 
prey can perceive predation risk, they may escape predation 
through riskier foraging behavior that accelerates growth to 
a size refuge (Paine 1976; Wilbur 1988; Day et al. 2002; 
urban 2007a). more generally, if gape limitation of a pred-
ator can influence the strength of Ces, then the strength of 
nCes could also be influenced by predator gape (higgin-
son and ruxton 2010).

a recent meta-analysis indicated that the strength of 
nCes of predators varies based on predator hunting mode 
(Preisser et al. 2007). Prey confronted by sit-and-pursue 
predators had lower fecundity and lower growth rates than 
prey confronted by active predators, possibly because cues 
from sit-and-pursue predators suggest a greater risk of 
death than cues from active predator. the stronger effects 
of sit-and-pursue predators on prey were hypothesized to 
result from the potential for close proximity of these preda-
tors (Preisser et al. 2007). this work highlighted the impor-
tance of predator characteristics in predicting nCes, but 
it did not address how complex life histories of prey can 
moderate the observed strength of predator nCes.

We conducted a meta-analysis of published studies on 
amphibians and invertebrates with aquatic larvae to deter-
mine whether gape limitation and hunting mode of preda-
tors affect nCes among prey. We identified studies that 
used cues from caged predators and reported larval period 
and size at metamorphosis, which are typically important 
predictors of potential fitness for species with complex life 

histories (semlitsch et al. 1988; Berven 1990; nylin and 
gotthard 1998; De Block and stoks 2005a). In general, we 
expected larval prey to reduce activity in the presence of 
non-gape-limited predators and to increase activity in the 
presence of gape-limited predators. higher activity lev-
els are typically related to increased foraging (relyea and 
Werner 1999), which can accelerate growth toward a size 
refuge from gape-limited predators (higginson and rux-
ton 2010). We expected prey to have greater reductions 
in activity with active predators relative to sit-and-pursue 
predators in order to lower encounter rates. this expecta-
tion is based on work showing that active predators gen-
erally have higher encounter rates with prey (avgar et al. 
2008; sweeney et al. 2013). If these hypothesized differ-
ences in activity levels are general responses, then predator 
functional characteristics should strongly affect prey life 
history (larval period and size at metamorphosis).

Materials and methods

literature survey

We limited our literature search to published studies that 
reported activity, larval period, or size at metamorphosis for 
complex-lived organisms. amphibians and aquatic inverte-
brates are model organisms for understanding ontogenetic 
niche shifts (Werner 1986) and nCes of predators on prey 
(Benard 2004; relyea 2007) due to the wealth and legacy of 
relevant experimental research (Wilbur 1997; Werner 1998; 
Córdoba-aguilar 2009). We only included studies that used 
experimental designs where predation risk (caged predators 
and their chemical cues) was manipulated with appropri-
ate controls (no caged predators or cues). Because nCes on 
fitness-related traits may not be evident during short-term 
experiments on larvae (Fauth 1990; mcCauley et al. 2011), 
we limited our analysis to studies that carried experiments 
through metamorphosis. We used keyword searches in online 
databases (IsI Web of Knowledge, JstOr and BIOsIs) and 
recent volumes of broad ecological journals (ecology, ameri-
can naturalist, Journal of animal ecology, Oecologia, and 
Oikos). Keyword searches included the following terms alone 
or in combination: predation risk, nonlethal predation, size 
at metamorphosis, complex-life cycle, aquatic invertebrate, 
and amphibian. We also examined bibliographies of pertinent 
reviews for additional references (Benard 2004; relyea 2007; 
Córdoba-aguilar 2009; higginson and ruxton 2010).

Data extraction

For each study, we recorded the sample size (replicates 
per treatment), mean treatment response, and variation 
in responses. If activity was measured over multiple time 
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periods, we used the mean across all time periods. For 
activity (defined as proportion active, proportion moving, 
or proportion feeding), we developed a 61-line data set 
generated from 16 publications that included 16 predator 
and 17 prey species (appendix a). the 128-line data set for 
larval period (defined as days from the start of the experi-
ment until metamorphosis) was generated from 38 publica-
tions and included data on 29 predator and 38 prey species 
(appendix B). For analysis of size at metamorphosis, we 
developed a 146-line data set generated from 41 publica-
tions, including 30 predator and 40 prey species (appendix 
C). “metamorphosis” was defined by authors of amphib-
ian studies as absorption of gills for salamanders and either 
absorption of the tail or emergence of forelimbs for frogs. 
“metamorphosis” for invertebrates was defined by authors 
as emergence after final larval instar. In all three data sets, 
there was an approximate 2:1 bias toward studies of inver-
tebrate predators vs. vertebrate predators (appendices 
a–C). there was also a 3:1 bias towards invertebrate prey 
vs. vertebrate prey in the larval period and size at metamor-
phosis data sets (appendices B, C).

In studies where multiple factors were manipulated (e.g., 
prey density, hydroperiod), we used the appropriate con-
trol for each predator treatment. For example, to assess the 
effects of Gambusia holbrooki on Litoria aurea at constant 
water levels, we constructed our response ratio with the 
control as L. aurea alone at a constant water level and the 
treatment as a caged G. holbrooki present with L. aurea at a 
constant water level (lane and mahony 2002). In addition, 
we only used treatments where either predator cues were 
manipulated or conspecific prey were fed to caged preda-
tors because prey responses can vary based on cues and 
predator diet (schoeppner and relyea 2009). Data were 
extracted directly from tables or text when available. For 
results presented only in graphs, we used ImageJ version 
1.46r to estimate the effects (schneider et al. 2012).

We classified each predator species into a functional 
group by hunting mode (active or sit-and-pursue) and gape 
limitation (non-gape limited or gape limited). this informa-
tion was usually provided in the text or references therein 
(Preisser et al. 2007; higginson and ruxton 2010). For 
studies that did not provide this information, we searched 
published literature or contacted authors directly. Predators 
were considered gape limited if prey ever attained a size 
refuge during the study. We did not test for the independ-
ent effects of predator gape limitation and predator hunting 
mode on prey because functional groups were not mutu-
ally exclusive. therefore, we combined the information on 
predator characteristics into three categories of predator 
functional groups: gape limited, active; non-gape limited, 
active; and gape limited, sit-and-pursue. We found only 
one study with a non-gape-limited, sit-and-pursue predator 
(Vonesh 2005), so we excluded that functional group.

Data analysis

We used the log response ratio (L) calculated across studies 
to measure relative responses of prey to the three predator 
functional groups. log response ratios and their variances 
were calculated as the natural log of the mean experimental 
response divided by the mean control response [metaWin 
version 2.1. (rosenberg et al. 2000)]. the log response ratio 
is recommended for ecological studies and is independent 
of units used in the original studies (hedges et al. 1999).

We used meta-regression to compare the nCes of preda-
tor functional groups. to control for the non-independence 
of multiple effects from the same study (described above), 
we used hierarchical linear models with study source as 
a random effect and fixed the within-study error to equal 
the variance of each effect size [Proc mixed in sas 9.2 
(Konstantopoulos and hedges 2004)]. We also included 
prey family as a random effect to account for similarity in 
responses related to a shared evolutionary history. Because 
we suspected that the hydroperiod of the natal habitat (e.g., 
temporary pond or permanent pond) might affect responses 
to predators, we included it in all models used to test for 
the effect of predator functional groups on nCes. however, 
most studies did not report the natal hydroperiod for exper-
imental subjects. therefore, we categorized prey by the 
hydroperiod of breeding habitats in which they typically 
achieve highest fitness (temporary, permanent, or no pref-
erence) based on published sources (richardson 2001; Van 
Buskirk 2003; stoks and mcPeek 2006; Dodd 2013; http:// 
amphibiaweb.org/). We used F-tests to assess statistical sig-
nificance (α = 0.05) and least squares means to compare 
the effects of predator functional group on larval activity, 
larval period, and size at metamorphosis.

life history theory and its predictions are primarily 
based on prey growth rates (Werner 1986; ludwig and 
rowe 1990; rowe and ludwig 1991), but the estimates of 
growth rates with associated variances were not available 
from the studies, which precluded their use in the meta-
analysis (hedges et al. 1999; harrison 2011). however, 
larval activity is often assumed to be associated with lar-
val growth rate and used as a surrogate (skelly and Werner 
1990; anholt and Werner 1995; lima 1998; Van Buskirk 
and yurewicz 1998). to help interpret the potential fitness 
implications of changes in prey activity, we used the same 
mixed-effects model structure to measure the association 
between response ratios for activity and our calculations 
for prey growth rate. We calculated growth rates as final 
size at metamorphosis divided by total larval period. For 
these models, we limited the analysis to the subset of 14 
studies (44 lines of data) that provided estimates of all three 
responses of larvae to predators.

Prior to the analysis, we evaluated the potential for 
publication bias in our data set by using spearman 
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rank-correlation (rs) between the standardized effect size 
and sample size across studies (Begg and mazumdar 1994; 
rosenberg et al. 2000). We found no evidence of publica-
tion bias for larval activity (rs = −0.064, P = 0.471), larval 
period (rs = −0.22, P = 0.089), or size at metamorphosis 
(rs = −0.099, P = 0.238) and thus used the entire data set 
for the analysis.

Results

On average, larval prey reduced their activity and required 
more time to reach metamorphosis in the presence of all 
three predator functional groups, but neither response dif-
fered from zero (activity, F2,34.9 = 0.82, P = 0.448; lar-
val period, F2,84 = 1.25, P = 0.293; Fig. 1a, b). size at 
metamorphosis was affected by predator functional group 
(F2,67.9 = 8.30, P < 0.001; Fig. 1c). there was no differ-
ence in size at metamorphosis in response to gape-limited, 
active predators (mean = 0.001, 95 % CI = −0.052 to 
0.054), but prey metamorphosed at smaller size in response 
to non-gape-limited, active predators (mean = −0.062, 
95 % CI = −0.105 to −0.0194). Counter to expectations, 
prey metamorphosed larger when confronted by non-
gape-limited, sit-and-pursue predators (mean = 0.046, 
0.010–0.083).

the hydroperiod of breeding habitats affected how the 
length of larval period changed in response to predators 
from different functional groups (F2, 84 = 4.01, P = 0.022). 
Prey from permanent habitats increased their larval period 
(mean = 0.054, 95 % CI = 0.011–0.098), while larval 
period of prey from temporary or mixed hydroperiods 
did not differ from zero. habitat did not affect larval prey 
activity (F2,29.3 = 0.73, P = 0.448) or size at metamorpho-
sis. among the 14 studies that provided data to calculate 
growth rates, larval activity was not associated with growth 
rate [b = 0.007 (se = 0.050), F1,36.4 = 0.02, P = 0.887; 
Fig. 2].

Discussion

We found partial support for the effects of predator func-
tional characteristics on complex-lived prey. larval prey 
reduced activity and had longer larval periods in response 
to caged predators, but the responses were similar regard-
less of predator functional group. larvae exposed to non-
gape-limited, active predators tended to metamorphose at 
smaller size, suggesting that the nCe of these predators 
may reduce prey fitness. In contrast, larvae exposed to non-
gape-limited, sit-and-pursue predators metamorphosed at a 
larger size, suggesting that these predators may indirectly 
increase prey fitness through nCes.

We could not directly assess the independent effects 
of gape limitation on prey responses because nearly all 
gape-limited predators are active hunters. however, our 
results provide strong indirect evidence that nCes of 
predator hunting mode are greater than that of gape limi-
tation. non-gape-limited, active predators produced the 
strongest responses by prey, with larvae metamorphosing 
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smaller compared to predator-free controls (Fig. 1c). Prey 
also tended to metamorphose at smaller sizes in response 
to gape-limited, active predators. In contrast, larvae meta-
morphosed larger compared to predator-free controls in 
response to non-gape-limited, active predators. Overall, 
these results suggest that, at least in combination with 
active hunting mode, gape limitation elicits a much weaker 
prey response than predator hunting mode. this result 
is unexpected given that the relative difference in size 
between predators and their prey can result in stronger Ces 
in predator–prey interactions (Brooks and Dodson 1965; 
urban 2008).

there are several plausible explanations for the observed 
deviations from theory regarding size at metamorphosis 
(Werner 1986; ludwig and rowe 1990; rowe and ludwig 
1991). First, prey may have developed a more elaborate 
suite of compensatory morphological defenses in response 
to one functional group of predators but not others [e.g., 
active vs. sit-and-pursue or gape limited vs. non-gape lim-
ited, respectively (higginson and ruxton 2010)]. second, 
the trend for a smaller size at metamorphosis with non-
gape-limited, active predators may be advantageous for 
prey to reduce detection and capture. active predators tend 
to have higher encounter rates with prey than sit-and-pursue 
predators (avgar et al. 2008) and smaller size is one strat-
egy for reducing these rates (lundvall et al. 1999). third, 
differential responses of prey to predators based on sex can 
be important for invertebrate prey (hechtel and Juliano 
1997). For example, the magnitude and direction of may-
fly (Baetis bicaudatus) growth to brook trout (Salvelinus 
fontinalus) cues are dependent on the sex of the prey (Pec-
karsky et al. 2001; Caudill and Peckarsky 2003). unfortu-
nately, for a large subset of our data (i.e., amphibians), the 
sex of prey cannot easily be determined at metamorphosis 

and we thus cannot account for this effect. Fourth, devia-
tions from theory may reflect population-specific responses 
of the prey, as opposed to species-level responses (laurila 
et al. 2006a, b).

although we found predator-induced effects on prey life 
history traits, mean differences for size at metamorphosis 
were small (≤4.8 %; Fig. 1c). Interpreting the fitness impli-
cations of these effect sizes is difficult because while few 
studies carry experiments through metamorphosis, even 
fewer follow individuals or cohorts long enough to link lar-
val performance with fitness correlates such as survival or 
fecundity (earl and semlitsch 2013). In wood frogs (Litho-
bates sylvaticus), a 5 % increase in size at metamorphosis 
resulted in an approximate 2 % (females) or 3 % (males) 
increase in length at first reproduction [data extracted from 
Fig. 7 in Berven (1990)]. larger size at metamorphosis can 
confer size at maturity and thus fitness advantages (sem-
litsch et al. 1988; scott 1994). Whether larger size at meta-
morphosis in individuals exposed to non-gape-limited, 
sit-and-pursue predators translates into increased fitness 
depends upon relative risks and benefits of aquatic and 
terrestrial environments (Werner 1986; ludwig and rowe 
1990; rowe and ludwig 1991).

In many organisms, the natal environment can play a 
large role in determining future fitness (lindström 1999; 
Wilkin and sheldon 2009). numerous complex-lived prey 
breed in temporary wetlands, where even a small reduction 
in development time can be the difference between sur-
vival or death (Wilbur 1997; richter-Boix et al. 2011). as 
a result, species or populations from temporary wetlands 
often have short larval periods and may be less responsive 
to predator cues (Wellborn et al. 1996; Wilbur 1997; De 
Block and stoks 2005b). We did not find consistent effects 
of habitat type on any of the prey responses (P ≥ 0.161). 
We strongly suspect that the lack of significance is due 
more to the lack of information on natal environment in 
the literature rather than the lack of a true relationship. 
For most of our cases studies, authors did not provide the 
relevant information for an analysis, so we categorized 
prey according to the breeding habitat in which they tend 
to achieve peak potential fitness. however, many species 
can modify their life history strategies to maximize poten-
tial fitness in alternative environments. For example, Rana 
arvalis from different populations vary in their magnitude 
of induced morphological defenses and changes in larval 
period when exposed to a gape-limited, active predator 
(Gasterosteus aculeatus) (laurila et al. 2006a). In addi-
tion, survival of larvae exposed to free-ranging inverte-
brate predators varies among R. arvalis populations (lau-
rila et al. 2006b). these population-specific responses may 
have prevented some mean responses from being detected 
in our meta-analyses. the natal environment of study 
organisms likely has profound effects on the outcome of 
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experiments and our understanding of nCes. We encour-
age future studies to explore this relationship.

the theory developed for predicting time to, and size 
at, metamorphosis is largely based on prey growth rates 
(Werner 1986; ludwig and rowe 1990; rowe and ludwig 
1991); however, researchers often substitute prey activ-
ity rate for growth rate. Indeed, past studies have pointed 
to a trade-off in prey growth that is mediated by behavior 
(skelly and Werner 1990; Werner and anholt 1993; Van 
Buskirk and yurewicz 1998). Based on our calculation of 
growth rates from 14 studies that provided the required 
information, prey activity rate was not a good predictor 
of growth rate (Fig. 2). therefore, our data support other 
recent researchers who have concluded that prey activity 
is a poor surrogate for predicting potential fitness of larval 
prey (mcPeek 2004; lind and Cresswell 2005; stoks et al. 
2005).

Our results show that nCes of predators on prey life 
history traits cannot be generalized based on predator 
functional characteristics. the only significant effects 
we found were for size at metamorphosis, and these only 
partially supported theory that predicts prey should meta-
morphose at smaller size in response to predators (Werner 
1986; ludwig and rowe 1990; rowe and ludwig 1991). 
Functional characteristics of predators are important for 
predator–prey interactions (Chalcraft and resetarits 2003), 
but they provided little insight into variation in life history-
related nCes on complex-lived prey (Benard 2004; relyea 
2007). these same functional characteristics may still be 
important in mediating Ces of other prey taxa with com-
plex life histories (schmitz and suttle 2001; Benard 2004; 
urban 2007b). We recommend that future empirical studies 
should incorporate a diverse set of predators and prey from 
different environments to fully capture the fitness implica-
tions and community consequences of predator traits that 
may influence nCes.
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