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Predators affect prey through both consumptive and non-consumptive
effects (NCEs), and prey typically face threats from multiple simultaneous
predators. While different predators have a variety of NCEs on prey, little
is known regarding effects of simultaneous multiple predators on demo-
graphic habitat selection. Demographic habitat selection is unique among
NCEs, especially in discrete habitat patches; decisions directly affect both
distribution and abundance of species across habitat patches, rather than
simply abundance and performance within patches. Our goal was to
determine strength of avoidance responses to multiple species/species com-
binations of predatory fish, and responses to predator richness. We assessed
responses of ovipositing grey treefrogs (Hyla chrysoscelis) to three predatory
fish species and substitutive combination of species. In single-species treat-
ments, treefrogs avoided only one species, Notemigonus crysoleucas. All
two-species combinations, and the three-species combination, were avoided,
including the Fundulus chrysotus ×Noturus phaeus combination, of which
neither were avoided alone. This suggests emergent properties of multiple
predators, with potential interactive effects among cues themselves or in
the perception of cues by treefrogs. Our results indicate effects of multiple
predators are not predictable based on individual effects, and illustrate the
importance and complexity of effects of demographic habitat selection on
distribution and abundance.
1. Introduction
Organisms often face the threat of multiple predators, and a large literature
addresses how exposure risk to multiple simultaneous predators manifests in
effects on prey (multi-predator effects, MPEs). The majority of work focuses
on lethal effects and whether MPEs can be predicted from the effects of individ-
ual predators [1–5]. This derives from a central question in the study of species
interactions, which is whether we can use interaction coefficients from pairwise
interactions to predict results of multispecies interactions—the community
matrix approach [6–8]. Recent work has established that non-consumptive effects
(NCEs) of predators, manifested as changes in morphology, life history and be-
haviour, can have equally strong effects on populations, communities and
metacommunities [9–18]. This results partly from consumption affecting only
those consumed, whereas NCEs may impact every individual in the population.

Choosing a predator-free patch can be an effective strategy if the absence
of predators at the time of colonization is a reliable predictor of long-term
absence [19–21]. Unlike most NCEs, effects of predators on immigration behav-
iour (colonization and oviposition) can affect (meta)populations and resulting
(meta)community structure by generating species sorting among patches at
the immigration stage [12,15]. Little is known regarding the dynamics of
NCEs generated by multiple simultaneous predators on immigration.
Consumption and immigration share the characteristic of directly affecting
the number of individuals in a habitat patch, consumptive effects by removal
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Figure 1. (a) Physical layout of the experiment, not to scale. See photos
electronic supplementary material, figure S1. (b) Experimental design. De
Wit replacement series crossing the presence/absence of three different fish
species in a substitutive design, holding initial total fish density (6 per
patch) and biomass constant (see text). Each of seven fish treatments
were compared to Controls (not shown—falls at far apex, behind green tri-
angle) using Dunnett’s procedure. Three contrasts were conducted among
classes of predator richness. Contrasts were (i) single species (circles)
versus multiple species treatments (squares and triangle), (ii) single species
(circles) versus species pairs (squares) and (iii) single species (circles) versus
all three species (triangle) ( figure 1b). Key: Notemigonus crysoleucas (NC) (red
circle), Fundulus chrysotus (FC) (light green circle), Noturus phaeus (NP) (dark
red circle), NC × NP (pink square), NC × FC (grey square), FC × NP (blue tri-
angle), FC × NC × NP (×3 = all three species—dark green triangle). (Online
version in colour.)
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and immigration effects by redistribution, but demographic
habitat selection, in which habitat choices are long
term or irreversible (immigration sensu stricto), is also a
metapopulation and metacommunity process. Despite the
fact that immigration and consumption both affect
abundance, immigration responses probably involve differ-
ent processes not amenable to simple predictions based on
individual predator effects, but rather involve saturation of
prey responses, or emergent effects of species combinations
[3,5,22,23].

Fish are dominant predators in freshwater systems, yet are
heterogeneously distributed across aquatic landscapes due to
dispersal limitation. Fish-intolerant species are under intense
selective pressure to avoid habitats with fish at the immigration
stage, and avoidance of individual fish species has been
observed in numerous taxa, including Coleoptera [24–28],
Diptera [28–33], Hemiptera [15], Anura [19,24,28,34–36] and
Caudata [37,38]. Staats et al. [39] showed that oviposition rate
decreases with predator richness for several dipterans, but
we know little else about how colonizing species respond to
risk from multiple simultaneous predators.

Oviposition site choice is the only form of parental
care provided by many organisms, including most aquatic
breeding amphibians [40]. Choosing appropriate habitat is
crucial for offspring performance and parental fitness,
especially with efficient predators. MPEs on oviposition can
occur via several mechanisms; predator cues themselves
could chemically interact to affect perceived risk, behavioural
algorithms for assessing and responding to predation
risk could interact, or interactions between the predators
themselves, particularly aggression or intraguild predation,
could alter chemical cues. Habitat selection is driven by
detecting, integrating and responding appropriately to mul-
tiple simultaneous environmental (predator) cues. Matching
habitat selection, where individuals successfully match their
phenotype to habitats where fitness is enhanced, is con-
sidered rare because of the diversity and complexity of
environmental cues determining expected fitness [41],
but in binary situations, such as predator/no predator,
it should be more prevalent. Here, we focus on species
level response to predators, which is the cumulative result
of variable individual intraspecific decisions. The critical
point is that how successful the ecological process of habitat
selection is in correctly matching phenotype to environ-
ment has implications for the evolutionary processes of
adaptation and diversification. Thus, the question we address
here is what happens when that binary choice of predator
versus no predator increases in complexity with multiple
simultaneous predators.

We experimentally manipulated composition of the pred-
ator ensemble in aquatic mesocosms (habitat patches) in a
substitutive design [42], holding initial total predator density
and biomass constant while manipulating species compo-
sition. Treatments consisted of either one, two or three
predatory fish species, and we assayed responses of oviposit-
ing grey treefrogs, Hyla chrysoscelis, to variation in fish species
composition. We chose three co-occurring fish covering a
range of habitat use patterns; one benthic, one pelagic and
one surface species. Predators using different habitats are
most likely to stably coexist in a three-species ensemble,
least likely to engage in interference competition, and most
likely to have synergistic consumptive and NCEs because
spatial segregation limits prey refuges.
2. Material and methods
Our experiment was conducted in a large, old field at the Univer-
sity of Mississippi Field Station (UMFS), Lafayette County, MS.
We set up five arrays (blocks), each with nine, 1300 l (2.54 m2)
cylindrical mesocosms (n = 45) laid out in isosceles trapezoids
(figure 1a), crossing the presence/absence of three predatory
fish: golden topminnows (Fundulus chrysotus), golden shiners
(Notemigonus crysoleucas) and brown madtoms (Noturus phaeus)
(figure 1b). These species are among the most frequently encoun-
tered fish and co-occur in ponds at UMFS. All three are generalist
mesopredators, and each represents a different habitat/foraging
strategy; N. crysoleucas is a small, pelagic, omnivorous-
planktivorous, gape-limited species, F. chrysotus is a small,
surface-feeding topminnow that is also gape-limited, and No.
phaeus is a small, benthic foraging catfish with a larger terminal
size and size-specific gape than the other two [43]. All three feed
primarily on aquatic insects and other invertebrates. Like most
predatory fish in North America, they feed opportunistically,



royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

288:20210558

3

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

12
 M

ay
 2

02
1 
and all three represent a significant threat to the eggs and larvae
of H. chrysoscelis relative to fish-free controls.

Mesocosms were filled with well-water from 11 to 13 May
2017, received 1 kg of dried mixed hardwood leaf litter each,
and were quickly colonized by zooplankton and numerous
small dipterans whose adults and/or eggs/larvae can pass
through the screens (1.3 × 1.13 mm mesh used to separate preda-
tors and insect colonists/frog eggs) (electronic supplementary
material, figure S1), providing the fish a resource base. High
overall survival and positive growth of all three fish supports
presence of an adequate food base. Six fish were added to each
mesocosm on 14 May: 6/species (single species), 3/3 (two-
species) and 2/2/2 (three-species). Each block also contained
two fishless controls. Density is on the lower end of biomass den-
sity from previous experiments and natural ponds, but above the
threshold eliciting avoidance in Hyla (0.5 g per 100 l) [44] (W.J.R.
2015, unpublished data). To equalize biomass within blocks, we
created pairs composed of one ‘large’ and one ‘small’ individual
for each species (by eye to minimize stress), and randomly
assigned pairs within blocks, thus establishing initial equal den-
sity, approximate biomass and size-structure within blocks. On
15 May the experiment was begun by submerging screen lids
to allow oviposition and efficient collection of eggs, and to sep-
arate fish from treefrogs—there were no consumptive effects
possible here.

Grey treefrogs lay eggs in floating packets of approximately
25–50 eggs spread on the water surface, thus, unlike other
species, it is impossible to determine the number of clutches
deposited, though we estimate based on mean clutch size. Use
of mesocosms and submerged screens (electronic supplementary
material, figure S1) is essential, as the eggs begin to sink rapidly
as they develop, often overnight. Thus, it is virtually impossible
to assay oviposition in individual natural ponds, much less
across a gradient of ponds, except by proxy measures that have
proved unreliable (i.e. larval abundance). Dead fish (18/210)
were replaced until 20 May, after which there was no observed
mortality. The experiment was checked each morning for eggs
until 1 September 2017; eggs were removed, photographed and
counted using ImageJ [45,46], and placed in rearing tanks or fish-
less ponds. Fish survival from 20 May to the end of the entire
experiment (8 December) was 91%: 89% (F. chrysotus), 94%
(No. phaeus) and 91% (N. crysoleucas). Only two mesocosms did
not fully hold treatment until the end of the experiment; one
F. chrysotus ×N. phaeus (FC ×NP) mesocosm had no surviving F.
chrysotus, and one three-species mesocosm (×3) also had no sur-
viving F. chrysotus. We could not track survival during the
experiment, so cannot determine when mortality occurred. Since
neither mesocosm was an outlier or otherwise unusual, our
assumption was that they held their respective treatments for
most of the period of treefrog oviposition (see Results). Given
the overall low fish mortality, this is not unreasonable. Thus, we
included both in the final analyses as their original treatment.

This experiment was also colonized by a diverse assemblage
of aquatic insects (5961 insects of 66 species), mostly dytiscid and
hydrophilid beetles, and hemipterans [47]. Insects (except the
very smallest) were separated from and incapable of interacting
with fish due to the screen lids. Many of the colonists, or their
larvae, are potentially significant predators of larval anurans,
however, just as we removed eggs daily, we removed colonizing
insects weekly (from above the screens), so there was no ongoing
community assembly (buildup of insect densities) to dampen
fish effects [28], or directly drive Hyla oviposition [48], as has
been seen with much higher insect densities in much smaller
mesocosms. We nevertheless examined possible correlations
between insect colonization and Hyla oviposition and present
that data in the results.

We used a randomized complete block design crossing the
presence/absence of three fish species in a De Wit replacement
series [42]. Each of five blocks consisted of nine mesocosms,
one replicate of seven treatments and two replicates of fishless
controls (figure 1a,b). Controls contain extra replicates because
greater precision in estimation of the control disproportionately
increases the power of the test, which compares all individual
treatments to that control [49,50]. We could not equalize position
relative to the forest edge, so we included row (inner versus
outer) nested within block as a measure of relative proximity,
since treefrogs ultimately arrive from the forest (figure 1). Our
primary response variable was mean total eggs per patch and
we partitioned mean total eggs into two components, total ovi-
position nights per patch (eggs in a patch on a night = hits)
and mean deposition per patch (eggs per hit). For both mean
total eggs and mean deposition we used generalized linear
mixed model ANOVA in PROC GLIMMIX (SAS) with treatment
as a fixed effect and block, and row nested within block, as
random effects, with a quasi-Poisson distribution and a log link
function [51], on square root transformed counts

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X þ 0:5

p� �
.

This provided the best fit (minimize χ2/d.f.) to egg count data.
For hits we used general linear mixed model ANOVA in PROC
MIXED (SAS) with treatment as a fixed effect and block, and
row nested within block, as random effects, on squareroot trans-
formed counts

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X þ 0:5

p� �
, which, again, provided the best fit to

the data. All responses to fish by colonizing/ovipositing organ-
isms that use our mesocosms in dozens of prior experiments
have been either negative or neutral, which informed our
hypothesis that fish effects would manifest as reduced ovipos-
ition, hence the more powerful one-tailed test appropriate to a
directional hypothesis [52,53]. Treatment means were compared
using a one-tailed Dunnett’s procedure (with Dunnett–Hsu cor-
rection) [49,50], asking whether fish treatments received fewer
eggs than controls, and three a priori, non-orthogonal, one-
tailed contrasts to examine specific hypotheses relating to mul-
tiple predator effects, with the expectation that oviposition
would decline with predator richness. Contrasts were (i) single
species versus all multiple species treatments, (ii) single species
versus species pairs and (iii) single species versus all three
species (figure 1b). We also analysed final body size of each of
the three fish species. Because this was designed to inform us
as to the possible dynamics of the habitat decisions, we used
individual mass rather than mesocosm means to gain more
insight into the species interactions. We regressed total eggs
per patch versus total fish biomass per patch to examine effects
of overall fish biomass. All ANOVA-based analyses used SAS
v. 9.4 (SAS Institute 2016) with Type III sums of squares and
α = 0.05.
3. Results
Grey treefrogs deposited 77 375 eggs in 82 total hits (eggs laid
in any patch on a night) spread over 32 of 92 nights, repre-
senting the expected output of approximately 100 females.
Eggs were laid in 31 of 45 patches, with maximum number
of eggs on a single night being 12 969 (8 August), which
was the last night of major activity, with less than 2000
eggs total after that date. Maximum number of eggs in a
given patch on a single night was 3684 (Control patch), and
only 12 of 82 events appeared to represent partial clutches
(less than estimated minimum clutch size at UMFS, approx.
300; W.J.R. 2014–2021, personal observation).

Number of treefrog eggs was strongly affected by
treatment. Among single species treatments, only the
N. crysoleucas (NC) treatment was significantly different
from controls, but all multispecies treatments were signifi-
cantly different from controls, and had effect sizes (Cohen’s



Table 1. Main effects, Dunnett’s test results (with Dunnett–Hsu correction), and a priori contrasts, for mean total eggs, hits and mean deposition. Significant
effects in bold.

Type III tests of fixed effects

variable effect num d.f. den d.f. F-value Pr > F

mean total eggs trt 7 32 3.46 0.0072

hits trt 7 32 7.57 <0.0001

mean deposition trt 7 32 3.46 0.0071

mean total eggs hits mean deposition

Dunnett’s t-value adj p t-value adj p t-value adj p

C versus FC 1.91 0.1 2.01 0.1362 1.92 0.0984

C versus NC 3.83 0.0012 3.5 0.0044 3.83 0.0012

C versus NP 1.26 0.2724 −0.88 0.9955 1.25 0.2781

C versus FC × NP 3.2 0.0063 2.68 0.0345 3.2 0.0062

C versus NC × FC 4.33 0.0003 4.98 <0.0001 4.33 0.0003

C versus NC × NP 3.95 0.0009 4.24 0.0006 3.96 0.0009

C versus X3 4 0.0008 4.53 0.0003 3.99 0.0008

mean total eggs hits mean deposition

contrast t-value Pr > t t-value Pr > t t-value Pr > t

single versus multi 2.37 0.0121 4.24 <0.0001 2.36 0.0122

single versus paired 2.2 0.0175 3.66 0.0004 2.2 0.0174

single versus X3 2.23 0.0164 3.36 0.001 2.2 0.0174
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d) greater than 1.0 (table 1 and figure 2a). All three a priori
contrasts—single versus multi, single versus paired (two-
species) and single versus X3 (three-species)—were signifi-
cant (figure 3a). Three of four multispecies effects could be
driven by NC (figure 2), but the biomass and density of
NC was half to one-third of that in the single species treat-
ment. The significant FC ×NP effect, however, involves
some sort of cue synergy, as neither individual species was
avoided, but avoidance of FC ×NP was as strong as any treat-
ment. Any attempt to predict multispecies values by
combining, either in an additive or multiplicative manner,
single species values is rendered trivial because only one
species is avoided, and we have avoidance of a species com-
bination in which neither species in the pair were avoided.
Relative preferences among treatment remained constant
across the duration of the experiment (electronic supplemen-
tary material, figure S2a), with sporadic oviposition in the
five avoided treatments (electronic supplementary material,
figure S2b).

Partitioning the overall response to individual treatments
into its two components, oviposition events (eggs in a patch
on a night = hits) and mean deposition (eggs per hit), results
largely mirrored those for mean total eggs. Thus, variation in
mean total eggs was driven by both variation in activity
(hits), and variation in the mean number of eggs laid per
hit, both of which were lower in avoided treatments
(figure 2b). The same is true for a priori contrasts (figure 3b).

We only have final body size (mass) data for the three
fish species that was taken after the end of insect sampling
on 8 December, whereas approximately 95% of oviposition
was completed by 8 August. However, we can explore that
data for clues about how the species interact, but only in
the context of this experiment which limited the range
of available prey and thus the opportunity to partition
resources by prey type. With that caveat, our original expec-
tations with regard to species interactions are supported;
all three species showed negative intraspecific density-
dependent growth, with smallest body size in single species
treatments. For N. crysoleucas and No. phaeus the largest
body size was in three species treatments, and for F. chrysotus
it was the FC ×NP treatment. There was significant variation
in final total biomass among fish treatments (F6,187 = 14.26,
p < 0.0001), but regression of total number of eggs per patch
against total mass per patch (excluding controls) showed no
relationship (r = 0.0101, p = 0.5640, n = 35) (electronic sup-
plementary material, figure S3), indicating that species
identity and species combinations drove observed differences,
not fish biomass.

There was also no correlation between the total number of
colonizing insects per patch and total eggs per patch (r =
0.049, p = 0.751, n = 45) and, most instructive, no correlation
within the fishless controls (despite a large outlier) (r = 0.422,
p = 0.224, n = 10). If higher insect abundance was impacting
Hyla oviposition decisions we would expect a negative corre-
lation within the controls, since controls had the highest
mean insect abundance and the greatest range of abundance
(electronic supplementary material, figure S4). The overall pat-
terns for both insects and Hyla are more indicative of shared
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avoidance responses than any interaction between the two
taxa in this experiment where insects were removed weekly
(electronic supplementary material, figure S5).
4. Discussion
It has become increasingly clear that predators can generate
NCEs whose impacts equal or exceed consumptive effects
on prey, ranging from changes in individual morphology to
effects on ecosystem dynamics [9–12,16,17]. Despite this, sur-
prisingly little is known regarding the dynamics of NCEs of
exposure to multiple simultaneous predator species, and
this is especially true for effects on immigration behaviour
(but see [39]).

We focus on a common form of habitat selection, ovipos-
ition site choice. Ovipositing species may vary in their ability
to detect relevant predator cue or cues, or may vary in
whether or not they respond to the cue(s); we can only deter-
mine whether cues are detected by the receiver by observing
a response. Although consumption and immigration both
directly affect the number of individuals, immigration
responses to multiple predators are more difficult to predict,
and may involve saturation of responses or emergent
effects of species combinations. Emergent responses may be
mediated by interactions among the cues themselves, by an
interactive effect on behavioural algorithms (driven by simul-
taneous detection of multiple predators), or variation in the
actual cues present because of interactions between the
predators themselves. Based on widespread behavioural
responses of prey to olfactory cues produced by predatory
fish [54], workers hypothesized a generalized fish kairo-
mone(s), and any species that detects this kairomone
signature avoids all predatory fish, though there has always
been some variation in the observed strength of responses.
Many responding species avoid fish as disparate as Esox,
which are highly effective predators, and largely planktivor-
ous Pimephales and Notemigonus, which certainly suggested
generalized, rather than species-specific, cues [34,55]. How-
ever, as the taxonomic breadth of both prey and fish species
tested increases, we see variation in which species avoid
fish, and which fish and fish combinations they avoid. If
fish produce species-specific cues, ovipositing female Hyla
may vary in either the detection or response to each of
them, and possibly to combinations of species. The presence
and strength of responses often does not reflect our anthropo-
centric perception of predation risk, which typically focuses
on adult predators preying on adult prey; we rarely have a
complete picture of predation across all life stages of an
organism [56–58]. Thus, any perceived mismatch may
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derive from our expectations rather than reality. The amount
and/or detectability of the cue(s) produced may vary
independently of biomass or trophic position.

Our assumption is that treefrogs responded to the treat-
ments we imposed, and these are innate, rather than
learned responses, since female treefrogs visit ponds at
most two nights per year (only to breed), are relatively
short-lived, and would seem to have no mechanism for asses-
sing the success of prior breeding events. The alternative is
that, given variation in presence/absence, species identity
and species richness of fish, the background communities
may have differed and treefrogs are responding to those
differences. We removed the larger insects weekly, so there
was no community assembly or buildup of densities in the
patches to affect treefrog oviposition [28,48]. Thus, only
organisms small enough to pass through the screens
remained, and most of these (zooplankton and aquatic
insects) are grazers on periphyton and phytoplankton.
While there was probably subtle variation in assemblages
across treatments (since we chose fish of very different habitat
use patterns), the most obvious difference is in the amount of
plant (periphyton and phytoplankton) biomass between fish
and fishless treatments. Because of predation pressure on gra-
zers there is greater plant biomass with fish than in fishless
treatments. This should actually bias against any fish avoid-
ance, because larval treefrogs are grazers on this same
resource. However, H. chrysoscelis does not respond to vari-
ation in productivity in the presence or absence of fish
[24,59], so the parsimonious explanation is that H. chrysoscelis
responded directly to fish cues and combinations of fish cues.

Here we used a substitutive, rather than the more typical
additive design used in studies of consumptive MPEs,
because our interest was in predator identity and richness,
not density. We set our density above the typical observed
threshold for observed effects in treefrogs (0.5 g per 100 l)
[44,55]. Of course, this may vary with prey and predator
species. Our key finding is that all multiple predator treat-
ments were strongly avoided, although only one of three
fish was avoided when alone. Avoidance of all multi-preda-
tor treatments was also the general pattern for insects
(electronic supplementary material, figure S5), but with con-
siderable variation among taxa [47]. The major difference was
that while H. chrysoscelis only avoided N. chrysoleucus among
the single species treatments, insects as a group avoided both
N. chrysoleucus and F. chrysotus, with stronger response to the
latter (electronic supplementary material, figure S5). For Hyla,
three multiple predator treatments might be explained solely
by effects of N. crysoleucas, which was strongly avoided,
but the biomass density of N. crysoleucas was halved in
two-species treatments, and reduced by two-thirds in the
three-species treatment, and our biomass densities were not
high relative to either previous experiments or natural
systems. Nonetheless, it is possible that two N. crysoleucas is
above the critical detection threshold, as we see a similar pat-
tern with the hemipteran genus Sigara (water boatmen), which
avoid only F. chrysotus, and all treatments containing F. chryso-
tus, but not the remaining two-species treatment [47]. Nothing
in single species responses predicts that the FC ×NP treatment
would be avoided, and as avoided as strongly as those contain-
ingN. crysoleucas.Given theunpredictable response to FC ×NP,
it is possible that emergent effects of the type seen in the FC ×
NP treatment, not simply the presence of NC, played a role in
all multi-predator treatments.
We have clear emergent effects of multiple predators;
however, the mechanism is unknown. Chemical cues typi-
cally drive observed immigration responses in anurans and
insects via predator-released kairomones (PRKs). Fish species
may simply vary in the amount of cue produced, however,
limited characterization of fish kairomones suggests they are
very difficult to identify and may be taxonomically unique
[60,61], and work on PRKs of other taxa has suggested they
are both senderand receiver specific [62–66]. Avoidance ofAph-
redoderus sayanus, which is chemically cryptic, cannot be
induced by increasing the amount of cue (fish biomass)
(W.J.R. 2015, 2016, unpublished data), and herewe see that ovi-
position activity is not correlated with total fish biomass.
Variation in both amount of cue and its specific signature are
potential contributors, but based on this experiment, it is
likely the three fish do not produce the same PRK. We can
reasonably conclude that ovipositing treefrogs detect and
identifyN. crysoleucas, both alone and inmixtures, butwhether
treefrogs cannot detect No. phaeus and F. chrysotus, or simply
ignore their presence, except in a mixed assemblage, is
unknown. This would be surprising, because eggs and early
larvae are vulnerable to gape-limited F. chrysotus, and a wider
range of larval body sizes are vulnerable toNo. phaeus. Numer-
ous species of colonizing insects detected and avoided these
two-species in the same experiment; No. phaeus generated the
weakest response among insects, but, unlike treefrogs, F. chry-
sotus generated the strongest insect response among single
species treatment (electronic supplementary material, figure
S5) [47]. So, clearly PRKs are present at detectable levels for
these two species, and treefrogs are at least as sensitive to cue
intensity as many aquatic insects [44,55]. Strong avoidance of
the FC ×NP treatment suggests that treefrogs, as well, are
detecting both species, choosing to ignore them when alone,
and avoid them when together. Alternatively, the fishes them-
selves may interact to produce unique cues, but F. chrysotus
and No. phaeus are the least likely pair to interact, either by
exploitation or interference, one being benthic and one sur-
face-dwelling, and that is borne out in the fish body size data.
Aspects of predator behaviour (e.g. changes in foraging
dynamics and dietary breadth) or predator physiology (e.g.
metabolic rates or cue production), may change in response
to other predators, which potentially alters predator cues or
other components of the habitat, such as nutrient turnover,
and algal and zooplankton abundance.However, in the context
of this experiment, final fish body size data confirms
our expectation regarding niche separation, with all three
showing negative intraspecific density-dependent growth.
Nonetheless, three F. chrysotus with three conspecifics may
still behave differently than three F. chrysotus with three No.
phaeus, and vice versa, but the most intense competitive
interactions here are intraspecific.

Whatever the mechanism, the combination of PRKs, or the
combination of interacting predators, generates an emergent
response. This suggests that reduced oviposition in two-species
and three-species treatments is not driven simply by presence
of N. crysoleucas, rather, species combinations produce a
unique kairomone signature themselves. Alternatively, tree-
frogs and others may possess not just a cue intensity
threshold, but also a cue diversity threshold—a simple behav-
ioural algorithm that says ‘if more than one species of fish (or
perhaps predator species in general), avoid’.

In addition to affecting species distribution and abundance,
and processes of community assembly [12,15], habitat selection
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plays a potentially critical role in a variety of evolutionary pro-
cesses [67,68]. Habitat selection that successfully matches
individual phenotype to environments (directed gene flow),
while considered less prevalent and flexible than in situ adap-
tive plasticity [41], has greater adaptive potential than either
adaptive plasticity or divergent natural selection in generating
local adaptation andpreventing localmaladaptation [69]. Thus,
habitat selection, if sufficiently strong, can both reinforce local
adaptation, or adaptation to a habitat type, and limit future
niche shifts by restricting the opportunity for adaptation to
alternative habitats [67,69,70].

Perhaps the most surprising recent revelation with regard
to predator–prey systems is that consumption is not the most
important driver of prey dynamics in all systems [9–13,15].
NCEs may equal or exceed those of consumption on the
population as a whole, partly because consumption directly
affects only those consumed, whereas non-consumptive
direct and indirect effects may affect every individual in a
population [71,72]. Changes in immigration rates can affect
all individuals in a metapopulation, because habitat selection,
especially in mosaic aquatic systems, redistributes individ-
uals among populations—an individual that colonizes or
oviposits in one habitat patch, cannot colonize or oviposit
those same offspring in another patch. The fact that treefrogs
avoid combinations of species, without avoiding the individ-
ual species, increases the frequency of such NCEs across the
range of predator assemblages and the range of responding
prey. Detecting strong, and complex, non-consumptive
MPEs on oviposition site choice in treefrogs further illustrates
how prevalent and important NCEs can be on the distri-
bution and abundance of species, and in the assembly of
natural communities.
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