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Abstract Habitat permanence and threat of predation are
primary drivers of community assembly and composition
in lentic freshwater systems. Pond-breeding amphibians
select oviposition sites to maximize fitness and minimize
risks of predation and desiccation of their offspring, typi-
cally facing a trade-off between the two as predation risk
often increases as desiccation risk decreases. To experi-
mentally determine if Hyla chrysoscelis partition oviposi-
tion along gradients of relative desiccation risk and preda-
tion risk, we tested oviposition site preference in a natural
population of treefrogs colonizing experimental ponds that
varied in water depth and contained predatory larvae of two
Ambystoma salamander species. Hyla chrysoscelis selected
habitats with both lower predation risk, avoiding A. tal-
poideum over A. maculatum, and lower desiccation risk,
selecting ponds with three times greater depth. We dem-
onstrate that adult oviposition site choices simultaneously
minimize relative predation risk and desiccation risk and
that closely related salamander species produce function-
ally different responses among colonizing animals.
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Introduction

Studies of multiple risk factors in ecology have tended to
focus on multiple predators, in contrast to risks derived
from the interaction of biotic and abiotic factors (Sih et al.
1998; Schmitz and Sokol-Hessner 2002; Grabowski et al.
2008; Touchon and Warkentin 2009). Predators play criti-
cal roles in structuring communities, but the conditions
that allow for the persistence of predators can be driven
by the abiotic environment (Paine 1966; Carpenter et al.
1985; Schneider and Frost 1996; Skelly 1996). Lethal and
sublethal effects of the abiotic environment, such as those
of desiccation, fire, or pollutants, can equally affect both
predators and organisms at lower trophic levels (Menge and
Sutherland 1987; Scott and Sloman 2004). Although differ-
ent species of predators may be equally affected by the abi-
otic environment, they often produce functionally diverse
effects on communities (DeWitt et al. 2000; Resetarits and
Chalcraft 2007; Schmitz 2009; Resetarits and Pintar 2016).
This generates landscapes of habitat patches that vary in
risk due to the interaction between abiotic and biotic factors
(Menge and Sutherland 1987; Wellborn et al. 1996; Jack-
son et al. 2001), and colonizing organisms must assess this
risk when selecting habitat patches. How various sources of
risk are perceived is a window on the strength of selection
exerted by multiple factors.

Pond permanence and predator presence are primary
drivers of freshwater aquatic community composition.
Ponds exist on a hydroperiod gradient, and as hydrop-
eriod increases, ponds are typically inhabited by more
dominant predators (Wellborn et al. 1996). Differences in
aquatic communities were traditionally ascribed to vary-
ing strengths of lethal processes (predation and desicca-
tion), but habitat selection can play an equal or greater role
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in determining community composition (Resetarits and
Wilbur 1989; Skelly 1996; Resetarits and Binckley 2009;
Kraus and Vonesh 2010). Predatory fish occupy most per-
manent ponds and play extremely important roles at both
colonization and post-colonization stages, both repelling
colonizers and shaping community structure through direct
predation (Petranka et al. 1987; Resetarits and Wilbur
1989). Thus, many other aquatic taxa have evolved to live
in, and are more often found in, temporary ponds. Even
among temporary ponds, those with longer hydroperiods
typically have more and larger predators (Woodward 1983;
Wellborn et al. 1996).

During oviposition, females select habitats for their off-
spring based on a variety of abiotic and biotic site charac-
teristics, such as predator or competitor presence, canopy
cover, or sediment depth (Resetarits and Wilbur 1989;
Thompson and Pellmyr 1991; Rudolf and Rodel 2005;
McGuffin et al. 2006; Silberbush and Blaustein 2011).
Oviposition site selection is a strong determinant of repro-
ductive success, as larvae cannot leave their habitat patch
before metamorphosis. Thus, it is imperative that adults
make decisions that minimize risk and maximize reward.
However, selecting breeding sites based on their perceived
permanence (volume/depth), or other characteristics that
often covary with permanence such as conductivity, tem-
perature, and dissolved oxygen necessitates the ability to
simultaneously assess the relative predation risk (Saward-
Arav et al. 2016). Because predation risk is typically
inversely correlated with desiccation risk, site selection
based on one of these two factors may place colonizing
individuals at high risk due to variation in the second fac-
tor. Predation risk varies greatly across aquatic taxa, from
often very strong effects of fish, to more moderate effects
of larval salamanders, to the often low relative risk of some
insects (Morin et al. 1988; Wilbur 1997).

Hyla chrysoscelis (Cope’s gray treefrog) selectively ovi-
posits in ponds without predators as well as newly filled
ponds; the latter reduces desiccation risk, and offspring of
early arrivers gain advantages over later breeders (Wilbur
and Alford 1985; Resetarits and Wilbur 1989; Pintar and
Resetarits 2017a). With metamorphosis often occurring in
less than one month, H. chrysoscelis is capable of surviv-
ing in short-lived temporary ponds. However, this can come
at a cost of smaller sizes at metamorphosis and shifting of
growth between the aquatic and terrestrial stages (Wilbur
and Collins 1973). In the southeastern United States, H.
chrysoscelis typically breeds in fishless lentic habitats
where the top predators are often larval salamanders, par-
ticularly Ambystoma talpoideum (mole salamander) and/
or A. maculatum (spotted salamander) (Petranka 1998).
Ambystoma talpoideum pose a greater predation risk to lar-
val treefrogs than do A. maculatum as they grow to larger
sizes and persist as larvae or paedomorphs in ponds for a
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year or more, whereas A. maculatum metamorphose by
mid-summer. To assess oviposition responses to perceived
risk in different oviposition sites, we experimentally exam-
ined the effects of pond water depth and presence of lar-
vae of these two predatory Ambystoma salamanders on
oviposition site preferences of a natural population of H.
chrysoscelis.

Materials and methods

On 17-Jan-2015, we set up an array of experimental meso-
cosms (plastic cattle tanks: diameter = 1.83 m, maximum
depth = 0.61 m; N = 63) in a field at the University of
Mississippi Field Station near Oxford, Mississippi, USA,
25 m north and west of nearby fish-containing ponds. This
experiment was designed to assess the effects of flooding
and competitor addition on larval Ambystoma develop-
ment. Thus, our primary goal in experimental design was
to achieve an optimal setup for development, and hence,
our mesocosms were separated by 0.5 m edge-to-edge and
arranged in a quasi-rectangular array due to highly uneven
ground. A 5 x 8 set of mesocosms formed the core of the
array, with the remaining mesocosms arranged around the
periphery, while maintaining equal spacing. This resulted
in six spatial blocks (distance south to north from a tree-
line), which we included in our initial analyses, but ulti-
mately had no effect on oviposition. The spatial design of
our experiment was within the range of areas occupied by
similar experiments, which allows females to assess chemi-
cal cues from multiple mesocosms prior to and during ovi-
position (Resetarits and Wilbur 1991; Binckley and Rese-
tarits 2008).

Using pond water pumped through 1.3 mm mesh, we
filled the mesocosms to a depth of 16 cm (~400 L); meso-
cosms were fitted with PVC standpipes to adjust water lev-
els. On 19-Jan, we randomly assigned and added 3 kg of
dry hardwood leaf litter (primarily Platanus occidentalis)
to each mesocosm. Originally, using a 2 x 2 x 2 factorial
design, we randomly assigned treatments of salamander
species (Ambystoma maculatum, A. talpoideum) crossed
with water depth (16 cm = low, 50 cm = full) and the addi-
tion of competitors midway through the larval stage (5 A.
maculatum, no salamanders). On 28-Jan, we added 15 lar-
vae of either A. maculatum or A. talpoideum to each meso-
cosm and allowed larvae to develop until 21-Apr when
mesocosms in the full treatment were filled to a depth of
50 cm (~1200 L) with pond water. The five additional A.
maculatum competitors were added on 22-Apr; however,
these competitors had no effect, so we eliminated this fac-
tor from additional analyses, resulting in a 2 x 2 facto-
rial design. The A. talpoideum/low treatment (TL) had 12
replicates, and all other treatments had 17 replicates: A.
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maculatum/full (IMF), A. maculatum/low (ML), and A. tal-
poideum/full (TF). We checked all mesocosms daily, and
once oviposition by H. chrysoscelis began in mid-May, we
collected eggs daily (early morning), counted them with
photographs, and placed all eggs into nearby fishless ponds.

Although predators were not caged, Ambystoma were
unable to consume eggs prior to counting, and we have not
observed consumption of H. chrysoscelis eggs by Ambys-
toma larvae. Ambystoma maculatum may be incapable of
feeding on Ranidae eggs, whereas A. talpoideum has mini-
mal success (Anderson et al. 2013; Tumlison and Serviss
2013). The small body size and low abundance of our
larvae would make them incapable of consuming a small
number of the eggs in each tank, as the gelatinous H. chrys-
oscelis egg masses occupy volumes that would greatly
exceed the size of our larvae (Petranka 1998). Thus, while
predation by Ambystoma on Hyla eggs was possible, the
likelihood of any meaningful consumption of H. chrysosce-
lis eggs by Ambystoma was minimal.

The total number of eggs laid per mesocosm during the
course of our experiment was our response variable, and
in our initial 2 x 2 x 2 analysis, we conducted ANOVA
on square root transformed mean total eggs using type III
SS on factors of salamander species, addition of competi-
tors, water level, and block. In our reduced 2 x 2 analy-
sis (without added competitors), we examined the effects
of salamander species, water level, and block in a similar
ANOVA to the initial analysis, along with effect size and
post hoc Tukey. To account for potential effects of spillover
from density-dependent oviposition if preferred breeding
sites could not accommodate all breeders on a given night,
we used simple linear regression to compare the propor-
tion of eggs found in the preferred patch type to the total
number of eggs laid on a night. On 12-May, the closest
date to the oviposition period for which we have data, we
measured the conductivity, oxygen, pH, and temperature of
each mesocosm with a YSI 63/25 FT meter and dissolved
oxygen with a YSI 550 DO meter. We analyzed all water
chemistry variables using ANOVAs with water level and
block as factors on log-transformed data (except pH). Tem-
perature was included as a covariate in the dissolved oxy-
gen analysis. All analyses used « = 0.05 and R v.3.3.1 (R
Core Team 2016), and block was rolled into the error term
when P > 0.20. Data are available in figshare (Pintar and
Resetarits 2017b).

Results

Hpyla chrysoscelis laid 59,213 eggs in our mesocosms on
18 nights from 16-May until 21-June with the number
of eggs laid per night ranging from 1474 to 6377. The
MF treatment received 44,782 eggs (2634.2 £+ 338.9,

mean £ SE), ML 7965 (468.5 £+ 161.2), TF 6348
(373.4 £ 116.2), and TL 118 (9.8 £ 9.8) (Fig. 1). We
estimate that this represents the reproductive output of
around 45-65 females based on the previous estimates
of H. chrysoscelis clutch sizes and site-specific observa-
tional data (Resetarits and Wilbur 1989; Resetarits 2005).
The effects of predator species and water depth were
both significant, as was the interaction between them
(Table 1). The initial 2 x 2 x 2 design produced simi-
lar results, but the additional competitors had no effect
(Table 2; Fig. 2). Block (distance south to north from a
tree row) was not significant in both analyses (P > 0.5),
so it was rolled into the error term. In our reduced 2 x 2
design, species and water depth had large, similar effect
sizes. All but one of the pairwise comparisons (ML-TF)
were significantly different from each other (Table 1).
Ambystoma maculatum metamorphosed from 12-May
until 12-July, with 95% of surviving individuals meta-
morphosing before 21-June, the last day we collected
eggs in this experiment. Ambystoma talpoideum began
metamorphosing on 2-June, but only eight metamorphs
(3% of surviving individuals) emerged before 21-June.
However, oviposition patterns did not change over time as
the number of remaining A. maculatum larvae decreased
in the mesocosms (r2 = 0.0042, P = 0.132). There was
no relationship between the proportion of eggs occur-
ring in MF mesocosms and the total number of eggs laid
on a night (r2 = 0.0234, P = 0.253). In low mesocosms,
we observed significantly higher conductivity and higher
temperature, but no differences in pH, whereas DO sig-
nificantly covaried with temperature but was not indepen-
dently affected by water level (Table 3).
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Fig.1 Mean number of eggs per mesocosm (+ SE) for each treat-
ment in the 2 x 2 over the duration of the experiment (N = 63 meso-
cosms; 59,213 total eggs)

@ Springer



426

Oecologia (2017) 184:423-430

Table 1 ANOVA and Tukey

results for the reduced 2 x 2 ANOVA Tukey
experimental design df SS F P n? " Comparison P
Species 1 9644.8 60.308 <0.0001 0.325 0.505 MF-ML <0.0001
Water depth 1 88324 55.228 <0.0001 0.298 0.483 MF-TF <0.0001
Species x water depth 1 1726.9 10.798 0.0017 0.058 0.155 MF-TL <0.0001
Residuals 59  9435.6 0.318 ML-TF 0.9946
ML-TL 0.0186
TF-TL 0.0337

Table 2 ANOVA results for the original 2 x 2 x 2 experimental
design

df SS F P
Species 1 2819 39.774 <0.0001
Competitors 1 45.0 0.635 0.4288
Water depth 1 2387.5 33.685 <0.0001
Species x water depth 1 1211.0 17.086 0.0001
Initial species x competitors 1 9.9 0.140 0.7102
Water depth x competitors 1 1377 1942 0.1690
Species x competitors x water depth 1 79.9 1.127 0.2930
Residuals 55 3898.3
]
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Fig. 2 Mean number of eggs per mesocosm (£ SE) in each treatment
in the original 2 x 2 x 2 design over the duration of the experiment
(N = 63 mesocosms; 59,213 total eggs)

Discussion

In natural systems, there is often a trade-off between
avoiding predators to reduce predation risk and select-
ing habitats with greater permanence to reduce mortality
due to drastic environmental changes or energy expen-
ditures in search of better habitats (Menge and Suther-
land 1987; Jackson et al. 2001). Our data show that H.
chrysoscelis simultaneously assess and select habitats to
minimize risks of both desiccation and predation. The
lowest risk habitat (MF) was the preferred oviposition
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site and highest risk habitat (TL) almost completely
avoided (except for 118 eggs in one mesocosm on a sin-
gle night). The equivalence of ML and TF suggests that
the difference in desiccation risk between low and high
mesocosms is similar to the difference in predation risk
between A. talpoideum and A. maculatum, which is sup-
ported by the similar effect sizes. Nevertheless, A. mac-
ulatum is a predator of larval Hyla (Walters 1975), and
evidence shows that H. chrysoscelis has reduced oviposi-
tion in habitats containing A. maculatum when predator-
free controls are present (Resetarits and Wilbur 1989).

Studies of oviposition responses to predators typi-
cally include predator-free controls, which are almost
universally preferred, but the natural landscape may sel-
dom provide that option (Resetarits and Wilbur 1989;
Blaustein et al. 2004; Vonesh et al. 2009; Resetarits and
Binckley 2013). When given moderate-to-poor choices in
oviposition sites, ovipositing mosquitoes not constrained
to mesocosms often choose to seek higher quality natu-
ral pools (Kiflawi et al. 2003; Silberbush and Blaustein
2011), whereas ovipositing female Salamandra adjust
their egg production based on a breeding site’s volume
(Segev et al. 2011). Given that there are often diverse
arrays of predators in natural systems and their occur-
rence can be related to variation in habitat quality, it is
important to understand how species respond indepen-
dently to variation in the specific identity of predators
and variation in habitat quality. By creating a landscape
without predator-free controls, we were able to force
female H. chrysoscelis to reveal any preferences with
respect to the two species of Ambystoma. Unlike the
aforementioned mosquito studies, there were few, if any,
better (e.g. fishless) options within ~500 m of our experi-
mental array, providing additional pressure on H. chrys-
oscelis to select among our mesocosms.

When presented with a landscape of oviposition sites
that varied in both desiccation and predation risk, H. chrys-
oscelis selected sites with lower risks of both desiccation
and predation. Our full mesocosms (3x deeper than low)
represented a much lower desiccation risk than low mes-
ocosms. Ponds as shallow as our low mesocosms could
dry in 1 to 2 months or less during summer in our system,
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zzll\ll)(l)evng :Zs.aljirs thftrlzlixlSthZns and 55 o F P Low Ful
standard errors of mesocosms Mean SE Mean SE
in low and full treatments as
measured on 12-May Conductivity (p.S/cm) 23.21 0.05 22.39 0.09
Block 0.003 5 1.569 0.1838
Water level 0.017 48.860 <0.0001
Residuals 0.020 56
DO (mg/L) 3.42 0.18 393 0.12
Temperature 0.160 1 6.000 0.0173
Water level 0.033 1 1.250 0.2681
Residuals 1.598 60
pH 6.36 0.05 6.41 0.04
Water level 0.03 1 0.4588 0.5007
Residuals 4.25 61
Temperature 34.49 0.97 29.24 0.52
Block 0.157 5 2.317 0.0554
Water level 0.445 1 32.788 <0.0001
Residuals 0.760 56

Mean pH was calculated by converting each mesocosm’s pH to hydrogen ion concentrations, calculating
the arithmetic average of all mesocosms in each treatment, and converting back to pH

within the typical larval period of H. chrysoscelis (Altig
and McDiarmid 2015). It is important to note that none of
our mesocosms ever actually dried, and after final filling on
21-Apr, established water levels were maintained by rain
throughout the remainder of the oviposition period. The
lack of relationship between the proportion of eggs laid in
MF patches and the total of number of eggs laid per night
could be due to relatively low activity levels with a maxi-
mum of 6377 eggs collected on a single night. This rep-
resents the reproductive output of about six females, and
there were 17 available MF patches on each night, provid-
ing adequate space for breeding in the preferred patch type
without interference from other frogs. It is unlikely that
reduced oviposition in low mesocosms was due to a higher
cue density (no. individuals or biomass per volume) as
detection/avoidance thresholds for H. chrysoscelis are low
and were well exceeded in all of our mesocosms (Rieger
et al. 2004). Furthermore, effects are not additive above this
threshold, and we observed no difference between our four
treatment groups when considering those that received five
additional competitors.

Ambystoma talpoideum are facultatively paedomor-
phic and can persist in ponds for a year or more, whereas
A. maculatum are obligately metamorphic, and 95% of A.
maculatum metamorphosed in our system by the end of the
experiment. Furthermore, A. talpoideum typically grows
faster and reaches larger larval sizes than A. maculatum
does, and A. talpoideum is competitively dominant over A.
maculatum (Walls 1996; Petranka 1998). Thus, A. talpoi-
deum poses a greater predation threat to larval H. chrysos-
celis both immediately, because of their larger size, and in

the long term due to their longer larval period (Anderson
et al. 2013). Responses of ovipositing H. chrysoscelis to a
diverse array of fish with a range of predatory capabilities
have produced functionally equivalent responses (Resetarits
and Wilbur 1989; Binckley and Resetarits 2003; Resetarits
and Binckley 2013), whereas oviposition/colonization by
other taxa, including beetles and mosquitoes, have pro-
duced more diverse responses to predators (Razicka 2001;
Vonesh and Blaustein 2010; Resetarits and Pintar 2016).
Interestingly, our two Ambystoma species produced func-
tionally unique responses among ovipositing H. chrysosce-
lis, with much stronger avoidance of A. falpoideum. This
may be explained by the greater co-occurrence of H. chrys-
oscelis with Ambystoma in temporary ponds than with fish
in permanent ponds. Both Ambystoma and H. chrysoscelis
are typically found in fishless ponds, with H. chrysoscelis
and some Ambystoma species exhibiting strong oviposition
preferences for sites without fish (Resetarits and Wilbur
1989; Kats and Sih 1992). Therefore, we would predict
stronger selection for species-specific responses by H.
chrysoscelis to salamanders and other predators common in
temporary ponds, in contrast to nearly uniform responses to
most fish species.

Although hydroperiod is a strong correlate of fish pres-
ence in ponds, pond permanence per se has a large, direct,
non-lethal effect on community assembly that rivals preda-
tor identity. Frogs selected habitats with greater perceived
permanence, the same habitats in natural systems that are
more likely to support more dominant predators (Well-
born et al. 1996; Wilbur 1997). Our data support the idea
that colonizing organisms are directly and simultaneously
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assessing patch quality based not only on predator cues,
but on other patch characteristics (Binckley and Resetarits
2003). Although we have limited water chemistry data, the
relation of lower water depth to higher conductivity and
higher temperature would both be expected, as is the covar-
iance of DO with temperature. Other studies have observed
preferential oviposition by H. chrysoscelis in mesocosms
with lower conductivity and higher dissolved oxygen (Pin-
tar and Resetarits 2017a), so these characteristics could be
used as indicators of patch quality, as they are for other
ovipositing organisms such as mosquitoes (Spencer and
Blaustein 2001). Direct assessment of multiple indicators
of patch quality stands in contrast to using specific patch
characteristics (depth/volume) as indicators of potential
long-term predation risk, allowing more refined responses
if more complex communities with stronger predators
develop in more permanent habitats (Saward-Arav et al.
2016). The functionally diverse responses of H. chrysosce-
lis to Ambystoma and water depth provide further support
for the idea that direct, non-lethal effects of patch charac-
teristics (predation/desiccation risk), mediated through
habitat selection behaviors of colonizing animals, are major
determinants of community structure in freshwater systems.

Females from an array of taxa, including frogs (Rese-
tarits and Wilbur 1989; Touchon and Warkentin 2008),
mosquitoes (Vonesh and Blaustein 2010; Silberbush and
Blaustein 2011), beetles (Messina et al. 1992; Resetarits
2001), damselflies (McGuffin et al. 2006), and butterflies
(Thompson and Pellmyr 1991), make oviposition decisions
in complex environments. These oviposition decisions have
both differential fitness consequences through varying off-
spring mortality and performance (Jaenike 1978; Rieger
et al. 2004; Gripenberg et al. 2010) and form an impor-
tant component of the myriad of factors driving patterns of
species distributions, species abundances, and community
composition (Blaustein et al. 1995; Wellborn et al. 1996).
The ability to assess habitat quality across multiple gradi-
ents not only helps to maximize fitness, but may also affect
the persistence of species as environmental change alters
habitats across similar gradients through shifts in species
distributions or changes in habitat duration from shifting
precipitation (Martin 2001; Both et al. 2006).
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