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Larval Development Varies Across Pond Age and Larval Density in Cope’s Gray Treefrogs,
Hyla chrysoscelis
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ABSTRACT:

Ovipositing amphibians select breeding sites that determine their offspring’s larval habitat. Preference—performance theory

predicts that adults will select habitat patches that match the expected performance of their offspring in those patches. Many amphibians breed in
temporary ponds immediately after they fill, and one species, Hyla chrysoscelis (Cope’s Gray Treefrogs), selects between breeding sites based on
patch age differences of as little as 7 d. Prior work established that H. chrysoscelis have better larval performance in more recently filled ponds,
but not in ponds less than 15 d after filling or among ponds that differed in age by less than 65 d. Our objective was to determine experimentally
whether larval H. chrysoscelis performance varies across short time scales after filling (3- and 23-d-old ponds) and across two larval densities (15
and 30 larvae per mesocosm). Higher larval densities reduced metamorph mass and body condition, but did not otherwise affect larval
performance. There were lower survival, shorter larval periods, and slightly lower mass and body condition among larvae from 3-d-old ponds than
those in 23-d-old ponds. These mixed performance differences across our two levels of habitat age might not necessarily be representative of what
happens in natural systems, however, where older ponds have more established communities of competitors and predators.
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THE DEVELOPMENT of new habitat patches, and distur-
bances to existing patches, initiate the processes of
colonization, competition, and succession that generate the
habitat mosaics and patterns of species abundances and
richness that are observed across natural landscapes (Con-
nell 1978; Sousa 1984; Resh et al. 1988; Chesson 2000). In
both newly created habitats (e.g., via disturbances) or newly
available habitats (e.g., seasonal colonization of temperate
breeding habitats by migratory birds), benefits gained from
early arrival at new patches stem from being able to secure
breeding sites that optimize available resources, predator
avoidance, and competition (Alve 1999; Kokko 1999). In
freshwater systems, the transition from permanent to
temporary water bodies is a defining characteristic, gener-
ating large differences in community composition across this
gradient of hydroperiod (Wellborn et al. 1996). The filling of
temporary ponds initiates a myriad of processes that
transform these seasonally terrestrial habitats into freshwater
systems with a diverse array of organisms (Wellborn et al.
1996; Wilbur 1997; Fairchild et al. 2000). Many temporary
pond organisms have not only complex life cycles, but also
considerable phenotypic plasticity, both of which allow them
to take advantage of the variable conditions in temporary
ponds and escape impending desiccation (Wilbur and
Collins 1973; Semlitsch and Wilbur 1988; Sibly 1995; Laurila
et al. 2002).

Habitat selection is a response to variation in habitat
quality, and adults select oviposition sites that maximize
offspring performance (Fretwell and Lucas 1970; Resetarits
1996; Morris 2003). Many anurans breed in ponds immedi-
ately after they fill (Woodward 1983; Duellman and Trueb
1986; Pintar and Resetarits 2017), and earlier breeding
provides offspring with an advantage over later breeders
because of priority effects (Alford and Wilbur 1985; Wilbur
and Alford 1985). Dead biomass in a pond basin releases
nutrients that, upon pond filling, produce blooms of early
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successional periphyton and phytoplankton that are more
palatable for anuran larvae than later successional filamen-
tous algae and macrophytes (Seale 1980). Abundances of
competitors and predators increase as ponds age, and
resources for larval anurans decline as nutrients are
assimilated in unpalatable biomass or exported from a pond
(Wellborn et al. 1996; Wilbur 1997; Kraus and Vonesh 2012).
Thus, priority effects occur when earlier breeders can obtain
more resources under less competition early in development,
enabling them to outcompete later colonizers (Alford and
Wilbur 1985; Wilbur and Alford 1985; Facelli and Pickett
1991; Shorrocks and Bingley 1994). The priority advantage
of selecting newly filled ponds derives from the reduced
mortality risk via desiccation and predation, decreased
competition, and increased resource availability (Alford
and Wilbur 1985; Wilbur 1987).

Hyla chrysoscelis Cope 1880 (Cope’s Gray Treefrogs)
shows preference for newly filled ponds that differ in the age
of their water by as little as 7 d (Pintar and Resetarits 2017).
Prior work established H. chrysoscelis as having better larval
performance (increased survival, larger body size, shorter
larval periods) in newer ponds, but these new ponds had
been established for 15 d when larvae were added, whereas
the old ponds were 80 d old (Wilbur and Alford 1985).
Because H. chrysoscelis prefers newer ponds and has
demonstrated oviposition site preference across smaller
timescales of pond establishment, we asked if larval
performance differs across these smaller timescales (match-
ing the resolution of oviposition preferences) and if
intraspecific competition differentially affects growth and
development across a gradient of patch age. To determine
whether development differs across smaller differences in
the age of temporary ponds (3 and 23 d after filling), we
investigated the effects of patch age on the growth and
development of H. chrysoscelis with two densities of larvae
(n = 15 or 30 per 110 L) in mesocosms in a natural
landscape.
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TaBLE 1.—Results for (a) analyses of variance (ANOVA) on survival and
days to metamorphosis, (b) multivariate ANOVA on body size (snout—
urostyle length, head width, tibiofibula length), and (¢) ANOVAs for mass,
body condition, and growth rates of Hyla chrysoscelis (Cope’s Gray
Treefrogs). The Age factor was the age of mesocosms at the time larvae
were added: New (3 d), Old (23 d). The Density factor was the number of
larvae added to each 110-L mesocosm (n = 15 or 30). There were no Age X
Density interactions (P > 0.3), so they were excluded from analyses. Data
that were the basis for these analyses are presented in Table S1 in the
Supplemental Materials available online.

(a) ANOVAs SS df F P
Survival
Age 14.28 1 52.90 <0.0001
Density 0.39 1 1.46 0.24
Residuals 5.67 21
Days to metamorphosis
Age 8.00 1 126.31 <0.0001
Density 0.06 0.99 0.33
Residuals 1.33 21
(b) MANOVA Wilks' A df F P
Body size
Age 0.01 3,19 0.1 0.98
Density 0.06 3,19 0.4 0.74
(¢c) ANOVAs ss daf F P
Mass
Age 0.34 1 5.34 0.03
Density 0.92 1 14.55 0.001
Residuals 1.33 21
Body condition
Age 4.79 1 7.34 0.01
Density 11.00 1 16.86 0.001
Residuals 13.70 21
Growth rate (mass)
Age 3.36 1 23.79 <0.0001
Density 2.15 1 15.23 0.001
Residuals 2.96 21
Growth rate (length)
Age 7.74 1 113.06 <(0.0001
Density 0.11 1 1.63 0.22
Residuals 1.44 21

MATERIALS AND METHODS

We conducted our experiment in a natural landscape at the
University of Mississippi Field Station (UMFS) in Lafayette
County, Mississippi, USA. On 2 June 2015, we set up an array
of 12 mesocosms (plastic wading pools: 1-m diameter, 110 L),
each filled with well water, and added 0.5 kg of dry hardwood
leaf litter (predominantly Quercus spp.) as a nutrient base.
Mesocosms were covered with tight-fitting fiberglass screens
(pore size = 1.3 mm?) to prevent the escape of metamorphs
and entry of unwanted colonizers. On 22 June we established
12 additional mesocosms in the same manner as, and directly
adjacent to, the original 12 mesocosms. Thus, our patch age
treatment consisted of two treatments: mesocosms established
on 2 June (Old) and 22 June (New). In the absence of
sufficient rainfall, we maintained volumes of all mesocosms by
refilling with well water as needed (usually once weekly)
throughout the experiment. Pools were blocked by spatial
position from south to north in three linear rows.

On 22 June, we collected H. chrysoscelis eggs that had
been laid at various sites (other mesocosms) at UMFS the
previous night. These eggs were kept in the lab until they
hatched and were added to mesocosms on 25 June. We
sorted larvae into groups of five individuals, with all five

individuals sourced from the same collection site. We then
combined these groups of 5 larvae into groups of 15 and 30,
ensuring that, at most, one-third of all larvae in the aggregate
groups were sourced from a single site. This was done to
reduce potential biases attributable to maternal effects, such
as oviposition preference differences. These groups of 15
and 30 larvae were our initial density treatments (per 110 L
mesocosms), which we randomly assigned to Old and New
mesocosms (with equal distribution of 15 and 30 among Old
and New). Each density/age combination in the 2 X 2
factorial design had six replicates, for a total of 24
mesocosms. After larvae were added to mesocosms, we
checked daily for metamorphs. When present, metamorphs
were collected, weighed (*£0.001 g), photographed, and
released at UMFS. The position of each metamorph was
standardized in photographs, including a scale for calibration
in Image J, which we used to measure the snout-urostyle
length (SUL), head width, and tibiofibula length of
metamorphs (£0.001 mm; Schneider et al. 2012). Meso-
cosms remained in place until late September, but the last
metamorph emerged on 28 August 2015, and there were no
remaining larvae when the mesocosms were later drained.

Data Analysis

We analyzed survival, time to metamorphosis, size at
metamorphosis, body condition, and growth rate to meta-
morphosis to assess the effects of patch age and conspecific
density on larval H. chrysoscelis (untransformed data are
presented in Table S1 in the Supplemental Materials
available online). We included patch age and initial larval
density as factors in all analyses of variance (ANOVA) or
multivariate ANOVAs (MANOVA). Using observed larval
survival (number of metamorphs produced in each meso-
cosm) rather than initial density (15 or 30) did not produce
differences in statistical significance or result in different
conclusions, so we kept initial density as one of the two
primary factors of interest. To assess survival, we used a
factorial ANOVA on the proportion of individuals that
survived to metamorphosis in each mesocosm. Similarly, we
analyzed time to metamorphosis with a factorial ANOVA.
We analyzed individual body size with a factorial MANOVA
on SUL, tibiofibula length, and head width. Mass and growth
rates (grams/day and millimeters/day) were similarly ana-
lyzed, but with separate ANOVAs. Growth rate was
calculated based on individual size (mass or SUL) at
metamorphosis and days to metamorphosis. Metamorph
body condition (size-independent mass) was analyzed by
mean-scaling mass to decouple variance from the measure-
ment scale and means, regressing against SUL, and using the
residuals in the ANOVA with age and density as factors
(Berner 2011). All analyses used type III sums of squares and
a significance level of o = 0.05, and were conducted in R
v3.3.3 (R Core Team 2017) with the car package v2.1.4 (Fox
and Weisberg 2011). Block (row) was not significant in any
analyses (P > 0.25), and it was incorporated into the error
term. Days to metamorphosis were square root transformed
(VX 4+ 0.5), and body measurements were log transformed.

REsuLTs

We observed an effect of patch age on survival, with 54.7
* 4.0% (mean * 1 SE) survival to metamorphosis in New
mesocosms and 88.3 = 2.3% survival in Old mesocosms, but
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Fic. 1.—Mean (=1 SE) survival (a), days to metamorphosis (b), and metamorph snout—urostyle length (c), head width (d), tibiofibula length (e), and mass
(f) of Hyla chrysoscelis (Cope’s Gray Treefrogs) per mesocosm. Age indicates the age of mesocosms at the time larvae were added: New (3 d), Old (23 d).
Density indicates the number of larvae added to each mesocosm.

no effect of initial density (Table la, Fig. la). We also taking 41.2 * 1.3 d, but again there was no effect of initial
observed an effect of patch age on days to metamorphosis, density (Table la, Fig. 1b). We observed no effects of either
with individuals in New mesocosms taking 27.5 = 0.2 d to  patch age or initial density in the MANOVA (Table 1b) on
reach metamorphosis and individuals in Old mesocosms SUL, head width, and tibiofibula length (Fig. lc—e). There
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Fic. 2.—Average mass versus average snout-urostyle length for
metamorphs of Hyla chrysoscelis (Cope’s Gray Treefrogs) in each
mesocosm, with patch age and density as factors (R%> = 0.69, P < 0.0001).
Treatment symbols represent the combination of larval density (n = 15 or
30) per mesocosm and the age of each mesocosm on the day larvae were
added: New (3 d), Old (23 d). The regression line provides an indication of
body condition, with higher body condition above the line and lower body
condition below.

were effects of both patch age and initial density on
metamorph mass and body condition (Table 1c). Meta-
morphs had greater mass at Low density and in Old patches
(Fig. 1f), which, when coupled with the equivalent SUL at
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metamorphosis among all treatments, meant that body
condition varied similarly to mass (Fig. 2). There were
similar effects on growth rate to metamorphosis, with effects
of both age and density on A mass, with the fastest growth in
New and Low density mesocosms (Table lc, Fig. 3a). There
was only an effect of age on A length, with faster growth in
New mesocosms (Table lc, Fig. 3b). There were no
interactions between age and density in any analysis (P >
0.3), so the interaction terms were excluded from our
models.

DiscussioN

Preference—performance theory predicts matching be-
tween oviposition site preference and larval performance. In
assemblages of multiple anuran species, early breeding is
beneficial because of reduced competition and priority
effects gained from earlier access to resources (Alford and
Wilbur 1985; Wilbur and Alford 1985). Some species of
oviparous frogs, particularly H. chrysoscelis, have preferenc-
es that match those performance differences, providing their
offspring with the best habitat for the duration of their larval
stage (Resetarits and Wilbur 1989; Pintar and Resetarits
2017). By manipulating conspecific density and patch age
over short time scales, we were able to test whether such
small differences in oviposition preferences have conse-
quences for offspring. Over the smaller differences in patch
age that we tested, we observed mixed performance
differences between our Old and New mesocosms across
our two larval densities.

Larval density only affected mass and body condition, as
might be expected, because more competitors result in fewer
per capita resources, regardless of age treatment. Neither
initial density nor patch age affected other morphometrics at
metamorphosis (SUL, head width, tibiofibula length; Fig.
lc-e), indicating that larvae needed to reach a critical body
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Fic. 3.—Mean (=1 SE) growth rates for metamorphs of Hyla chrysoscelis (Cope’s Gray Treefrogs) in terms of (a) mass gained per day and (b) length
gained per day per mesocosm. Age indicates the age of mesocosms at the time larvae were added: New (3 d), Old (23 d). Density indicates the number of

larvae added to each mesocosm.
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size at which metamorphosis occurred, regardless of mass
(Wilbur and Collins 1973). Increased mass and better body
condition are important components of future fitness, as
larger individuals have a higher probability of overwinter
survival, have a higher likelihood of breeding, breed sooner,
and produce larger clutches (Smith 1987; Scott 1994; Beck
and Congdon 2000; Morey and Reznick 2001; Scott et al.
2007). Ovipositing H. chrysoscelis have been shown to avoid
habitat patches with conspecifics (Resetarits and Wilbur
1989), indicating that this is one component of preference—
performance matching in amphibians.

Although we observed lower overall mass in New
compared to Old mesocosms, initial density had a larger
effect on mass than did patch age. The dominant effects of
patch age were on survival and time to metamorphosis:
overall survival was lower and time to metamorphosis shorter
in New mesocosms than in Old (Fig. 1a-b). The shorter time
to metamorphosis was not at the expense of size at
metamorphosis, as is often expected with shorter larval
periods (Scott 1994; Morey and Reznick 2001), and it only
resulted in slightly smaller mass. Requiring an average of 14
fewer days to complete metamorphosis, yet doing it at very
similar sizes, should produce a fitness benefit. Shorter larval
periods allow larvae to escape deteriorating conditions in
temporary ponds by moving into the terrestrial habitat and
continue growth in preparation for the ensuing winter and
following breeding season.

Although we observed high survival in Old mesocosms
(88.3%), the lower survival in New mesocosms (54.7%)
might call into question the benefits of breeding immediately
after ponds fill, at least from the perspective of ovipositing
adults or the entire H. chrysoscelis population. Our
experiment was a simplified system in which all of our
mesocosms were closed to colonizing and ovipositing insects,
frogs, and other organisms that could not fit through the
small mesh of our screen lids. In natural systems we would
expect 23-d-old ponds to have established communities, with
zooplankton and periphyton, as well as competitors and
predators, which would put frogs breeding in these patches
later at a much larger disadvantage than what we observed in
our experiment. In older ponds open to colonization by other
organisms, we would expect smaller body sizes attributable
to the pressures of competition and predation, and also
perhaps shorter times to metamorphosis caused by these
added stressors (Wilbur and Collins 1973; Resetarits 1998;
Day and Locke 2002).

Whereas our results in a simplified experimental system
show that there are both costs and benefits for larval
performance when adults breed in ponds immediately after
they fill, the costs would likely be offset by community
assembly dynamics in natural systems (Resetarits et al. 2005;
Kraus and Vonesh 2010). Selection has matched adult
oviposition preferences with larval performance differences
in landscapes of habitat patches that vary in quality. Hyla
chrysoscelis has served as a model organism in this regard,
with oviposition and performance differences that have been
observed across a range of patch characteristics (Wilbur and
Alford 1985; Resetarits and Wilbur 1989; Resetarits et al.
2004; Rieger et al. 2004; Binckley and Resetarits 2007; Pintar
and Resetarits 2017). Considering the functionally diverse
responses of assemblages of many species (e.g., Resetarits
and Pintar 2016; Resetarits and Silberbush 2016), integration

of habitat selection and larval performance across landscapes
of habitat patches will help to predict species distribution
and abundance, and local and regional patterns of species
diversity.
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