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Abstract
Environmental change and habitat fragmentation will affect population densities for
many species. For those species that have locally adapted to persist in changed or
stressful habitats, it is uncertain how density dependence will affect adaptive responses. Anurans (frogs and toads) are typically freshwater organisms, but some
coastal populations of green treefrogs (Hyla cinerea) have adapted to brackish,
coastal wetlands. Tadpoles from coastal populations metamorphose sooner and
demonstrate faster growth rates than inland populations when reared solitarily.
Although saltwater exposure has adaptively reduced the duration of the larval period
for coastal populations, increases in densities during larval development typically increase time to metamorphosis and reduce rates of growth and survival. We test how
combined stressors of density and salinity affect larval development between saltadapted (“coastal”) and nonsalt-adapted (“inland”) populations by measuring various
developmental and metamorphic phenotypes. We found that increased tadpole density strongly affected coastal and inland tadpole populations similarly. In high-density
treatments, both coastal and inland populations had reduced growth rates, greater
exponential decay of growth, a smaller size at metamorphosis, took longer to reach
metamorphosis, and had lower survivorship at metamorphosis. Salinity only exaggerated the effects of density on the time to reach metamorphosis and exponential
decay of growth. Location of origin affected length at metamorphosis, with coastal
tadpoles metamorphosing slightly longer than inland tadpoles across densities and
salinities. These findings confirm that density has a strong and central influence on
larval development even across divergent populations and habitat types and may
mitigate the expression (and therefore detection) of locally adapted phenotypes.
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1 | I NTRO D U C TI O N
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perhaps the most exemplary of this strategy as several species have
evolved very short larval periods to deal with exceedingly ephemeral

Habitat quality is in a state of flux worldwide due to climate change,

ponds within desert environments (Bragg, 1965; Denver, 1997; Levis

urbanization, and other anthropogenic disturbances (Grimm et al.,

& Pfennig, 2018; Newman, 1992). Many other species can also speed

2013; Pereira et al., 2010). Habitats are also becoming increas-

up development or growth, but this trait is often plastic and can be

ingly fragmented into collages of favorable and unfavorable habitat

moderated according to perceived risk (Abrams & Matsuda, 1996;

patches (Haddad et al., 2015; Lewis, 2006). Concomitant changes

McCoy, 2007; Peacor & Werner, 2004; Richter-Boix et al., 2011).

in the quality and contiguity of habitats increase the likelihood that

Although speeding up development may be adaptive, individual

populations of affected species will inhabit unfavorable patches that

growth rates are also affected by a wide variety of other biotic and

alter population growth and dispersal rates. These effects may be

abiotic factors like density or exposure to saltwater. For example,

particularly impactful for species that use spatially circumscribed

individual growth rates have been shown to be reduced via negative

habitat patches (e.g., ponds) or that occur in spatially structured pop-

density dependence even in the face of other environmental pres-

ulation networks (Cushman, 2006; Keinath et al., 2017).

sures that are known to promote rapid metamorphosis (Richards,

Populations that reside in habitats that become abiotically un-

1958; Wells, 2007). Reductions in individual growth rates with in-

suitable will typically decline to extirpation (Grimm et al., 2013;

creases in conspecific density can stem from resource limitation,

Stuart et al., 2004), unless they are able to locally adapt to the al-

intraspecific competitive interactions (Griffiths, 1991), accumulation

tered environmental conditions via evolutionary rescue (Bell, 2017;

of nitrogenous waste or other chemicals (Rose & Rose, 1965; Smith,

Gomulkiewicz & Holt, 1995; Holt, 2011). Evolutionary rescue is

1999), increased physical contact between individuals (Rot-Nikcevic,

typified by a triphasic process that leads to a U-shaped pattern in

Denver, & Wassersug, 2005), and reduced area for swimming (John

population abundances through time. The first phase is marked by a

& Fenster, 1975; John & Fusaro, 1981). In addition to density, salt

decline in population abundance following an environmental change.

water can affect growth rates. Salt water is lethal to amphibians in

The second phase encapsulates a period during which the popula-

high concentrations (Hopkins & Brodie, 2015), but at sublethal con-

tion stops declining, but levels off at population abundances that are

centrations, salt water reduces tadpole size at metamorphosis and

low enough to be vulnerable to stochastic extinction events. The

growth rates (Albecker & McCoy, 2019; Christy & Dickman, 2002;

third phase occurs as the equilibrium abundances begin to increase

Rios-López, 2008; Wu & Kam, 2009). Some species may be able to

above the stochastic extinction thresholds as a result of an increase

compensate for reduced growth if released from salt stress (Squires,

in the frequency of adaptive alleles in the population (Carlson,

Bailey, Reina, & Wong, 2010), but others cannot (Wu, Gomez-

Cunningham, & Westley, 2014).

Mestre, & Kam, 2012). Reduced growth in saltwater stems from

Adaptive alleles that yield positive population growth may mani-

the allocation of energy toward maintaining internal ion and water

fest into innumerable phenotypic forms (e.g., behavior, morphology,

balance which reduces the amount of energy available for somatic

and development) that improve fitness. However, if the adaptive

growth (Bernabò, Bonacci, Coscarelli, Tripepi, & Brunelli, 2013; Lai,

phenotype is affected by changes in density, the ability for individ-

Kam, Lin, & Wu, 2019; Wu, Yang, Lee, Gomez-Mestre, & Kam, 2014).

uals to realize the benefits of the adaptive responses that emerge

The effects of salt are variable depending on species, population,

when the populations are at low densities may dissipate as popula-

and life stage (Albecker & McCoy, 2017; Kearney, Byrne, & Reina,

tion sizes increase and density-dependent processes dominate. For

2016).

example, faster growth rates may improve fitness, but the presence

In a previous study, Albecker and McCoy (2019) showed that coastal

of competitors may usurp resources necessary to sustain acceler-

populations of the American green treefrog (Hyla cinerea) persist in

ated growth rates. Therefore, the adaptive value of increased growth

brackish marshes with salinities above normal amphibian tolerance lev-

rates may only be realized during stages one and two of evolutionary

els and exhibit a range of adaptive phenotypes in response to salinity

rescue when the population is declining or being maintained at low

that are not present in inland populations (Albecker & McCoy, 2017).

densities, but may be masked during stage three by negative density

These locally adapted coastal populations have higher survival, accel-

dependence as the population recovers. Understanding how densi-

erated larval growth rates, and shorter larval periods than freshwater

ty-dependent processes mitigate the performance of adaptive phe-

populations regardless of salinity. This faster paced lifestyle is likely an

notypes is needed to improve our ability to predict impacts of local

adaptation to minimize larval mortality risk in highly variable and un-

adaptation on long-term population dynamics (Urban et al., 2016).

predictable saline environments, since accelerated developmental and

For organisms with complex life cycles, a common adaptation to

growth rates are commonly observed in North American frog species

changes in environmental quality is to alter growth or developmen-

adapted to high-risk environments (e.g., Scaphiopus spp.). However, the

tal rates of the larval stage (Richter-Boix, Tejedo, & Rezende, 2011).

negative effects of density may dampen the ability for individuals from

For example, larval amphibians in high-risk habitats characterized by

locally adapted populations to accelerate life history traits—especially

abundant predators or rapid desiccation often increase developmen-

when combined with abiotic stressors like salinity (Jones et al., 2017;

tal rates to reach metamorphosis quickly and avoid certain mortal-

Woolrich-Piña, Smith, Benítez-Tadeo, Lemos-Espinal, & Morales-

ity in the deteriorating larval environment (Werner & Gilliam, 1984;

Garza, 2017; Woolrich-Piña, Smith, & Lemos-Espinal, 2015). To our

Wilbur & Collins, 1973). Spadefoot toads (Genus Scaphiopus) are

knowledge, previous studies have not compared whether the impacts
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of density differ between locally adapted and nonlocally adapted

is a NaCl-based aquarium salt that mimics the chemical composition of

populations in a stressful environment. Understanding whether the

natural seawater.

strength or form of density dependence is different across environ-

The 12 experimental treatments were arranged in six replicate

mental gradients for locally adapted and nonadapted populations could

spatial blocks (N = 72 total experimental units; 3 densities × 2 sa-

have important consequences for predicting evolutionary rescue and

linities × 2 locations × 6 replicates). Temperature was maintained at

population dynamics of populations at the frontlines of environmental

27°C, with a 12 hr light/dark cycle. Mortality was recorded daily,

change. In this study, we test the dual influences of increased density

and deceased individuals were immediately removed. Full water

and salinity on the growth, metamorphosis, and survival of H. cinerea

changes occurred every second day maintaining the same salinity,

from salt-adapted (coastal) and nonsalt-adapted (inland) populations.

and tadpoles were fed 75 mg of spirulina flakes (O.S.I.®) after every

We expect that density will strongly influence the expression of adap-

water change (Berven & Chadra, 1988). Once per week, tadpoles

tive developmental traits (such as growth rates) across both coastal

were weighed and measured (snout-vent length and total length)

and inland populations, but the effects of increased salinities and den-

using Neiko® digital calipers and a GeneMate® digital balance.

sity will have a greater effect on inland populations.

Upon reaching stage 42, defined as the point that forelimbs emerge
(Gosner, 1960), metamorphs were weighed, measured, and placed

2 | M ATE R I A L S A N D M E TH O DS

into individual covered containers (same dimensions as the larval
containers) lined with a moist paper towel to complete metamorphosis. Animals were collected under NC wildlife collection license (17-

We collected eight pairs of breeding adult frogs in amplexus from

SC00840), and all experimental protocols were approved by ECU's

two discrete salt-adapted (hereafter called coastal) and two dis-

Animal Care and Use Committee (IACUC #D314).

crete salt-naïve (hereafter called inland) populations of H. cinerea.
We collected coastal frogs from wetlands near Nags Head along the
outer banks' barrier islands of North Carolina on 5 July 2017 and

2.1 | Statistical methods

inland frogs were collected from freshwater ponds near Greenville,
NC on 6 July 2017. Inland wetlands had surface salinities of 0.23

We tested for the effects of salinity, density, and location on tadpole

parts per thousand (ppt) and 0.42 ppt, and coastal wetlands had sur-

survival, tadpole growth, size at metamorphosis, and age at metamor-

face salinities of 1.7 and 1.3 ppt. Salinities were measured using YSI

phosis using generalized linear mixed effects models using package

Professional Plus Multiparameter Meter (Xylem, Inc.).

“lme4” (Bates, Martin, Bolker, & Walker, 2015) in the R statistical pro-

Upon capture, amplexed pairs were placed into covered 5.7-liter

graming environment version 3.5.0 (Team, 2018). For all endpoints ex-

(L) Sterilite® plastic bins containing 2 L of fresh water. The fresh water

cept growth, we treated salinity, density, and location as fixed effects,

used in this experiment was dechlorinated tap water treated with

and replicate as a random effect. For each analysis, we started with the

API® Tap Water Conditioner, Chalfont, PA. Tap water naturally con-

full interaction model, which included the fully crossed effects of loca-

tains small quantities of dissolved salts, so the salinity of the tap water

tion, salinity, and density, and then reduced model complexity by se-

typically measures around 0.5 ppt (Albecker, personal observation).

quentially dropping higher order terms based on likelihood ratio tests.

Pairs were left in situ at the edge of the breeding ponds overnight to

For our analysis of survival, we assumed a binomial error dis-

lay eggs. Adult frogs were released the following morning at the site

tribution, and we assumed a Poisson error distribution to analyze

of collection, and their eggs were transported to the laboratory and

the number of days between hatching and metamorphosis (i.e., age

maintained at 25°C in natural light. Each container was aerated to pre-

at metamorphosis defined as Gosner stage 42, the day of forelimb

vent stagnation while the embryos developed and hatched. Hatching

emergence; Gosner, 1960). We use Poisson because these data are

occurred after approximately 48 hr. Following the transition from

integers derived from a count-based sampling effort which is as-

dependence on yolk reserves to active foraging (Gosner stage 25)

sumed to conform to the Poisson distribution (Bolker et al., 2009).

(Gosner, 1960), hatchlings from each geographic location (e.g., coastal

To test for differences in size at metamorphosis, we analyzed data on

and inland) were combined and maintained in 15 L of aerated, condi-

total length at developmental stage 42 assuming a log-normal error

tioned tap water. Six replicate subsamples of 2, 4, and 8 individuals

distribution. We use log-normal distribution for size measurements

were haphazardly sampled from the coastal and inland cohorts. Each

because size is by definition bound at zero, and model diagnostics

subsampled group was immediately placed into an 11 × 13-centime-

improved following log-transformation.

ter (diameter × height) plastic container with either 400 ml of fresh
water or 4 ppt saltwater. The three density treatments translate into
densities of 22 tadpoles/m2, 44/m2, and 88/m2, respectively, which are

2.2 | Growth

within the range of densities reported for natural populations of many
pond breeding species (Alford, 1986). These densities will be referred

We analyze change in total length (snout to tail) through time (Y(t)) by

to as low (2-individuals), medium (4-individuals), and high (8-individu-

fitting a Gompertz growth model using the method of maximum like-

als) density treatments for the remainder of the paper. Saltwater was

lihood in the R package “bblme” (Bolker & Team, 2017). Specifically,

made by mixing Instant Ocean Sea Salt® into treated fresh water which

we fit a growth model of the form:
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determined the relative support for candidate models using sam( )

Y (t) = S0

𝛾
𝛼

(1)

(1−e(−𝛼t) )

ple size-corrected Akaike information criterion (AIC) (Bolker &
Team, 2017; Burnham & Anderson, 2004) and infer treatment effects based on the parameterization and estimates associated with

where S0 is an estimate of initial size, γ (gamma) corresponds to the

the most parsimonious model.

maximum size-specific growth rate, and α (alpha) is the exponential
decay of size-specific growth rate, which biologically corresponds with
a slowed rate of cell division, cell death, or the suspension of growth
as cell differentiation occurs (Harris, 1999). This functional form is consistent with most empirical observations of amphibian growth (Hota,

3 | R E S U LT S
3.1 | Survival

1994) and permits us to estimate biologically meaningful parameters
that provide insights into processes that may underlie changes in

Salinity and location had no effect on survival to metamorphosis (sa-

growth through time (Harris, 1999). In this species, tail length grows

linity: X6 = 0.29, p = .59; location: X6= 1.14, p = .29), but density sig-

allometrically with body length even in higher salinities, so we use total

nificantly affected survival (X6 = 15.47, p = .0004) (Figure 1). Survival

length as our size metric (Albecker & McCoy, 2019).

declined by approximately 26% in the high-density treatments rela-

To compare growth across treatments, we compare fits of 17

2

2

2

tive to the low-density treatments.

different parameterizations of the Gompertz model to the cup
averaged total lengths of tadpoles within each experimental unit.
All parameterizations included a single estimate for initial size (S 0)

3.2 | Time to metamorphosis

because neither the larval environment or location were expected
2

to affect the size of hatchlings (Albecker & McCoy, 2019). The 17

Location had no effect on the time to metamorphosis (X6 = 0.60,

models included different variants of flexible parameterizations

p = .44). Salinity had a marginal effect (X6 = 3.09, p = .07), and density

ranging from the most complex scenario that allowed 𝛼 and γ to

had a significant effect on the time to metamorphosis (X6 = 466.76,

be estimated as a linear function that included a 3-way interaction

p < .0001) (Figure 2). Tadpoles in the low-density treatment reached

among the treatments (salinity, density, and location) to the sim-

metamorphosis the soonest, while tadpoles took the longest time to

plest scenario that assumed pooled data and ignored treatment

reach metamorphosis in the high-density treatment, with individuals

effects (i.e., a single estimate of S 0, 𝛼, and γ across all treatments).

in the 4 ppt treatment taking approximately 4 days longer to meta-

All 17 parameterizations of the models are listed in Table 1. We

morphose than freshwater individuals.

2

2

TA B L E 1 Models and results used in sample size-corrected Akaike information criterion (AIC) model comparisons to determine best
fit for tests on tadpole total length (in mm) based on the Gompertz growth equation. All 16 combinations of interactive and additive
relationships plus the no effects model are shown
So

γ

α

1

Location + Salinity + Density

Location + Salinity * Density

1

Location * Salinity + Density

1

Location + Salinity * Density

1
1

Rank

dAICc

df

Weight

1

0

14

0.31

Location + Salinity * Density

2

0.2

15

0.28

Location + Salinity + Density

3

0.9

14

0.20

Location + Salinity * Density

Location * Salinity + Density

4

1.4

15

0.16

Location + Salinity * Density

Location + Salinity * Density

5

5.0

16

0.03

1

Location + Salinity + Density

Location * Salinity * Density

6

7.3

19

0.01

1

Location * Salinity + Density

Location * Salinity * Density

7

7.7

20

0.006

1

Location * Salinity * Density

Location + Salinity + Density

8

7.8

19

0.006

1

Location + Salinity * Density

Location * Salinity * Density

9

8.8

21

0.004

1

Location * Salinity * Density

Location * Salinity * Density

10

9.7

21

0.002

1

Location * Salinity * Density

Location * Salinity + Density

11

10.0

20

0.002

1

Location + Salinity + Density

Location + Salinity + Density

12

15.8

12

<0.001

1

Location * Salinity + Density

Location + Salinity + Density

13

16.7

13

<0.001

1

Location + Salinity + Density

Location + Salinity + Density

14

16.9

13

<0.001

1

Location * Salinity + Density

Location * Salinity + Density

15

18.7

14

<0.001

1

Location * Salinity * Density

Location * Salinity * Density

16

64.0

28

<0.001

1

1

1

17

610.6

4

<0.001
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F I G U R E 1 Survival to metamorphosis according to density,
salinity, and location. Points represent average survival with
standard error. Green triangles represent inland populations; blue
circles represent coastal populations. Filled shapes represent
tadpoles reared in fresh water, and open shapes represent tadpoles
reared in saltwater (4 ppt)

F I G U R E 3 Total length (head to tail) at metamorphosis
according to density, salinity, and location. Points represent average
length at metamorphosis with standard error. Green triangles
represent inland populations; blue circles represent coastal
populations. Filled shapes represent tadpoles reared in fresh water
and open shapes represent tadpoles reared in saltwater (4 ppt)

3.4 | Growth rates
The Gompertz model (Equation 1) that best fit tadpole growth data
had an additive relationship between salinity, density, and location
for the γ parameter (Table 1), which corresponds to the maximum
size-specific growth rate (Figure 4). The α parameter (e.g., exponential decay of growth) had an additive relationship between location
and salinity, but an interaction with density. The highest size-specific growth rates (γ) were observed in the low-density treatments.
Growth rate declined in the medium-density treatments and was
the lowest in the high-density treatments. The exponential decay
of growth parameter (α) behaved differently. Exponential decay
of growth occurred earliest (and thus had the highest parameter
estimates) in the low-density treatments. In the medium-density
treatments, exponential decay had different effects due to salinity
F I G U R E 2 Time to metamorphosis in days according to density,
salinity, and location. Points represent average number of days
to reach metamorphosis with standard error. Green triangles
represent inland populations; blue circles represent coastal
populations. Filled shapes represent tadpoles reared in fresh water
and open shapes represent tadpoles reared in saltwater (4 ppt)

3.3 | Length at metamorphosis
2

but we observed an effect of location

eled off sooner, while the growth of the tadpoles in the freshwater
treatments leveled off later. Salinity continued to drive divergence
in exponential growth decay in the high-density treatments with
saltwater treatments again exhibiting early growth asymptosis, and
freshwater treatments exhibiting later asymptosis.

4 | D I S CU S S I O N

Salinity did not affect length at metamorphosis (X6 = 0.11, p = .74),
2
(X6

in which the growth of tadpoles in the saltwater treatments lev-

It is well established that the growth and development of amphibian

= 8.67, p = .003) and a

larvae are strongly affected by increases in both salinity (Christy

marginal effect of density (X6 = 3.51, p = .06) (Figure 3). On aver-

& Dickman, 2002; Rios-López, 2008; Wu & Kam, 2009) and den-

age, coastal tadpoles metamorphosed approximately 1.7mm longer

sity (Durnin & Smith, 2001; Golay & Durrer, 1994; Griffiths, 1991;

than inland tadpoles, and tadpoles that metamorphosed from the

Gromko, Mason, & Smith-Gill, 1973; John & Fenster, 1975; John &

low-density treatments were slightly larger than the high-density

Fusaro, 1981; Rose & Rose, 1965; Rot-Nikcevic et al., 2005; Smith,

individuals.

1999). However, we know little about how populations that are

2
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(a)
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locally adapted to better tolerate an abiotic stressor (like salinity)
will respond to increases in both salinity and density. We expected
that higher densities would exacerbate the impacts of higher salinities for inland (nonsalt-adapted) populations. But contrary to
expectation, we found that tadpole density drove differences in
development and metamorphosis for both coastal and inland populations across all endpoints, whereas salinity only affected time
to metamorphosis. In the high-density treatment, both coastal
and inland tadpoles from freshwater and saltwater treatments
had approximately 25% lower survival, 2.86-fold slower growth
rates, and were 66% older at metamorphosis relative to the lowdensity treatments. These findings demonstrate that the form and
strength of density dependence are conserved across divergent
amphibian populations. These findings are also consistent with the

(b)

strong negative effects of crowding on population demographics
and life history strategy that have been identified in other studies
(Brook & Bradshaw, 2006; McCoy, 2007; Vonesh & De la Cruz,
2002), and suggest that biotic factors have a strong and central
influence in larval development across divergent populations and
habitat types.
Previous work demonstrated that coastal tadpoles have faster
growth rates and metamorphosed younger than inland frogs when
reared solitarily (Albecker & McCoy, 2019), but in this study, we
find that differences in larval growth rates and time to metamorphosis between coastal and inland populations were eliminated. It is possible that increases in density may nullify locally
adapted traits in coastal populations. However additional research
is needed to link the findings of these studies. Nevertheless, the

(c)

potential for density dependence to moderate the expression of
adaptive traits may have important implications for understanding long-term outcomes of adaptation to environmental change
(Runquist et al., 2019). When populations undergo evolutionary
rescue and evolve adaptive traits that permit positive population
growth, rebounds in equilibrium abundance are also expected
(Bell, 2017). But if the adaptive traits responsible for population
recovery are subject to density-dependent regulation (like larval
growth rates in anuran amphibians), rebounds in population abundances may affect the ability of populations to express or use
adaptive traits. Consequentially, density dependence and adaptive traits may interact in locally adapted populations to generate
population dynamics that differ from ancestral populations. For
example, strong density dependence may lead to smaller popula-

F I G U R E 4 Panels representing tadpole growth according to
density, location, and salinity. Panel a is the coefficient estimate
for size-specific growth rate (γ), panel b is the coefficient for
exponential decay of growth (α), and panel c show the model-fitted
curves describing growth through time overlaid on individual
measurements. Location is indicated by color, with blue circles
representing coastal populations and green triangles representing
inland populations. In panel c, the solid line represents the lowdensity treatment, the long-dashed line represents the mediumdensity treatment, and the short-dashed line represents the
high-density treatment. Each panel is divided into the two salinity
environments

tion sizes in locally adapted populations relative to ancestral populations. Alternatively, density-dependent expression of adaptive
traits could lead to cyclical fluctuations in population sizes of locally adapted populations. As population abundances increase and
reduce the efficacy of adaptive traits, populations may undergo
declines but recover once the expression of adaptive traits is no
longer dampened by density-dependent regulation. Presently, we
are unaware of studies that investigate how density dependence
and adaptation may interact to affect population dynamics under
climate change scenarios, but similar dynamics may occur at the
edges of species range expansions (Szűcs et al., 2017).

2442
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high densities. Delayed metamorphosis along with greater 𝛼 coefficient (Equation 1—signifying rate of decay in growth through

We provide evidence that density-dependent processes influence

time) supports the hypothesis that increasing size may become

larval development in frog populations locally adapted to toler-

more costly in highly crowded and osmotically stressful conditions

ate saltwater. However, when density regulated traits such as ac-

and delay metamorphic transitions, but the mechanism underlying

celerated growth rates are adaptive, it is possible that traits that

these patterns remains uncertain.

regulate density-dependent processes are also under selection
(Holt, 2011, 2014). For example, amphibian larvae that have adaptations leading to faster growth and development during larval

4.3 | Detection of locally adapted traits

development may experience selection that also favors traits that
improve nutrient acquisition, competitive ability, ability to exploit

Studies on H. cinerea have consistently documented adaptive dif-

new resources, or altered metabolic rates (e.g., niche evolution)

ferences between coastal and inland populations in response to

(Holt, 2014). Although there is debate surrounding niche evolution

salt stress (Albecker et al., 2018; Albecker & McCoy, 2017, 2019).

(Wiens et al., 2010), evidence of niche evolution has been shown

However, if differences among populations are masked in high den-

for spadefoot toads that inhabit desert environments and breed in

sity, this may have important implications for the detection and

extremely ephemeral ponds. In response to pond desiccation and

study of adaptive change in wild populations. If changes in density

food abundance, New Mexico spadefoot toads (Scaphiopus multi-

can mitigate the expression of adaptive traits, phenotypes produced

plicatus) induce a carnivorous tadpole morph capable of exploiting

in high-density treatments may appear similar across environments

different resources (e.g., other tadpoles) which results in faster

and mask adaptive changes among populations. Therefore, care

growth in contrast to the slower-growing omnivorous morph

should be taken in experimental designs to control for factors that

(Pfennig, 1992). In our experiment, we observed very few dif-

may affect the expression of targeted adaptive traits, but also to

ferences between coastal and inland morphs that would suggest

understand how those factors (like density dependence) moderate

that density-dependent traits have evolved in coastal populations.

adaptive traits.

However, coastal frogs metamorphosed slightly longer than inland
frogs even though the timing of metamorphosis was comparable.
These discrepancies in length at metamorphosis could indicate

5 | CO N C LU S I O N S

that coastal tadpoles are evolving to capture or digest resources
more efficiently, but this conclusion is speculative and requires

Density dependence has a strong influence on ecological pro-

further testing. A previous study comparing the gut contents of

cesses and the propensity of populations to adapt to environmen-

coastal and inland H. cinerea adults found that coastal populations

tal change (Chevin & Lande, 2010; Richard Gomulkiewicz, Holt,

had consumed a greater diversity of prey items, which is also con-

& Barfield, 1999; Gurevitch, Morrison, & Hedges, 2000; May,

sistent with the hypothesis that coastal frog populations may be

Conway, Hassell, & Southwood, 1974; Relyea, 2000). We inves-

evolving to better exploit resources (Albecker, Brantley, & McCoy,

tigated how increased densities and salinity during larval devel-

2018).

opment affect developmental traits across coastal, salt-adapted
populations and inland, salt-naïve populations of H. cinerea. We

4.2 | Influence of dual stressors

found that both coastal and inland populations had reduced
growth rates, greater exponential decay of growth, a smaller size
at metamorphosis, took longer to reach metamorphosis, and had

Time to metamorphosis and exponential decay of growth rate

lower survivorship at metamorphosis in high-density treatments.

(α) were most strongly affected when two stressors, salinity and

However, density and salinity affected the exponential rate of

high density, were combined. Specifically, the tadpoles reared

decay of growth and increased time to metamorphosis, but loca-

in high density and 4 ppt water metamorphosed older and had

tion of origin only affected size at metamorphosis. These findings

higher exponential decay of growth estimates than tadpoles in the

suggest that high densities reduce survival, growth rates, size at

high-density treatments reared in fresh water (Figure 4). A higher

metamorphosis, and time to metamorphosis to a greater extent

coefficient for α indicates that growth rates began to asymptote

than salinity or population of origin. This work also underlines the

sooner, which could indicate that tadpoles in the 4 ppt treatment

importance of understanding how density-dependent processes

in high densities had higher metabolic costs with increasing size,

mitigate adaptive responses and influence long-term population

greater rates of cell death, or possibly that cell growth ceased in

dynamics amidst environmental change.

favor of cell differentiation required for metamorphosis (Harris,
1999). Delayed metamorphosis is commonly observed in tadpoles

AC K N OW L E D G M E N T S

exposed to saltwater throughout development (Karraker, Gibbs, &

We are grateful to the M. McCoy lab members for helpful sugges-

Vonesh, 2008; Kearney, Byrne, & Reina, 2012), but in this study,

tions during the development of this work. Funding is provided

this effect is only observed in this species when combined with

through the National Science Foundation's Doctoral Dissertation

|

ALBECKER et al.

Improvement Grant to M.A. Albecker (Award #1701690) and
through an NSF DEB grant to M.W. McCoy (Award # 1556743).
C O N FL I C T O F I N T E R E S T
The authors declare no conflicts of interest.
AU T H O R C O N T R I B U T I O N S
MAA conceived the study, MAA, MP, MS, and JGW carried out
experimentation and data collection. MAA analyzed and interpreted results. MAA, MP, MS, JGW, and MWM contributed to
writing the manuscript. All authors read and approved the final
manuscript.
DATA AVA I L A B I L I T Y S TAT E M E N T
All data and code are publicly available in Dryad Digital Repository
(https://doi.org/10.5061/dryad.k98sf7m3f).
ORCID
Molly A. Albecker

https://orcid.org/0000-0002-5121-8101

REFERENCES
Abrams, P. A., & Matsuda, H. (1996). Positive indirect effects between
prey species that share predators. Ecology, 77(2), 610–616. https://
doi.org/10.2307/2265634
Albecker, M. A., Brantley, W. B. Jr, & McCoy, M. W. (2018). Diet and nematode infection differ between coastal and inland populations of green
treefrogs (Hyla cinerea). Southeastern Naturalist, 17(1), 155–165.
Albecker, M. A., & McCoy, M. W. (2017). Adaptive responses to salinity
stress across multiple life stages in anuran amphibians. Frontiers in
Zoology, 14(1), 40. https://doi.org/10.1186/s12983-017-0222-0
Albecker, M. A., & McCoy, M. W. (2019). Local adaptation for enhanced salt tolerance reduces non-adaptive plasticity caused by
osmotic stress. Evolution, 73(9), 1941–1957. https://doi.org/10.1111/
evo.13798
Alford, R. A. (1986). Habitat use and positional behavior of anuran larvae
in a northern Florida temporary pond. Copeia, 1986, 408–423. https
://doi.org/10.2307/1444999
Bates, D., Martin, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using lme4. Journal of Statistical Software,
2015, 1–48. https://doi.org/10.18637/jss.v067.i01
Bell, G. (2017). Evolutionary rescue. Annual Review of Ecology, Evolution,
and Systematics, 48, 605–627. https://doi.org/10.1146/annurevecolsys-110316-023011
Bernabò, I., Bonacci, A., Coscarelli, F., Tripepi, M., & Brunelli, E. (2013).
Effects of salinity stress on Bufo balearicus and Bufo bufo tadpoles:
Tolerance, morphological gill alterations and Na(+)/K(+)-ATPase
localization. Aquatic Toxicology, 132–133, 119–133. https://doi.
org/10.1016/j.aquatox.2013.01.019
Berven, K. A., & Chadra, B. G. (1988). The relationship among egg size,
density and food level on larval development in the wood frog (Rana
sylvatica). Oecologia, 75(1), 67–72. https://doi.org/10.1007/BF003
78815
Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J.
R., Stevens, M. H. H., & White, J. S. S. (2009). Generalized linear
mixed models: A practical guide for ecology and evolution. Trends
in Ecology & Evolution, 24(3), 127–135. https://doi.org/10.1016/j.
tree.2008.10.008
Bolker, B., & Team, C. D. (2017). bbme: Tools for general maximum likelihood estimation (Version 1.0.19). Retrieved from https://CRAN.Rprojec t.org/package=bbmle

2443

Bragg, A. N. (1965). Gnomes of the night: The spadefoot toads. Philadelphia,
PA: University of Pennsylvania Press.
Brook, B. W., & Bradshaw, C. J. (2006). Strength of evidence for
density dependence in abundance time series of 1198 species. Ecology, 87(6), 1445–1451. https://doi.org/10.1890/00129658(2006)87[1445:SOEFDD]2.0.CO;2
Burnham, K. P., & Anderson, D. R. (2004). Multimodel inference:
Understanding AIC and BIC in model selection. Sociological Methods
& Research, 33(2), 261–304.
Carlson, S. M., Cunningham, C. J., & Westley, P. A. H. (2014). Evolutionary
rescue in a changing world. Trends in Ecology & Evolution, 29(9), 521–
530. https://doi.org/10.1016/j.tree.2014.06.005
Chevin, L. M., & Lande, R. (2010). When do adaptive plasticity
and genetic evolution prevent extinction of a density-regulated population? Evolution, 64(4), 1143–1150. https://doi.
org/10.1111/j.1558-5646.2009.00875.x
Christy, M. T., & Dickman, C. R. (2002). Effects of salinity on tadpoles of
the green and golden bell frog (Litoria aurea). Amphibia-Reptilia, 23(1),
1–11. https://doi.org/10.1163/156853802320877582
Cushman, S. A. (2006). Effects of habitat loss and fragmentation on amphibians: A review and prospectus. Biological Conservation, 128(2),
231–240. https://doi.org/10.1016/j.biocon.2005.09.031
Denver, R. J. (1997). Proximate mechanisms of phenotypic plasticity in
amphibian metamorphosis. American Zoologist, 37, 172–184. https://
doi.org/10.1093/icb/37.2.172
Durnin, K. B., & Smith, G. R. (2001). Effects of changing water volume
on the tadpoles of two anuran species (Pseudacris triseriata and Rana
blairi). Journal of Freshwater Ecology, 16(3), 411–414.
Golay, N., & Durrer, H. (1994). Volume of effective and accessible water
and crowding effect in Bufo calamita tadpoles. Alytes, 12(2), 64–74.
Gomulkiewicz, R., & Holt, R. D. (1995). When does evolution by natural selection prevent extinction? Evolution, 49, 201–207. https://doi.
org/10.1111/j.1558-5646.1995.tb05971.x
Gomulkiewicz, R., Holt, R. D., & Barfield, M. (1999). The effects of density
dependence and immigration on local adaptation and niche evolution
in a black-hole sink environment. Theoretical Population Biology, 55(3),
283–296. https://doi.org/10.1006/tpbi.1998.1405
Gosner, K. L. (1960). A simplified table for staging anuran embryos and
larvae with notes on identification. Herpetologica, 183–190.
Griffiths, R. A. (1991). Competition between common frog, Rana temporaria, and natterjack toad, Bufo calamita, tadpoles: The effect of competitor density and inteaction level on tadpole development. Oikos,
61(2), 187–196. https://doi.org/10.2307/3545336
Grimm, N. B., Chapin, F. S., Bierwagen, B., Gonzalez, P., Groffman, P. M.,
Luo, Y., … Williamson, C. E. (2013). The impacts of climate change
on ecosystem structure and function. Frontiers in Ecology and the
Environment, 11(9), 474–482. https://doi.org/10.1890/120282
Gromko, M. H., Mason, F. S., & Smith-Gill, S. J. (1973). Analysis of the
crowding effect in Rana pipiens tadpoles. Journal of Experimental
Zoology, 186(1), 63–71. https://doi.org/10.1002/jez.1401860109
Gurevitch, J., Morrison, J. A., & Hedges, L. V. (2000). The interaction
between competition and predation: A meta-analysis of field experiments. The American Naturalist, 155(4), 435–453. https://doi.
org/10.1086/303337
Haddad, N. M., Brudvig, L. A., Clobert, J., Davies, K. F., Gonzalez, A., Holt,
R. D., … Townshend, J. R. (2015). Habitat fragmentation and its lasting impact on Earth's ecosystems. Science Advances, 1(2), e1500052.
https://doi.org/10.1126/sciadv.1500052
Harris, R. N. (1999). The Anuran Tadpole: Evolution and maintenance.
In R. Mcdiarmid, & R. Altig (Eds.), Tadpole (pp. 279–294). Chicago, IL:
University of Chicago Press.
Holt, R. D. (2011). Evolution in source-sink environments: Implications
for niche conservatism. In J. Liu, V. Hill, A. T. Morzillo, & J. A. Wiens
(Eds.), Sources, sinks and sustainability (pp. 23–57). Cambridge, UK:
Cambridge University Press.

2444

|

Holt, R. D. (2014). Evolution of the ecological niche. In J. B. Losos (Ed.),
Evolution (pp. 287–297). Princeton, NJ: Princeton University Press.
Hopkins, G. R., & Brodie, J. E. D. (2015). Occurrence of amphibians in saline habitats: A review and evolutionary perspective. Herpetological
Monographs, 29(1), 1–27. https://doi.org/10.1655/HERPMONOGR
APHS-D-14-00006
Hota, A. K. (1994). Growth in Amphibians. Gerontology, 40, 147–160.
https://doi.org/10.1159/000213584
John, K. R., & Fenster, D. (1975). The effects of partitions on the growth
rates of crowded Rana pipiens tadpoles. American Midland Naturalist,
123–130. https://doi.org/10.2307/2424110
John, K. R., & Fusaro, J. M. (1981). Growth and metamorphosis of solitary
Rana pipiens tadpoles in confined space. Copeia, 1981(3), 737–741.
https://doi.org/10.2307/1444591
Jones, D. K., Mattes, B. M., Hintz, W. D., Schuler, M. S., Stoler,
A. B., Lind, L. A., … Relyea, R. A. (2017). Investigation of road
salts and biotic stressors on freshwater wetland communities.
Environmental Pollution, 221, 159–167. https://doi.org/10.1016/j.
envpol.2016.11.060
Karraker, N. E., Gibbs, J. P., & Vonesh, J. R. (2008). Impacts of road deicing salt on the demography of vernal pool-breeding amphibians.
Ecological Applications, 18(3), 724–734. https://doi.org/10.1890/
07-1644.1
Kearney, B. D., Byrne, P. G., & Reina, R. D. (2012). Larval tolerance to
salinity in three species of Australian anuran: An indication of saline
specialisation in Litoria aurea. PLoS ONE, 7(8), e43427. https://doi.
org/10.1371/journal.pone.0043427
Kearney, B. D., Byrne, P. G., & Reina, R. D. (2016). Short-and long-term
consequences of developmental saline stress: Impacts on anuran
respiration and behaviour. Royal Society Open Science, 3(2), 150640.
https://doi.org/10.1098/rsos.150640
Keinath, D. A., Doak, D. F., Hodges, K. E., Prugh, L. R., Fagan, W.,
Sekercioglu, C. H., … Kauffman, M. (2017). A global analysis of
traits predicting species sensitivity to habitat fragmentation. Global
Ecology and Biogeography, 26(1), 115–127. https://doi.org/10.1111/
geb.12509
Lai, J. C., Kam, Y. C., Lin, H. C., & Wu, C. S. (2019). Enhanced salt tolerance of euryhaline tadpoles depends on increased Na+, K+-ATPase
expression after salinity acclimation. Comparative Biochemistry and
Physiology Part A: Molecular & Integrative Physiology, 227, 84–91. https
://doi.org/10.1016/j.cbpa.2018.09.025
Levis, N. A., & Pfennig, D. W. (2018). Phenotypic plasticity, canalization,
and the origins of novelty: evidence and mechanisms from amphibians. Seminars in Cell & Developmental Biology, 88, 80–90.
Lewis, O. T. (2006). Climate change, species-area curves and the extinction crisis. Philosophical Transactions of the Royal Society of
London. Series B, Biological Sciences, 361(1465), 163–171. https://doi.
org/10.1098/rstb.2005.1712
May, R. M., Conway, G. R., Hassell, M. P., & Southwood, T. R. E. (1974). Time
delays, density-dependence and single-species oscillations. Journal
of Animal Ecology, 43(3), 747–777. https://doi.org/10.2307/3535
McCoy, M. W. (2007). Conspecific density determines the magnitude
and character of predator-induced phenotype. Oecologia, 153(4),
871–878. https://doi.org/10.1007/s00442-007-0795-y
Newman, R. A. (1992). Adaptive plasticity in amphibian metamorphosis.
BioScience, 42(9), 671–678. https://doi.org/10.2307/1312173
Peacor, S. D., & Werner, E. E. (2004). How dependent are species-pair interaction strengths on other species in the food web? Ecology, 85(10),
2754–2763. https://doi.org/10.1890/03-0662
Pereira, H. M., Leadley, P. W., Proença, V., Alkemade, R., Scharlemann, J.
P., Fernandez-Manjarrés, J. F., … Chini, L. (2010). Scenarios for global
biodiversity in the 21st century. Science, 330(6010), 1496–1501.
Pfennig, D. W. (1992). Polyphenism in spadefoot toad tadpoles as a
locally adjusted evolutionarily stable strategy. Evolution, 46(5),
1408–1420. https://doi.org/10.1111/j.1558-5646.1992.tb0113 3.x

ALBECKER et al.

Relyea, R. A. (2000). Trait-mediated indirect effects in larval anurans:
Reversing competition with the threat of predation. Ecology, 81(8),
2278–2289. https://doi.org/10.1890/0012-9658(2000)081[2278:TMIEIL]2.0.CO;2
Richards, C. M. (1958). The inhibition of growth in crowded Rana pipiens tadpoles. Physiological Zoology, 31(2), 138–151. https://doi.
org/10.1086/physzool.31.2.30155387
Richter-Boix, A., Tejedo, M., & Rezende, E. L. (2011). Evolution and plasticity of anuran larval development in response to desiccation. A
comparative analysis. Ecology and Evolution, 1(1), 15–25. https://doi.
org/10.1002/ece3.2
Rios-López, N. (2008). Effects of increased salinity on tadpoles of
two anurans from a Caribbean coastal wetland in relation to their
natural abundance. Amphibia-Reptilia, 29(1), 7–18. https://doi.
org/10.1163/156853808783431451
Rose, S. M., & Rose, F. C. (1965). The control of growth and reproduction in freshwater organisms by specific products: With 4 tables in the text. Internationale Vereinigung Für Theoretische Und
Angewandte Limnologie: Mitteilungen, 13(1), 21–35. https://doi.
org/10.1080/05384680.1965.11903814
Rot-Nikcevic, I., Denver, R. J., & Wassersug, R. J. (2005). The influence
of visual and tactile stimulation on growth and metamorphosis in
anuran larvae. Functional Ecology, 19(6), 1008–1016. https://doi.
org/10.1111/j.1365-2435.2005.01051.x
Runquist, R. B., Gorton, A. J., Yoder, J. B., Deacon, N. J., Grossman, J. J.,
Kothari, S., … Moeller, D. A. (2019). Context dependence of local adaptation to abiotic and biotic environments: a quantitative and qualitative synthesis. American Naturalist. https://doi.org/10.1086/707322
Smith, G. R. (1999). Among family variation in tadpole (Rana catesbeiana)
responses to density. Journal of Herpetology, 33(1), 167–169. https://
doi.org/10.2307/1565563
Squires, Z. E., Bailey, P. C. E., Reina, R. D., & Wong, B. B. M. (2010).
Compensatory growth in tadpoles after transient salinity stress.
Marine and Freshwater Research, 61, 219–222. https://doi.
org/10.1071/MF09123
Stuart, S. N., Chanson, J. S., Cox, N. A., Young, B. E., Rodrigues, A. S.,
Fischman, D. L., & Waller, R. W. (2004). Status and trends of amphibian declines and extinctions worldwide. Science, 306(5702), 1783–
1786. https://doi.org/10.1126/science.1103538
Szűcs, M., Vahsen, M. L., Melbourne, B. A., Hoover, C., Weiss-Lehman,
C., & Hufbauer, R. A. (2017). Rapid adaptive evolution in novel environments acts as an architect of population range expansion.
Proceedings of the National Academy of Sciences of the USA, 114(51),
13501–13506. https://doi.org/10.1073/pnas.171293 4114
Team, R. C. (2018). R: A language and environment for statistical computing.
Retrieved from http://www.mendeley.com/research/r-language-enviro nment-statis tical-comput ing-96/%5Cnpap ers2://public ation/
uuid/A1207DAB-22D3-4A04-82FB-D4DD5AD57C28.
Urban, M. C., Bocedi, G., Hendry, A. P., Mihoub, J.-B., Peer, G., Singer,
A., … Travis, J. M. J. (2016). Improving the forecast for biodiversity
under climate change. Science, 353(6304), aad8466. https://doi.
org/10.1126/science.aad8466
Vonesh, J. R., & la Cruz, D. E. (2002). Complex life cycles and density
dependence: Assessing the contribution of egg mortality to amphibian declines. Oecologia, 133, 325–333. https://doi.org/10.1007/
s00442-002-1039-9
Wells, K. D. (2007). The ecology and behavior of Amphibians. Chicago, IL:
The University of Chicago Press.
Werner, E. E., & Gilliam, J. F. (1984). The ontogenetic niche and species
interactions in size-structured populations. Annual Review of Ecology
and Systematics, 15(1), 393–425. https://doi.org/10.1146/annur
ev.es.15.110184.002141
Wiens, J. J., Ackerly, D. D., Allen, A. P., Anacker, B. L., Buckley,
L. B., Cornell, H. V., … Stephens, P. R. (2010). Niche conservatism as an emerging principle in ecology and

|

ALBECKER et al.

conservation biology. Ecology Letters, 13(10), 1310–1324. https://
doi.org/10.1111/j.1461-0248.2010.01515.x
Wilbur, H. M., & Collins, J. P. (1973). Ecological aspects of amphibian
metamorphosis: Nonnormal distributions of competitive ability reflect selection for facultative metamorphosis. Science, 182(4119),
1305–1314.
Woolrich-Piña, G. A., Smith, G. R., Benítez-Tadeo, R. A., Lemos-Espinal,
J. A., & Morales-Garza, M. (2017). Effects of salinity and density on
tadpoles of Incilius occidentalis from Oaxaca, Mexico. Copeia, 105(1),
43–45.
Woolrich-Piña, G. A., Smith, G. R., & Lemos-Espinal, J. A. (2015). Effects
of salinity and density on tadpoles of two anurans from the Río
Salado, Puebla, Mexico. Journal of Herpetology, 49(1), 17–22. https://
doi.org/10.1670/13-127
Wu, C. S., Gomez-Mestre, I., & Kam, Y. C. (2012). Irreversibility of a
bad start: Early exposure to osmotic stress limits growth and adaptive developmental plasticity. Oecologia, 169(1), 15–22. https://doi.
org/10.1007/s00442-011-2170-2

2445

Wu, C.-S., & Kam, Y.-C. (2009). Effects of salinity on the survival, growth,
development, and metamorphosis of Fejervarya limnocharis tadpoles
living in brackish water. Zoological Science, 26(7), 476–482.
Wu, C. S., Yang, W. K., Lee, T. H., Gomez-Mestre, I., & Kam, Y. C. (2014).
Salinity acclimation enhances salinity tolerance in tadpoles living in brackish water through increased Na+, K+-ATPase expression. Journal of Experimental Zoology Part A: Ecological Genetics and
Physiology, 321(1), 57–64.

How to cite this article: Albecker MA, Pahl M, Smith M, Wilson
JG, McCoy MW. Influence of density and salinity on larval
development of salt-adapted and salt-naïve frog populations.
Ecol Evol. 2020;10:2436–2445. https://doi.org/10.1002/
ece3.6069

