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Cryptic divergence: countergradient variation
in the wood frog
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ABSTRACT

Questions: Do wood frog (Rana sylvatica) populations show evidence of cryptic variation,
wherein inherited variation is masked by environmental effects? Have these populations
diverged in larval traits across a gradient of canopy cover? How do trends in larval traits differ
when observed in the field versus in a common garden experiment?

Hypothesis: Due to strong selection in their cooler environment, wood frogs from heavily
shaded wetlands will grow and develop more slowly in the field but more quickly in a common
garden experiment, compared with their counterparts from sunnier wetlands.

Methods: We monitored growth and development of wood frog larvae from six wetlands of
varying canopy cover. We studied populations in the natal wetlands and individuals raised in
incubators from embryos through metamorphosis.

Conclusions: Observations of natural populations revealed no evidence of strong trends in
phenotype. However, when raised in a common environment, larvae from more shaded natal
wetlands grew and developed faster, and were larger at any given stage. This is evidence for
cryptic divergence wherein the lack of an observed phenotypic trend masks the underlying
inherited variation.

Keywords: amphibian, countergradient variation, cryptic, divergence, light, microgeography,
phenotypic variation, temperature.

INTRODUCTION

Ecologists are increasingly recognizing that phenotypic variation across space matters
for the performance of individuals, the dynamics of populations, and interactions among
species (see Endler, 1995; Reznick and Ghalambor, 2001; Doebeli and Dieckmann, 2003; Morrison and Hero, 2003). As
studies of the geography of phenotype increase, it is worth considering the conditions under
which cryptic inherited variation may underlie a lack of observed phenotypic variation.
Countergradient variation, where inherited variation runs counter to environmental effects

on variation, can lead to such a situation (Levins, 1969; Conover and Schultz, 1995).
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A number of ectothermic species exhibit countergradient variation for growth and
development rates across latitudinal clines: populations from more northerly areas have
faster growth and development rates than their southern counterparts when raised in a
common environment, but slower rates when observed in sifu (e.g. Conover and Present, 1990; Arnett
and Gotelli, 1999; Laugen e al, 2003; Yamahira and Takeshi, 2008). Researchers have also found cases of
countergradient variation in growth or development along gradients of altitude (Berven, 1982;
Smith et al., 1994; Marquis and Miaud, 2008), competition (Arendt and Wilson, 1999; Loman, 2003), food avail-
ability (Smith ez al, 1994), and light environment (Skelly, 2004). Although most known examples of
countergradient variation occur across broad geographic clines where populations may have
experienced isolation by distance for long periods of time, it may also cause divergence
between groups that are not separated by geography. For example, countergradient selection
seems to have contributed to the divergence between anadromous and non-anadromous
morphs of Oncorhynchus nerka, which are sympatric during breeding periods (Craig e al., 2005).
Environmental heterogeneity over microgeographic scales can potentially lead to variation
and divergence over small temporal and spatial scales (discussed in Hendry and Kinnison, 1999; Kawecki
and Ebert, 2004), and this has often been found among amphibian populations and assemblages
(Skelly, 2004; Urban, 2004; Ficetola and De Bernardi, 2005).

Wood frogs undergo larval development in temporary wetlands, which generally dry by
late summer. Light environment of the wetlands, as determined by canopy cover, mediates
important environmental characteristics, including temperature (Halverson ez af, 2003) and dry-
ing rates (Skelly er al., 1999). Wood frog larvae could face strong selection for efficient growth
and development, as well as high stage-specific mass and mass at metamorphosis. In
amphibians, faster larval growth rates are often associated with decreased predation risk
due to less time spent at small, vulnerable sizes (Caldwell er al, 1980; Travis, 1983). Rapid develop-
ment can help ensure that larvae reach metamorphosis and leave the water before a wetland
dries. Entire cohorts can die in years when wetlands dry prematurely (Berven, 1995; Newman and
Squire, 2001). Despite their cooler temperatures, shady wetlands often dry sooner than warm,
sunny wetlands (Skelly er af, 1999), thus wood frog larvae in shady wetlands might face strong
selection for rapid development due to the combined effects of low temperatures and a short
growing season. Although growth rate (the change in mass over time) and development rate
(the change in life-history stage over time) in amphibians are often strongly correlated, they
are not directly tied (werner, 1986) and may be affected in different magnitudes by changes in
temperature (Smith-Gill and Berven, 1979). Higher stage-specific growth rates lead to greater mass
at metamorphosis (Alford and Harris, 1988; Rowe and Ludwig, 1991), which may confer fitness benefits
during the adult stage (Smith, 1987; Semlitsch er al, 1988; Berven, 1990).

In this study, we examined the effects of wetland light environment on larval growth and
development through both field observations of natural breeding aggregations and a com-
mon garden laboratory experiment. Our approach was designed to compare phenotypic
patterns from these two contexts to determine the relationship between naturally observed
and underlying inherited variation in traits critical to performance.

METHODS

Study sites

We studied wood frogs from six temporary wetlands located at Yale-Myers Forest in
northeastern Connecticut, USA: Blacksmith, Boulder, Centre Pike, Dentist, Shrub, and
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Kealoha’s, a subset of those used by Skelly (2004). These wetlands are located between 0.79
and 4.7 km of each other (calculated from UTM coordinates). For each wetland, the
global site factor (GSF, an index of light environment) was estimated using the Hemiview
software package (Delta-T Devices Ltd., Cambridge, UK) to analyse hemispherical photos
of the spring forest canopy with leaves on (Halverson et al, 2003). The GSF is represented on
a scale from 0.0 (full obstruction and no direct sunlight) to 1.0 (no obstruction and full
light). Study ponds ranged in GSF from 0.079 to 0.81.

Field observations

We monitored larval wood frog growth and development at the six study wetlands. Every
12-16 days between 12 May and 15 July 2008, twenty larvae were collected from each site by
dip-netting (except at one wetland, Dentist, where only two individuals could be found on
the final collection day). The mass and Gosner stage (Gosner, 1960) of each individual were
recorded from the live larvae within 12 h of collection. We estimated wetland-wide growth
rate for each site using the slope coefficient from a linear regression of the mean mass for
the first three sampling dates: 12 May, 28 May, and 11 June 2009, a period during which all
larvae were at Gosner stages <40, beyond which larvae lose mass as they undergo meta-
morphosis. We estimated wetland-wide development rate using the slope coefficient from a
linear regression of the mean Gosner stage for the same three sampling dates, as well as an
extra sampling set from 23 to 25 June, which included larvae up through stage 42. We
estimated an index of size at stage for each wetland using the slope coefficient from a linear
regression of mass versus stage for all individuals of Gosner stage <40. We were unable to
collect enough recent metamorphs to analyse mass at metamorphosis for the field study.

Laboratory experiment

We collected wood frog eggs from the six wetlands from 1 to 3 April 2008. In each pond,
approximately 20 eggs were separated from each of eight haphazardly selected egg masses
within 24 h of being laid. Egg masses were brought to the campus of Yale University in
New Haven, Connecticut, where they were kept in conditioned tap water (aged 2+ days) at
12°C and under ambient light until eggs hatched and larvae developed to Gosner stage 25,
when they begin feeding. All individuals used for the experiment were stocked into incuba-
tors (Precision Model 818) within 24 h of reaching Gosner stage 25, which occurred over
5 days from 19 to 24 April. We stocked 15 haphazardly selected larvae from each wetland
(taking no more than two individuals from any egg mass) in each of two incubator treat-
ments: low temperature (14.2°C, s.e. = 0.0088) and high temperature (17.6°C, s.e. = 0.019).
These treatment temperatures were selected to bracket the range experienced by larval wood
frogs in their natal wetlands. Both treatments were kept on a 12-h light/12-h dark cycle.
Larvae were housed individually, fed a daily ration of 10% of the average body mass
(3:1 ratio of ground rabbit chow and fish flakes), and rotated to new positions in the
incubator every 3 days. From stages 25 to 30, larvae were housed in 80-ml plastic containers,
with water changes every 2-3 days. From stages 30 to 42, they were housed in 940-ml plastic
containers, with water changes every 24 days.

For each individual, we measured mass and recorded Gosner stage every 4-10 days. As
larvae approached metamorphosis, we monitored their condition daily and removed them,
making final measurements, when they reached Gosner stage 42. We approximated the
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growth rate of each individual using the slope coefficient from a linear regression of mass
versus days elapsed (fits were very good with all R*-values > 0.90). As the larvae approach
metamorphosis they lose mass, so growth rate calculations were performed using mass
measurements between stages 25 and 39. We approximated development rate using the slope
coefficient from a linear regression of Gosner stage versus days elapsed over the entire larval
period, from stage 25 to stage 42 (fits were also good with all but one R*-value > 0.80).
We calculated an index of size at stage throughout the period of larval growth using the
slope coefficient from a linear regression of mass versus Gosner stage between stages 25 and
39 (fits were very good with all R*-values > 0.91). Finally, we used mass at metamorphosis as
a response variable, which was measured within 24 h of reaching Gosner stage 42 (at least
one arm emerged) for each of the individuals that metamorphosed in the laboratory.

Statistical analyses

For the field sampling data, we performed linear regressions of the wetland-wide growth
and development rates to estimate the effect of light environment [as measured by the global
site factor (GSF), a continuous variable] on in-situ growth rate, development rate, and size
at stage. For the common garden experiment, we confined statistical analyses of estimated
growth rates, development rates, and size at stage index to larvae that survived past Gosner
stage 38 (140 of 180 individuals). We used analysis of covariance (ANCOVA) to estimate
the effects of temperature treatment (high or low, a categorical variable) and light environ-
ment of the pond of origin (GSF, a continuous variable) on growth rate. Comparable
ANCOVAs were used to estimate effects on development rate, size at stage index, and mass
at metamorphosis. For all ANCOVAs, the interaction between temperature and GSF was
included in the analysis, but removed if not significant. Analysis of mass at metamorphosis
was confined to the 98 individuals that reached metamorphosis in the laboratory.

RESULTS

Analysis of field-collected larval cohorts revealed no relationship between growth rate and
wetland light environment (Regression: R*=0.216, P =0.353), between development rate
and light environment (Regression: R* = 0.390, P = 0.185), or between size at stage and light
environment (Regression: R>=0.277, P =0.283) (Fig. 1).

In the common garden experiment, however, all larval traits studied were significantly
influenced by the global site factor (GSF) of the natal wetland, and this influence was in the
opposite direction from the non-significant effects seen in the field (Table 1). In the common
garden experiment, wood frog larval growth rates were influenced by both incubator
temperature (ANCOVA: F; =59.69, P <0.001) and light environment of the natal wetland
(ANCOVA: F, =4.29, P =0.040). There was no significant interaction between temperature
and GSF (ANCOVA: F, =2.04, P =0.156). Larvae grew 73% faster in the high-temperature
treatment than in the low-temperature treatment. Larvae from dark wetlands (GSF < 0.3)
grew 10% faster than those from light wetlands (GSF > 0.6) across both temperature treat-
ments (Fig. 2).

Wood frog larval development rates differed between incubator temperature treatments
(ANCOVA: F;=154.74, P <0.001) but did not vary with light environment of the natal
wetland (ANCOVA: F;=1.58, P=0.211). There was, however, an interaction between
incubator temperature and light environment of the natal pond (ANCOVA: F, =747,
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Fig. 1. Estimated wetland-wide growth rate, development rate, and size at stage index of R. sylvatica

larvae sampled from six wetlands varying in light environment (global site factor) due to differences in
overhead forest canopy. Estimated using linear regression of means of populations.
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Table 1. Comparison of field and laboratory results

Ligon and Skelly

Trait Study n R’ P-value Dark vs. Light
Growth Field 6 0.216 0.353 =20%
Laboratory 140 0.691 0.040 +10%
Development Field 6 0.390 0.185 -23%
Laboratory 140 0.847 0.211 +2.8%
Size at stage Field 6 0.277 0.283 -25%
Laboratory 140 0.098 0.008 +10%

Note: Field sample size (n=6) comes from six wetlands for which wetland-wide traits were calculated, while
laboratory sample size (n = 140) comes from 140 larvae for which individual traits were calculated. P-value refers to
significance of global site factor (GSF) as a predictor of traits. Dark vs. Light refers to the percent difference in the
means of traits between dark wetlands (GSF < 0.3) and light wetlands (GSF > 0.6).
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Fig. 2. Larval traits (mean growth rate, development rate, size vs. stage index, and mass at meta-
morphosis, £1 standard error) of R. sylvatica larvae collected as recently laid embryos from six
different wetlands of varying light environment (global site factor) and then laboratory-reared in low-
and high-temperature treatments. Solid circles represent low-temperature treatment. Open squares
represent high-temperature treatment.
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P =0.007). Larvae developed 83% faster in the high- than in the low-temperature treatment.
When temperature treatments were analysed separately, light environment of the natal
wetland had no effect on development at high temperature (Regression: R>=0.023,
P=0.221) but had a significant effect at low temperature (Regression: R’=0.089,
P =0.017). Low-temperature treatment wood frog larvae from dark wetlands developed on
average 15% faster than those from the light wetlands (Fig. 2).

The index of size at stage was influenced by both temperature treatment (ANCOVA:
F,=5.67, P=0.019) and by GSF (ANCOVA: F,=7.33, P=0.008), with no interaction
between temperature and GSF (ANCOVA: F, =145, P=0.230). Larvae in the low-
temperature treatment had an estimated 6.9% greater mass per stage than those in the high-
temperature treatment. Larvae from dark wetlands had an average of 10% greater mass per
stage than those from light wetlands (Fig. 2). Mass at metamorphosis was not significantly
influenced by temperature treatment (ANCOVA: F; =0.07, P=0.792), although it was
influenced by GSF (ANCOVA: F, =4.08, P =0.046), and there was no interaction between
temperature treatment and GSF (ANCOVA: F,; =0.21, P =0.908). Across incubator treat-
ments, larvae from dark wetlands were on average 9.2% heavier at metamorphosis than
those from light wetlands (Fig. 2).

DISCUSSION

Field-collected wood frogs showed little evidence of systematic variation in growth rate,
development rate or size at stage across a gradient of forest canopy above their natal
wetlands. However, when animals from the same wetlands were brought into the laboratory
and raised under common garden conditions, they exhibited strong evidence of counter-
gradient variation. Growth rate, size at stage, and mass at metamorphosis each varied
corresponding with the light environment of the natal wetland (as measured by the global
site factor, GSF). Development rate varied in response to GSF at low but not high temper-
atures. These findings highlight the potentially cryptic nature of countergradient variation.
Ecologists could easily dismiss the likelihood of underlying inherited variation when con-
fronted with a pattern like that shown in Fig. 1. However, in this instance such a conclusion
would miss an important underlying pattern in phenotypes directly linked to performance,
as shown in Fig. 2.

Previous research on overhead forest canopy has revealed strong influences on larval
amphibian populations (Skelly and Freidenburg, 2000; Freidenburg and Skelly, 2004). Canopy can mediate
a variety of factors, including water temperature, which can affect performance of ecto-
thermic animals. The effects of thermal variation in habitats on amphibian larval traits
are well described (e.g. Smith-Gill and Berven, 1979; Berven, 1982; Harkey and Semlitsch, 1988; Loman, 2003).
The results of this study are in line with these previous findings: a temperature increase of
approximately 4°C between incubator treatments corresponded to a 73% increase in growth
rate and an 83% increase in development rate. These treatments were designed to echo the
variation in temperature between the coldest and warmest natural wetlands in our system
(Halverson er al., 2003). With such drastic differences in growth and development rates, wood
frogs in colder wetlands face conditions that tend to reduce their ability to rapidly reach
metamorphosis and complete development before their wetland dries.

When calculated over the entire larval period, wood frog size at stage index was 6.9%
higher in the low-temperature treatment than in the high-temperature treatment, which
supports previous work that found that size-specific larval development rates slow at higher
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growth rates (Wilbur and Collins, 1973) and increased temperatures (Smith-Gill and Berven, 1979). How-
ever, by the time our animals reached metamorphosis, masses appeared to even out and
temperature had no significant effect on mass at metamorphosis. Werner (1986) argues that
mass at metamorphosis is highly dependent on population-level mortality rates. Because we
housed animals individually, we minimized the possibility of plastic responses to density
effects and may have seen a threshold for size at metamorphosis in the absence of density,
diet, and temperature effects, as postulated by Wilbur and Collins (1973). Despite the lack of
variation in mass at metamorphosis between temperature treatments, the GSF of wetland
of origin had a strong effect on both size at stage index and mass at metamorphosis. This
suggests that mass at metamorphosis is influenced by light environment, although the effect
might not be due to temperature.

In addition to mediating wetland water temperature, canopy cover also affects the drying
rate of wetlands. Despite their cool temperatures, shady wetlands often dry earlier than
sunny wetlands (Skelly er af, 1999). In common garden experiments, Rana temporaria from
temporary ponds exhibited faster larval development rates than those from permanent
ponds (Loman, 2003; Lind er al., 2008). Growing period, as imposed by pond drying time, may also
influence larval traits of wood frogs, as rapid drying of shady ponds can magnify the
challenge already imposed by cool temperature conditions. As pond drying is hard to
monitor and fluctuates greatly between years, we did not analyse drying rates of the ponds,
although future research might consider this important factor.

Differences between selective mortality in the laboratory and field could have contributed
to some of the differences seen between results. Laboratory conditions were highly con-
trolled, with no competition or predation. Smaller, slower individuals raised to meta-
morphosis in the laboratory may not have survived in the field. Differences in density,
predation, and nutrition between the ponds were not considered and could have contributed
significantly to growth and development rates seen in the field. The complex effects and
interaction of these environmental characteristics may be the reason why we found no clear
relationship between canopy cover and larval traits in the field study, confounding the
phenotypic expression of inherited variation.

Our findings provide strong support for the presence of inherited effects on the larval
phenotype of wood frogs. These effects may be genetic or they may be non-genetic parental
effects. In a previous study we investigated, but found no supporting evidence for, the
possibility that egg size, a maternally determined trait, might affect embryonic develop-
mental rate in wood frogs (skelly, 2004). An independent study of wood frogs (Meier, 2007)
found no supporting evidence of parental effects on larval growth and development in an
experiment using half-siblings. Although this result might increase the likelihood of genetic
differentiation, there is no direct evidence to support this hypothesis. Laugen et al. (2002
and Loman (2002) found both genetic and maternal contributions to larval life-history traits
of ranids. If the Yale-Myers Forest breeding aggregations are genetically divergent,
differentiation is happening at distances documented to be easily traversed by dispersing
juvenile wood frogs (Berven and Grudzien, 1990). While dispersal does not necessarily entail
gene flow, the high likelihood that wood frog individuals do move between neighbouring
ponds (Newman and Squire, 2001) means that divergent selection would be required to maintain
differentiation.

We consider the possibility of ecologically dependent reproductive isolation from indi-
viduals having higher fitness when breeding in habitats to which they are adapted (Hendry,
2004). It may be that migrants from wetlands with a different canopy environment have lower
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fitness and survive or reproduce less than individuals native to that wetland or migrants
from wetlands of similar environment. This immigrant inviability (Nosil e af, 2005) could
lead to divergence even if migration occurs between the studied wetlands. In fact, habitat
selection itself could be an adaptive response to selection against migrants. We consider that
dispersing individuals may select ponds with habitats similar to their natal habitat, which
would again reinforce the observed divergence.

Cryptic inherited variation is likely to be important to ecologists and conservation
scientists. If, as in this study, variation is related to thermal performance, variation in the
ability to perform under different climatic conditions may be critical to understand and
forecast the influence of changing climate. Such variation may also be important in main-
taining threatened and endangered species and in the development of effective strategies
for their recovery (Crandall e al, 2000; Ficetola and De Bernardi, 2005). Biologists working to recover
salmon populations have learned the fundamental importance of such variation in
achieving conservation goals (reviewed in de Leaniz et al., 2007). While relatively well understood in
that system, the results of this study highlight the potential ubiquity of variation across
environmental gradients, even when it is not readily evident from field sampling. We stress
the importance of using experiments to further probe phenotypic patterns observed in the
field, or the absence of phenotypic patterns where they might be expected, as cryptic
inherited variation may underlie such observed trends.
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