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abstract: Nonaquatic reproduction has evolved repeatedly, but the
factors that select for laying eggs on land are not well understood.
The treefrog Dendropsophus ebraccatus has plasticity in its repro-
ductive mode, laying eggs that successfully develop in or out of water.
This permits the first experimental comparison of the selective agents
that shape adult oviposition behavior and embryo developmental
capacity. I quantified the sources and strengths of arboreal and
aquatic egg mortality and how mortality varies with weather patterns,
and I assessed 39 years of daily rainfall patterns to infer historic levels
of egg mortality and effects of climate change on the selective balance
between aquatic and nonaquatic egg deposition. Aquatic predators
and desiccation were the strongest selective agents in water and air,
respectively. Egg mortality varied with weather such that aquatic
oviposition was advantageous when rainfall was low but laying eggs
out of water increased survival when rainfall was high. Additionally,
I found that since 1972 there have been significant changes in the
rainfall patterns in central Panama, and this has altered the selective
landscape acting on egg-laying behavior. This work provides insight
into the evolution and maintenance of adaptive phenotypic plasticity
as well as historic and current selection on reproduction.

Keywords: adaptive phenotypic plasticity, altered selection, Anura,
evolution of reproduction, Neotropics, Hyla ebraccata.

Introduction

The evolutionary shift from aquatic to terrestrial habitats
is a fundamental transition in the history of life, resulting
in tremendous radiations of both plants and animals
(Briggs and Crowther 2001). Among animals, terrestrial
life has evolved separately and repeatedly in multiple phyla
including gastropods, arthropods, and vertebrates (Briggs
and Crowther 2001; Pough et al. 2002; Grimaldi and Engel
2005). Fundamental to this shift was the ability to repro-
duce outside of water. In amphibians—the first vertebrates
to successfully colonize land—terrestrial forms of repro-
duction evolved predominantly in the wet tropics, where
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high humidity and abundant rainfall generally allow em-
bryos to develop in air without desiccating (Duellman and
Trueb 1986; Briggs and Crowther 2001; Pough et al. 2002).
However, rainfall remains extremely important for extant
terrestrial amphibian eggs (e.g., Taigen et al. 1984; Lips
2001; Mitchell 2002; Bahir et al. 2005; Touchon and War-
kentin 2009). Rainfall patterns and levels in the tropics are
predicted to change during this century (Hulme and Viner
1998; Christensen et al. 2007), and it remains to be seen
what impact this may have on organisms susceptible to
drought (Engelbrecht et al. 2007), including amphibians
(Donnelly and Crump 1998).

Although the majority of amphibians lay eggs in water,
two major forms of nonaquatic reproduction have evolved:
eggs are laid out of water and hatch into aquatic larvae
(“semiterrestrial reproduction”), or they are laid out of
water and hatch directly into juvenile froglets, bypassing
the larval stage entirely (“direct development” or “fully
terrestrial reproduction”; Duellman and Trueb 1986; Wells
2007). A recent review of reproductive modes in anurans
revealed that both forms of reproduction have evolved
independently many times and are more common than
previously thought; semiterrestrial egg laying has evolved
at least 50 times and direct development nearly 20 times
(Gomez-Mestre et al. 2012). Terrestrial egg laying also ap-
pears to have been a key factor spawning at least three
species-rich radiations of frogs (Australopapuan micro-
hylids: Köhler and Günther 2008; Terrarana: Blair Hedges
et al. 2008; and Sri Lankan Philautus: Meegaskumbura et
al. 2002).

Among the most common hypotheses for the origins
of terrestrial egg laying is that selection resulted primarily
from aquatic predation and that by moving eggs out of
water, animals were able to reduce embryo mortality (Lutz
1947; Goin and Goin 1962; Duellman and Trueb 1986;
Stewart 1997; Skulan 2000; Wells 2007). However, this
hypothesis presents several interesting predicaments for
evolutionary ecologists to consider when thinking about
the evolution of terrestrial egg laying in amphibians. First,
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selection operated long in the past to give rise to current
adult reproduction behaviors and embryo developmental
traits, and therefore it cannot be tested directly. Second,
although terrestrial egg laying is often viewed as evolu-
tionarily superior to aquatic reproduction, the two should
be viewed as alternative strategies with no implied direc-
tionality (Wells 2007). In fact, although aquatic egg laying
is generally accepted as the ancestral state for extant am-
phibians, the earliest tetrapods may have actually laid eggs
on land, with the ancestor of modern amphibians reinva-
ding water for reproduction (Skulan 2000). Third, evi-
dence for an advantage of nonaquatic egg laying is mixed,
with some studies finding low levels of mortality (aquatic:
Calef 1973; Licht 1974; nonaquatic: Woodruff 1976) and
others finding extremely high mortality (aquatic: Petranka
et al. 1994; nonaquatic: Vonesh 2005; Touchon and War-
kentin 2009).

Comparisons of selection on aquatic and terrestrial eggs
are confounded because extant species generally utilize
fixed oviposition strategies, thereby precluding a direct
experimental comparison within a single species. Evidence
has thus come from comparative studies. Magnusson and
Hero (1991) found that the proportion of Amazonian
frogs with terrestrial eggs at a body of water was correlated
with aquatic egg predation pressure, and this was used as
support for the hypothesis that aquatic egg predators drive
terrestrial reproduction. Although this finding is useful, a
better metric would be to directly compare the survival of
eggs from the same species in aquatic and terrestrial en-
vironments. Such an experiment has, however, been eco-
logically unrealistic because reproducing adults generally
lay eggs in only one location, either in air or in water but
not both. Terrestrially laid eggs can survive in artificially
oxygenated water (Bradford and Seymour 1988), and
aquatic eggs can normally survive in air if humidity levels
are very high or eggs are laid on moist substrate (Seymour
and Roberts 1995). However, under natural conditions,
adaptations that prevent terrestrial embryos from desic-
cating out of water (e.g., increased egg diameter, thick jelly
surrounding eggs) often preclude development in lentic
water because embryos cannot obtain sufficient oxygen
(e.g., Pyburn 1970; Kam et al. 1998; Lips 2001; Vonesh
2005). Even some aquatically laid eggs will die because of
oxygen deprivation if they get too low in the water column
(e.g., Heyer 1973; Kluge 1981; Seymour and Roberts 1991).
Similarly, most aquatic amphibian eggs cannot survive
outside of water for long (Forester and Lykens 1988).

The Neotropical treefrog Dendropsophus ebraccatus
(pHyla ebraccata Cope [Faivovich et al. 2005]) has plas-
ticity in its reproductive mode, with adults choosing to
lay eggs directly in water or on leaves outside of the water,
or sometimes both, within a single reproductive bout
(Touchon and Warkentin 2008b). To avoid confusion with

species that lay eggs in leaf litter or underground, I will
refer to nonaquatic eggs of D. ebraccatus as arboreal sensu
Wells (2007). Decisions about reproductive mode in D.
ebraccatus appear to primarily be driven by the amount
of shade above a pond (Touchon and Warkentin 2008b).
In shaded conditions, egg desiccation risk is low and so
eggs are laid on leaves up to ∼1 m above the surface of
the water; upon hatching, tadpoles fall into the pond below
(Touchon and Warkentin 2009). In open habitats where
egg desiccation risk is high, eggs are laid submerged in or
at the surface of the water (Touchon and Warkentin 2008b,
2009). Dendropsophus ebraccatus embryos can develop and
survive to hatching in both the terrestrial and aquatic en-
vironments (Touchon and Warkentin 2010; Touchon et al.
2011). Embryos in both environments hatch plastically in
response to predators, and those in water are capable of
hatching more prematurely than those on leaves (Touchon
et al. 2011).

Taken as a whole, D. ebraccatus is an ideal organism for
measuring the selective agents currently shaping arboreal
and aquatic reproduction. Furthermore, 39 years of daily
rainfall measurements exist for the population studied
here, which allowed an exploration of how relatively recent
changes in rainfall patterns associated with climate change
may be altering selective trade-offs in this species. Thus,
D. ebraccatus provides an important model with which to
begin quantifying the selection pressures that may drive
nonaquatic egg laying, although it is important to rec-
ognize that the current and historical drivers of egg-laying
behavior may vary in other lineages.

This study had four primary goals. First, I quantified
the strengths of the most commonly hypothesized selective
agents (aquatic predation, low oxygen in tropical ponds,
and increased developmental rates out of water; Duellman
and Trueb 1986; Stewart 1997; Wells 2007) on aquatic and
arboreal egg survival in D. ebraccatus. Second, I explored
how habitat and weather variation shape the plastic
aquatic/arboreal egg-laying switch point. Third, I used a
data set of 39 years of daily rainfall measurements for my
study site to explore changes in rainfall patterns over time.
Finally, I combined historic measurements of rainfall with
models of aquatic and arboreal egg mortality to infer
changes in egg mortality over time.

Material and Methods

Study System

Dendropsophus ebraccatus is a lowland Neotropical treefrog
that is common and abundant from southern Mexico to
northern Colombia (Duellman 2001). Males call at night
from vegetation above ponds (from heights of near the
water surface to several meters above) to attract gravid
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females (Miyamoto and Cane 1980; Morris 1991). Repro-
duction occurs throughout the wet season, which is from
approximately May to November in central Panama. Fe-
males lay eggs in a night (mean � 1 SD, here240 � 60
and throughout; pairs of frogs; J. Touchon, un-N p 67
published data), partitioned into one to eight separate egg
masses deposited on the upper side of emergent plant
leaves, directly in the water attached to floating vegetation,
or on other substrate near the water’s surface. Egg masses
are generally laid within several meters of the initial site
of amplexus, and the male appears to be passive during
oviposition site selection (J. Touchon, personal observa-
tion). It is not known whether males choose calling sites
that will increase offspring survival (e.g., Howard 1978).
Eggs are laid on leaves in a single layer, in a combination
of what Altig and McDiarmid (2007) term a “mass” and
a “film.” The jelly that surrounds the embryos serves to
adhere them to the substrate and absorb rainwater to keep
clutches hydrated (Touchon and Warkentin 2009). Eggs in
water are generally laid in a single layer but can have depth
stratification to them, and they must be attached to some-
thing to maintain their position in the water column (J.
Touchon, personal observation).

It is important to consider how posthatching ecology
may filter embryo survival to affect selection on repro-
duction. Unfortunately, little is known about the larval
ecology of D. ebraccatus and nothing is known about its
postmetamorphosis ecology. Tadpoles demonstrate pred-
ator-induced phenotypic plasticity, which likely increases
survival (Touchon and Warkentin 2008a, 2011). In a lab
experiment D. ebraccatus required ∼60 days to reach meta-
morphosis (Touchon and Warkentin 2010), but the larval
period can take as little as 45 days in natural ponds (J.
Touchon, unpublished data). The most common larval
predators, dragonfly larvae, can effectively capture only
small tadpoles, although less common predators (e.g., Be-
lostoma sp. water bugs) can capture any size of D. ebrac-
catus tadpole (Touchon and Warkentin 2010). Finally, pre-
dation on D. ebraccatus larvae appears to be lower than
that on Agalychnis callidryas, a co-occurring and larger-
tadpole species (Gonzalez et al. 2011).

Measuring Selection on Aquatic and Terrestrial Eggs

To quantify the strength of different selective agents
on aquatic and arboreal reproduction, I measured the
mortality of D. ebraccatus eggs experimentally positioned
in water or on leaves in air at three ponds near the
Smithsonian Tropical Research Institute (STRI) field
station in Gamboa, Panama: Ocelot Pond (9�6′8.62′′N,
79�40′56.96′′ W), Bridge Pond (9�6′50.26′′N, 79�41′48.13′′ W),
and Quarry Pond (9�7′22.25′′N, 79�41′35.86′′ W). The ex-
periment was conducted from September 6 to October 11,

2010. Clutches were allocated randomly to one of four
treatments: in air or in water, crossed with predators ex-
cluded or not. Thus, I was able to measure and assess the
relative importance of (1) arboreal egg mortality from des-
iccation and predation combined ( clutches), (2)N p 99
arboreal egg mortality from desiccation only ( ),N p 98
(3) aquatic egg mortality from predators and low oxygen
availability combined ( ), and (4) aquatic egg mor-N p 93
tality from low oxygen availability only ( ).N p 89

All of the clutches used in this study were initially laid
on leaves out of water and were located the morning after
oviposition. For arboreal treatments, clutches were left in
place on the vegetation around the pond. For aquatic treat-
ments, eggs were fully submerged underwater on their
original leaves and clipped to a Styrofoam float, with eggs
on the upper side of the leaf facing up to the water’s
surface. This kept eggs near the top of the water column
where D. ebraccatus eggs are laid in nature (Touchon and
Warkentin 2008b). Eggs were not reciprocally transplanted
from aquatically laid sites to arboreal ones because ex-
tended contact (6–8 h) with water before the initiation of
the experiment would have hydrated the clutch jelly, which
absorbs water rapidly, thereby altering estimates of des-
iccation mortality in air.

Predator exclosures were made from window screen.
The main aquatic egg predators for this species are small
poeciliid (Gambusia sp.) and characid (Astyanax ruberri-
mus) fish and conspecific and heterospecific tadpoles. The
aquatic predator community is similar across ponds except
that Ocelot Pond lacks fish; however, short-term predation
trials indicate that large D. ebraccatus tadpoles are the
strongest predator of aquatic D. ebraccatus eggs, indicating
that aquatic predation risk is present in all breeding en-
vironments in this study (J. Touchon, unpublished data).
Arboreal egg predators are ants (Azteca spp.) and wasps
(Polybia rejecta and Agelaia centralis) and are present at
all three of the ponds monitored (Touchon and Warkentin
2009; Touchon et al. 2011). Throughout the monitoring
period, I recorded daily rainfall at each pond, using a rain
gauge.

I quantified embryo mortality and developmental stage
(Gosner 1960) 2 days after eggs were laid (approximately
two-thirds of total embryonic development). Undisturbed
eggs normally hatch after ∼3.5 days (Touchon and War-
kentin 2010; Touchon et al. 2011). I saw no evidence of
mortality from sources other than the four primary ones
listed above, either in air or water (e.g., from water mold
or fungus; Warkentin et al. 2001; Touchon et al. 2006).
Although I did not measure dissolved oxygen in water, I
was able to discriminate between eggs that died from pre-
sumed oxygen deprivation underwater and those that were
simply unfertilized, because unfertilized eggs never began
to differentiate whereas oxygen-deprived aquatic eggs died
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at approximately Gosner stage 15, when the neural folds
begin to join (Gosner 1960).

Prior field observations indicated that the canopy shade
above a pond might be important for terrestrial egg sur-
vival (Touchon and Warkentin 2009). Therefore, I pho-
tographed the canopy shade above each pond using a Ni-
kon Coolpix E5400 camera with a Nikon FC-E8
hemispherical lens attached (Engelbrecht and Herz 2001).
Canopy photographs were taken at approximately 1.0-m2

intervals for the portion of each pond where eggs were
laid, and experimentally manipulated. The camera esti-
mated aperture and shutter speed automatically and pho-
tographed images at exposure biases of �2, �1, 0, �1,
and �2. I used the photograph from each location that
had the greatest contrast between canopy and sky for anal-
yses. I calculated the percent openness of each location
within each pond by using the program Gap Light Analyzer
(Frazer et al. 1999) and then averaged the canopy openness
for each pond. Because the experiment was conducted at
three ponds, canopy shade was used as a heuristic to ex-
plore the role of shade on egg mortality but not for sta-
tistical purposes. In addition to differences in shade, ponds
differ in surface area (Quarry 1 Ocelot 1 Bridge) and depth
(Ocelot 1 Quarry 1 Bridge).

Statistical analyses were conducted in R, version 2.12.1
(R Development Core Team 2009). Because mortality data
were highly overdispersed, I used generalized linear models
with an underlying beta-binomial error distribution and
logit link function in the aod package (Lesnoff and Lan-
celot 2010). Effect sizes were estimated directly from the
model output, and P values were computed with likelihood
ratio tests comparing increasingly simplified nested
models.

To fully explore the effects of egg environment, predator
exposure, pond habitat, and rainfall patterns, I conducted
two separate analyses. First, to determine the relative
strength of selective factors in each environment, I tested
for effects on egg mortality of egg environment (air or
water), predator exposure (exposed or not), and the pond
where eggs were laid, as well as all interactions. This anal-
ysis allowed a direct comparison of the strength of selection
in air from desiccation alone with desiccation and pre-
dation combined, and in water from presumed oxygen
deprivation alone with oxygen deprivation and predation
combined, and it allowed me to consider how these in-
teractions might vary across ponds. Second, using data
from those eggs that had been exposed to all selective
pressures (i.e., predators and abiotic factors), I assessed
the effects of weather and pond habitat on aquatic and
arboreal egg survival. I tested for effects of the amount of
rainfall during both the first and the second 24-h period
after eggs were laid and the pond where eggs were laid.
To test for differences in developmental rate between eggs

in water and in air, I compared the Gosner developmental
stage (Gosner 1960) of eggs in predator-exclusion cages
in water with those in air by using an independent-samples
t-test.

Changes in Rainfall Patterns and Estimating
Historic Egg Mortality

Climate models suggest that rainfall patterns in the Neo-
tropics will change throughout this century, with storms
becoming more sporadic but larger when they do occur
(Hulme and Viner 1998; Christensen et al. 2007). To look
for changes in weather patterns, I examined 39 years of
daily rainfall measurements collected from 1972 to 2010
at my study site in Gamboa, Panama, by the Panama Canal
Authority. I primarily examined the wet season, when most
D. ebraccatus reproduction takes place, which I defined as
May 15 to November 15 of each year. Data are compiled
as daily totals and are maintained by the STRI Office of
Bioinformatics. I used linear regression to look for changes
during each wet season in the total amount of rainfall, the
average size of rainfall events, the number of days between
rainfall events, the number of days without rain, and the
number of gaps of 1 day or longer between rainfall events.
I also tested for changes in total rainfall per year.

I then used these same rainfall data to infer the mortality
of D. ebraccatus eggs that might have been laid either
aquatically or arboreally after rainfall events with totals of
5 mm or greater, with the following question in mind:
“How might changes in daily rainfall patterns observed
during the past ∼40 years have impacted the survival of
D. ebraccatus eggs whether laid in water or on leaves?”
Like most anurans, D. ebraccatus primarily breeds after
rainstorms (Donnelly and Guyer 1994). Thus, for each
storm with rainfall of 5 mm or more between 1972 and
2010, I used the parameters of my models of aquatic and
arboreal egg mortality (see “Results”) to infer the mortality
of eggs that might have been laid, on the basis of the
amount of rain that fell during the subsequent 2 days.
Results were similar, assuming that frogs might reproduce
only after storms with rainfalls of 10 mm or 15 mm (results
not shown). I modeled egg mortality at all three ponds in
order to explore how frogs that breed in different habitats
might be affected differently by possible changes in rainfall
patterns.

After generating the predicted aquatic and terrestrial egg
mortality after each rainfall event in each wet season from
1972 to 2010, I calculated the number of days in each year
when arboreal egg mortality was predicted to be lower
than that of aquatic egg mortality, that is, when arboreal
reproduction would have a selective advantage. Thus, the
response variable became the number of days when ar-
boreal egg laying would have the lowest predicted mor-
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tality versus the number of days when aquatic egg laying
would be advantageous. I tested whether the advantage of
arboreal egg laying has changed over time by using a gen-
eralized linear model (GLM) with underlying binomial
error structure.

Results

Selection on Aquatic and Arboreal Eggs

Exposure to predators in each environment (on leaves or
in water) significantly increased egg mortality, but the
magnitudes of their effects were very different (fig. 1A–
1C). On average, terrestrial predators increased the mor-
tality of eggs on leaves by only 18% when compared with
arboreal eggs that were protected from predators. Con-
versely, the mortality of eggs in water and exposed to
predators was 323% greater than that of eggs in water but
protected from predators. This resulted in a significant
interaction between egg environment and exposure to
predators (egg environment: , ; predator2x p 0.23 P p .63
exclusion: , ; egg environment #2x p 46.76 P ! .00001
predator exclusion: , ). In addition,2x p 10.88 P p .0009
the effects of both egg environment and exposure to pred-
ators varied across ponds, although the three-way inter-
action was not significant (fig. 1A–1C; pond: ,2x p 14.16

; egg environment # pond: ,2P p .0008 x p 48.28 P !

; predator exclusion # pond: ,2.000001 x p 14.18 P !

; egg environment # predator exclusion # pond:.0008
, ). For example, exposure to aquatic2x p 0.45 P p .79

predators increased egg mortality by 65% at Ocelot Pond
but only 38% at Quarry Pond. On the other hand, arboreal
egg mortality was reduced at Ocelot Pond compared with
at Bridge or Quarry Ponds (fig. 1A–1C). Thus, for Den-
dropsophus ebraccatus eggs on leaves, desiccation and not
predation was the greatest source of mortality, whereas in
water, aquatic predation was a far stronger selective agent
than low oxygen.

Although there was no difference in the mean embry-
onic developmental stage after 2 days in air or in water
(t-test, , ), there did appear to be a slightt p �1.16 P p .25
developmental cost for eggs in water. All egg masses on
leaves at this point were at Gosner stage 19 or higher,
whereas 2% of masses in water were at stage 16, 5% were
at stage 17, and 15% were at stage 18 (Gosner 1960).

An increase in rainfall during the first 24-h period had
a strong effect on arboreal eggs, reducing egg mortality by
2.5%–12% with each additional millimeter of rainfall be-
tween 3 and 15 mm (fig. 1D–1F; ,2x p 142.40 P !

, with 23.4% of the deviance explained). The pond.000001
where eggs were laid was also an important determinant
of arboreal egg survival: Bridge and Quarry Ponds had the
highest baseline mortality (under conditions of no rain)

at 97.8% and 91.1%, respectively, whereas it was 70.0% at
Ocelot Pond (fig. 1D–1F; , , with2x p 39.94 P ! .000001
6.6% of the deviance explained). Rain during the second
24-h period after oviposition did not affect arboreal egg
survival (second 24 h: , ).2x p 0.68 P p .41

For aquatic eggs, neither rainfall during the first 24-h
period nor the pond where eggs were laid was a significant
predictor of mortality (fig. 1D–1F; first 24 h: ,2x p 0.91

; pond: , ). Rainfall during the2P p .34 x p 0.37 P p .83
second 24-h period had a small effect on aquatic egg mor-
tality, although this was very minor, increasing mortality
less than 1% with each additional millimeter of rainfall
(second 24 h: , , with 0.6% of the de-2x p 4.72 P p .03
viance explained).

The variation in arboreal egg mortality across ponds is
likely due in part to the amount of shade above each site.
Hemispherical canopy photos taken at each pond revealed
that Ocelot Pond, which had the lowest arboreal egg mor-
tality, was also the shadiest pond, with a canopy openness
of . Bridge and Quarry Ponds were both sub-5.8% � 1.6%
stantially less shaded, with a canopy openness of

and , respectively.14.4% � 5.0% 27.1% � 9.4%

Changes in Rainfall Patterns and Egg Mortality

On average, mm of rain fell each year in2,095 � 313
Gamboa, Panama, and this amount did not change be-
tween 1972 and 2010 ( , ). Similarly,F p 0.001 P p .971, 37

I found that the total amount of rain that fell each year
between May 15 and November 15 did not change
( mm; , ), nor did the pro-1,609 � 243 F p 0.44 P p .511, 37

portion of annual rainfall that fell during the wet season
( ; , ). The average size of77% � 7% F p 1.45 P p .241, 37

rainstorms during the wet season was mm, and15.4 � 2.0
this did not change ( , ). Seventy-fiveF p 2.56 P p .121, 37

percent of storms had rainfall amounts of more than 5
mm, and 51% had more than 10 mm.

What has changed is the pattern of rainfall during the
wet season. The percentage of days that receive rainfall
has decreased nearly 10% since 1972, from 61.2% of days
in 1972 to 52.0% in 2010 (fig. 2A; ,F p 10.25 P p1, 37

). Correspondingly, I also found that the number of.003
gaps of 1 day or longer between rainfall events has in-
creased significantly, from 35 in 1972 to 44 in 2010 (fig.
2B; , ). These results reflect changesF p 8.81 P p .0051, 37

in both the regularity and the size of rainstorms across
time, as has been predicted for the tropics (Hulme and
Viner 1998).

One of the effects of this change in rainfall pattern is
that between 1972 and 2010, the proportion of breeding
events where D. ebraccatus eggs would have greater survival
with arboreal oviposition than with aquatic oviposition
decreased significantly at both Quarry and Bridge Ponds
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Figure 1: Selective agents acting on aquatic and terrestrial Dendropsophus ebraccatus eggs at three ponds in Panama. A–C, Mortality of eggs
in air (white bars) and in water (gray bars) when excluded from predators (hatched bars) or not (solid bars) at Ocelot, Bridge, and Quarry
Ponds near Gamboa, Panama. Mortality in air results from desiccation and predation, whereas mortality in water results from oxygen
deprivation and predation. Error bars indicate means � SE. D, E, Proportion mortality for egg clutches in water (filled circles) and in air
(unfilled circles) at Ocelot, Bridge, and Quarry Ponds as predicted by the amount of rainfall during the first day after eggs were laid. Lines
are predicted fits from beta-binomial generalized linear models. Solid lines represent eggs in air and dashed lines represent eggs in water,
and shaded areas represent 95% confidence intervals. Points are shifted slightly to increase visibility of data.

(fig. 2C, 2D; binomial GLM for Quarry Pond: 2x p
, ; and for Bridge Pond: ,26.76 P p .009 x p 6.51 P p

). Quarry and Bridge Ponds have relatively open can-.01
opies and similar terrestrial and aquatic mortality curves
(fig. 1E, 1F). Thus, predictions of the proportion of days
at each pond with a survival advantage for arboreal re-
production are very similar. By contrast, arboreal egg lay-
ing at Ocelot Pond—which is well shaded—is predicted
to be advantageous over aquatic oviposition 100% of the
time, and this has not changed over time (fig. 2E).

Discussion

The ability for animals to lay eggs outside of water has
evolved repeatedly, across varied animal taxa but also
within the amphibians. Comparative studies of aquatic and
nonaquatic eggs have been useful for estimating selection
on reproduction (e.g., Magnusson and Hero 1991), but

they have not allowed for a direct experimental compar-
ison because data are confounded by extant adaptations
for development in either air or water. With a species such
as Dendropsophus ebraccatus, which chooses either aquatic
or arboreal oviposition and whose eggs develop success-
fully in both environments, such an experiment is possible,
for the first time. By using D. ebraccatus, I demonstrate
four things that are important for our understanding of
current and historic selection on reproduction in
amphibians.

First, I demonstrate that mortality is generally higher
for aquatic D. ebraccatus eggs than for arboreal ones but
that this varies both with weather patterns and across hab-
itats (fig. 1). At the most shaded pond in my study, the
mortality of aquatic eggs exposed to predators and envi-
ronmental variation was approximately 4 times greater
than that of the arboreal eggs similarly exposed to pred-
ators and the environment (fig. 1A). At Quarry Pond,
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Figure 2: Changes in rainfall patterns and Dendropsophus ebraccatus egg mortality during the wet season in Gamboa, Panama, from 1972
to 2010. A, Number of days that received rainfall; B, number of gaps of 24 h or longer between rainfall events. C–E, Proportion of days
during the wet season when arboreal eggs are predicted to have higher survival than aquatic eggs at three ponds near Gamboa. Changes
in rainfall patterns shown in A and B have likely led to the changes in advantage of arboreal reproduction shown in C and D. Points
indicate mean values for each year. Lines represent linear regressions and shaded areas represent 95% confidence intervals. Note that different
panels have different Y-axes.

which has the least shade, aquatic and arboreal egg mor-
tality were equivalent (fig. 1C). Regardless of pond, it was
clear that within the aquatic environment, predation was
the greatest risk to eggs. Although presumed oxygen dep-
rivation alone caused ∼20% of egg mortality, exposure to
aquatic predators increased egg mortality by 323% on av-
erage. However, assessing only average egg mortality belies
the complexity of nature, because mortality of eggs laid
out of water varies with the amount of rain that falls on
them during the first day after oviposition and, to a lesser

degree, with by the amount of shade at a pond (fig. 1D–
1F).

Second, my data demonstrate that reproductive mode
plasticity in D. ebraccatus appears to be maintained by the
balance between aquatic egg predation pressure and ar-
boreal egg desiccation risk (fig. 1). Aquatic egg mortality
was high and varied little among ponds or with weather
patterns, whereas arboreal egg mortality varied dramati-
cally with both pond and rainfall (fig. 1D–1F). This var-
iation in arboreal egg survival among ponds appears to
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be driven by heterogeneity in canopy shade. At Ocelot
Pond, the shadiest pond and where aquatic oviposition
has never been recorded, arboreal egg deposition always
had higher survival than aquatic egg deposition. However,
arboreal egg mortality varied at both Bridge and Quarry
Ponds such that there was a switch point where the most
advantageous oviposition strategy changed. When rainfall
the day after eggs were laid was less than ∼5 mm, mortality
of arboreal eggs was so high that aquatic eggs had lower
mortality. However, when rainfall was abundant, arboreal
egg mortality at all ponds dropped to almost 0. Selection
for reproducing out of water should therefore be strongest
in habitats that minimize egg desiccation risk, whereas
selection against arboreal or terrestrial eggs would be high-
est where the canopy is more open. It is interesting, how-
ever, to note that Bridge Pond was nearly twice as shaded
as Quarry Pond (14.4% vs. 27.1% canopy openness, re-
spectively) but the mortality of arboreal eggs at each pond
was essentially identical (fig. 1). Previous field surveys have
revealed that despite the high risk of arboreal egg mortality
at Bridge Pond, aquatic oviposition was common only at
Quarry Pond (Touchon and Warkentin 2008b). Thus, it
may be that when canopy openness is greater than a certain
critical degree, all environments are equally bad for ar-
boreal eggs of D. ebraccatus, but frogs may not be able to
perceive these differences. Bridge Pond is also the shal-
lowest pond, and water temperatures are likely to be the
highest and dissolved oxygen the lowest. However, there
were no differences observed across ponds in the mortality
of eggs in water that were protected from predators, which
implies that this was not important for egg survival (fig.
1).

Third, I provide evidence in support of the prediction
that rainfall is becoming more sporadic in the Neotropics
(Hulme and Viner 1998; Christensen et al. 2007). The ∼40
years of rainfall data from Gamboa, Panama, demonstrate
that this is indeed occurring. Although the overall amount
of rain that falls each year or during the wet season has
not changed, the number of days actually receiving rainfall
during each wet season has decreased and the number of
gaps of 1 day or more between rainfall events has increased
(fig. 2A, 2B). This is important, because we know that
frogs breed after it rains; an increase in the duration of
gaps between rainfall events thus translates to an increase
in the events that dramatically increase the mortality of
eggs laid out of water (fig. 1D–1F).

Finally, from the historic rainfall data I inferred that
there has most likely been a significant decrease in the
proportion of breeding events in which the predicted mor-
tality of arboreal eggs would be lower than that of aquatic
eggs (fig. 2C, 2D). In other words, the proportion of breed-
ing events in which a frog should lay eggs out of water
has decreased such that D. ebraccatus should arboreally

oviposit eggs less than 50% of the time. However, this is
not true for all habitats. Frogs at Ocelot Pond, where ovi-
position sites are heavily shaded, are relatively buffered
from the effects of changing rainfall patterns such that
arboreal egg laying remains advantageous over aquatic re-
production; this trend has not changed in the last ∼40
years (fig. 2E).

If the changes in rainfall patterns documented here con-
tinue, the selective advantage of arboreal egg laying will
continue to be diminished and we may see a broad scale
shift in the oviposition decisions of D. ebraccatus. An in-
crease in arboreal egg mortality over time may select for
individuals with a greater innate propensity for laying
aquatic eggs, leading to changes in the mean population
phenotype. In fact, we may be seeing this already. Re-
searchers have been studying the Gamboa population of
D. ebraccatus since the late 1950s (Fouquette 1960), with
a concentration of research activity in the 1980s and 1990s
(Wells and Greer 1981; Schwartz and Wells 1984; Wells
1989; Bevier 1997). The fact that none of these researchers
observed aquatic oviposition in D. ebraccatus may indicate
that this behavior has become increasingly common as
rainfall patterns have changed, although admittedly this is
speculation.

The detailed long-term rainfall data set used here al-
lowed a novel approach to examining changing rainfall
patterns and their potential effects on developing organ-
isms. Many analyses of the effects of rainfall on growth
and survival have focused on only seasonal or annual
weather records (e.g., Lima et al. 2002; Morrison and Bol-
ger 2002; Brown and Shine 2007). Although such large-
scale rainfall trends are useful for elucidating population
and community-level dynamics (Stenseth et al. 2002; Hal-
lett et al. 2004; Engelbrecht et al. 2007), they may not
reveal the mechanisms that determine individual mortality
and contribute to larger-scale processes. Short-term var-
iation, such as changes in the temporal pattern of rainfall,
may be important for many organisms (e.g., tropical tree
seedlings: Engelbrecht et al. 2006) but likely are not de-
tectable when using larger-scale metrics (e.g., total annual
rainfall). The analyses presented here demonstrate that
although annual or wet-season rainfall levels have not
changed in central Panama, the pattern of when and how
rain falls has changed. These changes to basic rain patterns
are likely to alter selection on all nonaquatic breeding
amphibians and potentially on adult frogs as well. Storms
are becoming more intense but less frequent; this is re-
flected in the increase in gaps between rainfall events (fig.
2B). This effect is revealed for D. ebraccatus by the dramatic
decrease in the number of breeding events that favor ar-
boreal egg laying in ponds with relatively open canopies
(fig. 2C, 2D).

Reproductive mode plasticity in D. ebraccatus presents
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a useful and novel approach to studying the selective fac-
tors that are currently affecting the balance of aquatic and
nonaquatic oviposition in this species and that may drive
nonaquatic reproduction in general. However, it is im-
portant to recognize that nonaquatic egg laying (both
semiterrestrial reproduction and direct development) has
evolved dozens of times and on every continent where
amphibians are found, and we may not expect the same
selective agents to be involved in other lineages (Duellman
and Trueb 1986; Wells 2007). Factors other than aquatic
predation (e.g., low oxygen level in water or enhanced
development out of water) may be more important in
other species (Lutz 1947; Goin and Goin 1962; Duellman
and Trueb 1986; Wells 2007). Researchers working with
other groups of frogs that have aquatic and nonaquatic
laying species, such as Asian Rhacophoridae or African
Hyperoliidae, may find individuals or populations that
have flexibility in their reproductive modes, and this could
provide valuable opportunities to explore the selective fac-
tors that influence oviposition site and egg survival in other
lineages.

For organisms with complex life cycles, the effects of
embryo survival will inevitably be filtered through the lar-
val period (Vonesh and Osenberg 2003). For example,
Vonesh and De la Cruz (2002) demonstrated that the ef-
fects of increased egg mortality on survival to adulthood
were dependent on the strength of larval density depen-
dence. Furthermore, if larval mortality is very high, then
even large differences in embryo survival will have min-
imal lasting effects on survival to metamorphosis and re-
cruitment to adulthood. Although little is known about
the larval ecology of D. ebraccatus, we do know that hatch-
lings from aquatic eggs suffer increased baseline mortality
and are more likely to be predated (Touchon and War-
kentin 2010), further exacerbating the costs of aquatic de-
velopment shown here (fig. 1). Future work must explicitly
explore how embryo environment, larval density, and lar-
val predators interact to affect survival to and phenotype
at metamorphosis.

Most organisms are likely to be affected in some way
by the changes in precipitation I document here and sim-
ilar changes in temperature and overall weather patterns
that are predicted by models of climate change (Walther
et al. 2002). We might also expect similar effects to occur
in degraded habitats due to associated decreases in hu-
midity and increases in sun exposure (Laurance 2005).
The organisms and effects of these changes in moisture
availability are diverse, from potentially altering the com-
position of tropical tree communities (Engelbrecht et al.
2007) to increasing predation on lizard eggs (Chalcraft and
Andrews 1999) to perturbing the development of reptile
and bird eggs (Brown and Shine 2006; Mortola 2009). An
animal such as D. ebraccatus that has plasticity in repro-

duction may be able to persist through such changes, albeit
with increased egg mortality, but most organisms are likely
to suffer in some manner, in the tropics and elsewhere
across the globe.
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