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Phylogenetic patterns of trait and trait
plasticity evolution: Insights from
amphibian embryos
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Environmental variation favors the evolution of phenotypic plasticity. For many species, we understand the costs and benefits

of different phenotypes, but we lack a broad understanding of how plastic traits evolve across large clades. Using identical
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experiments conducted across North America, we examined prey responses to predator cues. We quantified five life-history

traits and the magnitude of their plasticity for 23 amphibian species/populations (spanning three families and five genera) when
exposed to no cues, crushed-egg cues, and predatory crayfish cues. Embryonic responses varied considerably among species
and phylogenetic signal was common among the traits, whereas phylogenetic signal was rare for trait plasticities. Among trait-
evolution models, the Ornstein-Uhlenbeck (OU) model provided the best fit or was essentially tied with Brownian motion. Using
the best fitting model, evolutionary rates for plasticities were higher than traits for three life-history traits and lower for two.
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These data suggest that the evolution of life-history traits in amphibian embryos is more constrained by a species’ position in the

phylogeny than is the evolution of life history plasticities. The fact that an OU model of trait evolution was often a good fit to

patterns of trait variation may indicate adaptive optima for traits and their plasticities.

KEY WORDS: Anaxyrus, Hyla, Lithobates, Pseudacris, phylogenetic inertia, Rana.

Most organisms in nature experience environmental variation. In
response to this variation, many species have evolved traits that are
induced by the environment to produce alternative, adaptive phe-
notypes (i.e., phenotypically plastic traits). As a result, we have
an excellent understanding of plasticity in numerous traits from
a wide range of plants, animals, fungi, protists, and bacteria and
from a variety of biological disciplines including genetics, molec-
ular biology, developmental biology, and ecology (see reviews by
Schlichting and Pigliucci 1998; West-Eberhard 2003; DeWitt and
Scheiner 2004; Callahan et al. 2008; Murren et al. 2014, 2015).
Although adaptive plasticity is ubiquitous, our understanding in
any particular system typically comes from intensive investiga-
tions on a limited set of species within a clade. What has been
missing in this endeavor has been the examination of broad pat-
terns of plasticity evolution across a clade within a phylogenetic
perspective.

The study of phylogenetics has enjoyed a rich history in
biology as a way of understanding the evolutionary relationships
among species (Grant 1986; Harvey and Pagel 1991; Schluter
2000; Berendonk et al. 2003; Felsenstein 2004). There has been
increased interest in using phylogenies as a map onto which the
species’ ecology and traits can be overlaid to determine whether
species possess similar traits due to a shared history or due to
similar selective forces that produce convergence (Losos 1990;
Winemiller 1991; Cadle and Greene 1993; Losos et al. 1998;
McPeek and Brown 2000; Price et al. 2000; Webb et al. 2002;
Stephens and Wiens 2004, see Special Feature of Ecology, 2012
Supplement).

Given the power of a phylogenetic perspective, it is not sur-
prising that there have been repeated calls for the integration of
phylogenetics and phenotypic plasticity beyond the traditional ex-
amination of closely related populations or congeners (Doughty
1995; Diggle 2002; Pigliucci et al. 2003; Murren et al. 2015). By
assessing the directions and magnitudes of adaptive trait changes
for a large number of related species, we can address impor-
tant evolutionary questions. One question of particular interest
is whether, like most morphological and ecological traits, trait
plasticity exhibits phylogenetic signal (defined as a pattern where
trait disparity scales with the phylogenetic distance that separates
species; Blomerg et al. 2003; Revell et al. 2008; Losos 2008). En-
vironmental variation poses diverse challenges to species perfor-
mance, but it is clear that species can evolve a variety of effective
plastic strategies (Boersma et al. 1998; Pigliucci 2001; West-
Eberhard 2003). As a result, we might expect different clades
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within a phylogenetic group to either evolve particular types of
plasticity in response to environmental variation (i.e., morpholog-
ical, behavioral, or physiology) or evolve a range of unique com-
binations of nonplastic phenotypes that are similarly effective in
the particular environment. The existence of phylogenetic signal
can represent a level of phylogenetic inertia that could constrain
how traits or trait plasticity can evolve, in the sense that close rel-
atives will be constrained to have similar trait values due to shared
descent. Although we know a good deal about the phylogenetic
signal of traits (see above citations), we know considerably less
about the presence of phylogenetic signal in the plasticity of traits
(Pigliucci et al. 1999; Pollard et al. 2001; Pigliucci et al. 2003;
Thaler and Karban 1997; Colbourne et al. 1997; Gomez-Mestre
et al. 2008; Burns and Strauss 2012).

If we could map traits and trait plasticity onto a phylogeny,
we could also examine questions about rates of evolution. We
could compare rates of evolution among different types of traits
(e.g., behavior, morphology, life history) and different magnitudes
of trait plasticity. Rates of evolution have been investigated in
many different studies of species’ traits, but there appear to be no
studies that have compared the rates of trait evolution to rates of
plasticity evolution. Thus, it remains an open question whether
traits evolve slower or faster than trait plasticity. Answering this
question should provide insights into the role that phylogenetic
relationships play in constraining the evolution of phenotypically
plastic traits, and whether species traits or trait plasticity will be
able to shift more quickly in the face of environmental change.

In this study, we examined the phylogenetic patterns of phe-
notypic plasticity using amphibians, a model system that has
become well known for exhibiting predator-induced behavioral,
morphological, and life-history traits (Van Buskirk 2002; Miner
et al. 2005; Relyea 2007). Our focus was to examine how am-
phibian embryos respond to predators. Predators of eggs (e.g.,
crayfish, snakes, and leeches) induce several species of amphib-
ians to hatch earlier and with a smaller mass or at a less-developed
stage, whereas other species are unresponsive (Warkentin 1995;
Chivers et al. 2001; Laurila et al. 2001; 2002; Johnson et al.
2003; Saenz et al. 2003; Orizaola and Brafia 2004; Vonesh 2005;
Gomez-Mestre et al. 2008; Anderson and Brown 2009; Segev
et al. 2015). From the studies that have been conducted on am-
phibian embryos (encompassing 12 families), one can conclude
that predator-induced developmental plasticity exists in some, but
not all species. Because most of these experimental efforts thus
far have examined only one or two species at a time (using a
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variety of experimental conditions and predator species), we have
relatively few comparable data on the directions and magnitudes
of these responses. We also lack a general understanding of the
phylogenetic constraints and ecological conditions under which
these responses have evolved (but see Gomez-Mestre et al. 2008).
Clearly, a phylogenetic approach is well suited to examine this
question.

We addressed the following hypotheses: (1) Amphibian em-
bryos will respond to predator cues by hatchling earlier, less de-
veloped, and at a smaller size, (2) different species of amphibian
embryos will differ in their traits and trait plasticity in response
to predation risk, (3) there will be phylogenetic signal in the traits
and trait plasticity of amphibian embryos, and (4) the rates of
evolution will be similar between traits and trait plasticity, when
estimated using the best fitting model of character evolution.

Methods

THE CHALLENGES

When taking a phylogenetic approach to quantifying ecologically
important traits, a number of challenges arise (for both plastic and
nonplastic traits; i.e., constitutive traits). The first challenge is de-
ciding upon the rearing conditions. Many biologists would prefer
to quantify traits as they appear in nature, yet this method would
confound species-level variation with environmental factors,
including differences in temperature, pH, dissolved oxygen, and
resources. Thus, investigators doing comparative work on plastic
traits have assessed species under common-garden conditions to
ensure that observed phenotypic differences can be attributed to
genetic differences among species (Pigliucci et al. 1999, 2003;
Colbourne 1997; Thaler and Karban 1997; Richardson 2001a,b,
2002a,b). One limitation is that species living under common-
garden conditions might not exhibit the same magnitude of
plasticity that they exhibit in nature. Given the extreme logistical
difficulties of raising a large number of species under a wide
range of environmental conditions, the common-garden approach
is a necessary compromise that arises from the need to balance
between these challenges. However, because temperature is one
environmental condition of particular concern, we assessed the
potential bias of temperature on plastic responses by rearing
three of the species under two different temperatures.

The second challenge in taking a phylogenetic approach
is to select populations that best represent a species. For most
species, there is population-level variation in traits, especially in
cosmopolitan species. However, comparative studies generally
make the assumption that interspecific variation is larger than
intraspecific variation. Because of the substantial challenge of
assessing a large number of species, it is not feasible to sample
multiple populations throughout each species’ range (although

this is an interesting question that could be examined in future
studies). To circumvent this problem, we attempted to minimize
nonrepresentative phenotypes by collecting species in their most
common type of habitat and avoiding the collection of individ-
uals from the extremes of a species’ range. However, we also
assessed the impact of intraspecific variation on our conclusions
by quantifying the plasticity of two distant populations from each
of three cosmopolitan species (Lithobates catesbeianus, Anaxyrus
americanus, and Hyla versicolor).

THE EXPERIMENTS

All animals were collected as newly oviposited egg masses by
the different laboratory groups from around the United States
(Table SA1). Once collected, eggs were transported back to the
local laboratory and held at 21°C on a 12-h light:12-h dark cycle.
Because the experiments were conducted in several laboratories
around the United States, all laboratories used identical water
mixtures (i.e., 20 L of deionized water mixed with 75 g of NaCl,
2.1 g of MgSOy, 1.05 g of KCl, 4.2 g of NaHCOs, and 2.8 g of
CaCl).

Each egg-hatching experiment was conducted using a com-
pletely randomized design with three treatments and six replicates
of each treatment for a total of 18 experimental units. The exper-
imental units were Petri dishes (plastic 100 x 20 mm) containing
50 mL of water. To determine whether the embryos exhibited
plastic responses to the three environments, we waited until the
eggs approximately reached gastrulation stage (Gosner stage 12;
Gosner 1960) and separated 190 eggs from each collection of
clutches. In all experiments, we randomly assigned 10 eggs to
each of the 18 Petri dishes and preserved an additional 10 eggs in
buffered 10% formalin to confirm the developmental stage of the
eggs at the start of each experiment. In one case (the Oregon pop-
ulation of Anaxyrus boreas), the eggs were collected at a slightly
later stage (Gosner stage 15).

Our three treatments were control (i.e., no predator cues),
crushed conspecific eggs, and crayfish-consumed conspecific
eggs. The cues for each environment were generated using 1 L
of water that had either no predator cues (i.e., control), eggs that
were crushed by hand, or eggs that were consumed by a red
swamp crayfish (Procambarus clarkii). We chose a crayfish be-
cause as a group they are common consumers of amphibian eggs.
We chose the red swamp crayfish in particular because it has a
large native range in North America and an even larger introduced
range (https://nas.er.usgs.gov/viewer/omap.aspx?SpeciesID =
217). The implicit assumption is that the antipredator responses
induced by chemical cues of this crayfish would be similar to
those induced by other crayfish that coexist with the various am-
phibian species. Unfortunately, there is probably no single egg
predator species that coexists with every anuran species in North
America.

EVOLUTION JANUARY 2018 3
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For the crushed and consumed-egg treatments, we used three,
five, or seven eggs to generate the cues, depending on egg size; the
smaller the eggs of a given species, the more eggs were crushed
or consumed to provide all species with an approximately equal
amount of egg biomass that could produce chemical cues. This is
important because the mass of prey fed to a predator affects the
strength of the prey’s response (Schoeppner and Relyea 2008). To
increase the likelihood that we would have a predator consume
all eggs within 30 min, we set up three, 1-L crayfish containers;
the container with the highest predation (i.e., usually consuming
all eggs) was used for the cue source. All cues were added 30 min
after being generated in the crushed and crayfish treatments. For
both treatments, we removed a sample of the water containing
the cues and avoided picking up any organic matter (e.g., pieces
of destroyed eggs or feces from the crayfish). When adding the
cues to the dishes, we removed 25 mL of water from each dish
every 12 h and replaced it with 25 mL of new cue water. After
the cues were added to the dishes, we added new water to the
cue-generating containers to return their volume to 1 L.

As the embryos approached hatching, we checked the dishes
every 4 h to determine the time of hatching (i.e., the time at which
an individual successfully leaves its egg). As each animal hatched,
we recorded the time to hatching and then euthanized and pre-
served the individual in buffered 10% formalin to later determine
the Gosner stage and mass at hatching. Across all experiments,
embryo survival ranged from 58 to 97% (median = 89%). At
the end of the experiment, preserved hatchlings from all labo-
ratories were shipped to the University of Pittsburgh, where we
quantified the mean Gosner stage at the start of each embryonic
experiment, mean developmental stage at the time of hatching,
and mean individual mass. Using these response variables, we
calculated developmental rate (i.e., [stage at hatching — initial
stage] + time to hatching) and growth rate (i.e., mass at hatching +
time to hatching).

ADDITIONAL EXPERIMENTS MANIPULATING
TEMPERATURE

To assess the impact of different rearing temperatures on our con-
clusions, we examined the effects of different temperatures on
the traits and trait plasticity of the embryos. To do this, we tested
three of the species (one species from each family: A. americanus,
H. versicolor, and L. clamitans) in identical experiments as de-
scribed above, but at a second temperature (19°C).

STATISTICAL METHODS FOR ASSESSING HOW EACH
SPECIES RESPONDED TO THE ENVIRONMENT

We assessed the plasticity of five traits for each species: mass,
growth rate, time to hatching, stage at hatching, and development
rate. We began by taking the mean of all individuals in an ex-
perimental unit for each response variable. In general, the mean
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time to hatching, growth rate, and developmental rate were all
normally distributed; only the Anaxyrus fowleri was nonnormally
distributed, but nonparametric tests gave similar results as para-
metric tests. Because analysis of variance is robust to violations
of this assumption, we used a multivariate analysis of variance
(MANOVA) for each species followed by subsequent univariate
tests for each response variable. Stage at hatching was generally
nonnormally distributed; moreover, eight of the 23 species exhib-
ited no variation in this trait, so this variable was removed from
the MANOVA for these species (Table SA3). All other data were
rank-transformed. To test for trait induction due to an exposure
to crushed or consumed eggs, we used planned contrasts between
the control and crayfish treatments and between the control and
crushed conspecific treatments.

To determine if temperature interacted with plasticity for
the three species that we raised at two temperatures, we used a
MANOVA to test for effects of temperature, treatment, and their
interaction. Response variables were generally normal within tem-
peratures. All three species exhibited significant multivariate ef-
fects of temperature (Table SA4) and one of the species exhibited a
multivariate temperature-by-treatment interaction. However, this
interaction was driven by a difference between responses to cray-
fish versus crushed eggs at the two different temperatures. Our
interest was in examining plasticity in control versus crayfish and
control versus crushed eggs and these specific plastic responses
did not interact with temperature (all P > 0.19) for any of the traits
in any of the three species. Because the magnitude of the plastic
responses did not change as a function of the two temperatures,
we used the data from the 21°C experiment to match all of the
other species. Although such results are encouraging, we cannot
assess whether temperature might cause interactive effects on the
magnitude of plasticity with the other species.

STATISTICAL METHODS FOR QUANTIFYING TRAIT
PLASTICITY

To address our questions about phylogenetic patterns of plasticity,
we first had to determine how to quantify plasticity and how to
interpret the outcomes when plasticity is quantified in different
ways. We included measures of plasticity as an absolute mea-
sure (e.g., trait mean for the control treatment — trait mean for
the crayfish treatment), plasticity that is proportional to the grand
mean (e.g., [trait mean for the control treatment — trait mean
for the crayfish treatment] + grand mean), and plasticity that is
proportional the pooled SD, using the meta-analytic Hedge’s G
(e.g., [trait mean for the control treatment — trait mean for the
crayfish treatment] + pooled SD; Hedges 1981). These plasticity
measures included both direction and magnitude. For the pooled
SDs, we defined SD; as the pooled SD for the control and crushed
environments and SD; as the pooled SD for the control and cray-
fish environments.
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Given that some of our plasticity measures used the grand
mean or a pooled SD as a denominator, we also decided it was
important to determine whether these denominators contained any
phylogenetic signal that would cause a spurious result when we
looked for a phylogenetic signal of plasticity. As a result, we
assessed phylogenetic signal in the grand mean and in the pool
SDs. In this way, when we assessed phylogenetic signal using
plasticity metrics that included grand means and pooled SDs, we
could assess the contribution of signal from both the numerator
and denominator.

PHYLOGENETIC COMPARATIVE ANALYSES

Species phylogenetic relationships were obtained from a pub-
lished amphibian phylogeny (Pyron and Wiens 2013), pruned
down to include only the species found in our study. Analyses
with this tree were conducted using values averaged across pop-
ulations to produce a species-level estimate when multiple popu-
lations were measured. Phylogenetic signal was quantified using
Blomberg’s K (Blomberg et al. 2003). The statistical significance
of phylogenetic signal was assessed using a randomization test
described by Blomberg and Garland (2002) implemented in the R
library picante (Kembel et al. 2010). Tests were performed using
10,000 randomizations. In all cases, we consider P values signif-
icant at values of < 0.05. Our measurements of developmental
stage included a few species that expressed zero plasticity. We
calculated rate and signal for developmental stage plasticity both
including and excluding species that exhibited zero plasticity and
the results were quantitatively similar and qualitatively identical
in both sets of analyses. As a result, we report results using all
species.

For each trait and plasticity measure, we compared the fits
(i.e., AICc scores) of three models of continuous character evolu-
tion: (1) the Brownian motion (BM) model of character evolution,
which is based on models of random particle diffusion in a lig-
uid, which is a widely used neutral model of character evolution
under genetic drift and the model implicitly assumed by many
phylogenetic comparative methods; (2) the Ornstein—-Uhlenbeck
(OU) model of character evolution (Hansen 1997, Butler & King
2004), which models character evolution as a random walk with a
central tendency (i.e., a stabilizing force); and (3) the early burst
(EB) model that models character evolution as a random walk,
the rate of which decreases as you move from the root of the tree
to the tips. Evolutionary rate was measured using sigma squared
estimated from models fitted using the R package Geiger version
2.0.6 (Harmon et al. 2008; Pennell et al. 2014). For OU models,
we estimated o (i.e., the strength of attraction toward a central
tendency) to evaluate the degree to which OU models differed
from BM. We also estimated the phylogenetic half-life, which is
a measure of how fast species would be expected to approach the
evolutionary optimum.

The three models were first fitted using raw trait data and
measures of plasticity. However, this produced rate estimates that
were highly correlated with the order of magnitude of the range of
trait variation (Fig. SA2). For example, if one trait varied between
1 and 10 and another varied between 10 and 100, the latter trait
would show a much higher rate estimate even though in propor-
tion to their size both traits are likely evolving at similar rates.
The typical method of dealing with this issue would be to esti-
mate rates for log-transformed traits (Ackerly 2009). However,
most of our measures of plasticity contained negative values for
some species, which cannot be log transformed. Transforming the
absolute values of trait plasticity was considered. However, this
would have discarded information on the direction of plasticity,
and would have greatly inflated rate estimates for trait plastic-
ity that happened to show positive or negative values close to
zero. Instead, we divided all trait and trait plasticity values by the
minimum value that any species exhibited, and used these ratio-
transformed trait and trait plasticity values to estimate evolution-
ary rate. Like log-transformed traits, this yielded trait ranges that
were wide when the maximum species trait values were multiples
of minimum trait values, but that also preserved information on
directionality. Only the results using ratio-transformed trait and
plasticity values are reported here.

Results

TRAIT PLASTICITY IN EACH SPECIES

Our first analysis conducted MANOVAs on the five life-history
traits for each of the 23 experiments (Table SA2; Figs. 1 and 2).
Of the 23 experiments, nine had significant multivariate tests and
one had a nearly significant multivariate test (i.e., P < 0.07).

We then examined the patterns of responses to crayfish con-
suming eggs versus the control, which should represent the high-
est risk environment. For time to hatching, four species hatched
earlier with crayfish (P < 0.05), six species hatched later (P <
0.05), and the remaining 13 species exhibited no significant re-
sponse. For mass at hatching, three species hatched at a smaller
mass with crayfish, one species had a greater mass, and 20 species
exhibited no response. For growth rate, three species grew at a
slower rate with crayfish, while the other 20 species exhibited no
response. For stage at hatching, three species were less developed
with crayfish, two species were more developed, and 18 species
exhibited no response (including the eight species that exhibited
zero variation in this trait). For developmental rate, five species
had a slower developmental rate with crayfish, four species had a
faster developmental rate, and 14 species exhibited no response.

Next, we examined the patterns of responses to crushed eggs
versus the control (Table SA2; Figs. 1 and 2). For time to hatching,
two species hatched earlier with crushed eggs, two species hatched
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R. A. RELYEA ET AL.

I:' Control I:' Crushed eggs . Crayfish eating eggs

25
o T
c . _
£
O
©
<
®
[0
o> T _
g 20 My «
2} *
o _
C
7]
o
1]
15 L - .
*
12 . ht
=) _
é10
()]
£ 8-
Ky
[}
k]
< 61
© *
: <t . A
s 4
E *
27
0 | - _*’r

120

100

80

60

Time to hatching (h)

o
L
*
—
-t
[
-t
—+
]
H
1
—+
—+
—+

40 |

20

L. pipiens-PA

L clamitans-PA

L. sylvaticus-MI

L. sylvaticus-PA
R. cascadae-OR
R. aurora-OR

R. boylii-CA

P. crucifer-PA

P. ornata-FL

L. catesbeianus-PA

P. triseriata-MI

*T
O 2 < o N O« X oo o o
2R 993135 %9=2 5% %
© = 5 O (2] =
£ S = = 5 9 5 8 ® 5 2 ©
S 5 5 5 9 8 8§ ¢ ¢ § =
3 = & ¢ £ 2 55 5 8§ o o
§ & o 4o 5 2 5 8825 =
Ep % §g 22 r<g g<
- 5 > 2 £ E
o . £ T 3
T < <

Figure 1. Time to hatching, mass at hatching, and Gosner stage at hatching for 20 species of amphibian embryos when exposed to cues
from either no predator, crushed conspecific eggs, or crayfish consuming conspecific eggs. To test for population effects, three species
were selected from two locations. Abbreviations refer to the states in which the animals were collected. Asterisks indicate species in
which crushed-egg cues differed from the control; crosses indicate species in which crayfish cues differed from the control (P < 0.05).

Data are means + 1 SE.

later, and the remaining 19 species exhibited no response. For
mass at hatching, three species hatched at a smaller mass with
crushed eggs, one species had a greater mass, and 19 species
exhibited no response. For growth rate, three species grew at
a slower rate with crushed eggs, whereas the other 20 species
exhibited no response. For stage at hatching, two species were less
developed with crushed eggs, three species were more developed,
and 18 species exhibited no response (including the eight species
that exhibited zero variation in this trait). For developmental rate,
two species had a slower developmental rate with crushed eggs,
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three species had a faster developmental rate, and 18 species
exhibited no response.

THERMAL SENSITIVITY IN PLASTICITY AMONG
THREE FOCAL SPECIES

For three of the species, we raised the embryos at two differ-
ent temperatures to determine the importance of temperature in
altering the traits and the plasticity of the traits (i.e., as
determined by a treatment-by-temperature interaction; Table A3).

For A. americanus and L. clamitans, temperature had a
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Figure 2. Growth rate (i.e., mass -+ time to hatch) and developmental rate (i.e., Gosner stage -+ time to hatch) for 20 species of amphibian
embryos when exposed to cues from either no predator, crushed conspecific eggs, or crayfish consuming conspecific eggs. To test for
population effects, three species were selected from two locations. Abbreviations refer to the states in which the animals were collected.
Asterisks indicate species in which crushed-egg cues differed from the control; crosses indicate species in which crayfish cues differed

from the control (P < 0.05). Data are means + 1 SE.

multivariate effect that was driven by four of the five embryo
traits, but temperature did not alter the magnitudes of plastic-
ity. For H. versicolor, however, there were multivariate effects of
temperature, treatment, and their interaction. The interaction was
driven by the mass at hatching and stage at hatching. However,
subsequent analyses indicated that contrasts of interest (i.e., the
magnitude of plasticity for the control vs. crushed-egg treatments
and the magnitude of plasticity for the control vs. consumed-egg
treatments) did not differ with temperature.

PHYLOGENETIC SIGNAL IN TRAITS
Our analysis of phylogenetic signal began by testing for phy-
logenetic signal in the five embryonic traits within each of the

three environments (control, crayfish cues, and crushed-egg cues;
Tables 1-5, SA4-8). Time to hatching did not exhibit statisti-
cally significant phylogenetic signal in any environment. Mass at
hatching, stage at hatching, and growth rate all exhibited signifi-
cant phylogenetic signal in all three environments. Development
rate exhibited significant phylogenetic signal in two environments
and nearly significant (P = 0.054) in the third. Across all 15 analy-
ses of phylogenetic signal in embryonic traits, phylogenetic signal
was significant in 73% of the tests (Table 6).

PHYLOGENETIC SIGNAL IN TRAIT PLASTICITY
We next tested for phylogenetic signal in the plasticity of
the five embryonic traits using multiple measures of plasticity

EVOLUTION JANUARY 2018 7
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Table 1. Tests of phylogenetic signal and evolutionary rates for time to hatching of amphibian embryos when raised in three inducing

environments.

Blomberg’s K P-value BM AICc OU AICc EB AICc

(A) Trait

Control 0.339 0.076 49.4 45.1 52.2

Crushed-egg cues 0.338 0.082 50.2 45.6 53.1

Crayfish cues 0.313 0.116 54.0 48.6 56.9
(B) Trait plasticity

(Control — Crushed) 0.189 0.417 49.3 354 52.2

(Control — Crayfish) 0.131 0.700 49.9 30.0 52.8

(Control — Crushed) + Grand mean 0.186 0.421 49.4 353 522

(Control — Crayfish) + Grand mean 0.170 0.488 49.5 34.2 52.4

(Control — Crushed) + Pooled SD; 0.197 0.393 43.7 30.2 46.5

(Control — Crayfish) + Pooled SD, 0.135 0.676 61.0 41.6 63.8
(C) Grand mean and pooled SD

Grand mean 0.331 0.092 51.0 46.3 53.9

Pooled SD; 0.186 0.437 86.1 73.1 89.0

Pooled SD, 0.261 0.215 77.1 70.2 80.0

The analyses tested (A) traits and (B) trait plasticity of the embryos. To better understand how phylogenetic signal was affected by the numerators and
denominators in the plasticity estimates, we also assessed phylogenetic signal in the (C) grand mean and pooled SDs. Phylogenetic signal was tested

using Blomberg’s K and its associated P-value (bold font indicates significant tests; P < 0.05). Three models of continuous character evolution were used to
determine which model produced the best fit to the data (based on AICc scores): Brownian motion (BM), Ornstein-Uhlenbeck (OU), and early burst (EB).

Models with the lowest AlICc values are shown in bold font.

(Tables 1-5, SA4-8). For time to hatching and developmental
rate, none of the six tests exhibited significant phylogenetic sig-
nal. For mass at hatching and growth rate, two of the six measures
of plasticity (Control — Crushed and Control — Crayfish) exhib-
ited significant signal. For stage at hatching, only one of the six
measures ([Control — Crushed]/SD,) exhibited significant signal.
Across all 30 analyses of phylogenetic signal in trait plasticity,
phylogenetic signal was significant in 17% of the tests (Table 6).

MODELS OF TRAIT EVOLUTION AND EVOLUTIONARY
RATES OF TRAITS VERSUS TRAIT PLASTICITY

For time to hatching and developmental rate, the OU model was
a better fit for both traits and their plasticity. For the other three
traits, the OU model was essentially tied with BM, with com-
parisons of the two models exhibiting delta AICc scores of less
than two. It is notable that the best fitting model of trait evolution
was always the same for both trait means and plasticity measures
derived from them for any given life-history trait. Values of o esti-
mated for OU models in cases where the OU model was a better fit
were higher than those estimated in cases where BM was a better
fit (Table 7). For time to hatching and developmental rate, plas-
ticity tended to show a higher evolutionary rate than trait means
under the best fitting (i.e., OU) model of character evolution. For
stage at hatching, plasticity showed higher evolutionary rates than
trait means regardless of whether sigma squared was estimated
using a BM or OU model. For mass at hatching and growth rate,
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the opposite held true; plasticity tended to show a lower evolution-
ary rate than trait means. We note that the evolutionary rates for
the pooled SD generally showed a greatly inflated evolutionary
rate, but the method employed to measure evolutionary rates was
designed for species trait means, not SDs.

Discussion

In documenting the life-history responses to predator cues in three
families of amphibians, we discovered that responses varied a
great deal among species. Moreover, we found that the traits
frequently exhibited phylogenetic signal, whereas trait plasticity
rarely exhibited phylogenetic signal. Finally, we discovered that
evolutionary rates were more rapid for traits than trait plasticity
for two life-history traits, but less rapid for three life-history traits.
Next, we expand on each of these discoveries.

THE PHENOTYPIC RESPONSES OF EMBRYOS
COMPARED TO THE LITERATURE

More than 30 embryonic plasticity studies have been conducted
with amphibians over the past two decades to quantity their life-
history responses to predators under a variety of experimental
conditions (Segev et al. 2015). These studies have found a range
of predator-induced responses that suggest that different species
have evolved different magnitudes of embryonic responses to
egg predators, damaged eggs, and larval predators (including a
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Table 2. Tests of phylogenetic signal and evolutionary rates for mass at hatching of amphibian embryos when raised in three inducing

environments.

Blomberg’s K P-value BM AICc OU AICc EB AICc

(A) Trait

Control 0.737 0.003 94.6 96.6 97.4

Crushed-egg cues 0.730 0.004 92.6 94.5 95.4

Crayfish cues 0.733 0.003 96.2 98.0 99.0
(B) Trait plasticity

(Control - Crushed) 0.473 0.028 72.5 71.8 75.4

(Control — Crayfish) 0.485 0.037 93.2 93.3 96.1

(Control - Crushed) + Grand mean 0.160 0.566 44.7 28.2 47.6

(Control - Crayfish) + Grand mean 0.179 0.428 77.3 63.5 80.1

(Control - Crushed) + Pooled SD; 0.221 0.288 65.9 55.4 68.8

(Control - Crayfish) + Pooled SD, 0.228 0.251 62.3 53.1 65.2
(C) Grand mean and pooled SD

Grand mean 0.735 0.003 94.4 96.3 97.2

Pooled SD; 0.605 0.008 131.1 132.3 134.0

Pooled SD, 0.501 0.058 150.4 150.6 153.3

The analyses tested (A) traits and (B) trait plasticity of the embryos. To better understand how phylogenetic signal was affected by the numerators and
denominators in the plasticity estimates, we also assessed phylogenetic signal in the (C) grand mean and pooled SDs. Phylogenetic signal was tested

using Blomberg’s K and its associated P-value (bold font indicates significant tests; P < 0.05). Three models of continuous character evolution were used to
determine which model produced the best fit to the data (based on AlCc scores): Brownian motion (BM), Ornstein-Uhlenbeck (OU), and early burst (EB).

Models with the lowest AICc values are shown in bold font.

complete lack of response). However, a major challenge in inter-
preting the patterns of induced responses among species is that
nearly all of these studies have examined one species at a time,
although a few have examined two species. The power of the
current study’s approach is that all 20 species were raised under
identical conditions with the same suite of environmental manip-
ulations, making it possible to attribute differences in response
to the species and not differences in experimental design (see
also Gomez-Mestre et al. 2008). However, as noted earlier, an
important constraint in doing large comparisons among species
raised under identical conditions is that it becomes difficult or
impossible to know whether the fundamental conclusions would
change under different abiotic conditions including differences in
temperature, pH, and per capita food rations. This constraint also
applies to comparing all past studies that have raised one or more
species under controlled conditions, whether in the laboratory or
in outdoor venues.

Inregard to the time it takes for an embryo to hatch, one would
predict an adaptive response to egg predators would be for em-
bryos to hatch sooner and avoid the predator, although this would
likely come at the cost of reduced growth and development of the
newly hatched animal. Consistent with this prediction, a number
of studies have observed earlier hatching times (e.g., Johnson et al.
2003; Touchon et al. 2006; Segev et al. 2015), but a substantial
number of studies have not (e.g., Schalk et al. 2002; Anderson
and Petranka 2003; Dibble et al. 2009). Similarly, even when cues

from egg predators induce earlier hatching, the expected trade-
off of smaller, less developed hatchlings sometimes is observed
(Johnson et al. 2003; Gomez-Mestre et al. 2008), but many times
the response variables are simply not measured. In our experi-
ments, however, there was no evidence of a consistent trade-off;
several species that were induced to exhibit significantly shorter
or longer times to hatching did not exhibit significant changes in
their mass at hatching or stage at hatching. Of course, a number
of constraints could prevent such a response from evolving.

In our set of 23 experiments, embryos exposed to crayfish
induced earlier time to hatching in four experiments, a later time
to hatching in six experiments, and no change in 13 experiments.
For comparison, there have been three studies of amphibian em-
bryos raised with and without crayfish cues and all of them
have observed earlier times to hatching with crayfish cues (using
L. sphenocephala and L. clamitans; Johnson et al. 2003; Saenz
et al. 2003; Anderson & Brown 2009). In our study, L. clamitans
also tended to hatch earlier as well, but the difference was not
significantly different from the control (P = 0.19). We have no
way of assessing potential publication bias in which studies may
have observed no response to crayfish cues and not published the
results. Of course, one would not expect every species to respond
to a given predator in the same way (Relyea 2007) and plastic
responses may depend on a wide variety of factors including abi-
otic conditions, ontogeny, and whether the predators consumes
both eggs and larvae of amphibians (as crayfish can do). As noted
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Table 3. Tests of phylogenetic signal and evolutionary rates for developmental stage to hatching of amphibian embryos when raised
in three inducing environments.

Blomberg’s K P-value BM AICc OU AICc EB AICc

(A) Trait

Control 1.079 0.000 -32.1 -30.4 —29.3

Crushed-egg cues 1.167 0.000 -33.2 -31.2 -30.3

Crayfish cues 1.131 0.001 -324 —30.6 —29.6
(B) Trait plasticity

(Control — Crushed) 0.173 0.547 52.9 38.6 55.8

(Control — Crayfish) 0.260 0.473 67.5 60.9 70.3

(Control — Crushed) + Grand mean 0.197 0.492 56.5 44.7 59.4

(Control — Crayfish) + Grand mean 0.251 0.483 66.3 59.1 69.2

(Control — Crushed) + Pooled SD; 0.479 0.014 12.9 13.5 15.8

(Control — Crayfish) + Pooled SD, 0.234 0.333 56.3 47.7 59.2
C. Grand mean and pooled SD

Grand mean 1.135 0.000 -32.8 -30.9 -30.0

Pooled SD; 0.226 0.279 32.1 22.2 35.0

Pooled SD, 0.317 0.086 NE NE NE

The analyses tested (A) traits and (B) trait plasticity of the embryos. To better understand how phylogenetic signal was affected by the numerators and
denominators in the plasticity estimates, we also assessed phylogenetic signal in the (C) grand mean and pooled SDs. Phylogenetic signal was tested
using Blomberg’s K and its associated P-value (bold font indicates significant tests; P < 0.05). Three models of continuous character evolution were used to
determine which model produced the best fit to the data (based on AICc scores): Brownian motion (BM), Ornstein-Uhlenbeck (OU), and early burst (EB).
Models with the lowest AICc values are shown in bold font (NE, not estimable due to a denominator of zero).

Table 4. Tests of phylogenetic signal and evolutionary rates for growth rate of amphibian embryos when raised in three inducing
environments.

Blomberg’s K P-value BM AICc OU AICc EB AICc

(A) Trait

Control 0.5948 0.0069 94.2 93.9 97.0

Crushed-egg cues 0.6049 0.0069 91.4 91.1 94.3

Crayfish cues 0.5863 0.0079 94.3 93.6 97.1
(B) Trait plasticity

(Control — Crushed) 0.6188 0.0061 46.9 49.2 49.7

(Control — Crayfish) 0.4755 0.0306 60.8 61.3 63.6

(Control — Crushed) +~ Grand mean 0.2175 0.3597 33.0 22.0 35.8

(Control — Crayfish) + Grand mean 0.2106 0.3055 60.5 49.5 63.4

(Control — Crushed) + Pooled SD; 0.2355 0.2500 59.7 50.7 62.5

(Control — Crayfish) + Pooled SD, 0.3230 0.0643 52.7 48.6 55.5
(C) Grand mean and pooled SD

Grand mean 0.5961 0.0075 93.2 92.8 96.0

Pooled SD; 0.5325 0.0304 133.7 134.0 136.6

Pooled SD, 0.4715 0.0506 129.8 129.0 132.6

The analyses tested (A) traits and (B) trait plasticity of the embryos. To better understand how phylogenetic signal was affected by the numerators and
denominators in the plasticity estimates, we also assessed phylogenetic signal in the (C) grand mean and pooled SDs. Phylogenetic signal was tested
using Blomberg’s K and its associated P-value (bold font indicates significant tests; P < 0.05). Three models of continuous character evolution were used to
determine which model produced the best fit to the data (based on AlCc scores): Brownian motion (BM), Ornstein-Uhlenbeck (OU), and early burst (EB).
Models with the lowest AICc values are shown in bold font.

10 EVOLUTION JANUARY 2018



EVOLUTIONARY PATTERNS OF PLASTIC TRAITS

Table 5. Tests of phylogenetic signal and evolutionary rates for developmental rate of amphibian embryos when raised in three inducing

environments.

Blomberg’s K P-value BM AICc OU AICc EB AlICc

(A) Trait

Control 0.353 0.054 61.6 57.7 64.5

Crushed-egg cues 0.422 0.017 56.1 54.1 58.9

Crayfish cues 0.374 0.037 57.9 54.7 60.7
(B) Trait plasticity

(Control — Crushed) 0.076 0.954 71.6 41.2 74.4

(Control — Crayfish) 0.131 0.713 62.9 42.7 65.8

(Control — Crushed) + Grand mean 0.178 0.490 38.3 24.1 41.2

(Control — Crayfish) + Grand mean 0.191 0.386 52.9 40.1 55.8

(Control — Crushed) + Pooled SD; 0.193 0.399 423 29.6 45.1

(Control — Crayfish) + Pooled SD, 0.113 0.818 65.1 42.5 68.0
(C) Grand mean and pooled SD

Grand mean 0.384 0.029 57.2 54.3 60.1

Pooled SD; 0.190 0.388 94.1 80.8 97.0

Pooled SD, 0.312 0.089 81.9 76.6 84.7

The analyses tested (A) traits and (B) trait plasticity of the embryos. To better understand how phylogenetic signal was affected by the numerators and
denominators in the plasticity estimates, we also assessed phylogenetic signal in the (C) grand mean and pooled SDs. Phylogenetic signal was tested

using Blomberg’s K and its associated P-value (bold font indicates significant tests; P < 0.05). Three models of continuous character evolution were used to
determine which model produced the best fit to the data (based on AlCc scores): Brownian motion (BM), Ornstein-Uhlenbeck (OU), and early burst (EB).

Models with the lowest AlCc values are shown in bold font.

Table 6. A summary of the analyses for significant phylogenetic signal (Blomberg’s K) in the (A) traits and (B) trait plasticity of amphibian

embryos exposed to predatory cues (v/ = P < 0.05).

Time to hatching  Mass at hatching  Stage at hatching ~ Growth rate  Development rate

(A) Trait
Control
Crush
Crayfish
(B) Trait plasticity
Control — Crushed
Control — Crayfish
(Control — Crushed) + GM
(Control — Crayfish) + GM
(Control — Crushed) +~ SD1
(Control — Crayfish) + SD2
(C) Grand mean and pooled SDs
GM V
SD1 (control, crushed) J
SD2 (control, crayfish)

L &

L
S U S S
<

Detailed statistics can be found in Tables 1-5. To better understand how phylogenetic signal was affected by the numerators and denominators of several
of the plasticity estimates, we also assessed phylogenetic signal in the (C) grand means (GM) and pooled SDs (SD4 and SD;).

earlier, one of the challenges in exposing a large number of species
from across an entire continent to cues from a single predator
species is that not every species will coexist with the predator
(although it may coexist with close relatives of the predator). As a
result, an important caveat to the results of the crayfish cue treat-

ment is that we may have some cases of species not responding
to the cue because that do not coexist with the species of crayfish
that we used. One implication of this is that the more reliable
data may be how the embryos respond to the cues of crushed

eggs.
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We also observed that embryos exposed to crushed eggs
induced earlier time to hatching in two experiments, a later
time to hatching in two experiments, and no change in 19
experiments. We only found two studies that have examined
amphibian embryo responses to damaged eggs; one study ob-
served the induction of earlier hatching (Chiromantis hanse-
nae; Poo & Bickford 2014), whereas the other study ob-
served no effect (L. temporaria; Mandrillon & Saglio 2007).
Collectively, these results suggest that amphibian embryos of-
ten respond to cues from crayfish eating conspecific eggs
and occasionally respond to cues from damaged conspecific

eggs.

PHYLOGENETIC SIGNAL IN TRAITS AND TRAIT
PLASTICITY

We observed a striking consistency in the occurrence of phylo-
genetic signal in the life-history traits. Four of the five sets of
life-history trait means showed significant signal, and even time
to hatching showed levels of signal that could be described as
“nearly significant” with P values of less than 0.1 for two of
the three trait means. Detecting phylogenetic signal in the life-
history traits of a group of species is not particularly surprising.
Such patterns have been detected in a wide range of taxa including
arboreal-nesting amphibians (Gomez-Mestre et al. 2008), lizards
(Brandt and Navas 2011), carabid beetles (Sota & Ishikawa 2004),
and plants (Moles et al. 2005).

The more interesting question for the current study is whether
there is phylogenetic signal in trait plasticity. One of the most
striking discoveries was how rarely trait plasticity exhibited phy-
logenetic signal across the five life-history variables. From our
30 assessments of phylogenetic signal in life-history traits, only
17% exhibited significant phylogenetic signal. Phylogenetic sig-
nal was completely lacking for time to hatching, whereas it was
only present in 17-33% of the six comparisons within each type
of trait. To evaluate the robustness of our results, we used three
metrics: (1) the difference in phenotypic value expressed in two
treatments, (2) the difference in phenotypic value divided by the
grand mean, and (3) the difference in phenotypic value divided by
apooled SD. Signal was present much more often when plasticity
was measured as a simple difference (40% of comparisons) than
when measured as a ratio (5% of comparisons in which the differ-
ence was divided by a grand mean or pooled SD). In this single
case of a significant ratio ([Control — Crushed/SD;] for devel-
opmental stage), neither the numerator or denominator showed
significant signal.

Studies of phylogenetic signal in plastic traits have been rel-
atively rare. However there are studies comparing the plasticity
of a few species (e.g., Cook 1968; Day et al. 1994; Smith and
Van Buskirk 1995; Murren et al. 2015), studies containing a large
number of species are less common, likely as a result of the chal-

lenge of conducting a large number of induction experiments. Of
those studies that have been done, some have focused on test-
ing the theoretical prediction that greater environmental hetero-
geneity is associated with greater amounts of plasticity by using
phylogenetic contrasts (Van Buskirk 2002). Others have created
phylogenies and mapped presence or absence of plasticity as a
discrete trait onto the trees (Colbourne et al. 1997). In these cases,
there do appear to be significant differences among major clades.
Although these studies performed no explicit test for phylogenetic
signal, it seems that phylogenetic signal likely existed. Examples
include predator-induced morphological defenses in 34 species
of zooplankton (Daphnia; Colbourne et al. 1997) and herbivore-
induced defenses among 21 species of cotton (Gossypium; Thaler
and Karban 1997). Finally, some studies have mapped different
magnitudes of trait plasticity onto a phylogeny, but still not tested
for significant phylogenetic signal. Most of these studies were
focused on other research questions that simply needed phylo-
genetically corrected analyses. Examples include shade-induced
and day-length-induced traits in six to nine species/populations
of Arabidopsis thaliana (Pigliucci et al. 1999; Pollard et al. 2001)
and temperature-induced changes in the larval period and mor-
phology among 13 species of adult frogs (Gomez-Mestre and
Buchholz 2006).

EVOLUTIONARY MODELS AND RATES OF TRAITS
VERSUS TRAIT PLASTICITY

For every life-history trait, the OU model was either the best
fitting model of character evolution or tied with BM based on
AICc scores. The most common interpretation of the OU model
is that it represents stabilizing selection due to the presence of
adaptive optima (Butler et al. 2004, Beaulieu et al. 2012). The
prominence of the OU model in our model fits may indicate that
both traits and their plasticity tend to exhibit an adaptive optimum.
We note, however, that in cases where a, the force of evolutionary
attraction to an evolutionary optimum, is small, behavior of an
OU model may be little different from BM (Cooper et al. 2016).
Following the recommendation of Cooper et al. (2016), we used
o to calculate “evolutionary half-life” (Hansen 1997) of each
OU model in this study. This parameter does not have a strict
biological interpretation, but Cooper et al. (2016) suggest that
when it is large compared to the root age of a tree that it is
estimated from, it reflects a mode of evolution that is more similar
to BM than the OU model. Our results confirm that in cases where
the OU model was a better fit than BM, that values of oo were also
large resulting in estimates of evolutionary half-life much less
than the root age of the phylogeny that we used in our study
(Table SA9). The EB model always showed the worst fit of the
three models considered, indicating that evolutionary rates do not
appear to be decreasing over time. This is in sharp contrast to what
was found in studies of all mammals (Cooper and Davis 2010)

EVOLUTION JANUARY 2018 13



R. A. RELYEA ET AL.

and birds (Brusatte et al. 2014), but similar to the results that
Harmon et al. (2010) obtained when they examined smaller clades
of animals.

We also examined the evolutionary rate of the traits ver-
sus the plasticity of the traits using ratio-transformed traits that
yielded rate measures that generally differed by less than an order
of magnitude. This is similar to the level of rate variation that
Ackerly (2009) saw across plant traits (i.e., roughly two orders of
magnitude) and that Rabosky and Adams (2012) observed among
different clades for body mass. Based on these results, we suggest
that ratio-transformed data, rather than raw or log-transformed
data, should generally be used to compare the evolutionary rates
of traits to trait plasticity, and when comparing rates among differ-
ent measures of plasticity. Ratio transformation might also prove
useful in general when calculating rates for traits that are not log-
normal, or comparing the rates of lognormal and non-lognormal
traits.

When we compared the evolutionary rate of traits ver-
sus trait plasticity using ratio transformation, the evolutionary
rates of trait plasticity were greater than that of the traits from
which they were calculated for three traits (time to hatching,
developmental stage, and developmental rate) and slower for two
life-history traits (mass at hatching and growth rate). This could be
due to differences in the fitness consequence of phenotypic shifts
in the direction or magnitude of plasticity compared to that of the
traits themselves, or due to differences in the genetic architecture
of traits and trait plasticity. Regardless, it seems that evolution-
ary responses of life-history traits to environmental changes or
other selective pressures that push traits beyond or in opposition
to their normal plasticity range could potentially happen more
quickly through shifts in either trait means or through shifts in
trait plasticity somewhat idiosyncratically depending upon the
trait considered.

Conclusion

The results of this study demonstrate that plastic responses to en-
vironmental variation can be highly species-specific, which is not
particularly surprising. More importantly, the traits that species
possess consistently exhibit phylogenetic signal, yet the plasticity
of those traits rarely exhibits phylogenetic signal. In addition, the
OU model was either the best fitting model of character evolution
or tied with BM for traits and all measures of trait plasticity, per-
haps indicating the presence of adaptive peaks. Finally, whether
trait plasticity evolves more slowly or faster than trait means varies
depending upon the trait considered. Given the paucity of large
studies that examine phylogenetic patterns in plasticity, it remains
to be seen whether the patterns exhibited by amphibian embryos
are representative of other taxa.
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