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Phenotypic	plasticity	in	amphibians

Goals
• Overview	of	phenotypic	plasticity
• Summary	of	different	types	of	plasticity
• Discuss	costs	and	benefits	of	plasticity
• Discuss	complexity	of	plasticity
• Readings
• Wells:	Scattered	parts	of	chapters	13-15
• Wilbur,	H.	M.,	and	J.	P.	Collins.	1973.	Ecological	Aspects	of	Amphibian	

Metamorphosis.	Science	182:1305-1314.
• Denoel,	M.,	P.	Joly,	and	H.	H.	Whiteman.	2005.	Evolutionary	ecology	of	facultative	

paedomorphosis	in	newts	and	salamanders.	Biol	Rev	Camb	Philos	Soc	80:663-671.
• Denver,	R.	J.,	M.	Phillips,	and	N.	Mirhadi.	1998.	Adaptive	plasticity	in	amphibian	

metamorphosis:	Response	of	Scaphiopus	hammondii	tadpoles	to	habitat	
desiccation.	Ecology	79:1859-1872.

• Relyea,	R.	A.	2002.	Local	population	differences	in	phenotypic	plasticity:	predator-
induced	changes	in	wood	frog	tadpoles.	Ecol	Monographs	72:77-93.

• Warkentin,	K.	M.	1995.	Adaptive	plasticity	in	hatching	age:	a	response	to	predation	
risk	trade-offs.	PNAS	92:3507-3510.

Phenotypic	variation

Genetic	variation	leads	to	phenotypic	variation
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The	influence	of	environment

The	phenotype	of	a	single	
individual	can	vary	depending	
on	environmental	conditions
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Fig. 1 Contd. ...

that received poor rains and had poor vegetation. In previous years, rain, vegetation, and
grasshopper size patterns were reversed at these two sites (d-f: Whitman, unpubl.).
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Phenotypic	plasticity
When	a	single	genotype	can	produce	different	

phenotypes	under	different	environmental	conditions

Environment
A B

Phenotype

Adaptive	plasticity

Key	factors	in	the	evolution	of	plasticity
1.
2.
3.
4.

*		
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The	basics	of	plasticity

Metamorphosis

Competition

Predation

Paedomorphosis

Decisions	about	metamorphosis
Environmental	variation
• Temperature
• Hydroperiod
• Resource	levels
• Competition
• Predation
• Water	quality

1. Do	these	factors	affect	the	decision	to	metamorphose?
2. What	cues	are	used	to	initiate	metamorphosis?
3. What	are	the	costs	and	benefits	of	this	flexibility?
4. Is	it	adaptive?

The	Wilbur	&	Collins	model

Wilbur	and	Collins	1973.	Ecological	aspects	of	amphibian	metamorphosis

W	=	larval	body	size
b	=	min.	size	to	undergo	meta

b+c	=	max.	size	to	remain	as	larvae
dW/dt	=	size-specific	growth	rate
g	=	current	body	mass
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The	Wilbur	&	Collins	model

Basic	predictions
If	food	resources	decline:
1.
2.

If	food	resources	increase:
1.

The	effects	of	resources	&	temperature	

Leips	and	Travis	1994

Experimental	design:
Tadpoles	were	reared	individually	in	small	containers	
Resource	levels	were	manipulated	over	time
Two	temperatures	were	used
Time	to	&	size	@	metamorphosis	recorded

Larval	period Size	@	metamorphosis
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Summary

•

•

•

Does	this	support	the	Wilbur	and	Collins	model?

Impacts	on	performance
Food	ration	&	temp	altered	to	create	variation	in	larval	period	&	mass	
Performance	of	the	metamorphs	was	tested

Bufo	terrestris;	Beck	&	Congdon	2000

Sprint	Speed	 Endurance	

• Tadpoles	were	reared	in	pens	within	
ponds

• Ponds	differed	in	hydroperiod
•
• Different	families	showed	different	
amounts	of	plasticity	-

• What	are	the	trade-offs?

Spadefoot	toads;	Newman	1988

Pond	drying	&	metamorphosis
Does	pond	drying	affect	the	decision	to	metamorphose?	
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Pond	drying	&	metamorphosis
• Lab	experiments	can	be	used	to	assess	the	effect	of	water	

volume	on	metamorphosis	
•

Spadefoot	toads;	Denver	et	al.	1998

September 1998 1865ADAPTIVE PLASTICITY IN AMPHIBIAN METAMORPHOSIS

FIG. 3. Spadefoot toad tadpoles exhibit a continuum of developmental response to a decreasing water level. Prometa-
morphic tadpoles (10 animals/tank) were exposed to various volume reduction regimes as outlined in the bottom left panel
(regimes 1–5). The bar graphs show mean age, BM, and SVL at metamorphosis (n 5 3 tanks/treatment); error bars represent
11 SE.

TABLE 2. Summary statistics of ANOVAs for body mass in
experiment 3.

Days
post-
hatch MS F df P

27
31
34
36

0.0181
0.0006
0.0372
0.0989

0.65
0.03
1.32
4.29

6, 20
6, 20
6, 20
6, 20

0.69
0.99
0.312
0.0116

38
40
42
44

0.2951
0.2831
0.3894
0.3042

5.03
6.25
14.48
13.31

6, 20
6, 20
6, 20
6, 20

0.006
0.0023

,0.0001
,0.0001

pothesized that the developmental acceleration induced
by volume reduction might be related to both the re-
duced locomotion and the cessation of feeding (caused
by the restriction in movement). Food restriction of
early prometamorphic tadpoles (stage 30–32) produced
inhibition of growth and developmental stasis (tadpoles
developed to stage 34 but then underwent stasis; data
not shown). Food restriction of tadpoles in mid- to late
prometamorphosis (stages 34–35 or 36–37) signifi-
cantly accelerated metamorphosis relative to fed con-
trols (these tadpoles were all maintained in a constant
high water environment; Fig. 8, Table 1). However,

food-restricted tadpoles did not accelerate development
to the same extent as tadpoles whose water level was
reduced but whose food level was maintained (for com-
parison, data from a parallel experiment done under
identical environmental conditions at the same time
using tadpoles from the same spawn are presented in
Fig. 8); i.e., the acceleration of development of food-
restricted tadpoles was ;55% of that of fed controls
subjected to volume reduction. Differences in body size
at metamorphosis closely paralleled the length of the
larval period (Fig. 8); i.e., both BM and SVL were
positively correlated with age at metamorphosis
(pooled data from different treatments: BM, R2 5 0.47,
P 5 0.042; SVL, R2 5 0.51, P 5 0.031).

DISCUSSION

The model system we have developed using tadpoles
of S. hammondii allows us to address how and to what
extent water volume reduction influences plasticity in
development rate. By conducting experiments in a con-
trolled setting, we have systematically evaluated, in the
absence of other correlates of pond drying, several en-
vironmental factors that could function to alter devel-
opment rate in response to habitat desiccation. Because
this is a laboratory experiment, statements regarding

1868 Ecology, Vol. 79, No. 6ROBERT J. DENVER ET AL.

FIG. 7. Developmental response to reduced swimming
volume (with constant dilutional volume) with and without
increasing proximity to the water surface. This experiment
repeated experiment 5 (shown in Fig. 6) except that an ad-
ditional treatment was included in which a screen was placed
in the side of the tank and moved horizontally. Graphs show
the mean age (top) and mean body mass (bottom) at meta-
morphosis. Bars are means 11 SE (eight tadpoles per tank;
three tanks per treatment), and different lowercase letters in-
dicate statistically significant differences among the means
(P , 0.05; Scheffé’s multiple-contrast test).

FIG. 8. Food restriction of prometamorphic tadpoles
maintained in a constant high water environment accelerates
metamorphosis. Prometamorphic tadpoles were distributed to
tanks (eight tadpoles per tank; three tanks per treatment) and
maintained in a constant high water environment. Food was
either maintained constant or restricted at different stages of
development. For comparison data for tadpoles exposed to a
decreasing water level (identical to volume reduction regime
3, experiment 2; see Fig. 3; food was constantly available)
derived from a parallel experiment with the same sibship are
shown. Graphs show mean age, body mass (BM), and snout–
vent length (SVL) at metamorphosis; bars show means 61
SE. Different lowercase letters indicate statistically significant
differences among the means (P , 0.05; Scheffé’s multiple-
contrast test).

TABLE 3. Age (in days), body mass (BM, in grams), and snout–vent length (SVL, in centimeters) from experiment 6, showing
that tadpoles maintained individually accelerate metamorphosis and metamorphose at a smaller body size in response to
volume reduction. Values are means 61 SE. Summary statistics are also presented for age and body size at metamorphosis.

Source
Constant high
water vol.

Decreasing
water vol. MS F df P

Age
BM
SVL

54.6 6 0.8
2.8 6 0.2
2.4 6 0.1

43.9 6 0.4
1.7 6 0.1
2.1 6 0.1

0.1769
0.7769
0.0095

197.04
23.8
15.96

1, 14
1, 14
1, 14

,0.0001
0.0003
0.0015

Wilbur and Fauth 1990, McCollum and Van Buskirk
1996). Most likely there is a complex interaction of
biotic and abiotic components. We can also distinguish
between effects that are dependent on chemical con-
centrations (i.e., of waste products or hormonal/pher-
omonal substances) and those that are not (e.g., phys-
ical interactions among tadpoles, reduction in swim-
ming volume). Little is known about the proximal en-
vironmental cues that signal a desiccating habitat
(Newman 1994). While pond temperature and tadpole
density (both of which are known to influence devel-
opment rate) were positively correlated with short-du-
ration ponds (Newman 1989, 1994), a causative role

for these environmental factors in the response to hab-
itat desiccation was not determined.
Because the drying pond is a complex environment

and no two drying ponds are likely to be exactly alike,

Pond	drying	&	metamorphosis

What	cues	are	tadpoles	using	to	
detect	the	pond	drying?	
1. Reduction	in	swimming	volume
2. Increased	proximity	to	the	

surface

Spadefoot	toads;	Denver	et	al.	1998

•

Paedomorphosis	in	salamanders

Salamanders	also	must	make	decisions	about	metamorphosis

Unlike	anurans,	some	salamanders	are	facultative	paedomorphs (10%)
• Salamandridae,	Ambystomatidae,	Dicamptodontidae,	Hynobiidae,	Plethodontidae

What	affects	the	decision?

What	are	the	costs	and	benefits	of	this	flexibility?

Denoël	et	al.	2005.		Evolutionary	ecology	of	facultative	
paedomorphosis	in	newts	and	salamanders.	
Biological	Review 80:663-671
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Key	variables
Salamanders	might	be	able	to	assess:
1. Temperature	differences	that	affect	growth
2.
3.
4. Predation	pressure	(e.g.,	fish)
5.

Possible	outcomes

Whiteman	1994

Proposed	explanations	for	paedomorphs
1.
2.
3.

Similar	to	Wilbur	&	Collins

in density, both larvae and, in some cases, paedomorphic
adults escape an aquatic environment that is becoming un-
favourable. Such a transition generally occurs just before the
pond dries, allowing individuals to optimize the benefit of
their aquatic habitat (Semlitsch et al., 1988; Denoël, 2003 c).
Food availability can also influence the ontogenetic path-
way, but via a more complex mechanism. Whereas the fre-
quency of metamorphosis increases in adult paedomorphs
as aquatic food resources become scarce (thus supporting
the predictive plasticity hypothesis) (Denoël & Poncin,
2001), food limitation can delay metamorphosis in larvae
(Sprules, 1974a ; Voss, 1995; Ryan & Semlitsch, 2003).

Whiteman (1994) modified the Wilbur–Collins meta-
morphosis model (Wilbur & Collins, 1973) to create three
hypotheses for the production and maintenance of facultat-
ive paedomorphosis according to habitat quality (Fig. 3).
The Paedomorph Advantage (PA) mechanism corresponds
to the basic model of Wilbur and Collins (1973). It predicts
that large, fast-growing animals (larger than P*, the mini-
mum size for paedomorphosis in Fig. 3) in good growing
habitats (where growth rate is high) become paedomorphic,
while animals smaller than P* metamorphose to escape
competition with larger paedomorphs. By contrast, the Best
of a Bad Lot (BOBL) hypothesis predicts the reverse solution
in poor habitats (low growth conditions) : the larger larvae
(>M*, the minimum size for metamorphosis) metamor-
phose, while the smallest ones (between R, the minimum
size for sexual maturity, and M*) keep a larval somatic state
and become reproductively mature. Finally, the Dimorphic
Paedomorph (DP) hypothesis suggests that paedomorphosis
results from both mechanisms according to the local con-
ditions experienced by each individual.

These predictions assume that growth rate is a key inte-
grative parameter, and that body size is related to fitness.
For example, the PA hypothesis suggests that fast-growing
larvae in rich habitats experience a fitness advantage in this
habitat. By contrast, the BOBL hypothesis predicts that
larvae that cannot reach a sufficient size for metamorphosis
take advantage of early maturity as a stopgap solution.

Evidence for both hypotheses in the same population would
support the DP.

Assuming a strong relationship between fitness par-
ameters and body size (Semlitsch, 1985, 1987a), the model
predicts that paedomorphs produced through a PA mech-
anism would have higher fitness than metamorphs (e.g. in
fecundity or mating success), while the reverse would be true
when paedomorphs are produced through a BOBL mech-
anism (although there might be a decrease in age at first
reproduction). The DP suggests that mean fitness might not
differ between morphs within a population, but the variance
in fitness should be greater in paedomorphs than meta-
morphs because paedomorphs are produced through two
mechanisms that differ strongly in their fitness payoffs.

Although a number of studies have supported both the
PA and BOBL hypotheses (Whiteman, 1994; Whiteman
et al., 1996; Denoël & Joly, 2000; Ryan & Semlisch, 2003;
J. M. Doyle & H. H. Whiteman, unpublished data), by far
the most support has been found for PA, perhaps due in
part to the good growing conditions in which many studies
have been conducted. It is clear from experimental and
observational studies of larval growth patterns that both
mechanisms can operate to produce paedomorphs in
nature; what is less clear is how the fitness consequences of
each morph correspond to the hypotheses, if they do so at
all. Because current studies have only addressed fitness
components and not lifetime reproductive success (LRS),
our ability to evaluate this question may have to wait until
more complete LRS analyses of facultatively paedomorphic
species are performed.

VI. CONCLUSIONS AND PERSPECTIVES

(1) Facultative paedomorphosis occurs in habitats as
diverse as deep oligotrophic permanent alpine lakes and
small eutrophic temporary ponds, surrounded by arid areas
as well as by wet forests (Healy, 1974; Sprules, 1974b ;
Breuil, 1992; Whiteman, 1994; Denoël et al., 2001a). The
diversity of these environments, and the animals within
them, has made it challenging to create a satisfactory ex-
planatory framework. By identifying the multiple pathways
that can drive an individual toward paedomorphosis, recent
studies now make it possible to draw a conceptual frame-
work for explaining the evolutionary success of facultative
paedomorphosis in a great diversity of environments
(Semlitsch, 1987b ; Whiteman et al., 1996; Voss & Shaffer,
1997; Whiteman, 1997; Ryan & Semlitsch, 1998; Denoël &
Joly, 2000, 2001; Denoël et al., 2002).

(2) Although many studies have been conducted to
explain the existence and maintenance of polymorphisms,
and particularly facultative paedomorphosis, the mech-
anism(s) of its expression remains poorly understood
(Denver et al., 2002; Voss et al., 2003).

(3) New methods, such as candidate gene analysis, that
have recently been used to determine the alleles involved in
the timing of metamorphosis will increase our knowledge in
the area (Voss et al., 2003).

(4) New research should also focus on the molecular
transcription of signals that induce larvae to become
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Fig. 3. Three ecological models of paedomorphosis (modified
from Whiteman, 1994) : the Best of a Bad Lot (dark shaded
semi-circle), the Paedomorph Advantage (light shaded semi-
circle) and the Dimorphic Paedomorph Hypothesis (open semi-
circle). R : minimum size for sexual maturity, M* : minimum
size for metamorphosis, P* : minimum size for paedomorphosis
through the Paedomorph Advantage model, L : larval stage, P :
paedomorphic stage, M : metamorphic stage.

668 M. Denoël, P. Joly and H. H. Whiteman

Terrestrial	versus	aquatic	decision
Larvae	were	reared	in	pond	mesocosms	at	three	densities

Ambystoma	talpoideum;	Semlitsch	1987

Tanks	were	slowly	drained	or	the	water	level	kept	constant

•
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Costs	and	benefits
Growth	over	2	years Growth	over	time

Gut	contents

•
•

Ambystoma	tigrinum	nebulosum,	Whiteman	et	al.	1996

M

P

Costs	and	benefits
Proportion	surviving

Ambystoma	talpoideum;	Ryan	&	Plague	2004

Two	families	of	larvae	were	used
Hatching	time	was	manipulated
Synchronous	hatching
•
Asynchronous	hatching
•

•

Predation

Great	system	to	explore	plasticity
• Common	in	many	systems
• Diversity	of	foraging	modes
• Variable	in	space	and	time
• Huge	impacts	on	fitness
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Egg	hatching	plasticity
Many	tropical	anurans	lay	eggs	on	vegetation	over	ponds
Clumped,	stationary,	and	good	sources	of	protein	and	energy
Egg	predators	can	dramatically	reduce	clutch	sizes
Is	phenotypic	plasticity	important	for	these	frogs?

Red-eyed	treefrog
(Agalychnis	callidryas)	

Wasps
(Polybia	rejecta)	Cat-eyed	snake

(Leptodeira	septentrionalis)	

Responses	to	wasps

Attacked	by	wasps
Undisturbed

Wasps	attack	one	egg	at	a	time
• Carry	off	the	embryo
Greatest	risk	=		

Responses	to	snakes

Snake	attack	(day	5)

Snake	attack	(day	6)

Control
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Responses	to	snakes

Vibrational	cues

Caldwell	M	S	et	al.	J	Exp	Biol	2009;212:566-575

Snake Snake Snake Snake

Wasp

Responses	to	snakes

Opens	up	more	questions
• Why	not	always	hatch	as	fast	

as	possible?
• Is	there	a	cost	to	hatching	too	

quickly?

•

•

Predator-induced	plasticity	in	larvae
Aquatic	predators	are	diverse	in	form	and	abundance

•



3/6/17

11

Predators	are	variable	in	space	and	time

Predator-induced	plasticity	in	larvae

Detecting	predators
How	do	larvae	detect	predators	in	the	water?
•
For	aquatic	larvae,	which	of	these	cues	is	most	important?	

Chemical	cues	are	complex	mixtures
1.	Alarm	cues	-
2.	Kairomones	-

Designing	experiments
• If	we	just	put	predators	and	prey	together,	prey	mortality	would	be	

extremely	high
• With	cages	we	can	make	use	of	chemical	cues	
• Experiments	can	be	conducted	in	small	tubs,	mesocosms,	or	ponds
• Larvae	can	be	observed	and	measured	to	assess	whether	

predators	induce	changes
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Behavioral	responses
Types	of	responses	include:
•
•
•

Percent	active Percent	near	predator

Behavioral	responses

Morphological	responses
Types	of	responses	include:
•
•
•

Gray	treefrogs	(Hyla	versicolor) Wood	frogs	(Rana	sylvatica)
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Morphological	responses
Data	from	common	garden	experiment	using	different	
populations	of	wood	frogs
•
•

• Anax
o NP

What	if	multiple	predators	are	present?	
Aquatic	communities	can	contain	several	different	predator	species

Predators	differ	in	risk	posed	to	tadpoles

How	do	tadpoles	respond	to	combined	predators?	

Responses	to	combined	predators	
Tadpoles	were	reared	with	4	predators	that	varied	in	risk	level

The	density	of	each	predator	species	was	doubled	to	increase	risk	

All	6	pairwise	combinations	of	predators	were	made
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Reversibility	of	defenses	
Predators	enter	and	leave	habitats	over	time

Given	the	costs	associated	with	defenses,	tadpoles	should	track	
changes	in	predation	risk

However,	tadpoles	may	not	be	infinitely	plastic

Competitor-induced	plasticity		
•
•
• Variation	in	predators	and	competitors	favors	plasticity

Fine-tuned	phenotypes		
How	do	tadpoles	balance	the	risk	of	

predation	and	the	presence	of	competitors?
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Books	on	plasticity


