
Abstract In the last decade there has been increasing
evidence of amphibian declines from relatively pristine
areas. Some declines are hypothesized to be the result of
egg mortality caused by factors such as elevated solar
UV-B irradiation, chemical pollutants, pathogenic fungi,
and climate change. However, the population-level con-
sequences of egg mortality have not been examined ex-
plicitly, and may be complicated by density dependence
in intervening life-history stages. Here we develop a de-
mographic model for two amphibians with contrasting
life-history strategies, Bufo boreas and Ambystoma mac-
rodactylum. We then use the complementary approaches
of elasticity and limitation to examine the relationships
among stage-specific survival rates, larval-stage density
dependence and amphibian population dynamics. Elas-
ticity analyses showed that for a range of density depen-
dence scenarios both species were more sensitive to
changes in post-embryonic survival parameters, particu-
larly juvenile survival, than to egg survival, suggesting
that mortality of later stages may play an important role
in driving declines. Limitation analyses revealed that lar-
val density dependence can dramatically alter the conse-
quences of early mortality, reducing or even reversing
the expected population-level effects of egg mortality.
Thus, greater focus on later life stages and density de-
pendence is called for to accurately assess how stressors
are likely to affect amphibian populations of conserva-
tion concern.
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Introduction

Since the early 1990s the scientific and conservation com-
munities have been concerned with the apparent world-
wide decline of amphibian populations (e.g., Wake 1991;
Houlahan et al. 2000). The decline of species from what
are thought to be relatively pristine habitats has been par-
ticularly disturbing (Drost and Fellers 1996; Laurance et
al. 1996; Lips 1998). Efforts to explain these declines
have focused in part on increased egg mortality caused by:
exposure to elevated levels of solar UV-B radiation asso-
ciated with atmospheric ozone depletion (Blaustein et al.
1994, 1995, 1997, 1998; Anzalone et al. 1998; Broomhall
et al. 2000), pathogenic fungi (Kiesecker and Blaustein
1995; Kiesecker et al. 2001); acidification (Long et al.
1995), chemical pollutants (Ankley et al. 1998; Rowe et
al. 2001), climate change (Davidson et al. 2001; Kiesecker
et al. 2001) or a combination of these factors. However,
while these stressors may reduce egg survival dramatical-
ly in some species, there has been little attempt to scale-up
these egg-stage effects to the population-level.

The connection between life-stage-specific mortality
and population-level phenomenon (e.g., amphibian de-
cline) can be complicated if there is density dependence
in one or more life-history stages (Wilbur 1996; Hell-
riegel 2000). For example, if larval survivorship is densi-
ty-dependent, reducing egg-stage survival does not nec-
essarily result in fewer emerging metamorphs. Decreased
larval densities (through decreased egg survival) may re-
duce larval competition sufficiently to yield the same
number of metamorphs as at higher larval densities.
Density-dependent growth (reviewed in Skelly and 
Kiesecker 2001) and survival (e.g., Brockelman 1969;
Wilbur 1976, 1977; Scott 1990; Van Buskirk and Smith
1991) in amphibian larvae has been documented (though
not without exception) in field, artificial pond, and labo-
ratory studies spanning more than three decades. While
larval density dependence is well documented in am-
phibian systems, its importance when evaluating the im-
plications of early mortality for amphibian populations
has largely been overlooked.

J.R. Vonesh (✉)
Department of Zoology, University of Florida, Gainesville,
FL 32611, USA
e-mail: voneshjr@zoo.ufl.edu
Tel.: +1-352-392-9201, Fax: +1-352-3923704

O. De la Cruz
Department of Mathematics, Purdue University, Purdue,
IN 47906, USA

Oecologia (2002) 133:325–333
DOI 10.1007/s00442-002-1039-9

P O P U L AT I O N  E C O L O G Y

James R. Vonesh · Omar De la Cruz

Complex life cycles and density dependence: 
assessing the contribution of egg mortality to amphibian declines

Received: 20 September 2001 / Accepted: 23 July 2002 / Published online: 5 September 2002
© Springer-Verlag 2002



Here we develop a stage-structured matrix model 
(Caswell 2000) that describes a generalized amphibian
life cycle that explicitly incorporates larval-stage density
dependence and then parameterize the model with data
from published field studies. We focus on the Western
toad, Bufo boreas, and the Long-toed salamander, Amby-
stoma macrodactylum. These species have very different
reproductive strategies and may exhibit different rela-
tionships between egg mortality and density dependence.
In addition, these species are known to be vulnerable
during the egg stage to stressors such as UV-B irradia-
tion, acidification, pathogenic fungi and climate change
(Blaustein et al. 1994, 1997; Long et al. 1995; Kiesecker
et al. 2001). We then examine the relationship among
stage-specific survival rates, density dependence and
adult equilibrium densities by two approaches: elasticity
and limitation (Schmitt et al. 1999). Elasticity is a popu-
lar tool in conservation biology because it quantifies the
relative importance of demographic transitions (e.g.,
stage-specific survival rates) to population dynamics. It
is generally inferred that management efforts should be
focused on the demographic parameters that have the
largest elasticities (e.g., Crouse et al. 1987; Doak et al.
1994; de Kroon et al. 2000). We then use a limitation ap-
proach (Osenberg and Mittelbach 1996) to examine how
large declines in egg-stage survival affect adult density.
These are complementary approaches; both quantify how
much a system is affected by particular processes but
they differ in the scale of comparison. Elasticity address-
es the population response to infinitesimal relative
changes in model parameters, whereas limitation allows
us to examine the population response to a large change
in a specific stressor (Schmitt et al. 1999). Through this
combined approach we will examine the role of larval-
stage density dependence in determining; (1) which life-
history stages contribute the greatest to adult dynamics,
and (2) how egg mortality scales-up to the population-
level.

Methods

General amphibian population model

Our model assumes a generalized amphibian life cycle (Fig. 1),
where adults (A) emerge and breed synchronously in the spring.
Eggs hatch into larvae that metamorphose by the end of that sum-
mer. Metamorphs over-winter and emerge as juveniles the follow-
ing spring. Juveniles (J) then survive and mature into the breeding
population. Using this scenario, we model per capita egg produc-
tion as the mean clutch size (φ) adjusted by the adult sex ratio (ρ).
Eggs survive to hatching with probability σe, and larvae survive to
metamorphosis with probability σt, which is a function of larval
density:

(1)

where σtmax is the maximal larval survival in the absence of densi-
ty dependence, d is the density-dependence coefficient (m2/lar-
vae), gamma (γ) is the density-dependence exponent (see below
for an explanation of γ), and T is initial larval density:

(2)

Metamorphs survive the first winter with the probability σm. Juve-
niles survive annually with the probability σj, and mature with
probability P, and adults (A) survive from one year to the next
with the probability σa. This yields the transition matrix,

(3)

which projects juvenile and adult densities (animals/m2 shoreline
habitat) forward in time steps of one year. The function F(A) rep-
resents the per adult annual production of new juveniles, which
explicitly includes the expressions above for egg production and
survival, density-dependent larval survival, and metamorph sur-
vival. All these processes occur within the first time step; thus,

(4)

Equations 1 and 4 are related to the intraspecific competition model
of Hassell (1975) and the simpler fisheries recruitment function of
Beverton and Holt (1957). For the range of model parameter values
used, the density-dependence exponent (γ) determines the form of
larval density dependence (Eqs. 1, 4) and thus the relationship be-
tween the number of metamorphs (or juveniles) produced and the
initial number of tadpoles in a cohort. When γ=0 this relationship is
linear and juvenile recruitment is density independent. When γ=1 it
is compensatory and juvenile recruitment approaches an asymptote
as initial larval density increases (i.e., saturating function). When
0<γ<1, weak density dependence occurs and the relationship is a de-
celerating curve in which juvenile production increases without lim-
it as initial larval density increases. Finally, when γ>1, density de-
pendence is strong and eventually produces over-compensation at
high initial larval densities (i.e., hump-shaped function). The densi-
ty-dependence coefficient (d) acts as a scaling parameter.

Equilibrium densities were calculated by setting At+1=At≡Â in
Eq. 3. The analytical expression for the nontrivial equilibrium, Â,
is given by

(5)

Sufficient conditions for the stability of Â are given by the in-
equalities:
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Fig. 1 Generalized amphibian life cycle. Oviposition occurs in the
spring and egg production is determined by the sex ratio (ρ) multi-
plied by the average clutch size (φ). Eggs survive to become lar-
vae with the probability σe. Larvae survive to metamorphosis with
the probability σt, which is a function of initial larval density
(Eq. 11), and metamorphs over-winter to emerge as juveniles (J)
the following spring with the probability of σm. Annual juvenile
survival is σj and the probability maturing is P. Adults (A) survive
to the next year with the probability of σa

osenberg
rho = 0.5



(6)

and

(7)

as determined by the Jury criteria (Caswell 2000). When Eq. 6
fails, Eq. 5 provides a negative, unstable equilibrium, and the only
stable population is 0. When Eq. 7 fails, the equilibrium in Eq. 5 is
unstable, resulting in bifurcations and the onset of chaotic behav-
ior. However, the parameter ranges considered here satisfy both
equations.

Elasticity analysis – contribution of specific stages 
to population dynamics

We examined the effect of individual stage-specific survival pa-
rameters on equilibrium population density using elasticity analysis
(Takada and Nakashizuka 1996; Grant 1997, 1998; Grant and Ben-
ton 2000). Elasticity analysis is similar to more classical sensitivity
analysis, except that elasticity quantifies proportional rather than
absolute changes, and is generally preferred for comparisons of de-
mographic parameters (Caswell 2000). Here, elasticity, e, quanti-
fies the proportionate change in adult equilibrium density (Â) that
results from, and is expressed relative to, a small proportionate
change in one of the model’s demographic parameters (e.g., egg
survival, ). For example, indi-
cates that a small change in egg survival (σe) yields an equivalent
proportionate change in adult equilibrium density (Â);
indicates that there is a greater than proportional change; and

indicates that there is a less than proportional change.
When (i.e., negative elasticities), a decrease in egg survival
leads to an increase in equilibrium density. Because we were parti-
cularly interested in the relationship between larval-stage density
dependence and the sensitivity of adult equilibrium density to
changes in survival through different life-history stages, we calcu-
lated elasticities for egg survival, metamorph survival, density-in-
dependent larval survival, juvenile survival and adult survival for
both focal species for a range of density dependence – ranging
from weak to over-compensatory density dependence as controlled
by the density-dependent exponent (γ).

Limitation analysis – scaling-up egg mortality

Elasticity analysis, which focuses on very small proportional
changes, is unable to project responses to larger perturbations if
responses are non-linear, as they are in this model. The limitation
approach, on the other hand, allowed us to examine the effect of
relatively large changes in a demographic parameter (e.g., egg sur-
vival in this case) on equilibrium adult density. We estimated the
limitation imposed by increased egg mortality by comparing ambi-
ent adult density in the absence of added egg mortality (ÂLow)
with adult density when egg mortality was elevated due to, for ex-
ample, UV radiation (ÂHigh). We then expressed this as a relative
change: i.e., [(ÂLow–ÂHigh)/ÂLow]. For both focal species, we cal-
culated the relative change in adult densities at three levels of ele-
vated egg mortality (σe reduced by 25, 50, and 75%) for a range
of larval density dependence scenarios (i.e., as γ was varied within
empirically derived bounds: see below).

Amphibian parameter estimates

Following a general analysis of the model, we focused our ana-
lyses on the parameter space implicated by field studies of am-
phibians. Parameter values were obtained from published studies
of the same species when available, or from studies of closely re-

lated species when the necessary data were not available for our
focal taxa. While we have parameterized this model to describe
the life histories of a number of amphibian species, here we focus
on B. boreas and A. macrodactylum because of their different 
reproductive strategies (i.e., B. boreas has a clutch size >100
times larger than A. macrodactylum: see Table 2). In considering
these two species, we hope to illustrate some of the potential
variation among species in their population-level response to egg
mortality.

Data on the functional form of larval density dependence for
field populations are uncommon, and were unavailable for our fo-
cal species. For this reason throughout our analyses we consider a
wide range of density dependence scenarios. However, we felt it
would be informative to provide a rough estimate of density de-
pendence based on field studies of amphibian systems. To accom-
plish this, we estimated the parameters that control the form of lar-
val density dependence (σtmax, d, γ) by fitting Eq. 1 to data from
field studies of congeneric amphibians with similar life histories
using nonlinear least squares optimization (Table 3). Because mul-
tiple estimates of the density-dependence exponent (γ) were avail-
able, we used meta-analysis (Gurevitch and Hedges 1999; Osen-
berg et al. 1999) to (1) determine whether estimates for γ differed
among studies or taxa, and (2) obtain estimates (and confidence
intervals) for γ to guide our explorations of the population-level
consequences of egg mortality. We used a mixed-model meta-
analysis [using γ as the effect size and var(γ) in the weighting
function], tested whether studies shared a common γ parameter,
and obtained confidence limits from the bias-corrected bootstrap
procedures in MetaWin v2.1 (Rosenberg et al. 2000).

Results and discussion

General results – elasticity analyses

Elasticities varied among the parameters and depended
on the values of other parameters in the model (Table 1).
We explored expressions for the elasticities to glean gen-
eral patterns in the relative sensitivity of adult density to
changes in parameter values. For example, elasticities
for egg survival were guaranteed to be positive if γ<1,
but could be negative if γ>1 (Table 1). Thus, there are
some parameter value combinations under which adult
densities can actually increase in response to additional
egg mortality – increased egg mortality due to UV (or
other mortality agents) can actually lead to higher adult
densities. This occurs if the strength of density depen-
dence in the larval stage is sufficiently strong to lead to
over-compensation. As a result, more tadpoles can sur-
vive to metamorphosis if egg mortality is increased. Oth-
er life stages do not necessarily show this range of possi-
ble responses. Elasticities for juvenile and metamorph
survival are always positive, demonstrating that in-
creased mortality in these stages always decreases adult
density.

Under some conditions, we can make more definitive
comparisons. For example, if γ=1, then the it can be 
seen (by inspection of solutions in Table 1) that

. Thus, increased mortality in
immature stages always reduces adult density. How-
ever, under some conditions, this reduction can be vani-
shingly small (e.g., as ). Of the pa-
rameters that govern the survival of immature stages,
egg survival has the smallest influence on adult density.
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Indeed, for this case with complete compensation in the
tadpole stage, the effect of mortality on adult density de-
creases from egg to tadpole to metamorph to juvenile
stage. Elasticity for adult survival is more complex and
we are not able to make any general conclusions.

Case studies – using parameter estimates 
from amphibian studies

The above analyses highlight that knowledge of density
dependence and other demographic parameters are criti-
cal for determining how stressors are likely to affect am-
phibian populations. A given increase in egg-stage mor-
tality may increase, decrease, or have no effect on equi-
librium densities, depending on strength of larval density
dependence as determined by γ. However, the above
general analyses do not address what the strength of den-
sity dependence is likely to be in natural systems, nor do

they constrain the insights to regions of parameter space
that are appropriate for the species under study. Three
pieces of information are required: (1) estimates of the
effect of UV-mediated mortality (or other the effect of
other mortality agents under study), (2) demographic da-
ta on basic life-history parameters, and (3) estimates of
the strength of density dependence (γ). UV-mediated ef-
fects are required only for limitation analyses since elas-
ticities focus on responses to infinitesimal effects. We
therefore defer this portion of the analysis to a later sec-
tion. Demographic data were gleaned from the literature
(Table 2). The data currently available to estimate pa-
rameters controlling density dependence are limited and
highly variable (e.g., see SE’s in Table 3). However, by
examining the data available from studies of other Bufo
and Ambystoma species, we were able to develop hy-
potheses regarding the strength of larval density depen-
dence in our focal taxa. A meta-analysis of γ for the four
available studies (Table 3) revealed that there was not
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Table 1 Equations for elastici-
ty based on the adult equilibri-
um density function (Eq. 5) for
stage-specific transition rates
and parameters controlling 
density dependence

Model parameter Elasticity based on Eq. 5

Egg survival (∂lnÂ/∂lnσe)

Maximum larval survival (∂lnÂ/∂lnσtmax)

Metamorph survival (∂lnÂ/∂lnσm)

Juvenile survival (∂lnÂ/∂lnσj)

Adult survival (∂lnÂ/∂lnσe)

Density dependence exponent (∂lnÂ/∂lnγ)

Density-dependence coefficient (∂lnÂ/∂lnd) ed=1

Table 2 Model parameters for
Bufo boreas and Ambystoma
macrodactylum

Parameter Fixed Range Reference

Bufo boreas
Clutch size (φ) 12000 5000–15,000 Nussbaum et al. 1983
Egg survival (σe) 0.6 0.55–0.84 Blaustein et al. 1994
Metamorph survival (σm) 0.2 0–1 Bayliss 1994a; Clarke 1977b

Juvenile survival (σj) 0.2 0–1 Bayliss 1994a; Clarke 1977b

Maturation probability (P) 0.25 0.20–0.25 Nussbaum et al. 1983
Adult survival (σa) 0.6 0.2–0.8 Olson 1988; Schmidt and Anholt 1999c

Density-dependent coeff. (d) 0.007 0.005–0.01 Brockelman 1969; Wilbur 1977d

Max. larval survival (σtmax) 0.8 0–1.23 Brockelman 1969; Wilbur 1977d

Ambystoma macrodactylum
Clutch size (φ) 90 41–140 Nussbaum et al. 1983
Egg survival (σe) 0.6 0.14–0.95 Blaustein et al. 1997
Metamorph survival (σm) 0.6 0.55–0.7 Russell et al. 1996
Juvenile survival (σj) 0.6 0.55–0.7 Russell et al. 1996
Maturation probability (P) 0.42 0.33–0.50 Russell et al. 1996
Adult survival (σa) 0.6 0.55–0.7 Russell et al. 1996
Density-dependent coeff. (d) 0.05 0.0004–0.1 Van Buskirk and Smith 1991; Petranka 1989d

Max. larval survival (σtmax) 0.8 0–1.69 Van Buskirk and Smith 1991; Petranka 1989d

a Bufo marinus
b B. fowleri
c B. bufo
d See Table 3



significant heterogeneity among studies (Qtotal=0.068,
P=0.995; i.e., we cannot reject the null hypothesis that
all γ are equal) and that the average γ across all four
studies was 0.995 (CI=0.76–1.26). We therefore focus on
γ=1 and the surrounding parameter space (as suggested
by the confidence interval). 

Elasticity analyses

To facilitate comparisons of elasticity for different param-
eters, we used the best parameter estimates for each of
the two species (fixed values, Table 2) but allowed γ to
vary from 0.6 to 1.4 (slightly beyond the estimated confi-
dence limits on γ). Both species were generally more sen-
sitive (as assessed with elasticities) to changes in post-
embryonic than embryonic (i.e., egg) survival (Fig. 2).
Elasticities for the four post-embryonic parameters were
positive for the entire parameter space considered, indi-
cating that decreases in these parameters lead to decreas-
es in equilibrium densities irrespective of the strength of
larval density dependence. Again, both species were most
sensitive to changes in juvenile survival. Elasticities for
juvenile survival were ≥1 for most of the parameter space
considered, indicating that decreases in this survival pa-
rameter usually results in an equivalent or greater propor-
tional decrease in equilibrium densities. Similarly, both
species were least sensitive to changes in egg survival,
with large regions of parameter space exhibiting negative
elasticities. Within these regions, small proportional de-
creases in egg survival increase equilibrium densities.
For B. boreas, elasticities become negative for γ>1, indi-
cating that compensatory larval density dependence is
sufficient to ameliorate negative consequences that egg
mortality might have on toad population densities. 
Thus for γ=1 and the other parameters held at the fixed
estimates in Table 2 (dotted lines), the relative sensitivity
of B. boreas to small changes in stage-specific sur-
vival parameters is: 
(Fig. 2). A. macrodactylum is generally more sensitive 
than B. boreas to changes in survival parameters, includ-
ing egg survival. Egg survival elasticities for A. macro-
dactylum are negative only for regions of moderate to
high egg survival and strong larval density dependence

(γ=1.2). The relative sensitivity of A. macrodactylum to
small changes in stage-specific survival parameters 
when γ=1 is: (Fig. 2).

These results indicate that stressors that decrease 
survival in later life stages will have greater effects upon
populations than those that affect the egg stage (see also
Biek et al. 2002). However, perhaps due to the tractabili-
ty of the egg stage, experimental studies of egg mortality
are numerous relative to studies of mortality in later
stages. For example, while studies examining the effect
of UV-B on amphibians have focused on eggs and to
lesser extent larvae, our model suggests that the negative
effects of UV-B on these stages could be of less concern
than effects of UV-B manifested in later stages (e.g.,
Belden et al. 2000). Thus, our empirical efforts need to
be shifted – greater attention needs to be given to later
life stages.

Limitation analyses

While elasticity analysis helps identify which life-history
stages contribute the most to adult densities, elasticities
are local estimates – they calculate the relative changes
in population growth rates or equilibrium densities as the
result of infinitesimal perturbations of the matrix ele-
ments (e.g., de Kroon et al. 2000). Thus, elasticities do
not allow us to ask how large changes in a model’s pa-
rameters directly affect equilibrium density – a question
of obvious importance to conservation biologists. Limi-
tation, in contrast, allows us to explore how large chang-
es in model parameters are manifested at the population
level. We specifically ask how possible decreases in egg
survival should affect adult densities. Given the uncer-
tainty in estimates of the strength of density dependence,
we explored a range of values of γ as informed by the
confidence intervals derived from the meta-analysis.

Density dependence has a large effect on how egg
mortality is translated up to the population level. For
both species, decreases in egg survival – even by 75% –
can result in either declines, increases, or have no popu-
lation-level effect, depending on the strength of larval-
stage density dependence (Fig. 3). For B. boreas, large
decreases in egg survival reduce equilibrium densities
when density dependence is less than compensatory
(γ<1) but increases densities when density dependence is
over-compensatory. Egg mortality in A. macrodactylum
causes decreases in equilibrium densities for a greater
range of density-dependence scenarios than in B. boreas
(decreases in Â for γ<1.2), but egg mortality can still
lead to increases in density when larval density depen-
dence is strong. The salamander, in general, is more sen-
sitive to large decreases in egg survival than the toad.
For example, when density dependence is moderately
weak (γ=0.8) a 75% decrease in egg survival results in a
40% decrease in Ambystoma densities compared to a
30% decrease in Bufo densities (Fig. 3). Differences in
the sensitivity of adult densities to equivalent reductions
in egg-stage survival can be explained by differences in
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Table 3 Parameter estimates for Eq. 1 fit to data from studies on
larval density

Species Parameter estimates (SE)

σtmax d γ

Bufo americanusa 0.8 (0.9) 0.007 (0.02) 0.96 (0.62)
B. americanusb 0.8 (1.23) 0.007 (0.03) 1.26 (1.45)
Ambystoma lateralec 0.91 (1.69) 0.05 (0.49) 0.76 (2.54)
A. opacumd 0.8 (0.33) 0.0004 (0.12) 84.37 (552.42)

a Brockelman (1969)
b Wilbur (1977)
c Van Buskirk and Smith (1991)
d Petranka (1989)



life history that determine how early mortality is trans-
lated to the adult population. For example, a single B.
boreas female is capable of producing as many as 15,000
eggs, while A. macrodactylum females produce only 140
eggs, per reproductive effort (Table 2). Thus, fewer adult
female toads are needed to saturate the larval habitat.

We can make more accurate assessments of the re-
sponse of populations by using observed effects of envi-
ronmental stessors on egg mortality. Recent studies of B.
boreas populations show that this species may experi-
ence decreases in egg survival of up to 50% due to the
synergistic effects of UV-B irradiation, pathogenic fungi,
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Fig. 2 Elasticities for Bufo
boreas and Ambystoma macro-
dactylum stage-specific surviv-
al parameters for a range of lar-
val density dependence
strengths. Elasticities for egg
(σe), metamorph (σm), maxi-
mum larval (σtmax), juvenile
(σj) and adult (σa) survival
rates are presented. Elasticities
for σtmax and σm are equivalent
(Table 2) and presented in a
single panel. The x-axis in each
panel is the range of the densi-
ty-dependent exponent (γ) ex-
amined; other parameters were
held at the fixed value in 
Table 2. In each panel, the esti-
mated parameter value from
Table 2 is indicted by a dotted
line. The strength of larval den-
sity dependence increases as 
γ increases. Within each panel,
elasticity isoclines occur at in-
crements of 0.5 and shaded 
regions between isoclines 
delineate areas of parameter
space that fall within specific
elasticity ranges – darker re-
gions indicate higher elasticity
values. Thus, the relative shad-
ing of each panel summarizes
the overall sensitivity of each
species to changes in a specific
parameter (e.g., juvenile 
survival) for a range of density
dependence scenarios



and lower water levels associated with climate change
(Kiesecker et al. 2001). However, due to the compensa-
tory effects of larval density dependence, egg mortality
of this magnitude may have little effect of adult equilib-
rium densities. When larval density dependence is com-
pensatory (γ=1.0) a 50% reduction in egg survival (0.8 to
0.4) has no effect on equilibrium density (Fig. 4). Using
the lower and upper confidence limits on γ, the popula-
tion-level effect of a 50% reduction in egg survival rang-
es from an 18% decrease to a 10% increase in adult den-
sity. Note that this is a ‘one-time’ shift in equilibrium
densities – not a rate of decline or increase. Thus, this
preliminary analysis suggests that egg mortality alone, of
the magnitude currently observed, may be insufficient to
explain large declines in this species.

Studies of the effects of UV-B irradiation on A. mac-
rodactylum suggest that the eggs of this species are more
sensitive to UV than those of B. boreas. Exposure to am-
bient UV decreased A. macrodactylum egg survival 85%
relative to controls (Blaustein et al. 1997). The expected
effect of reduced egg survival of this magnitude ranges

from a 10% to 60% decrease in adult equilibrium densi-
ties (Fig. 4). Thus, UV-induced egg mortality alone may
be capable of causing large declines in this species, al-
though the effect is damped due to density dependence
in the larval stage. Furthermore, any additional egg-stage
mortality beyond that caused by UV exposure may shift
the system to a region where adult densities become in-
creasingly sensitive to decreased egg mortality and the
extinction of the population more likely (Fig. 4).

Conclusions and caveats

Population models parameterized from field studies pro-
vide a powerful approach for evaluating effects of envi-
ronmental stressors. However, our application of this ap-
proach is not without limitations. We did not incorporate
stochastic (Grant and Benton 2000) or spatial dynamics
(Halley et al. 1996) in our analysis, and we assume densi-
ty dependence operates in only a single life stage (Hell-
riegel 2000). It may be necessary to include such addi-
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Fig. 3 Limitation analyses for Bufo boreas and Ambystoma mac-
rodactylum. Panels show % decline in adult equilibrium densities
over a range of the density dependent exponent (γ). Other parame-
ters were held at the fixed value in Table 2. Isoclines for egg sur-
vival reduced by 75%, 50%, and 25% are presented. Percent de-
clines of <0 indicate that reduced egg survival increases, rather
than decreases, equilibrium adult density. The dashed line (0%
change) indicates no net effect

Fig. 4 The effect of increased egg-stage mortality on Bufo boreas
and Ambystoma macrodactylum adult equilibrium densities. Dark
solid isoclines indicate adult equilibrium densities for the mean value
of γ estimated from the studies in Table 3 by meta-analysis (grey
isoclines represent the upper and lower bounds of the γ confidence
interval): i.e., γ=0.76, 0.995, and 1.26. Dotted vertical lines indicate
actual reductions in egg survival for these species due to UV-B irra-
diation (or combined UV, fungal, climate effects) as measured in
published field studies. Parameters other than γ and σe were held at
the fixed values estimated from field studies and reported in Table 2



tional complexity to accurately predict the dynamics of
specific populations. In addition, the reliability of these
results depends upon the quality of the data used (and
thus the accuracy of the parameter estimates). In several
cases, we use parameters based upon closely related spe-
cies, introducing an additional source of uncertainty.
Also, the literature estimates used frequently lacked con-
fidence intervals, and confidence intervals we estimated
from available data were often very large (e.g., Table 3).
We did not incorporate most of these sources of uncer-
tainty into our analyses. These limitations highlight that
accurate demographic data (e.g., Schmidt et al. 2002) and
reliable estimates of density dependence will be invalu-
able to the future development of predictive models for
specific amphibian populations.

Our goal was to produce a strategic model designed to
help us explore the potentially important role of density
dependence in these systems – a heuristic tool for focus-
ing research efforts, developing hypotheses, and in mak-
ing preliminary predictions. Our results demonstrate the
importance of incorporating larval density dependence
when assessing how stressors that act upon a particular
life stage scale-up to the population level. Based upon the
best field derived estimates we could obtain, our model
suggests that amphibian abundance is more sensitive to
changes in the survival of later stages than the egg stage
and that larval density dependence dramatically alters the
consequences of early mortality, reducing or even revers-
ing the ‘expected’ population-level effects of egg mortali-
ty. Studies of later life stages and the functional form of
larval density dependence are needed to assess accurately
how stressors are likely to affect specific amphibian pop-
ulations. Stage-specific effects should not be studied in
isolation; instead, we need to explicitly consider the ani-
mal’s entire life history in a dynamic context. Effective
conservation strategies depend on such an approach.
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