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Abstract A tradeoff affecting the ability to grow
under high versus low resource levels has been com-
monly hypothesized to influence species distributions
across resource gradients in a wide variety of taxa. This
influence is dependent on individual growth being pro-
portional to traits that affect demographic processes
such as mortality. However, data on how individual
growth scales with demographic performance are
rare. We conducted a mesocosm experiment, and re-
analyzed data from a similarly designed field experi-
ment, to examine the relationship between growth and
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mortality in two tadpole species that segregate across a
resource gradient. Overall, environmental conditions
leading to faster growth also lead to lower mortality
rates. However, species differed in this relationship.
Leopard frogs achieved faster growth than wood frogs,
but their absolute mortality was greater and increased
steeply as growth decreased. Conversely, absolute
mortality of wood frogs was lower and less strongly
dependent on growth. These interspecific differences
suggest a second tradeoff, that between maximizing
growth rates or minimizing mortality, with potentially
important demographic consequences. Leopard frogs
grow faster than wood frogs in productive ponds, but
are excluded from unproductive ponds dominated by
wood frogs due to accelerating mortality rates with
declining realized growth. A review of the literature
suggests that in diverse taxa, including plants, micro-
crustaceans and drosophilids, patterns in mortality are
consistent with this tradeoff indicating that the mecha-
nism we demonstrate could be a link between individ-
ual performance and demographic rates influencing
species distributions in other systems.

Keywords Allocation - Resource gradients - Levels of
biological organization - Rana sylvatica - Rana pipiens

Introduction

Evolutionary tradeoffs arising from constrained varia-
tion in individual traits have long been thought to con-
tribute to patterns in species distributions and relative
abundances in nature (Connell 1975; Grime 1979;
Tilman 1990). For example, tradeoffs related to the
ability to acquire, process and allocate resources to
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growth often have been hypothesized to be responsible
for differences in species distributions across resource
gradients (Grime and Hunt 1975; Grime et al. 1997,
Arendt 1997). Species that are capable of growing fast
when resources are abundant often grow poorly when
resources are rare. Conversely, species that are capable
of growing, albeit slowly, when resources are rare
exhibit comparatively little scope in responding to
increases in resource abundance (Arendt 1997). There
is ample evidence that such a tradeoff is general, as it is
manifest among lineages of bacteria, higher plants, rot-
ifers, microcrustaceans, mollusks, insects, amphibians
and mammals (reviewed in Arendt 1997; see also Stem-
berger and Gilbert 1985; Grime etal. 1997; Tessier
et al. 2000; Tessier and Woodruff 2002; Schiesari 2004).

However, such tradeoffs at the level of organismal
physiology do not necessarily affect the demographic
processes that determine species distributions in nature
(Suding et al. 2003). In order for a tradeoff in the abil-
ity to grow at different resource levels to be responsible
for patterns of species replacement across resource
gradients, growth must be proportional to traits that
affect demographic processes such as survivorship or
fecundity. If this is the case, a species can exhibit a
competitive advantage and be most abundant in
regions where it grows the fastest relative to other spe-
cies. A positive correlation among these traits seems
intuitive and is often assumed, but is not necessarily
the case because species may exhibit very different pat-
terns of allocation of assimilated energy to body func-
tions other than growth such as maintenance, defense,
storage, and reproduction (Arendt 1997).

It is therefore critical to determine the relationships
between sub-individual traits and individual perfor-
mance, or those between individual performance and
demographic processes that can ultimately be the
causal basis of distributional patterns. For example, it
is reasonable to expect that patterns of species replace-
ment across resource gradients are at least partially
determined by differential mortality rates; yet, it is
often not clear how mortality rates scale with intra- and
interspecific variation in growth rates. Intuitively, envi-
ronmental conditions leading to faster growth are
expected to lead to lower mortality, but there is also
evidence that maximization of growth rate is in many
cases related to increased probability of mortality (see
below). Understanding the nature of the relationship
between growth and mortality may therefore be instru-
mental in clarifying linkages between individual per-
formance, demographic performance, and species
distributions in nature. Most studies to date have
focused on the relationship between growth and mor-
tality as mediated by predation (through increased

foraging activity, decreased locomotory ability, or
smaller energy allocation to hard structures; e.g., Werner
and Anholt 1993; Lankford et al. 2001; Arendt et al.
2001), but there are also physiological costs to growth
that might influence species distributions across
resource gradients (e.g., allocation tradeoffs, decreased
immunocompetence, accumulation of errors in DNA
through increased transcription; Arendt 1997).

We present evidence in this paper that interspecific
differences in the relationship between mortality and
growth, and an underlying tradeoff, may influence the
distribution of anuran species across a resource gradi-
ent. Re-analysis of data from a field experiment pub-
lished previously (Werner and Glennemeier 1999)
suggested that a slow-growing species of larval anuran
exhibited low mortality over a broad range of realized
growth rates, whereas mortality of a fast-growing spe-
cies was steeply related to realized growth rates. Thus,
maximizing performance in ponds where resource
availability was high appeared to come at the cost of
increased mortality in ponds yielding slow growth. To
isolate the responses of these anuran larvae to
resources from other covarying environmental vari-
ables in the field, we conducted a mesocosm experi-
ment employing the same two closely related species
manipulating a range of resource availabilities. This
experiment directly tested, and corroborated, the
hypothesis that maximization of intrinsic growth rate
(i.e., maximum growth capacity) trades off with survi-
vorship in these two species, especially under condi-
tions of resource scarcity. We further conducted a
literature survey that indicates that in diverse plant and
animal taxa, patterns in mortality are consistent with
this tradeoff indicating that the mechanism we demon-
strate could be a link between individual performance
and demographic rates influencing species distributions
in other systems.

Background

We studied the two species of ranid anuran larvae, the
wood frog (Rana sylvatica LeConte) and the leopard
frog (Rana pipiens Schreber), that were employed in
the field experiment of Werner and Glennemeier
(1999). Both species breed in early spring and com-
plete larval development in the summer. The two spe-
cies differ in their distributions primarily in response to
forest canopy cover over ponds (Skelly et al. 1999; E.
E. Werner, unpublished work); leopard frogs are
restricted to open-canopy ponds (i.e., <75% forest can-
opy cover), whereas wood frogs are found throughout
the canopy cover gradient. In fact, of nine anuran spe-
cies, the wood frog is the only species at our study site
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in Southern Michigan capable of consistently using
closed-canopy ponds and it often attains its highest
densities in these ponds (Skelly etal. 1999; E. E.
Werner, unpublished work). Although forest canopy
cover influences abiotic conditions in ponds (Werner
and Glennemeier 1999), its major effect on larval anu-
ran performance is related to the marked reduction in
primary productivity and nutritional quality of avail-
able resources (Werner and Glennemeier 1999; Skelly
et al. 2002; Schiesari 2004, 2006).

Werner and Glennemeier (1999) transplanted wood
and leopard frog larvae to enclosures free of predators
in two open- and two closed-canopy ponds and mea-
sured performance responses as indicated by growth and
mortality rates. Larvae of both species grew faster in
open-canopy ponds, but leopard frogs grew more than 2
times faster than wood frogs. However, leopard frogs
grew slower than wood frogs in closed-canopy ponds.
Mortality responses also were different. Mortality rates
for the leopard frog increased from 20-30% in open-
canopy ponds to 75-99.5% in closed-canopy ponds. In
strong contrast, mortality rates of wood frogs were low
(~20%) and independent of canopy cover (ratios and
percentages as reported in the original article).

The findings of Werner and Glennemeier suggest
that species differ in the relationship between realized
growth and mortality rates, a hypothesis that becomes
explicit when data are re-analyzed and re-plotted
(Fig. 1a; see Materials and methods). Mortality rates
were higher overall in the fast-growing species, the
leopard frog, and this mortality increased steeply as
realized growth rates declined. In turn, mortality in the
slow-growing wood frogs was low and essentially inde-
pendent of realized growth rates. A second interesting
result becomes apparent when we plot average mortal-
ity in closed-canopy (Fig.2a) and in open-canopy
ponds (Fig.2c) as a function of species maximum
growth rates (i.e., growth rates achieved in open-can-
opy ponds). Whereas the relationship between realized
mortality and growth rates within species tended to be
negative, when comparing across species it becomes
clear that maximum growth rate was positively corre-
lated with probability of mortality i.e., the fast-growing
species suffered higher mortality than the slow-growing
species under all resource conditions, even in the
absence of predation. Re-analyzing growth and mortal-
ity within each pond type, mortality rates of leopard
frogs were significantly higher than those of wood frogs
not only in closed-canopy ponds (Fig. 2a, simple effects
test F14=13.3, P=0.002; see Materials and methods),
but also in open-canopy ponds (Fig.2c, F;14=7.3,
P=0.014) where leopard frogs grew faster (F; 1,=134.6,
P<0.001).
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Fig. 1 Relationship between realized growth and mortality rates
in wood frogs (Rana sylvatica; filled square) and leopard frogs
(Rana pipiens; open triangle) in a the field enclosure experiments
from Werner and Glennemeier (1999) (not including artificial
food supplementation treatments) and b the mesocosm experi-
ment. Each symbol represents means for one enclosure (45 indi-
viduals) or one tank (200 individuals), respectively. A power
function in the form u=ag® provided best fit to the data overall,
where u is mortality rate and g is specific growth rate. d~! Day ™!
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These observations are consistent with the hypothe-
sis of a tradeoff between the maximization of intrinsic
growth rates versus the minimization of mortality rates
in these species, that is, being capable of growing fast
when resources are abundant comes at the cost of
higher background mortality overall, and steeply
increasing mortality with decreasing realized growth
rates. This tradeoff would be an important potential
mechanism translating individual growth performance
into demographic performance, because it suggests
that a given absolute reduction in growth leads to a dis-
proportional increase in mortality for some species,
whereas for others, mortality and growth rates might
be partially uncoupled traits. This tradeoff would
account for several examples in the literature of
fast-growing species continuing to grow faster than
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Fig. 2 Relationship between the intrinsic growth rate (growth at
high resource levels), and the mortality rate of wood frogs (open
square) and leopard frogs (open triangle) under a, b low and
¢, d high resource levels in field enclosures (/eft) and mesocosms

slow-growing species when transplanted to resource-
poor environments where they do not usually occur
(Augspurger 1984a; Kitajima 1994; Ellison et al. 1993;
this study); i.e., in the long run, the increased mortality
may exclude fast-growing species from resource-poor
environments.

It is important to note, however, that in the field
experiment slow growth and high mortality rates of
leopard frogs were associated with closed-canopy
ponds and therefore could simply reflect habitat or
food type differences rather than an intrinsic tradeoff.
Therefore, we conducted a mesocosm experiment
where we manipulated growth rates of both species
using a gradient in artificial food supply rate to isolate
the relationships between growth and mortality rates.

Materials and methods

Wood and leopard frog larvae were reared from multi-
ple egg masses (>17 for each species) collected in
ponds and marshes adjacent to Independence Lake,
Webster, Michigan, and at the Michigan Department
of Natural Resources’ Pond Facility at Saline, Michi-
gan. All tadpoles were raised outdoors in 300-1 wading
pools and fed Purina rabbit chow until used in the
experiments, which were performed at the University

(right). Each symbol represents treatment means+SE of six rep-
licated enclosures in the field experiment (45 individuals per
enclosure) and four replicated tanks in the mesocosms experi-
ment (200 individuals per tank)

of Michigan’s E. S. George Reserve near Pinckney,
Michigan.

The experimental mesocosms were cylindrical cat-
tle-watering tanks 1.9 m in diameter filled with 1,300 1
well water; 350 g dry (predominantly Quercus) leaf lit-
ter was added to each tank to provide a source of natu-
ral food and nutrients, substrate for colonization of
periphyton, and structural complexity. We inoculated
each tank with phytoplankton, periphyton, and zoo-
plankton from one closed- and one open-canopy pond.
Tanks were covered with 60% shade cloth to prevent
colonization by breeding anurans or insects with
aquatic larvae.

We employed a factorial, randomized block design
experiment manipulating the two species and four
food levels. These food levels included a treatment
with no artificial food added (i.e., resources were lim-
ited to detritus, phytoplankton and periphyton occur-
ring in the tanks), and three artificial food addition
treatments spanning a 12-fold range: 0.347, 1.042, and
4.167 g rabbit chow (~16% protein) added 3 times per
week. Food levels were chosen based on previous
experiments so as to provide a wide range of growth
rates and allow greater resolution at slow growth.
Each treatment combination was replicated 4 times,
one per spatial block. To determine whether mortality
occurred early in the experiment, we included three
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additional replicates of the no-food addition treatment
that were terminated 10 days after initiation of the
experiment.

All tanks were filled with water on 9 May 2003,
when we also added the leaf litter. On 10-12 May we
added phytoplankton, periphyton and zooplankton.
On 17 May we placed 200 tadpoles of either wood frogs
or leopard frogs in each tank. We added 1 g ground
rabbit chow to all tanks to provide an initial pulse of
nutrients for the tadpoles and for the establishment of
algae. Initial size of wood frogs was 78.0£19.8 mg
(mean=1 SD), and that of leopard frogs 53.4+16.4 mg.

We also estimated mortality due to handling by
placing 20 individuals of each species separately in 10-1
containers (three replicates each) in the laboratory.
These tadpoles were handled the same way as the tad-
poles stocked in the experiment, and the number of
individuals surviving in the containers after 72 h was
counted.

The experiment was terminated when at least a few
larvae in any treatment reached Gosner stages 38—40
(Gosner 1960). The experiment was terminated over
3 days (17-19 June) and therefore lasted 31-33 days.
All tadpoles were removed from each tank, counted
and weighed.

Data analysis

We employed mean specific growth rates [g=In(final
mass)—In(initial mass)/time elapsed] and mortality
rates [u=In(initial number of individuals)—In(final
number of individuals)/time elapsed] computed for
each tank as response variables.

Our principal goal was to understand the relation-
ship between growth and mortality rates. However,
because both variables are expected to be influenced
by the same set of factors, we first verified the plausibil-
ity of a model in which growth is used to predict mor-
tality. We constructed a path analysis model including
two regressions; one where food level (In-trans-
formed), species, and a food level-by-species interac-
tion term were predictors of growth (In-transformed);
and another where the same variables were predictors
of mortality (u#+0.0001, In-transformed; see below).
This model provided a good fit to the data, as indicated
by the small values of a likelihood ratio y’-test
(£*=3.02, df=1, P=0.08), and showed very close agree-
ment between the observed correlation between u and
g (—0.619) and the correlation between u and g as
implied by the relationships of each of them with the
predictor variables (—0.663). This strong agreement is
consistent with the hypothesis that growth and mortal-
ity are influenced by the same factors, and does not
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imply that growth causes mortality per se. Path analysis
also indicated that there was a high correlation
between food level and growth rates (r=0.93). Path
analysis was conducted employing the software AMOS
version 5.0.

Because manipulated factors similarly influence both
growth and mortality, and because food level and
growth rates are highly correlated, we proceeded to
understand the relationship between growth and mortal-
ity by using growth as a predictor of mortality in an anal-
ysis of covariance (ANCOVA) model. The data were
strongly non-linear but could be adequately linearized
employing the function In(u)=In(a)+b xIn(g); a constant
equaling 0.0001 was added to mortality rates because
there were treatments with zero mortality. This value
was chosen because it was smaller than the minimum
observed non-zero value (0.000314) but of the same
order of magnitude. For leopard frogs b=—2.89
(SE=0.25, R?=0.91) and for wood frogs b=—2.59
(SE=0.32, R°=0.82). The Kolmogorov-Smirnov (K-S)
test for normality of residuals showed that the residuals
did not deviate significantly from normality for either
species (wood frogs K-S statistic=0.17, P=0.2; leopard
frogs K-S statistic=0.19, P=0.12). The ANCOV A model
included species as a factor, growth as a covariate, and
mortality rate as the dependent variable. We also
included the interaction between species and growth in
the model. In the ANCOVA, the effect of species was
analyzed at the average value of growth rate of all indi-
viduals of both species, although using the growth
rate=0 intercept yielded similar results. Block had no
significant effects and was dropped from the analyses.

We also examined interspecific differences in per-
formance within food levels. This was achieved by
conducting a two-way ANOVA where species, food
level and a species-by-food level interaction term
were factors and growth was the response variable;
and another where mortality was the response vari-
able. We specified a model that had heterogeneous
variances across the different food levels, which fit the
data significantly better than a homogeneous variance
model in both cases (Verbeke and Molenberghs
2002). We then carried out post hoc tests (i.e., simple
effects tests), followed by Bonferroni adjustments.
Similar analyses were conducted for interspecific
differences in performance in the field experiment
(results displayed in Background). We conducted a
two-way ANOV A where species, canopy cover and a
species-by-canopy cover interaction term were factors
and growth was the response variable; and another
where mortality was the response variable. In the case
of mortality, but not of growth, a heterogeneous vari-
ances model provided better fit. We then performed
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post-hoc tests (i.e., a simple effects tests) followed by
Bonferroni adjustments. These analyses were carried
out using Proc Mixed in SAS for Windows, release
9.1.3.

Finally, when comparing the partial mortality rates
of wood frogs and leopard frogs (i.e., the mortality
occurring within 10 days from the start of the experi-
ment) we employed a one-way ANOVA where mortal-
ity was the dependent variable and species the factor.
These analyses were conducted in SPSS 12.0.

Results

The shapes and relative magnitudes of the relationship
between realized growth and mortality rates in the
mesocosm experiment were generally qualitatively
similar to those observed in the field experiment
(Fig. 1b). Mortality rates decreased with increasing
growth rates for both species (ANCOVA F, 3;=133.5,
P<0.001). There was a significant effect of species
(ANCOVA F, 5,=8.74, P = 0.006), indicating that leop-
ard frog mortality was higher than wood frog mortality
at equivalent growth rates. In the figure of untrans-
formed data (Fig. 1b) it is apparent that starting at
equal growth rates, a decrease in growth rate is associ-
ated with a larger (absolute) increase in mortality rate
for leopard frogs than wood frogs. When log-trans-
forming both growth and mortality rates in the
ANCOVA, the interaction term was not significant
(F;3=0.43, P=0.518) indicating that this difference in
species response is present, and equal in relative but
not in absolute terms, across the range of growth rates
measured.

Next consider interspecific differences in mortality
rate and in growth rate within food level. At the high-
est food level, leopard frogs achieved higher growth
rates than wood frogs (simple effects test F,,=73.4,
P<0.001), but growth rates did not differ between spe-
cies at the lowest food level (F 5,=1.2, P=0.29). Mortal-
ity rates of leopard frogs were higher than those of
wood frogs both at the lowest (Fig.2b, F; ,,=24.3,
P<0.001) and highest food levels (Fig.2d, F;,,=11.3,
P<0.001). Thus, we found a positive relationship
between intrinsic growth rate and mortality between
species regardless of resource level.

It is important to determine whether mortality in the
mesocosm experiment was due to the initial handling
of the larvae, initial environmental conditions in the
tanks, or occurred over the course of the experiment.
Effects of handling on mortality in the first 72 h of the
experiment were negligible for both species (0 day~! in
wood frogs, 0.006-£0.006 day~!in leopard frogs). In the

low-food treatments sacrificed after 10 days, mortality
rates were identical for both species (0.003+0.002
day~! for wood frogs and 0.003+0.0004 day ' for leop-
ard frogs; one-way ANOVA F, 5=0.01, P=0.927). Mor-
tality rates in the first 10 days did not differ from
overall mortality rates in the low-food treatments
calculated for the entire experiment for the wood
frog (0.00340.002 vs. 0.002+0.0004 day~'; F,6=0.33,
P=0.59), but were significantly lower for the leopard
frog (0.003+0.001 vs. 0.01£0.002 day™'; F,¢=14.3,
P=0.01). Therefore, mortality appears to have occurred
over the course of the experiment.

Discussion

We found strong support for species-specific relation-
ships between mortality and realized growth rates.
Both in field and mesocosm experiments, mortality was
a steep negative function of realized growth rate for
the fast-growing species, the leopard frog. In contrast,
for the slow-growing wood frog, mortality was inde-
pendent of realized growth rate in the field and exhib-
ited a weaker negative relationship to realized growth
rate, in absolute terms, in the mesocosm experiment.
The overall relationship between mortality and real-
ized growth rates is thus negative, supporting the
expectation that environmental conditions yielding
faster growth also yield lower mortality (also observed
in plants; Augspurger 1984a; Kobe et al. 1995). This
environmental correlation arises because higher
resource availability allows more energy to be devoted
to both growth and other body functions directly
related to condition (storage, defense, maintenance)
and therefore survivorship. However, growth and mor-
tality appear to be at least partially decoupled judging
from the stronger responsiveness of mortality to varia-
tion in resources than growth, the wide interspecific
variation in the relationship between mortality and
realized growth rates, and the weak relationship
between these traits in wood frogs (Fig. 1a, b).
Whereas environmental conditions yielding fast
growth also yield lower mortality within species, inter-
specific performance comparisons suggest that there is
a tradeoff in the ability to maximize growth when
resources are abundant versus the ability to minimize
overall mortality, especially when resources are rare
(Fig. 2a, b). Note that it is possible that this tradeoff
might also be manifest within species, but our experi-
mental design does not permit detection of such effects
(i.e., requiring independent manipulation of genotypes;
e.g., Blanckenhorn 1998). A tradeoff between mortality
and growth capacity appears to arise because acquired
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energy can be allocated to essential body functions
other than growth that more strongly affect survivor-
ship (storage, maintenance, defense). Rough estimates
suggest that leopard frogs allocate nearly 90% of
assimilated energy to growth as opposed to 50% in
wood frogs (Schiesari 2004). This disproportional allo-
cation to growth permits leopard frogs to exhibit
greater scope of growth responses to increases in food
quality or quantity, to achieve higher maximal growth
rates, and to reach body masses at metamorphosis 2.5-
to 3.5-fold greater than those of wood frogs in an only
moderately longer larval period (Wright 1914; Collins
1975; Berven 1990; Schiesari 2004). However, invest-
ment in growth presumably comes at the expense of
reduced investment in other essential physiological
functions such as maintenance and immune defense,
and could explain the high background mortality of
leopard frogs in both favorable and unfavorable envi-
ronmental conditions. Alternative but not mutually
exclusive explanations for differences in mortality with
growth capacity include increased DNA mistakes due
to increased transcription rates (Arendt 1997), and
accelerated tissue catabolism and depressed immuno-
competence due to increased activation of the stress
hormonal axis (Rollins-Smith and Cohen 1996;
Glennemeier and Denver 2002; Denver et al. 2002).

This hypothesized tradeoff can potentially influence
patterns of species distributions across resource gradi-
ents. Although unproductive habitats tend to be domi-
nated by slow-growing species, and productive habitats
tend to be dominated by fast-growing species, several
experimental studies have demonstrated that species
with higher intrinsic growth rates grew as fast or faster
than species with lower intrinsic growth rates, even
when resources were rare (e.g., this study for animals;
and Augspurger 1984a; Kitajima 1994; Ellison et al.
1993; for plants). If growth rates were positively corre-
lated with survivorship and/or fecundity, this would
imply that species with a higher intrinsic growth rate
would dominate across the entire gradient. However,
increased mortality rates may prevent fast-growing
species from colonizing unproductive habitats, and this
effect may be further magnified under interspecific
competition. Higher intrinsic growth rates may be
advantageous when resources are abundant due to
advantages in pre-emptive competitive ability (Grime
1979), or as a trait evolved in response to consistently
higher predation rates (Dudycha 2001).

A mortality—growth tradeoff is likely important in
influencing distributions of these anuran species.
Because larval survival through metamorphosis is a
strong predictor of adult population sizes and net
replacement rates, and because adults exhibit limited
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dispersal rates (e.g., wood frogs; Berven 1990), larval
survival should greatly affect the probability of popula-
tion persistence in a given pond where resources are
low. In addition to displaying higher daily mortality
rates, leopard frog larvae may also experience
increased indirect mortality due to their slower devel-
opment (Collins 1975; Schiesari 2004), which prolongs
exposure to aquatic predators and increases the risk of
desiccation in non-permanent ponds. Ultimately, the
very high premetamorphic mortality of leopard frogs in
resource-poor environments appears to lead to the
strong pattern of habitat segregation across the canopy
cover gradient. A corollary of the overall higher mor-
tality rates of leopard frogs is that, all else being equal,
wood frogs should dominate across the entire canopy
cover gradient. One of us argues elsewhere (Schiesari
2006) that under typical conditions leopard frog popu-
lations may be maintained in open-canopy ponds
despite the higher background mortality rates because
open-canopy ponds tend to be more permanent, and
permanent ponds may contain fish. Wood frogs are
more vulnerable to fish predation because of higher
palatability (Relyea 2001) and the species is virtually
eliminated from ponds where fish are present.

Our results are based on a single pair of amphibian
species, but synthesis of published information across
organisms of widely different life histories and physiol-
ogies suggest that a tradeoff between intrinsic growth
and mortality rates may be general. In seedlings and
saplings of both temperate and tropical forest trees,
species with highest intrinsic growth rates suffered
higher mortality in the shade (Kitajima 1994; Kobe
et al. 1995; Kobe and Coates 1997) but also in the sun
(Brokaw 1980; Augspurger 1984a; Kitajima 1994).
Analogous to our amphibian system, fast-growing sap-
ling species allocate a high proportion of the assimi-
lated energy into leaf surface, and thus further increase
growth rate when resources (sunlight) are high. In turn,
slow-growing sapling species allocate a high proportion
of assimilated energy into structure (thicker leaves,
higher wood density) and storage (Kitajima 1994;
Kobe 1997). These traits are related to lower inci-
dences of herbivory and disease (Augspurger 1984a, b)
as well as to an ability to recover lost tissue which is a
particularly useful trait when resources are rare (i.e., in
the shade). Consequently, fast-growing sapling species
display steep negative relationships between mortality
and growth whereas slow-growing species tend to
exhibit weakly negative, or no relationship at all,
between these traits (Kobe etal. 1995; Kobe and
Coates 1997; Kobe 1999). These species-specific mor-
tality relationships, and the underlying tradeoff, have
been implicated in mediating forest succession and
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consequently temporal but also spatial plant distribu-
tions (Kobe et al. 1995; Hubbell 2001). Plants in tun-
dra, arid grassland, and prairies also have been found
to display positive correlations between intrinsic
growth and mortality rates (Suding et al. 2003; K. N.
Suding, personal communication).

Among animals, daphniid species with highest
intrinsic growth rates have decreased survivorship even
under satiating food levels and benign temperatures in
the laboratory (Dudycha and Tessier 1999; see also
Desmarais and Tessier 1999). In a diverse neotropical
guild of frugivorous Drosophila, Sevenster and Van
Alphen (1993) demonstrated that the larval develop-
mental period was positively correlated with adult lon-
gevity both under starvation and in the presence of
food ad libitum (the latter not significant). To test
whether similar correlations would be observed if lar-
val growth rates instead of developmental rates were
employed, we estimated growth rates using Krijger
et al.’s (2001) data on maximal body size and develop-
mental time of seven Drosophila species from the same
locality investigated by Sevenster and van Alphen
(1993), assuming equal egg sizes among species. Larval
growth rates were negatively correlated with longevity
of adults both under starvation (Pearson’s r=—0.86,
P=0.01) and abundant food conditions (r=—0.81,
P=0.05). This increased mortality is compensated for
by earlier reproduction in daphniids (Dudycha and
Tessier 1999), and earlier senescence by greater gener-
alism in breeding site selection allowing early repro-
duction in drosophilids (Sevenster and van Alphen
1993). The results for juvenile trees and anuran larvae,
however, clearly argue for a fundamental physiological
tradeoff between maximum growth rate and survivor-
ship, as no investment is made in reproduction in these
stages.

We have provided direct experimental evidence
that maximization of growth may come at the cost of
increased mortality irrespective of resource availabil-
ity, but especially under resource shortage. Such a
tradeoff has the potential to bridge between individ-
ual performance and demographic rates, which ulti-
mately may explain why individual growth rate is
correlated with a species’ position on resource gradi-
ents. Data from a variety of taxa suggest that this
tradeoff may be general, and worthy of more exten-
sive research.
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