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    Juvenile survival and growth are critical
determinants of evolutionary fitness in most
organisms (Berven and Gill 1983, Beck and
Congdon 2000, Biek et al. 2002). In organisms
with indeterminate somatic growth, size at
metamorphosis and size at maturity (conse-
quences of juvenile growth rate) are strong
predictors of reproductive success (Semlitsch
et al. 1988). In addition, juveniles of most
organisms characteristically exhibit high mor-
tality rates (Brockelman 1975, Promislow and
Harvey 1990) such that even relatively small
changes in juvenile mortality rate translate
into large effects on fitness (Mangel and
Stamps 2001, Patrick et al. 2008). Juvenile sur-
vival and growth often covary depending on
the relative intensity of density-dependent
and density-independent effects (Scott 1994,

Reaser 2000, Altwegg and Reyer 2003). Thus,
fitness during the juvenile period is deter-
mined by the nature of the interaction
between survival and growth.
    Population density and habitat quality are
especially strong predictors of juvenile sur-
vival and growth in larval amphibians (Beebee
et al. 1996, Chelgren et al. 2006). However,
specific effects of density and habitat quality
on survival and growth of larvae vary widely
among amphibian species (Schaffer 1974,
Richter-Boix et al. 2011, Earl and Semlitsch
2013, Ding et al. 2015). For example, larval
survival and size at metamorphosis are both
negatively correlated with clutch density in
many amphibian species, but the slope of
these relationships varies among species
(Berven 1990, Hels and Nachman 2002).
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Density and pond habitat affect survival and growth rates 
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      ABSTRACT.—Juvenile survival and growth are critical determinants of evolutionary fitness in most organisms. However,
specific effects of population density and habitat quality on survival and growth of larvae vary widely among amphibian
species. The Columbia spotted frog (Rana luteiventris), like many amphibians in the arid western United States, is a
species of conservation concern, especially in the southern part of its range. To determine how density and habitat affect
vital rates of Columbia spotted frog during the larval period, we performed a controlled experiment. Larval growth and
survival in the Columbia spotted frog are determined by density of conspecifics and pond habitat. Density of con-
specifics is the most important determinant of larval growth, and pond habitat type is the most important determinant
of larval survival. Recommendations for repatriation efforts include starting populations with intermediate densities of
larvae to optimize the size-versus-number trade-off.

      RESUMEN.—La supervivencia y el crecimiento de los juveniles son determinantes críticos de la adecuación evolutiva
en la mayoría de los organismos. Sin embargo, los efectos específicos de la densidad poblacional y la calidad del hábitat,
en la supervivencia y el crecimiento de las larvas varían ampliamente entre las especies de anfibios. La rana, Rana
luteiventris, al igual que muchos anfibios del oeste árido de los Estados Unidos, es una especie de preocupación para la
conservación, especialmente en la parte sur de su área de su distribución. Para determinar cómo la densidad y el hábitat
afectan las tasas vitales de Rana luteiventris durante el período larval, realizamos un experimento controlado. El crec-
imiento y la supervivencia larval de Rana luteiventris dependen de la densidad de coespecíficos y el hábitat del
estanque. El tipo de hábitat del estanque es el factor más importante para la supervivencia de las larvas, mientras que la
densidad de coespecíficos es el agente más importante para el crecimiento de las larvas. Las recomendaciones para los
esfuerzos de repatriación incluyen iniciar con poblaciones de larvas de densidades intermedias para optimizar el equi-
librio entre el tamaño y el número.
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Common toads (Bufo bufo) are highly affected
by larval densities, and individuals from low-
density clutches regularly outperform those
from high-density clutches in physical
endurance (Goater et al. 1993). In water frogs
(Rana lessonae and R. esculenta), early meta-
morphosis and increased size positively affect
postmetamorphic fitness, but larval density
appears to have little effect on timing of or
size at metamorphosis (Altwegg and Reyer
2003). Neotropical red-eyed tree frogs (Agaly-
chnis callidryas) grow larger and have higher
rates of survival at low densities, but the larger
frogs grow at a slower rate after metamorpho-
sis than frogs at high densities (Tarvin et al.
2015). Metamorphosis rate decreases as larval
density increases and metamorphosis time
increases as food availability decreases in the
Chinese tiger frog (Hoplobatrachus rugulosa;
Ding et al. 2015). For some amphibians, the
presence of pollution as a component of habi-
tat quality can reduce the positive effects of
low population density (Sanzo and Hecnar
2006, Ortiz-Santaliestra et al. 2012). Because
of the interactive effects of density and habitat
quality, it is difficult to generalize among
species about the relative effects of these 2
factors on larval survival and growth. Thus
species-specific, and possibly site-specific,
information is required to determine vital
rates in larval amphibians.
    The Columbia spotted frog (Rana lutei -
ventris), like many amphibians in the arid
western USA, is a species of conservation
concern, especially in the southern part of its
range (Green et al. 1996). Combinations of
chytrid fungus disease (Collins and Storfer
2003, Weldon et al. 2004, Lips et. al. 2006,
Kilpatrick et al. 2010), habitat loss (Stuart et
al. 2004), introduced predators, and effects of
climate change make conservation of Colum-
bia spotted frogs difficult (Reaser and Pilliod
2000). Population persistence is critically
dependent on survival and growth during the
larval period. Although population dynamics
and status (Hovingh 1993, Reaser 2000, Funk
et al. 2005), impacts of climate change (Pilliod
et al. 2015), and habitat quality (Bull 2003)
have been studied in Columbia spotted frogs,
the effects of population density and habitat
quality on larval survival and growth have not
been experimentally documented.
    To determine how density and habitat
affect vital rates of the Columbia spotted frog

during the larval period we evaluated the
effects of starting density and pond habitat on
survival and growth of larval frogs. In addi-
tion, we evaluated the effect of ending density
on size at metamorphosis.

METHODS

Columbia Spotted Frog Natural History

    The Columbia spotted frog (Rana luteiven-
tris) is found throughout the northwestern
portion of North America, extending from
Alaska through Canada, Washington, Idaho,
Wyoming, Montana, and fragmented portions
of Nevada and Utah. (Green et al. 1996, Reaser
and Pilliod 2000). Isolated, relict populations
occur in the southern portion of this range.
Relict populations of the Columbia spotted
frog along the Wasatch Front in Utah are
found in wetland habitats with low water flow
rates, little shade, and cool, clear water (Green
et al. 1996, 1997). In Utah, Columbia spotted
frogs emerge and reproduce in mid-March
when air temperatures reach 13 °C to 26 °C
(Turner 1960, Morris and Tanner 1969, Reaser
and Pilliod 2000). Once ubiquitous in wetlands
throughout northern Utah, viable populations
now exist only in isolated springheads in the
West Desert and along the Wasatch Front. The
reduced distribution of the Columbia spotted
frog in Utah in recent decades is associated
with urbanization and water development
(Green et al. 1997, Reaser and Pilliod 2000).

Study Site

    We performed this experiment at the
Swaner Nature Preserve (SNP; 40.7015° N
111.5191° W), a private trust covering about
425 ha in the Snyderville Basin of Summit
County, Utah, USA. Within the larger pre-
serve is a Wetlands Reserve Program perma-
nent conservation easement of 216 ha held by
the Natural Resources Conservation Services.
Conservation efforts in years just prior to the
experiment focused on protecting the upper
watershed of East Canyon Creek, filling in
diversion ditches and channels, replanting
native vegetation, and enhancing 3 ponds that
were intended to provide habitat for Columbia
spotted frogs. Enhancement of these ponds
occurred in fall of 2003 in accordance with
specifications given by Utah Department of
Wildlife Resources. The ponds were approxi-
mately 15–20 m in diameter, 1.5 m in depth,
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and graded on the northwestern side to pro-
vide shallows for oviposition. Ponds are spring
fed, and the entire area remains relatively wet
even during drought conditions. The chorus
frog (Pseudacris triseriata) is the only other
frog species known to occur in the preserve.
These ponds in the Swaner Nature Preserve
were identified as a priority site for repatria-
tion of the Columbia spotted frog.

Experimental Procedure

    To determine the effects of starting density
and pond habitat on survival and growth (i.e.,
size at metamorphosis), we ran an experiment
as part of the repatriation effort at the Swaner
Nature Preserve. On 14 April 2004, we gath-
ered eggs from a population located along the
Provo River corridor below the Jordanelle
Reservoir dam. This source population was
geographically closest to the repatriation site;
the source site was ecologically and environ-
mentally similar to the repatriation site; and
the source population of Columbia spotted
frog was relatively large and robust. We used
larvae from 15 clutches of eggs. Each clutch
was separated into 2 approximately equal
masses, and half of each clutch was left in
place, while the other halves were placed in
plastic containers and transported to the
Brigham Young University campus. Egg masses
were then placed outdoors in a 1100-L plastic
tub containing aged tap water with constant
aeration until hatching.
    We installed cages in the 3 ponds at Swaner
Nature Preserve, arbitrarily named A, B, and
C. Pond C was stream-fed with both an in -
flow and outflow; however, the shallow area
created for spawning was to the side of the
main flow. Ponds A and B were connected to
groundwater, but had no flowing connections.
Ponds A and C had some emergent aquatic
vegetation, but Pond B had none. Thus, each
pond represented a somewhat different com-
bination of habitats, and we treated each pond
as a unique environment or habitat type in our
analysis. Cages were constructed using PVC
frames to support mesh screening (1.5 mm
mesh) designed to enclose one square meter
of pond surface area (1 m × 1 m × 0.5 m
high). Each open-bottom cage was pushed
into the substrate and secured to fence posts
with cable ties. Any gaps around the bottom
perimeter were filled in with mud from the
pond. Eight cages were placed in ponds A

and B, and 16 cages were placed in the larger
pond C.
    On 3 May 2004, after eggs had hatched, we
collected the tadpoles. Tadpoles were sepa-
rated from any remnants of jelly coats or other
debris and rinsed several times with clean
water to reduce the likelihood of introducing
novel pathogens to the repatriation site (e.g.,
chytrid fungus). Tadpoles from all clutches
were then combined, placed in several large
coolers, and transported to Swaner Nature
Preserve. Groups of 25, 50, 75, or 100 tad-
poles were taken haphazardly from the
cooler and assigned to each cage according
to a randomized block design. Tadpoles were
generally healthy and uniform in size, but
any listless, injured, or noticeably larger or
smaller animals were excluded. Ponds A and
B each contained 2 complete sets of the 4
density treatments (i.e., 25, 50, 75, and 100),
whereas pond C contained 4 sets, yielding 8
total replicates of each of the 4 density treat-
ments. After stocking tadpoles, we covered
the top of each cage with 15-mm plastic mesh
to deter larger predators. Throughout the
growing season, cages were monitored and all
tadpoles were fed a supplemental diet of
ground spinach 3 times per week. Each cage
initially received about 1.7 g of ground
spinach per 25 tadpoles per feeding, and this
amount was doubled on 21 June to accommo-
date the increased size of tadpoles.
    We placed a floating cork platform (30 ×
30 cm) in each cage to provide a resting
place for newly metamorphosed individuals.
When it appeared that most larvae had meta -
morphosed we ended the experiment. To
remove the frogs from the cages we used a
successive removal depletion method. Frogs
were removed from the cages through dip net-
ting in 4 successive timed efforts, lasting one
minute each. Frogs were rarely caught on the
third depletion effort, and never on the fourth,
thus we are confident nearly all surviving
individuals were captured. Each frog was
measured for snout–vent length (SVL), weighed
to the nearest 0.1 g, and categorized with
respect to metamorphosis. All experimental
individuals were released into their respective
ponds after measurements were completed.

Statistical Analysis

    Survival was measured as the number of
individuals found alive at metamorphosis
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compared to the starting number of individuals
in the cage (the response variable), so effects of
density and pond habitat quality were ana-
lyzed with a logistic regression approach with
a logit link function (Proc GENMOD in SAS
v. 9.3; SAS Institute Inc., Cary, NC). Starting
density and pond (A, B, or C) were used as
predictor variables and the 2-way interaction
between density and pond was included. For
size at metamorphosis (mass), effects of density
and pond habitat quality were analyzed with a
mixed-model analysis of variance approach
(Proc MIXED in SAS v. 9.3; SAS Institute
Inc., Cary, NC). Size at metamorphosis was
natural-log transformed, based on visual inspec-
tion of residual plots, to meet the assumption
of normal distribution of residuals. Starting
density and pond (A, B, or C) were used as
predictor variables and the 2-way interaction
between density and pond was included. Cage
was included in the model as a random effect.
Finally, to explore the potential interaction
between survival and growth in the Columbia
spotted frog, we used regression analysis of
number surviving (i.e., ending density) on
growth rate. Number of frogs surviving the lar-
val period is a function of the starting density
and the survival rate. The response variable
was size (mass) at metamorphosis and the pre-
dictor variable was number of frogs per cage at
the end of the experiment. Similar to the pre-
vious analysis on size at metamorphosis, we
included cage as a random effect and used
Proc MIXED in SAS (v. 9.3; SAS Institute
Inc., Cary, NC) for the analysis. 

RESULTS

    Larvae in pond B metamorphosed earliest
(late July) followed closely by those in pond A
(early August). Larvae in pond C metamor-
phosed about one month later in late August.
Percent survival differed significantly by

density, pond, and the pond-by-density
interaction (Table 1). Percent survival was
high in pond B (86% to 92%) and extremely
low in pond C (4% to 15%) but constant
across all starting densities within these 2
ponds. In contrast, percent survival was mod-
erate in pond A at the first 3 starting densi-
ties (44% to 60%), but was extremely low in
those cages with starting densities of 100
(12%; Fig. 1). The wide variance in survival
among density treatments in pond A compared
to the relatively constant effect of density in
the other 2 ponds accounts for the significant
interaction term in the analysis.
    Mass at metamorphosis was significantly
affected by density, pond, and the pond-by-
density interaction (Table 1). Mass at meta-
morphosis was highest in ponds A and C and
lowest in pond B. Highest mass at metamor-
phosis was found at the 2 lowest starting
densities (25 and 50). The significant interac-
tion between pond and density was caused
by the variation in survival among ponds such
that differences in starting density were not
maintained in ponds A and C (Fig. 2).
    Survival rate and starting density caused
differences in densities experienced throughout
the experiment such that size at metamor-
phosis was significantly negatively related to
density at the end of the experiment (Table 1;
regression equation: Log size at metamorpho-
sis = −0.0139 * Ending Density + 0.48). Low
densities of about 30 or fewer individuals per
cage resulted in size at metamorphosis about 3
times greater (mass at metamorphosis about
1.5 g) than size at metamorphosis in cages that
had greater than 80 individuals surviving
(mass at metamorphosis about 0.5 g).

DISCUSSION

    The results of the experiment display a pre-
dictable relationship between larval density
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    TABLE 1. Analysis of variance (ANOVA) table for percent survival and size at metamorphosis for the density experi-
ment. Significant P values are bolded.

Response variable                             Source                                                 df                              F                                P

Percent survival                                 Pond                                                 2, 19                         191.35                      <0.0001
                                                           Start Density                                   3, 19                             5.09                         0.0094
                                                           Pond * Start Density                       6, 19                             4.03                         0.0090
Mass at metamorphosis                     Pond                                                 2, 13.2                        39.35                      <0.0001
                                                           Start Density                                   3, 13.3                          8.92                         0.0017
                                                           Pond * Start Density                       6, 12.9                          7.26                         0.0015
                                                           Ending Density                               1, 23.3                        85.83                      <0.0001



and habitat quality on larval growth and survival
of the Columbia spotted frog. Pond habitat
exhibited strong effects on survival. Survival
in other larval amphibians has been related to
habitat quality, and less so to larval density

(Wilbur 1976, Horne and Dunson 1995, Boone
2005, Richter-Boix et al. 2011). Variation in
survival and the resulting population densities
strongly affected growth rates as evidenced by
size at metamorphosis. Low mortality in some
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    Fig. 1. Mean percent surviving per cage of Columbia spotted frog by density. Bars indicate 95% confidence intervals.
Closed circle/solid line indicates pond A, closed square/long dash indicates pond B, and open triangle/short dash indi-
cates pond C.

    Fig. 2. Mean mass of Columbia spotted frog at metamorphosis (natural-log transformed, in mg) by initial density. Bars
indicate 95% confidence intervals. Closed circle/solid line indicates pond A, closed square/long dash indicates pond B,
and open triangle/short dash indicates pond C. Symbols are offset for clarity.



ponds resulted in high densities and low
growth rates, and high mortality in other ponds
resulted in low density and high growth rates.
These results from the Columbia spotted frog
are qualitatively similar to numerous studies
on growth and survival of larval amphibians
where variation in intraspecific competition
(i.e., density effects) determines growth rates.
(Wilbur 1977, Scott 1990, Goater 1994, Rowe
and Dunson 1995, Ding et al. 2015, Tarvin et
al. 2015). By choosing habitats for oviposition,
females are balancing effects on survival and
subsequent effects on growth. The fitness
payoff for a particular choice depends on the
behavior of other individuals and on variation
in the environment through space and time.
Large body size at metamorphosis may be
important in some locations and at some times,
but the fitness advantage of large body size
may not be constant among all habitats and at
all times (Blanckenhorn 2000, Tarvin et al.
2015). Thus, this trade-off between survival
and corresponding density-dependent growth
rates may help maintain high levels of variation
in habitat selection within the population.
    Population dynamics of larval Columbia
spotted frogs are a product of the number of
offspring surviving (mainly influenced by pond
habitat quality) and the size at metamorpho-
sis or quality of larvae (mainly influenced by
density). Thus, this relationship can inform
best practices for repatriation efforts. Deter-
mining optimal starting densities for repatria-
tion “head-start” enclosures represents the same
evolutionary trade-off as that faced by female
frogs at oviposition. The optimal solution is
neither maximization of starting numbers (at
the expense of body size), nor maximization
of size at metamorphosis (at the expense of
numbers) (see also Ding et al. 2015). Rather,
optimization of the size-number tradeoff as
occurs at intermediate densities mimics the
evolutionary solution to the tradeoff. In most
amphibians, success in the terrestrial environ-
ment depends on size at metamorphosis, which
is a product of density in the larval environ-
ment (Wilbur 1976). However, some amphibian
species have shown positive results in over-
coming low larval growth when introduced to
an optimum terrestrial environment (Boone
2005). Repatriation sites will not be inhabited
with populations of potential competitors,
and thus may provide Columbia spotted
frogs with a suitable habitat to overcome low

metamorphic size. This might suggest that pop-
ulations should be started with large numbers
(i.e., high densities) and that corresponding
small size at metamorphosis might be over-
come during the terrestrial stage. However, it
seems unlikely that low size at metamorphosis
can be completely overcome during the adult
stage (Auld et al. 2010). On the other hand, in
expanding populations that are far from carry-
ing capacity, size and corresponding fecundity
at first reproduction are the most important
determinants of population growth. After only a
few generations, the effect of in creasing fecun-
dity outweighs the effect of increasing the start-
ing number of individuals. The size-number
tradeoff evidenced in this study suggests that
it is prudent to start new populations at inter-
mediate densities (in the range used in this
study). This should result in the most rapid
population growth for new populations.
    In summary, larval growth and survival in
the Columbia spotted frog in this experiment
were determined by density of conspecifics
and pond habitat quality. Pond habitat type
was the most important determinant of larval
survival, and density of conspecifics was the
most important determinant of larval growth.
Recommendations for repatriation efforts
include starting populations in small ponds
with suitable habitat and using intermediate
densities of larvae to optimize the size-versus-
number tradeoff.
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