
among ponds due to model complexity and data limita-
tions; however, a separate analysis indicated that fewer than
4% of experienced breeders dispersed to different breeding
ponds in subsequent years (Gamble et al., 2007). Therefore,
we removed the few individual capture histories that
included more than one pond and treated remaining
individuals at each pond as separate ‘‘groups’’ without the
possibility of dispersal. Second, exploratory models suggest-
ed that virtually all males who skipped a breeding year
would breed in the subsequent year, so we fixed transitions
from unobservable to observable states equal to 1. For
females, these transitions were constrained to be equal for
all ponds and years, resulting in a single parameter estimate.
Third, for both males and females, data were insufficient to
independently estimate observable to observable transitions
(i.e., animals that remain in a breeding state for consecutive
seasons) for all ponds and years. We expected that the
probability of breeding in a given year was most likely to be
affected by environmental variables such as precipitation
that would vary more by year than by population in our
study area; therefore, we constrained these transitions to be
equal across populations but allowed them to vary with
time. Fourth, a hurricane and a subsequent storm caused
several drift fences to flood during the first emigration
period and may have changed both capture and survival
probabilities. To address estimation problems occurring in
the first interval and second occasion (CR models are
conditioned on first capture), we constrained capture
probabilities to be equal across populations in the female
data and pond survival probabilities equal across all
populations for both sexes. Lastly, the populations at ponds
5 and 6 had the lowest sample sizes in our study. To
overcome estimation problems in these two populations,
breeding season (BS) and non-breeding season (NBS)
survival probabilities were constrained to be equal over
time for all intervals except the first (i.e., hurricane) interval.
Capture probabilities were also constrained to be equal
across these occasions in the female data, but could be
estimated independently from the male data.

Upon reaching a functioning global model, we configured
a set of more constrained models representing specific

hypotheses developed a priori about how these parameters
may vary in space and time. These alternative models and
our expectations for model selection are described in
Table 1. With three model configurations for capture
probabilities, two each for transitions and upland survival,
and three for pond survival, we built a total of 36 models
each for males and females and ran them in a modified
version of the program MSSURVIV (Hines, 1994). We used
Akaike’s Information Criteria adjusted for overdispersion
and small sample size (QAICc) to compare models and
calculated Akaike’s weights to estimate the relative level of
support in the data for each model (Burnham and Anderson,
2002). Weights for the best-supported models (combined
weights . 95%) were recalculated and used to derive model-
averaged parameter estimates and standard errors.

A final consideration in the CR analysis was related to the
original construction of capture histories from the image-
based individual identification method. Testing of this
method revealed that false-positives (i.e., mismatches) were
exceedingly rare; however, false negatives (i.e., missed
matches) did occur occasionally (Gamble et al., 2008).
Similar to a lost or misread tag, the result of a missed match
would be a fragmented capture history in which one or more
captures of an individual are interpreted to be a different
individual, resulting in two or more incomplete capture
histories. Given the size of our data set, a perfect identifi-
cation technique was unattainable (i.e., toe-clips and pit tags
are also prone to regeneration or loss); however, we
conducted a trial to estimate the effects of missed matches
on parameter estimates. To do this, we first estimated the
frequency at which missed matches occur in the data by
selecting a random sample of images and exhaustively
searching the data for matches. We then created a simulated
data set for female A. opacum with known parameter values
comparable to those found in our real data. We simulated
the fragmentation of this data set by randomly removing
individual capture events from capture histories with two or
more captures at frequencies estimated for the real data set
and treating these removed events as separate individuals
with single captures. Lastly, we derived parameter estimates
in MSSURVIV for these paired (unfragmented and fragment-

Table 1. Alternative a priori Model Configurations for Capture, Transition, and Survival Probabilities of Ambystoma opacum Evaluated through
Model Selection.

Configuration Description

p(t,pd) Global. Allows capture probabilities to vary by year and population.
p(.) Constrains all capture probabilities to be equal.
p(.hurr) Expected. Capture probabilities are constrained to be equal across all populations and years except for the first, hurricane

year during which higher trespass was expected.

psi-OO(t) Global. Observable to observable transitions are allowed to vary by year, but not by population.
psi(.dry) Expected. Observable to observable transitions are constrained across both years and populations with the exception of the

driest year, 2001, which is estimated independently.

S-UP(t,pd) Global. Upland survival is allowed to vary by year and population.
S-UP(.) Expected. Upland survival is fully constrained, in agreement with our expectations that 1) adult individuals in familiar upland

habitats with terrestrial refugia would be resilient to temporal environmental variation and 2) upland habitat quality is
consistent across populations.

S-PD(t,pd) Global. Pond survival is allowed to vary by year and population.
S-PD(t) Expected. Pond survival may vary from yearly in response to variable precipitation and temperatures, but similar variation is

expected across populations.
S-PD(.hurr) Pond survival does not vary by population, but may vary in response to dramatic weather years, such as the 1999 hurricane.
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ed), simulated data sets using the top model structure
selected from our real data and compared the results.

Simulation models to estimate longevity and breeding frequen-
cy.—We used parameter estimates from the CR analysis to
model longevity and total lifetime breeding events in adult
A. opacum. To accomplish this, for each sex we constructed
an individual-based simulation with 30 time steps (breeding
and non-breeding intervals for each of 15 years) and 1000
individuals, each starting at the point of first breeding
capture. Survival and transition probabilities for each time
step were randomly drawn from a normal distribution
derived from our parameter estimates (Church et al.,
2007). Then, at each time step, each individual was
subjected to these probabilities using a random number
generator between 0 and 1 to determine whether it survived
or died, or remained in a breeding state or not. We ran 100
iterations of this model and estimated the average number
of years that salamanders lived (beginning with their first
breeding season) and the average number of times that
salamanders bred in their lifetime. This analysis required
two significant assumptions: first, that environmental
conditions affecting survival and transition probabilities
through the duration of our study represent their ‘‘natural’’
range of variability over longer time periods and were
adequately represented by the normal distribution used in
the simulation, and second, that survival probabilities do
not vary with age after first breeding. The second assump-
tion was unavoidable because we did not have the means to
age individual salamanders in our study and therefore
pooled adult salamanders into a single age class.

RESULTS

Capture–recapture analysis.—From 1999 to 2004, we recorded
1890 and 3245 captures of breeding female and male A.
opacum from all 14 ponds combined. Using the image-based
individual recognition process, these were organized into

capture histories for 761 and 1086 females and males,
respectively. The six breeding populations included in the
CR analysis accounted for 98% of the total captures at the
study site (Table 2). Total numbers of individual females
through the six years of the study varied from 0 to 15 for the
eight smallest populations and up to 391 in the largest
population. Most breeding populations had male-biased sex
ratios; the cumulative sex ratio (from total numbers of
individuals captured in all years) for the six large populations
was 1.4 to 1. Approximately 40% of females and 50% of males
were captured in more than one year of the study, and small
numbers of individuals of each sex (,1.5%) were captured in
all six years. The duration of the breeding season, calculated
as the number of days between median immigration and
median emigration dates, averaged 33 days for females (min
5 10, max 5 59) and 19 days for males (min 5 13, max 5 28).

Subject to the constraints detailed in Appendix 1, the
global model for females estimated 68 parameters and fit the
data based on a Pearson’s goodness-of-fit test after pooling
cells with small expected values (x2 5 117.17, df 5 101, P 5

0.13, ĉ 5 1.16). The comparable model for males estimated
75 parameters and also fit the data (x2 5 105.04, df 5 96, P 5

0.25, ĉ5 1.09).

In the female CR analysis, the top four models combined
carried .96% of the QAICc weights (Table 3) and were used
to derive model-averaged parameter estimates. In all four of
these models, upland survival (S-UP) was constrained to be
equal among ponds and years and pond survival (S-PD) was
constrained to be equal among ponds, but varied across
years. Both the time-general (psi-OO(t)) and the ‘‘dry year’’
(psi(.dry)) state transition configurations (see Table 1)
occurred in these models, suggesting some support for the
hypothesis that fewer females may attempt to breed in dry
years. The top two models (combined QAICc . 0.83)
constrained capture probabilities to be equal across years
and ponds with the exception of the first year when a
hurricane inundated many traps and drift fences. However,
there was some support for models with capture probabil-
ities varying by year and by pond (combined QAICc 5 0.13).

Table 2. Numbers of Capture Events of Female and Male Ambystoma opacum Immigrating to and Emigrating from Six Pond Basins between 1999
and 2004. The first and second occasions of each year represent immigration and emigration captures, respectively. In rare cases where an individual
was captured immigrating or emigrating more than once, only the first immigration event and last emigration event were counted in the total.

Pond Sex

1999 2000 2001 2002 2003 2004 Total
individualsa1 2 3 4 5 6 7 8 9 10 11 12

2 f 15 6 27 30 13 12 39 29 23 22 21 13 102
3 f 4 4 10 9 15 13 8 7 5 3 5 3 40
4 f 39 17 86 73 95 80 134 112 112 98 88 64 391
5 f 26 14 20 18 9 3 15 10 5 3 7 2 77
6 f 2 2 14 12 10 7 8 8 3 3 1 0 21
12 f 30 29 48 45 17 14 35 28 22 18 13 16 101
Total f 116 72 205 187 159 129 239 194 170 147 135 98 732

2 m 28 23 40 36 40 38 25 22 21 29 18 15 109
3 m 21 14 20 15 13 10 7 7 14 18 45 47 106
4 m 86 42 157 118 188 183 181 133 148 114 142 106 552
5 m 24 17 27 17 5 1 11 5 5 5 7 3 74
6 m 20 20 25 24 23 23 18 15 11 11 6 5 36
12 m 61 61 96 80 66 40 45 35 38 34 47 46 163
Total m 240 177 365 290 335 295 287 217 237 211 265 222 1040

a This is the estimated total number of unique individuals captured in all years, as determined from image-based individual identification (see
text in Materials and Methods).
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bilities would not be a significant source of variability
among proximate populations. For example, in both the
female and male analyses of pond survival, model selection
favored models that allowed variability across years, but not
among populations. When aggregated in dry pond basins,
breeding salamanders were probably more susceptible to
environmental fluctuations that occurred over time (e.g.,
dry spells or extreme temperatures) than were non-breeding
individuals in familiar upland territories with better oppor-
tunities for cover; however, these fluctuations were experi-
enced similarly among populations. Pond-level variability in
habitat quality (e.g., unmeasured factors such as predator
abundance, availability of refugia) was not significant
enough to result in support for models with pond-specific
estimates.

Similarly, models fit to the female data with upland
survival constrained over time and populations were favored
over fully general models. Resulting parameter estimates for
female upland survival deviated little from an average of
0.68 through the duration of the study period, suggesting
that terrestrial refugia away from the pond basins were
sufficient to buffer extremes in both temperature and
moisture that may occur across years and seasons. We can
only speculate on what particular climate extremes may
affect adult survival; however, this finding is noteworthy
given the range of climatic variability that was apparent over

this time period. For example, the 1999 breeding season was
exceptionally hot with a monthly average temperature
5.4uC above normal in September, and January 2004 was
unusually cold (monthly average temperature 2.6uC below
normal) with minimal snow cover (National Oceanic and
Atmospheric Administration, 2008). It is important to note,
however, that any resilience to climatic variation apparent
in these data may not be generalizable to areas with poor or
more varied habitat quality.

We did find two notable exceptions to the general pattern
of spatial homogeneity of survival. First, the models with
the most support in the male data allowed upland survival
to vary across populations and years. A closer look at these
parameter estimates showed that three of the six popula-
tions (including two with the largest sample sizes and lowest
standard errors) experienced similar upland survival proba-
bilities (during non-breeding periods) around 0.75 through
much of the study period (Table 4). Ponds 2 and 3, on the
other hand, exhibited significant year-to-year variability in
upland survival estimates, conveying support to the popu-
lation-variable models. Estimates at these two populations
were accompanied by large and overlapping confidence
intervals, however, suggesting they should be interpreted
cautiously with regard to spatial or temporal trends.

Second, pond survival estimates for both females and
males and upland survival estimates for males during the
non-breeding periods were consistently and substantially
lower for pond 5 than for the remaining populations.
Reasonably low variances in these estimates suggest that
they reflect real differences in this population; however, we
are unable to offer any definitive explanation. A 50-m wide
powerline corridor traversing the study area in close
proximity to pond 5 is regularly cleared of woody vegetation
and may act as a barrier to movement or potentially as an
area of high predation risk; however, upland habitats appear
accessible around the remainder of this pond and similar to
those in the rest of the study area. Despite these two
inconsistencies, our results generally indicate some varia-
tion in adult survival over time, particularly during breeding
periods, but minimal variation among populations.

Similar to these results, A. tigrinum adults in Virginia
showed interannual variation in pond survival and very
limited temporal variation in upland survival (Church et al.,
2007); however, data in the A. tigrinum study suggested that
population-level variability occurred in both pond and

Table 4. Upland Survival Estimates and Standard Errors for Female and Male Ambystoma opacum during Non-Breeding Intervals from 1999 to 2004.
Intervals extend from median date of emigration in listed breeding year to median date of immigration in following year (e.g., typically about 49
weeks for males and 47 weeks for females). The occasion number representing the beginning of the interval is listed in parentheses.

Interval

Females Males

All pondsa Pond 2 Pond 3 Pond 4 Pond 5b Pond 6b Pond 12 Average

1999(2) 0.67 0.02 0.72 0.11 0.50 0.14 0.66 0.08 0.31 0.08 0.73 0.05 0.96 0.05 0.65
2000(4) 0.68 0.02 0.73 0.10 0.89 0.12 0.68 0.05 0.30 0.07 0.72 0.05 0.74 0.06 0.68
2001(6) 0.70 0.02 0.61 0.09 0.59 0.16 0.71 0.04 0.31 0.08 0.73 0.05 0.77 0.07 0.62
2002(8) 0.69 0.02 0.87 0.08 Fixed 5 1.0 0.77 0.04 0.31 0.08 0.73 0.05 0.81 0.07 0.75
2003(10) 0.67 0.02 0.41 0.11 0.61 0.13 0.75 0.06 0.31 0.08 0.73 0.05 0.85 0.0 9 0.61
Average 0.68 — 0.67 — 0.72 — 0.71 — 0.31 — 0.73 — 0.83 — 0.66

a Models constraining instantaneous survival probabilities to be equal across populations carried.99% of weights given the data (Table 3),
so these estimates apply to all populations.

b To overcome estimation problems, instantaneous survival probabilitieswere constrained to be equal across all years (see text in Materials
and Methods), so yearly variation in these values results from slight differences in interval lengths among years.

Fig. 4. Estimated probabilities of remaining in a breeding (observable)
state in two consecutive breeding seasons for male and female
Ambystoma opacum from 2000 to 2004. The line displays total
precipitation amounts from May through September in each year. Error
bars reflect 6 1 SE.
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