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Abstract. Population catastrophes are widespread, unpredictable phenomena occurring in natural popula-
tions that have important, yet frequently underappreciated, consequences for persistence. As human impacts on
ecosystems increase globally, the frequency of catastrophes is likely to rise as increasingly fragmented and
depleted populations become more vulnerable. Species with slow life histories are expected to recover slowly
from catastrophes because of their longer generation times, and assessing their population recovery requires data
spanning long periods. We report results from a long-term mark–recapture study of snapping turtles (Chelydra
serpentina) in Algonquin Provincial Park, Ontario, that experienced a major mortality event from winter preda-
tion by river otters. We estimated abundance and survival of nesting females before, during, and 23 yr following
the catastrophe. We built multistate mark–recapture models incorporating movement between sites, temporary
emigration, and observation effects. We found that during the 3-yr mortality event, abundance of nesting females
declined by 39% overall, and by 49% at our focal nesting area. Apparent survivorship of nesting females during
these three years fell from 0.94 before the mortality event to 0.76 at the focal site and 0.86 at adjacent nest sites.
Survivorship over the following 23-yr period averaged 0.972 and 0.940 at the two sampling areas. Despite high
post-catastrophe survivorship and connectivity with other populations, the population failed to recover, display-
ing consistently reduced abundances across 23 post-catastrophe years. We discuss the relationship between life-
history attributes and the causes and consequences of local catastrophes and their conservation implications.
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INTRODUCTION

The current global extinction crisis has resulted
in an estimated one-thousand-fold increase in
extinction above the baseline rate (Pimm et al.
2014). A recent assessment of vertebrate popula-
tions based on the Living Planet Index (Collen
et al. 2009) estimates that average declines in
abundance since 1970 have reached 52% (World
Wildlife Fund 2014). The greatest single contribut-
ing factor to these observed declines is direct

exploitation (World Wildlife Fund 2014). Another
emerging global threat is climate change (World
Wildlife Fund 2014), which is increasing environ-
mental variability, including the potential for
increases in the frequency of extreme weather-
related events, such as wildfires, droughts, and
floods (IPCC 2014). Both classes of threats can
produce catastrophes, resulting in sudden and
severe declines in abundance of affected popula-
tions (Fey et al. 2015). A catastrophe may be
defined as a short-term decline of over 50% of a
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population, and the probability of catastrophes in
vertebrate populations is estimated to be 14% per
generation (Gerber and Hilborn 2001, Reed et al.
2003, Ward et al. 2007). Natural and anthro-
pogenic population catastrophes can have a dis-
proportionately large impact on population
persistence and in many cases may be the domi-
nant process causing extinctions (Menges 1990,
Mangel and Tier 1994, but see Finkelstein et al.
2010). The risk that catastrophes pose to popula-
tion persistence is expected to depend on their fre-
quency relative to generation time (Frankham
and Brook 2004, O’Grady et al. 2008). Thus, for
long-lived species, catastrophes that are spaced
far apart in time could still have important effects
on abundance and persistence. Unfortunately,
published reports of catastrophes often fail to
quantify long-term consequences (Fey et al. 2015).

Life-history traits have important consequences
for population responses to potentially catas-
trophic events. Populations with faster life histo-
ries are more vulnerable to perturbations in
reproductive success, whereas those with slow life
histories are most sensitive to adult survivorship
(Jonsson and Ebenman 2001) and thus take longer
to recover from depletion (Roff 2002, Hutchings
and Reynolds 2004, Neubauer et al. 2013). Con-
versely, length of generation time is positively
correlated with per-generation strength of density-
dependent compensation in some groups such as
birds (Sæther et al. 2005), marine fishes (Bjørkvoll
et al. 2012), and freshwater fishes (V�elez-Espino
and Koops 2012). Species with fast life histories
also tend to be more sensitive to environmental
stochasticity, which disproportionately impacts
younger age classes, and show more variation in
population growth rate (Jonsson and Ebenman
2001, Gaillard et al. 2005, Sæther et al. 2005,
Bjørkvoll et al. 2012). Effective density-dependent
compensation increases population growth rate
following declines, eventually allowing for recov-
ery from perturbations.

Among vertebrates, turtles are disproportion-
ately imperiled (Gibbons et al. 2000, B€ohm et al.
2013). Turtles typify the slow end of the life-his-
tory spectrum, exhibiting iteroparity, high adult
survivorship, and low and variable juvenile
recruitment. Populations of organisms with slow
life-history strategies are vulnerable to even small
decreases in adult survivorship, with as little as a
2–3% reduction in survivorship resulting in severe

population decline (Congdon et al. 1993, 1994,
Cunnington and Brooks 1996, Enneson and Litz-
gus 2008). As with other long-lived organisms,
much concern in chelonian conservation has been
focused on anthropogenic increases in chronic
mortality caused by threats such as road mortality
(Steen et al. 2006), fishing gear entanglement
(Steen et al. 2014, Midwood et al. 2015), hunting
and collecting (Garber and Burger 1995, Nicker-
son and Pitt 2012, Colteaux and Johnson 2017),
boat strikes (Bult�e et al. 2010, Bennett and Litzgus
2014), and introduced or subsidized predators
(Fordham et al. 2007). In addition to chronic
threats, acute catastrophes have been observed in
populations of multiple chelonian species in dif-
ferent ecological contexts. Catastrophic local decli-
nes have been caused by droughts (Gopherus
agassizii [Longshore et al. 2003], Chrysemys picta
[Christiansen and Bickham 1989]), fire (Testudo
hermanni [Stubbs et al. 1985, Hailey and Willem-
sen 2000]), pathogens (Terrapene carolina [Johnson
et al. 2008], Myuchelys georgesi [Spencer et al.
2018]), road mortality (Aresco 2005), and hunting
(Nickerson and Pitt 2012). In some cases, the
causes are mysterious (Sheppard 2014, Catrysse
et al. 2015). Many ecologists and conservationists
believe that turtles are likely to have only a weak
ability to compensate for perturbations and that
recovery of turtle populations after declines will
be extremely slow, if they occur at all (Brooks
et al. 1991, Congdon et al. 1993, 1994, Cunning-
ton and Brooks 1996, Heppell 1998, Enneson and
Litzgus 2008). However, some authors have sug-
gested that some turtle populations show a more
robust compensatory response (Stubbs et al. 1985,
Bjorndal et al. 2000, Spencer et al. 2006, Fordham
et al. 2009). For long-lived species, a better under-
standing of the long-term risks associated with
short-term perturbations is needed to inform
management decisions.
Snapping turtles (Chelydra serpentina) are near

the northern limit of their distribution in Algo-
nquin Park, Ontario, Canada, where a population
in Lake Sasajewun has been the subject of a long-
term life-history study since 1972. Snapping tur-
tles in this population have very slow life histories
with late age at maturity (16–19 yr for females),
low and variable recruitment, and high adult sur-
vival (Galbraith et al. 1989, Brooks et al. 1991,
Cunnington and Brooks 1996, Armstrong and
Brooks 2013). During the winters of 1986–1989,
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the study population experienced predation by
river otters (Lontra canadensis) that amounted to
an acute catastrophe in which approximately 50%
of the adult population was killed (Brooks et al.
1991). Given the slow life history of turtles, and
the climatic constraints experienced by northern
populations, Brooks et al. (1991) predicted a very
slow and limited recovery. Here, we present
updated abundance and survival for this popula-
tion to evaluate the recovery 23 yr after the catas-
trophe and in light of a second putative mortality
event resulting from the blowout of the dam on
the study lake. Abundance and survival of nest-
ing females were analyzed using multistate mod-
els that allowed for survival and detection to vary
with time and between sites and accounted for
movement between sites and temporary emigra-
tion (TE). We assess evidence for density-depen-
dent compensation in nesting female survivorship
by comparing survival before and after the catas-
trophe using Bayesian variable selection and
examining the trend in abundance. We also esti-
mate recent abundance of adults in the study lake
and compare it to previously reported pre- and
post-catastrophe estimates.

METHODS

Study site and sampling methods
The long-term snapping turtle life-history pro-

ject began in 1972 at the Algonquin Wildlife
Research Station (WRS) in Algonquin Provincial
Park, Ontario, Canada. Because of the combina-
tion of high latitude and cold regional climate,
the study site is near the northern climatic limit
of the distribution of snapping turtles (Bobyn
and Brooks 1994). Annual capture–mark–
recapture (CMR) sampling with baited hoop
traps, opportunistic capturing from canoe, and
nest site monitoring occurs at the WRS popula-
tion within the North Madawaska River (NMR)
drainage basin and at several alternate sites near
the Highway 60 corridor within 10 km of the
WRS. Lake Sasajewun, a 43.5-ha impoundment
of the North Madawaska River, has received the
majority of the trapping effort although sur-
rounding water bodies have also been surveyed.
Turtles are marked by notching the marginal
scutes (Cagle 1939), and adults are tagged by
wiring aluminum tags into holes drilled through
the marginal scutes (Loncke and Obbard 1977).

Further details of the study site and field meth-
ods are described elsewhere (Obbard and Brooks
1981, Galbraith et al. 1988, Keevil et al. 2017).

Defining populations for analyses
We performed two separate mark–recapture

analyses. First, we analyzed survivorship and
abundance of females sampled during 34 yr of
nesting surveys at sites within the NMR basin
(Fig. 1). Second, we estimated recent abundance
of the adult male and female residents of Lake
Sasajewun sampled by trapping and canoe cap-
tures to assess recovery of both sexes using data
that are independent of nest site selection.
The analysis of survival and abundance of nest-

ing females was performed for the period from
1980 to 2013. Females were considered to have
entered the population upon their first capture at
a nesting site within the NMR, and only subse-
quent recaptures during nest site monitoring were
included. Recaptures by aquatic sampling were
excluded from this portion of the analysis as they
would be biased toward the subset of females
whose summer home ranges are in Lake Sasaje-
wun. The embankment of the Sasajewun dam at
the southeast end of the lake is the most inten-
sively monitored and most important nest site for
turtles residing within the lake and in water bod-
ies upstream. Between the dam and the mouth of
the river at Lake of Two Rivers are five other
known nesting areas (Fig. 1). In addition, we also
included nesting sites around Mew Lake, which is
200 m away from the North Madawaska River
and is connected by a short tributary (700 m). The
greatest straight-line distance between any two
nesting sites is 2.3 km (Fig. 1).
Abundance of adult females at monitored nest-

ing sites might not track abundance of adults in
aquatic habitat. To assess this possibility, we esti-
mated the recent adult population size at Lake
Sasajewun, our focal aquatic sampling site, and
assessed similarity to historical abundance esti-
mates before and during the 1986–1989 mortality
event reported by Brooks et al. (1991). Adult tur-
tles (females with straight-line carapace lengths
[SCL] >24 cm; males SCL >30 cm) captured by
baited hoop trap or by canoe in Lake Sasajewun
from 2009 to 2013 were included in survival and
abundance estimates of the lake population. Dur-
ing this period, data on secondary (within-season)
captures were available. Juveniles and sub-adult
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turtles were excluded from the analysis because
of their substantially lower recapture rate (Keevil
et al., unpublished data). The criterion for mini-
mum female size reflects the known threshold
for maturity in our study area (Armstrong and
Brooks 2013), whereas that for males is based on
our observation that smaller males are less likely
to be recaptured within the same water body and
less likely to show sex-specific behaviors such as
eversion of the penis and wounding from con-
specific aggression (Keevil et al. 2017).

Mark–recapture analysis I: Nesting females
(1980–2013)

To estimate abundance and survival of nesting
females, we developed CMR models that treated
nesting on the Sasajewun dam as a state and nest-
ing on the other sampled sites within the NMR

basin (“alternate sites”) as a second state to allow
for possible differences in survival and detection
among sites. Population analysis of nesting
females was therefore done in a multistate frame-
work (Brownie et al. 1993). Development of mod-
els proceeded in four steps: (1) Goodness-of-fit
(GOF) testing for standard, initial multistate mod-
els was performed in Programs MARK and U-
CARE; (2) Incorporating observation effects (OE)
and TE to create candidate base models using the
multistate m-array parameterization (Burnham
et al. 1987, Lebreton et al. 2009) implemented in
Program JAGS (Plummer 2003) to account for lack
of fit. Fit was then reassessed using posterior pre-
dictive checks. (3) After selecting a base model,
further model selection was done for recapture
and survivorship parameters using Gibbs variable
selection (GVS; Dellaportas et al. 2000, O’Hara

Fig. 1. The North Madawaska River basin in Algonquin Park, Ontario. The Sasajewun dam snapping turtle
(Chelydra serpentina) nesting site (yellow square) and alternate nesting sites (yellow circles) are indicated, as well
as selected distant observations of dam-nesting females outside of nesting season (black diamonds; Obbard and
Brooks 1980, previously unpublished data).
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and Sillanp€a€a 2009) to assess support for hypothe-
ses of survival differences between periods (be-
fore, during, and after mortality events) and states
(dam and alternate sites) and to select an appro-
priate structure with which to assess abundance;
(4) Abundance was assessed using a state-space
model with parameter-expanded data augmenta-
tion implemented in WinBUGS (Lunn et al. 2000,
Royle and Dorazio 2012). Each of these steps is
described in the following sections, and further
details are given in Appendix S1.

Initial model construction and GOF.—The CMR
data of nesting females were analyzed using
multistate models with nesting on the Sasajewun
dam as one state and nesting at pooled alternate
sites as another state to allow for transitions and
differential survival and detection probability
between sites (Brownie et al. 1993). We included
period as a categorical time effect on survival and
movement to reflect a priori hypotheses about
the effects of the otter predation event (before,
during = otter, after) and the temporary failure
of the Sasajewun dam during the spring of
1998 (blowout; Appendix S1: Table S1). Program
U-CARE (Choquet et al. 2005) was used to test
GOF of the fully parameterized multistate model
(Pradel et al. 2003). Goodness-of-fit of a reduced-
parameter model was tested using the paramet-
ric bootstrap GOF procedure implemented in
Program MARK (White and Burnham 1999,
White et al. 2006).

Construction of candidate general models.—Three
candidate general models were implemented in
Program JAGS (Plummer 2003) and assessed for
adequate fit to the data before further model
selection: constrained conditional Arnason–
Schwarz (CAS), CAS modified for TE, and CAS
with immediate OE. Because of sparseness of the
data, and informed by a preliminary exploration
in MARK that indicated that many parameters
were not identifiable in models with fixed time
effects on survival and transitions, we started
with a constrained, reduced-parameter model:

Ssite�periodþEðtÞpsite�tW
S�
EðtÞ

which has fixed effects of period, site, and their
interaction as well as random year effects (E(t))
on survivorship, S; fixed period and site effects
on recapture probability p; and random time
effects on state transitions Ψ. Treating year as a

random effect requires far fewer parameters than
fixed time effects while avoiding the potentially
unrealistic constraint of identical parameters
across multiple years. Using random effects
leverages the large number of sampled occasions
to estimate time variation and to share data
across years despite relatively low numbers of
observations per occasion. We treated year as a
fixed effect on p because our initial data explo-
ration indicated multiyear trends and because a
priori knowledge of long-term fluctuations in
recapture effort suggested that separate parame-
ters for each year would be more appropriate.
We chose the m-array parameterization for

model selection and GOF analysis because it was
better-suited than state-space models for poste-
rior predictive checking and comparing among
candidate models (K�ery and Schaub 2012). See
Appendix S1 for details of multistate m-array
model construction.
Temporary emigration.—We modified the CAS

framework to account for TE by adding unobserv-
able states (Fig. 2; Fujiwara and Caswell 2002,
Kendall and Nichols 2002, Schaub et al. 2004). We
used two unobservable states: C1 for individuals
that became temporarily unavailable for capture
from the Sasajewun dam (A) and C2 for individu-
als temporarily unavailable from the alternate
sites (B). Under this model, individuals could not
transition between C1 and C2, B and C1, or A and
C2. Survival in C1 was the same for A, and C2
survival was the same as B. Because our dataset is
relatively sparse, we modeled transition probabili-
ties involving unobservable states as time-invar-
iant fixed effects. See Appendix S1 for multistate
m-array model modifications for TE.
Observation effects.—Observation effects occur

when the probability of detection varies depend-
ing on whether an individual was observed on a
previous occasion, and are often called behav-
ioral response or trap dependence (Otis et al.
1978, Pradel 1993), although such effects can
result from observer behavior rather than behav-
ioral responses of animals (Schaub et al. 2005,
K�ery and Schaub 2012, Papadatou et al. 2012).
Observation effects can be modeled using a sepa-
rate, individually indexed recapture matrix (K�ery
and Schaub 2012, Pradel and Sanz-Aguilar 2012)
or multiple states can be used to model immedi-
ate OE in the state-space framework (Gimenez
et al. 2003, Schaub et al. 2009, Pradel and Sanz-
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Aguilar 2012). Instead, we devised another
method that was more straightforward to imple-
ment in the multistate m-array formulation (see
Appendix S1 for details).

Comparing candidate general models.—We ass-
essed the fit of our three candidate general mod-
els, CAS, TE, and OE, using posterior predictive
checks (Gelman et al. 2004). We compared model
discrepancy, calculated as the Freeman-Tukey
statistic, between the observed data and data sim-
ulated using the model (Brooks et al. 2000, K�ery

and Schaub 2012). Fit statistics were computed
within the JAGS model code and assessed visu-
ally using scatterplots and Bayesian P-values (Gel-
man et al. 2004). Deviance information criterion
(Spiegelhalter et al. 2002) was computed in JAGS
and used to compare TE and OE models.
Variable selection.—We used a generalized lin-

ear model (GLM) parameterization for S and p
to examine effects of individual parameters and
for variable selection. The general model for
survivorship is

Fig. 2. Structure of the general multistate mark–recapture model with temporary emigration for nesting female
snapping turtles (Chelydra serpentina) in Algonquin Park. The recruit pool and associated transitions occur in the
state-space model of abundance but not in the multinomial m-array parameterization used for model selection.
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logitðSÞ ¼ b0 þ b1 þ b2 þ b3 þ b4 þ b5 þ b6
þ b7 þ et

where b0 = intercept, b1. . .3 are the effects for
three of the four levels of period (the first level is
the intercept), b4 is the effect of site, and b5. . .7 are
the interactions of site and period, and et is the
random time effect. To induce a minimally infor-
mative prior for mean survivorship on the proba-
bility scale, we used a li = 0 for the mean and an
inverse gamma hyperprior (King et al. 2010) for
the variance, r2

i �C�1ð4; 5Þ, as bi priors. This pro-
duces an approximately flat prior for sums of
three parameters (Appendix S1: Fig. S1). We used
the same prior for each parameter in our general
model of recapture probability p:

logitðpÞ ¼ bsite þ bTð1Þ þ . . .þ bTðTÞ þ bsite�Tð1Þ
þ . . .þ bsite�TðTÞ

or
logitðpsite;tÞ ¼ bsite þ bTðtÞ þ bsite�TðtÞ

where bsite are the fixed site effects, bT(t) are the
fixed effects of occasion t, and bsite 9 T(t) are the
interactions of site and occasion t.

We used GVS (Dellaportas et al. 2000) to
assess support for the inclusion of parameters
affecting S and p. To assess effects of site, occa-
sion, and their interaction on recapture probabil-
ity, the 33 occasion parameters were assigned a
single inclusion parameter, as were the 33 inter-
action parameters, with the result that these vari-
ables were selected (or not) as single blocks. We
only considered nested sub-models so that mod-
els with an interaction always included both
occasion and site main effects. This resulted in
five possible sub-models: p(.), p(t), p(site), p(site + t),
and p(site 9 t) (notation adapted from Lebreton
et al. [1992]).

In order to apply GVS to survivorship parame-
ters, we used dam = 1, alternate sites = 0
dummy coding in the design matrix of the sur-
vivorship GLM so that the interaction site 9 pe-
riodi without one or both of the corresponding
main effects parameters implies a model in
which the effect of periodi applies only to the
dam-nesting females. We view such non-nested
candidate models as meaningful hypotheses in
which survival changed at the Sasajewun dam
but not at the alternate sites which were farther
from the observed mortality. Further details

about our implementation of GVS are available
in Appendix S1.
Estimation of abundance of nesting females using

data augmentation.—In the CAS family of models,
individuals are excluded from the likelihood
before first capture, and therefore, abundance
cannot be directly estimated. To estimate abun-
dance, we modified our preferred model, TE,
identified using the procedure described above
(and see Results), to implement it in a state-space
formulation with parameter-expanded data aug-
mentation (Fig. 2). This model was implemented
in Program WinBUGS (Lunn et al. 2000) through
the R package R2WinBUGS (Sturtz et al. 2005, R
Development Core Team 2014). While not a focus
of our analysis, a consequence of the abundance
model with TE is that it produces an estimate of
the number of females that are unavailable dur-
ing nesting which has bearing on reproductive
frequency, an important but difficult-to-estimate
life-history parameter. State-space CMR models
separate the observation (captured in A, cap-
tured in B, not captured) and population pro-
cesses (entry, survival, and site transitions;
Gimenez et al. 2007, Royle and Dorazio 2008),
and are convenient to implement in WinBUGS.
In the multistate formulation described in Royle
and Dorazio (2012), the removal entry probabil-
ity, ct,s, is the probability that an individual Mi in
the pre-entry state will be recruited into an alive
state s (in our case, one of two nesting areas:
A = dam and B = alternate) on occasion t. This
parameter is required to implement data aug-
mentation but does not have direct biological
meaning (K�ery and Schaub 2012, Royle and Dor-
azio 2012). A dummy occasion was added before
the first occasion (so that indexing differs
between m-array and state-space models, see
Appendix S1: Table S1), and thus, c1,s becomes
the proportions of individuals present on the first
real occasion at each site and the multistate
model becomes conditional on individuals being
present rather than conditional on initial capture,
allowing abundance and time-dependent recruit-
ment of adults at nesting sites to be estimated
(K�ery and Schaub 2012). Details of our imple-
mentation of the data-augmented state-space
model are provided in the Appendix S1.
To quantify the effect of the single dam blow-

out event in early spring 1998, we estimated the
number of nesting female turtles that died
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during that 1997–1998 interval by subtracting the
number expected to die in a typical post-cata-
strophe interval (mean survivorship during 1989/
1990–2012/2013, subscript pc) from the estimated
number of actual deaths:

deaths ¼
XM
i¼1

Iðzi;19 6¼ 6 AND zi;20 ¼ 6Þ

� Bin
�
NA

97 þNC1
97

�
; 1� �SApc
� �� �

� Bin
�
NB

97 þNC2
97

�
; 1� �SBpc
� �� �

where zij is the latent state matrix that contains
information on the known or estimated state of
each individual i on each occasion j (see
Appendix S1 for details).

Mark–recapture analysis II: Abundance of males
and females (2009–2013)

We performed a simple robust design analysis
to estimate mean adult male and female abun-
dance in Lake Sasajewun using trap and canoe
captures over five years (primary occasions). We
consolidated trapping and canoe surveys within
each year into one to three secondary occasions
(Table 1) and counted the number secondary
occasions in which each individual was captu-
red in each year. We analyzed these data using a
state-space formulation with data augmentation

similar to that described above for abundance of
nesting females. We assumed that the number of
observed encounters of each individual in each
occasion was a binomial random variable with the
total equal to the number of secondary occasions,
and probability as the product of recapture proba-
bility pi,t and the latent state zi,t (Royle and Dorazio
2012). Because of the small sample of individuals
and occasions, and our limited objectives for this
analysis (mean abundance), we did not use formal
model selection to rank a large number of models,
and instead chose a reasonable reduced-parameter
fixed-effects model (φsexpsex + tct 9 sex) that assu-
med apparent survival φ varied only by sex, recap-
ture probability varied by primary occasion with a
constant additive effect of sex on the logit scale,
and removal entry probability varied by time and
sex. This analysis was carried out in ProgramWin-
BUGS (v.1.4; Lunn et al. 2000) through the R2Win-
BUGS package in Program R (Sturtz et al. 2005, R
Development Core Team 2014).

RESULTS

Mark–recapture analysis I: Nesting females
(1980–2013)
Between 1980 and 2013, 140 individual female

snapping turtles were observed at the NMB nest-
ing sites. Fifty-eight females were observed nest-
ing across sites on the first occasion, but only 22
were confirmed on the last occasion. Seven turtles
were observed on both the first and last occasions,
and another two females were known to be alive
but not observed on one of those occasions. One
female that nested in 2013 had been recorded
nesting in 1972, which was the first year the popu-
lation was studied. Three others observed in 2013
were first observed nesting in 1973. All four had
already been nesting for some years, based on size
at initial capture (Armstrong and Brooks 2014).
Model selection.—A multistate model with TE

emerged as our preferred model (see Appendix
S1 for detailed results of GOF analysis and initial
model selection). Apparent survival beta parame-
ters, posterior means, and 95% credible interval
(CRI) of the general model (Fig. 3) compared with
those of the OE model (see Appendix S1 for OE
model results). Temporary emigration model-
averaged apparent survival, state transition, and
recapture probabilities are shown in Fig. 4. Mar-
ginal posterior probabilities of each parameter

Table 1. Timing and duration, trap days, and number
of captures of snapping turtles (Chelydra serpentina)
for secondary (within a season) sampling occasions
using baited hoop traps and dip nets in Lake Sasaje-
wun, Algonquin Park, Ontario.

Survey period
Trap
days

Captures

Start End Male Female

1 May 2009 1 June 2009 0 4 5
1 July 2009 1 October 2009 113 5 4
1 June 2010 1 July 2010 0 3 3
1 July 2010 15 September 2010 32 2 2
1 May 2011 25 May 2011 0 3 5
26 May 2011 1 July 2011 45 9 8
1 May 2012 1 July 2012 0 5 7
1 July 2012 15 September 2012 276 13 14
14 April 2013 21 May 2013 2.5 3 3
21 May 2013 1 July 2013 72.5 3 4
1 July 2013 15 September 2013 61 4 3

Note: Juveniles and sub-adults (females straight-line cara-
pace length [SCL] <24 cm, males SCL <30 cm), which were
not used in our analyses, are excluded from counts.
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were averaged across models for survivorship
parameters and recapture sub-models to assess
their relative support (Tables 2, 3). Support for an
effect of otter predation on apparent survival was
very high, with 99.8% posterior probability of
effects of otter or otter 9 site (Table 2). Likewise,
pooling main and interaction effects, there were
>90% posterior probabilities for a change in sur-
vival during the post-otter low abundance period
(after) and for the blowout effect. Only after had
higher support for the interaction term alone than
for the main effects or main effects and interac-
tion, which indicates that the after- effect primar-
ily affected individuals nesting on the dam. There
was little support for excluding any of the period
effects (Table 2). Out of a model space of 635, no
single combination of survival and recapture

parameters achieved >10% posterior probability
following GVS, indicating that no single model
received unambiguous support and therefore we
selected the highest probability combination of
main and site interaction effects for each period
resulting in the following model used to estimate
abundance:

logit Si;t
� � ¼ b0 þ botter þ botter�site þ bafter�site

þ bblowout þ et

A time-dependent model of recapture probabil-
ities (p(t), 72% posterior probability) was highly
supported while a model with additive site effects
was the second most supported (p(site + t), 23%
posterior probability; Table 3).
Survivorship, transition, and recapture probability.—

Apparent survival, taking into account model

Fig. 3. Relative strength and uncertainty (means and 95% CRIs) of period and site effects on survival, and
observation effects (OE) on detection, compared among three multistate models of nesting female snapping tur-
tles (Chelydra serpentina). Positive effects are associated with increases in survival or in recapture probability.
Models shown are the temporary emigration (TE) and OE models before Gibbs variable selection (GVS) and the
top TE model after GVS. The first eight parameters are effects of four periods (the first is the intercept), site (dam
or alternate), and interactions on apparent survival. Because of the design matrix coding, site interactions with-
out corresponding main effects apply to the dam, but not to alternate sites. The final two parameters are the
immediate observation effect on recapture probability of dam (OE dam) and alternate site (OE alt.) nesters. There
was good agreement on survivorship parameters between the TE and OE models. Within the OE model, there
was a “trap-happy” response at the alternate sites but not at the dam site.
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Fig. 4. Model-averaged estimates of survival, transition, and recapture parameters from multistate mark–
recapture models of nesting female snapping turtles (Chelydra serpentina) in Algonquin Park. Models were
averaged using Gibbs variable selection on apparent survival (S) and recapture (p) effects. Hyperparameter
means are shown by solid lines with shaded 95% CRIs. S(dam) and S(alt) show estimates of survival for females
nesting at dam and alternate sites, respectively. psiAB is transition from dam to alternate sites, while psiBA is the
reverse. Temporary emigration (TE) shows constant (no time variation) transition probabilities to (psiAC1,
psiBC2) and from (psiC1A, psiC2B) unobservable states (i.e., TE). Parameter psiC1A was not identifiable
(Appendix S1: Fig. S4).
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uncertainty, varied across site and period (Figs. 4, 5).
Mean apparent survivorship estimates of the
abundance model over the four periods (before,
otter, after, blowout) are shown with credible
intervals in Fig. 5. Survival at the alternate sites
was mostly constant across years except for the
otter predation and dam blowout events (Fig. 4).
The impact of the otter mortality event was more
severe for dam-nesting turtles. After the mortal-
ity event, apparent survivorship of dam-nesting
females was higher than at the alternate sites and
higher than during the before period.

Mean annual probability of a female switching
nest sites from the dam to an alternate site was
0.062 (95% CRI 0.041, 0.084) with variance 0.3
(0.0, 0.8), whereas switching from an alternate
site to the dam was 0.081 (0.043, 0.12) with vari-
ance 0.6 (0.0, 1.4; Figs. 4, 5). The estimate of con-
stant transition probability from the dam to an
unobservable state (psiAC1) was 0.024 (0.002,
0.066) and that from alternate (psiBC2) sites was
0.13 (0.08, 0.18). Females returned to the alternate
sites from an unobserved state (psiC2B) with

probability 0.42 (0.29, 0.56). The probability of
returning to the dam from an unobserved state
was 0.49 (0.030, 0.96), which is essentially the
same mean and CRI as the U[0, 1] prior, strongly
suggesting that this parameter was not identifi-
able (Appendix S1: Fig. S4; Gimenez et al. 2009).
Estimated recapture probability varied with

occasion but was essentially the same between
sites when differences in TE were accounted for
(Fig. 4), reflecting the high averaged posterior
probability obtained for the p(t) sub-model
(Table 3). Recapture probabilities declined after
about 2000, reached the lowest point in 2009, and
increased after that, matching our expectations
based on trends in sampling effort. In general,
estimated recapture probability was high, with a
median of 0.86 across years and sites.
Patterns of abundance of nesting females.—Total

median abundance estimates in the NMB varied
from 57 to 69 females (mean = 65.1) between 1980
and 1986 and then dropped rapidly to 41 during
the subsequent three winters of high mortality
(Fig. 6). Mean total abundance was 41.6 over the
five years following the catastrophe between 1989
and 1993, and 40.4 over the most recent five years
(2009–2013). The decline was more severe for
the subset of turtles nesting on the dam whose
abundance decreased from a mean estimate of
34.7 (0.4 unobservable) in 1986 to 17.9 in 1989
(0.3 unobservable) and then 16.0 (0.01 unobserv-
able) the following year. Mean abundance over
the most recent five years was estimated at 18.8
(0.44 unobservable). Abundance in 2013, the last
occasion, was 18.8 (0.18 unobservable) and 20.3
(3.3 unobservable) for the dam and alternate sites,
respectively. A graphical comparison of parame-
ter estimates between the state-space abundance
model and the conditional multinomial m-array

Table 2. Results of Gibbs variable selection for main effects and site interactions of apparent survival parameters
of nesting female snapping turtles (Chelydra serpentina) in Algonquin Park over 33 occasions with two observ-
able states (dam and alternate nesting sites) and two unobservable states to account for temporary emigration.

Effect

Probabilities of main effect and interaction with site

Marg. main Marg. ixn Both Either Main only Ixn only Neither

Otter 0.82 0.68 0.50 1.00 0.32 0.18 0.00
After 0.23 0.91 0.21 0.93 0.03 0.70 0.07
Blowout 0.76 0.51 0.31 0.96 0.45 0.20 0.04
Site 0.25 NA NA NA NA NA NA

Note: Models with only an interaction effect (“ixn only”) have a period effect for dam-nesting females but not alternate site
females.

Table 3. Support for recapture probability sub-model
structure assessed using marginal posterior proba-
bilities from Gibbs variable selection within a multi-
state model of nesting female snapping turtles
(Chelydra serpentina) in Algonquin Park over 33 occa-
sions with two observable states (dam and alternate
nesting sites) and temporary emigration.

Model Marginal probability

p(.) 0.00
p(t) 0.72
p(site) 0.00
p(t + site) 0.23
p(t 9 site) 0.05
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showed estimates were very similar (Fig. 5) with
slightly higher precision of apparent survivor-
ship in the state-space model, likely because it
did not include model uncertainty. Over all occa-
sions included in this analysis (excluding the first
when no estimate is available), the proportion of
individuals estimated to be temporarily unob-
servable during a nesting season was 0.016 (95%
CRI = 0.00, 0.050) for dam-nesting females and
0.19 (0.15, 0.24) at alternate sites. The relative
abundance of the temporarily unavailable frac-
tion of the nesting populations averaged 1.6%
(95% CRI, 0–5.0%) at the dam and 19% (95%
CRI, 15–24%) at the alternate sites across all
occasions.

The estimated number of individuals recrui-
ted (individuals newly maturing and nesting
in situ or new immigrants) annually is shown in
Fig. 7. A median of 57 individual nesting
females was estimated to be present at the NMB
on the first occasion, and a further 82 entered
the population from 1981 to 2013. Annual
recruitment (entry of new adults) was higher
over the first seven intervals (median = 5) than
over the remaining 26 intervals (median = 2).
The median estimated number of individuals
killed during the blowout was 8 (mean 7.5, 95%
CRI = 3, 12). One individual, an adult female,
was found dead in 1998 on the occasion follow-
ing the blowout.

Fig. 5. Comparison of nesting female snapping turtle (Chelydra serpentina) survival and transition parameters
(means with 95% CRIs) among models, sites (dam, alternate sites), and periods. Models shown are the multinomial
m-array with model averaging using Gibbs variable selection (GVS) and a state-space model constructed using the
most supported parameter structure from GVS. Subscript before denotes mean annual survival from 1980 to 1986,
before the otter predation event; otter denotes three years (1986–1989) of elevated mortality from predation by
otters; after is mean post-catastrophe survivorship from 1989 to 2013. During the 1997–1998 interval (blowout), the
Sasajewun dam failed. Mean apparent survivorship estimates of the abundance model over the four periods
(before, otter, after, blowout) at the dam were 0.941, 0.761, 0.976, 0.785, and at alternate sites were 0.942, 0.860,
0.942, and 0.837, respectively. Parameters wYZ are annual transition probabilities from Y to Z where superscript A is
the Sasajewun dam, C1 is its corresponding unobservable state, B is the alternate sites, and C2 is the corresponding
unobservable state. Transitions involving unobservable states were modeled without time variation, while other
transitions and survival were random-effects means with corresponding variances r2wAB, r2wBA, and r2 survival.
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Mark–recapture analysis II: Abundance of males
and females (2009–2013)

Estimates of adult male and female abundance
using a simple robust model of trapping and
canoe observations in Lake Sasajewun from 2009
to 2013 are shown in Fig. 8. The mean

abundance over all five occasions was 12.5 for
females and 9.5 males, respectively. Apparent
survivorship was substantially lower at 0.84 than
survivorship estimated from nest site surveys
and likely indicates lower fidelity or higher tran-
sience or TE. Mean recapture probabilities were

Fig. 6. Abundance estimates for female snapping turtles (Chelydra serpentina) nesting at monitored sites in
Algonquin Park from 1980 to 2013. States are as follows: available for detection at the Sasajewun dam (Sas. dam)
or the alternate sites (alt. sites), or temporarily unavailable from either of those sites (temporary emigration [TE]
dam, TE alt., respectively). Filled squares indicate total abundance across all four states. Error bars are 95% CRIs.

Fig. 7. Estimated recruitment (medians and 95% CRIs) of new nesting female snapping turtles (Chelydra ser-
pentina) to two nesting areas, the Sasajewun dam and alternate sites, in Algonquin Park from 1981 to 2013. We
attribute the relatively high recruitment estimates over the first three intervals to returning temporary emigrants.
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0.40 (range 0.32–0.61) for males and 0.31 (range
0.24–0.51) for females over the five occasions.

DISCUSSION

Our analyses show that despite a return to
pre-catastrophe survivorship, abundances of
snapping turtles 23 yr after a major decline (i.e.,
long enough for offspring born after the catastro-
phe to begin to be recruited) are essentially the
same as they were in the years immediately after
the catastrophe. Such a limited population
response is consistent with constraints imposed
by the life-history traits of snapping turtles.
There has been limited evidence of population
recovery.

Abundance and survival of nesting females
Our analysis of the nesting female population

produced similar estimates of declining abun-
dance as those reported in the earlier analysis by
Brooks et al. (1991). Three winters of elevated
predation during which survivorship fell from
0.94 to 0.76 (dam) and 0.86 (alternate sites) was
enough to reduce the population by approxi-
mately 39% (Fig. 6). The abundance trend was

nearly flat over the subsequent 23 yr, indicating
that recovery has been very slow to non-existent.
There was some evidence that the early spring
flood followed by failure of the Sasajewun dam
in 1998 resulted in further excess mortality, also
contributing to lack of recovery. Furthermore,
annual recruitment (entry of new adults) to the
nesting population was essentially flat over most
of the study (Fig. 7) and was balanced by mortal-
ity except during the catastrophes.
A density-dependent response in survival

would be expected to have a substantial positive
impact on population recovery. There was some
evidence for an increase in survivorship of adult
females nesting at the dam after the catastrophe,
but not for females nesting at the alternate sites
who may be subjected to road mortality insofar
as some of the alternate sites are adjacent to a
two-lane highway. It is also possible that preda-
tion by otters began, but was undetected, prior to
the three intervals of high mortality that we
observed. This would lower the relative survival
during the pre-catastrophe period and could con-
tribute to the pattern we observed. Another possi-
bility, conditional on survival heterogeneity
among individual adults, is that turtles surviving
the mortality event have higher survivorship in
general and made up a higher proportion of the
post-mortality event population. Adult survival
heterogeneity based on size has been detected in
our population (Armstrong et al. 2017), but no
size bias was detected for predated turtles
(Brooks et al. 1991). The lack of recovery suggests
that any possible density-dependent compen-
satory responses of other life-history traits, such
as immigration, juvenile growth, and fecundity,
have not affected abundance at the observed
timescale. Further, direct assessment of these vital
rates may reveal weak density-dependent effects
that are not yet detectable from abundance series,
even at the present timescale (Brook and Brad-
shaw 2006, Lebreton 2009); future work will
examine responses in these vital rates.

Temporary emigration and inferences about
reproductive frequency
Annual TE was much lower for females nest-

ing at the dam (2.4%) compared to those at the
alternate sites (12%). The difference in TE can be
interpreted as differences in two processes, bio-
logical and observational. It is possible that

Fig. 8. Abundance estimates and 95% CRIs of Lake
Sasajewun resident adult snapping turtles (Chelydra ser-
pentina; females >24 cm straight-line carapace length
[SCL], males >30 cm SCL) estimated using a robust
design model of trap captures and canoe observations.
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observers were more likely to detect individuals
that they had seen on the previous occasion
because of increased vigilance at a particular
sub-site and time-of-day on the subsequent occa-
sion. This may have been a factor at the alternate
sites, which were scattered and heterogeneous,
but not at the dam. This difference could appear
as a difference in TE between sites. The biological
process is TE to nest at other sites. Transitions
away from the dam are usually downstream to
the alternate sites and so are already accounted
for by the observed state transitions in our analy-
sis. In contrast, temporary transitions from alter-
nate sites to nest at downstream sites take
individuals outside of the NMR watershed
which delineates the study area (i.e., to an unob-
servable state).

The lower influence of observer effects and
transitions by females at the Sasajewun dam to
unmonitored nesting areas means that TE from
the dam is likely to be a reasonable estimate of
the upper boundary of the annual frequency of
skipped reproductive events. The relative abun-
dance of the temporarily unavailable fraction of
the dam-nesting population was low across all
occasions (Fig. 6). This is a maximum estimate
because the proportion of TE that is due to nest-
ing at unmonitored upstream sites is unknown,
so true frequency of skipped reproduction is
likely to be somewhat lower. Our estimated
reproductive frequency is higher than previously
estimated in Michigan (85%, Congdon et al.
1994). The high reproductive frequency we
observed is notable given the cool climate and
low productivity of this habitat (Galbraith et al.
1988). Among iteroparous taxa, reproductive fre-
quency is one of the most difficult life-history
traits to estimate (Gibbons 1982, Moll and Iver-
son 2008); analyses of mark–recapture data using
models that include TE have potential to allow
inferences of this important parameter.

Abundance of males and females
Our recent (2009–2013) abundance estimates

(males = 9.5, females = 12.5; Fig. 8) of adults in
Lake Sasajewun are similar to those reported by
Brooks et al. (1991) for the years at the end of the
catastrophe caused by otter predation (1988–
1989; males and females combined = 20.5, mini-
mum alive = 16). This concordance indicates that
the lack of recovery is not limited to females at

particular nest sites, but applies to the popula-
tion as a whole.

Conservation and management implications
An important feature of our study population

is high connectivity with adjacent habitats. The
slow recovery is notable because our study area
is open to immigration from an abundance of
surrounding patches and does not only rely on
in situ recruitment. Our observations confirm
that individuals do occasionally immigrate from,
and emigrate to, distant sites. For example, one
female that was recruited to an alternate site in
2013 had previously only been observed nesting
9.3 km away by water. However, the frequency
of immigration events to nesting areas and to
Lake Sasajewun has apparently not sufficiently
increased relative to mortality and emigration to
compensate for decreased abundance during a
catastrophe. This suggests that movement
between patches is not sensitive to density and
so contributes little to any compensatory
response following a catastrophe. In contrast,
managers often assume that localized depletion
will be compensated for by ex situ recruitment
from less exploited patches (Cain 2010). Such an
assumption, made without provisions for follow-
up empirical validation, is an explicit feature of
the management of some exploited turtle popu-
lations (Cain 2010).
More generally, our results demonstrate an

absence of effective recovery indicating an
absence of a substantial contribution of density-
dependent compensation to this point. This is
consistent with other analyses of turtle life his-
tory which emphasize the limited ability of many
populations to compensate for chronic or catas-
trophic mortality (Brooks et al. 1991, Congdon
et al. 1993, 1994, Cunnington and Brooks 1996,
Heppell 1998). Our study provided a unique
opportunity to empirically test these principles
over a long time series following a perturbation.
The lack of recovery at management-relevant
timescales, and the manifest risk of further, unan-
ticipated catastrophes, strongly supports priori-
tizing protection of existing populations rather
than relying on recovery after declines have
already occurred.
For conservation biologists, it is important to

consider both human-centric and generation
timescales when evaluating factors impacting
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population persistence. Intrinsic population pro-
cesses such as population growth rate and density
dependence are best understood on the scale of
generation time (Sæther et al. 2005), but many
extrinsic processes, such as frequency of catastro-
phes, aspects of community dynamics, and man-
agement actions and policy, scale more or less
independently. Anthropogenic and environmental
impacts on long-term viability must be related
back to the scale of population processes to be
understood in that context. In a meta-analysis of
extinction risk and temporal scaling, O’Grady
et al. (2008) found that generation time was the
appropriate frame of reference despite the lack of
direct connection to extrinsic processes. Using esti-
mated age at first reproduction (AFR) of 17 yr
(Galbraith et al. 1989) and adult survivorship (S)
in typical (non-catastrophe) periods as 0.942–0.976
(this study), we can calculate a crude estimate of
generation time for our population as AFR +
(1 � S)�1 = 34.2–58.7 yr, indicating that perhaps
we should not expect to see signs of population
recovery for at least 59 yr post-catastrophe.

Slow life histories entail not only vulnerabili-
ties to certain demographic perturbations but
also robustness in the face of many kinds of envi-
ronmental stochasticity (Jonsson and Ebenman
2001). We suggest that definitions of catastrophes
should incorporate differences in relative sensi-
tivity of different life-history parameters among
taxa. In a study of catastrophes in pinniped pop-
ulations (Gerber and Hilborn 2001), most natural
catastrophes were characterized by nearly com-
plete reproductive failure or very high pup mor-
tality and resulted in abrupt population declines.
In contrast, the life history of turtles is typified
by low and variable reproductive success and
their strategy of constant, high adult survivor-
ship insulates the population from routine envi-
ronmental stochasticity which primarily affects
the youngest age classes (Congdon et al. 1994,
Cunnington and Brooks 1996, Jonsson and Eben-
man 2001). In some years, reproductive success
in turtle populations may be essentially nil
(Bobyn and Brooks 1994), and although chronic
reproductive failure has obvious consequences,
even drastic short-term fluctuations in reproduc-
tive success are unlikely to impact abundance
severely enough to warrant naming them a catas-
trophe. Taking into account the elasticity of dif-
ferent life-history stages (Cunnington and

Brooks 1996, Enneson and Litzgus 2008), catas-
trophes in turtles and other organisms with simi-
lar life histories can be characterized solely by
abrupt increases in adult and older juvenile mor-
tality. The extended lack of recovery that we have
observed suggests that perturbations to adult
survivorship of long-lived species will be poten-
tially catastrophic even when short-term mortal-
ity is substantially lower than the commonly
used 50% threshold used to evaluate catastrophic
events.

Predator-induced catastrophes
It is startling to consider that the dominant envi-

ronmental influence on the study population over
41 yr of monitoring is the predilections of one or
at most a few individual river otters. This dramati-
cally underscores both the importance and unpre-
dictability of catastrophes. Population dynamics of
cyclic species such as small mammals and clupeid
fishes are often mediated by predation, but we
suggest that it is not productive to lump catastro-
phes, which are defined partly by their unpre-
dictability, within these regular phenomena.
Excluding such cyclic predator–prey dynamics,
population catastrophes due to predation by
native predators are rare compared to other causes
such as extreme environmental events, starvation,
and disease (Young 1994). Predator-mediated
catastrophes have been reported in some circum-
stances, usually commensurate with one or more
other abiotic factors (Young 1994). Another
instance of mass mortality of turtles (Emys orbicu-
laris) resulting from otter (Lutra lutra) predation
was attributed to reduced availability of prey fish
(Lanszki et al. 2006). Human-subsidized native
predators have also been implicated in acute mor-
tality events that may affect chelonians (Fincham
and Lambrechts 2014).
Because syntopic predators are a constant, pre-

dictable, feature of populations on which they
prey, it is surprising that these predators can
occasionally induce sudden, unpredictable cata-
strophes. One potential explanation is that
individual specialization to depredate adult
snapping turtles may be a rare realization of a
heterogeneous suite of potential foraging person-
alities. Individual specialization in foraging strat-
egy is widespread in many animals, and many
predators will adopt strategies that are unique
among a sample of their conspecifics (Araujo

 ❖ www.esajournals.org 16 September 2018 ❖ Volume 9(9) ❖ Article e02396

KEEVIL ET AL.



et al. 2011, Wolf and Weissing 2012). Snapping
turtles themselves exhibit individual specializa-
tion in habitat selection during the active season
and hibernation (Brown and Brooks 1994, Pater-
son et al. 2012), and heterogeneity of overwinter-
ing sites may have protected a proportion of the
population that used refugia inaccessible to
otters (Brooks et al. 1991).

CONCLUSIONS

Although natural catastrophes are unpre-
dictable in their timing, evidence is accumulating
that they do happen and represent a real threat,
and this risk must be appreciated by population
ecologists and conservation planners (Lande
1993, Mangel and Tier 1994, Reed et al. 2003).
Increasing rates of habitat fragmentation, direct
exploitation, and increasing climate variability
mean that in many ecosystems, the frequency of
both natural and anthropogenic catastrophes
may also be expected to increase. Organisms
with slow life histories are somewhat insulated
from typical environmental variation but may
be extremely vulnerable to any catastrophes
that result in substantial adult female mortality.
Following such a catastrophe, our study pop-
ulation of snapping turtles has been unable to
substantially recover, despite a return to high
survivorship and continued connectivity with
neighboring populations. The lack of recovery
suggests that density-dependent compensation is
limited. This aligns with the prediction of Brooks
et al. (1991) who suggested that intrinsic envi-
ronmental constraints on vital rates would
impose limits on snapping turtle populations to
compensate for declines. Our analyses at two
spatial scales, basin level nest surveys and local
aquatic habitat surveys, demonstrate population
impacts persisting over more than two decades.
We strongly support a risk-averse, precautionary
approach to conservation and management of
long-lived animals given their limited ability to
compensate for declines and the unpredictable
continuing risk that catastrophes pose to
depleted populations.
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