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Summary

1. Inbreeding and low genetic diversity can cause reductions in individual fitness and increase
extinction risk in animal populations. Intentional introgression, achieved by releasing genetically
diverse individuals into inbred populations, has been used as a conservation tool to improve demo-
graphic performance in endangered populations.

2. By the 1980s, Florida panthers (Puma concolor coryi) had been reduced to a small, inbred popu-
lation that appeared to be on the brink of extinction. In 1995, female pumas from Texas
(P. c. stanleyana) were released in occupied panther range as part of an intentional introgression
programme to restore genetic variability and improve demographic performance of panthers.

3. We used 25 years (1981-2006) of continuous radiotelemetry and genetic data to estimate and
model subadult and adult panther survival and cause-specific mortality to provide rigorous sex
and age class-specific survival estimates and evaluate the effect of the introgression programme on
these parameters.

4. Genetic ancestry influenced annual survival of subadults and adults after introgression, as F;
generation admixed panthers (s = 0-98) survived better than pre-introgression type panthers
(s = 0-77) and other admixed individuals (§ = 0-82). Furthermore, heterozygosity was higher for
admixed panthers relative to pre-introgression type panthers and positively influenced survival.

5. Our results are consistent with hybrid vigour; however, extrinsic factors such as low density of
males in some areas of panther range may also have contributed to higher survival of F; panthers.
Regardless, improved survival of F; subadults and adults likely contributed to the numerical
increase in panthers following introgression, and our results indicate that intentional admixture,
achieved here by releasing individuals from another population, appears to have been successful in
improving demographic performance in this highly endangered population.

Key-words: admixture, AIC, Cox proportional hazard, demographic parameter, heterosis,
hybridization, model averaging

Introduction

Hybridization, particularly between species, can have serious
conservation implications if one of the parental types is rare
or endangered because such populations may decline or
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become extinct because of hybridization (Levin, Francisco-
Ortega & Jansen 1996; Rhymer & Simberloff 1996; Allendorf
et al. 2001; Wolf, Takebayashi & Rieseberg 2001). However,
intentional introgression, achieved by releasing individuals
from different subspecies or populations into small, inbred
populations, has been used as a conservation tool to restore
genetic variability and improve demographic performance of
endangered populations (Westemeier et a/. 1998; Madsen
et al. 1999). Despite the apparent success of some of these
genetic manipulations (e.g. Westemeier ez al. 1998), they
remain controversial because of concerns regarding out-
breeding depression (Greig 1979; Edmands 2007), potential
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loss of genetic integrity of endangered populations (Allen-
dorf et al. 2001), and because few studies have convincingly
quantified the effects of intentional introgression on demo-
graphic parameters (Beier ez al. 2006).

When estimating the effect of hybridization on survival for
populations that have experienced introgression, it is impor-
tant to determine genetic ancestry of individuals because
hybrid fitness may differ relative to parental types (Arnold &
Hodges 1995; Burke & Arnold 2001). Hybrid superiority can
be primarily due to exogenous selection, when hybrids are
favoured under specific environmental conditions that vary
across time (Grant & Grant 1992) or space (Good et al.
2000). Alternatively, hybrid superiority can be attributed to
intrinsic qualities of outbred individuals as predicted by
hybrid vigour theory (Shull 1908; Crow 1948). Hybrid vig-
our, or heterosis, is a phenomenon whereby hybrids exhibit
higher fitness relative to inbred parental types due to
increased heterozygosity in the F; generation (Burke &
Arnold 2001).

Florida panthers (Puma concolor coryi; Nelson & Gold-
man 1929) were once distributed across much of the south-
eastern United States, but currently exist only in one small
(c. 100 individuals) breeding population in south Florida
(McBride et al. 2008). This population represents the only
breeding population of pumas east of the Mississippi River
and is listed as endangered under the United States Endan-
gered Species Act (Sullivan 2004). By the late 1980s and early
1990s, the population appeared to be at imminent risk of
extinction as the population had declined to <30 individuals
during this period (McBride et al. 2008) and was severely
inbred and lacking in genetic diversity (Roelke, Martenson &
O’Brien 1993). In 1995, cight female pumas from Texas
(P. c. stanleyana; Goldman 1936) were released into south
Florida as part of an intentional introgression programme to
restore genetic diversity (Johnson et al. 2010). The popula-
tion has increased since the initiation of this programme
(McBride er al. 2008), but the effects of genetic introgression
on specific demographic parameters, such as survival and
sources of mortality, remain unclear. Rigorous evaluation of
the effects of genetic admixture on survival rates following
intentional introgression would have broad implications for
the relevance of applied genetic management to the conserva-
tion of small, isolated populations (Beier ez al. 2006).

We estimated survival and cause-specific mortality of
radiocollared subadult and adult panthers from 1981 to
2006 and investigated the influence of multiple intrinsic
variables with two main objectives. First, we sought to
provide sex- and age class-specific estimates of annual sur-
vival and cause-specific mortality for panthers from 1981
to 2006 in order to provide a basic understanding of pan-
ther survival within which we could explore the influence
of intentional introgression on these parameters. Second,
we investigated the influence of (i) genetic ancestry, with
respect to hybridization with Texas pumas released during
the introgression programme and (ii) genetic diversity, as
quantified by individual heterozygosity, on survival and
cause-specific mortality of subadult and adult panthers from
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1997 to 2006. We hypothesized that survival rates of
admixed panthers would be higher than for pre-introgres-
sion type panthers and that increased survival would be
most evident in the F; generation, as predicted by hybrid
vigour theory (Burke & Arnold 2001).

Materials and methods

FIELD METHODS

Florida panthers and Texas pumas were captured and then moni-
tored by radiotelemetry from a fixed-wing aircraft >3 times per week
from 1981 to 2006 across the range of the subspecies in south Florida,
USA (Kautz et al. 2006) by biologists from the Florida Fish and
Wildlife Conservation Commission (FWC) and National Park Ser-
vice (NPS) using methods described by Belden ez al. (1988) and Land
et al. (2008). Kittens (<35 days old) were marked at natal dens with
transponder chips (Land, Garman & Holt 1998; Benson, Lotz & Jan-
sen 2008), which allowed us to more accurately estimate ages of
marked kittens that were subsequently recaptured and radiocollared.
Beginning in 1985, captured panthers were vaccinated against several
diseases (for details, see Cunningham ez al. 2008), which potentially
improved their survival.

When radiocollared panthers died, a cursory examination of the
carcass and surrounding area was conducted in the field, and a sus-
pected cause of death was assigned if evidence allowed. Eighty-four
of 92 (91:3%) carcasses of radiocollared panthers were also necrop-
sied by experienced veterinarians or pathologists who attempted to
determine the cause of death. We estimated the date of death from
telemetry data and by assessing the condition of the carcasses found
in the field.

THE INTROGRESSION PROGRAMME

Eight female pumas from west Texas were released into south Florida
at five sites between 29 March and 26 July 1995 (Johnson, Land &
Lotz 1997). Two were released in Everglades National Park (ENP) at
one site, four in Big Cypress National Preserve (BCNP) at three dif-
ferent sites and two in Fakahatchee Strand Preserve State Park
(FSSP) at one site. The introgression programme was undertaken to
restore genetic variability to the panther population by mimicking
natural gene flow that occurred between Florida panthers and other
puma populations before the extirpation of pumas from most of the
south-eastern United States. Five of the released Texas pumas repro-
duced and produced a total of 12 litters and >20 kittens.

ESTIMATING AGE CLASSES

We knew the ages (within a few days) for panthers that were handled
as kittens at natal dens and subsequently recaptured and radiocol-
lared (n = 54, 36:7% of total). For panthers not marked as kittens,
their age was estimated in the field at the time of first capture using
tooth wear and pelage characteristics (Ashman & Greer 1976). We
examined potential error in survival estimates because of error in age
estimates and found it to be small (Appendix S1, Supporting Infor-
mation). Using both types of estimates, we separated panthers into
four age classes: kittens (01 years old), subadults (1-2-5 and
1-3'5 years old for females and males, respectively), prime adults
(2:5-10 and 3-5-10 years old for females and males, respectively) and
older adults (210 years old for both sexes). We also combined prime
adults and older adults into a single adult category for some of our
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analyses. As panther kittens were not radiocollared until at least 4—
6 months of age, and most mortality of puma kittens may occur
<3 months after birth (Logan & Sweanor 2001), a different analytical
approach was employed to estimate survival of kittens (Hostetler
et al. 2010). Thus, we limited our current analyses to subadults and
adults. The subadult age class was the period of a panther’s life after
independence from its mother until the approximate ages when
females and males establish home ranges. We estimated age of inde-
pendence at just over | year (mean = 397 days, SD = 75 days,
n = 35; FWC & NPS, unpublished data) from known-age kittens
that were radiotracked simultaneously with their mothers (before
and after independence). We standardized the beginning of the suba-
dult age class to 1 year for simplicity.

GENETIC VARIABLES

We extracted total genomic DNA from blood and tissue samples
obtained from wild-caught panthers and captive pumas from south
Florida and west Texas during 1981-2006. We amplified and scored
23 microsatellite loci (F37, F42, FCA43, FCAS57, FCAT75, FCA90,
FCA91, FCA9%4, FCA95, FCA98, FCA124, FCA133, FCAI6l1,
FCA193, FCA 243, FCA249, FCA293, FCA310, FCA369, FCA441,
FCAS559, FCAS566, FCA668) following previously described PCR
amplification conditions (Menotti-Raymond et al. 1997, 1999).

A Bayesian procedure, implemented in the program STRUCTURE
(Pritchard, Stephens & Donnelly 2000), was used to identify popula-
tions or genetic clusters and to estimate the genetic origin of individu-
als based on microsatellite allele frequencies. The sTrucTURE approach
assumes departures from both Hardy—Weinberg and complete link-
age equilibriums to be indications of population substructure (Prit-
chard, Stephens & Donnelly 2000). In addition to assigning
individuals to various lineages based upon composite microsatellite
genotype, the analysis also allows for the estimation of proportion of
genetic contribution from each group for individuals of mixed origin.
We used results from the strucTure analysis, along with pedigree
results and field evidence, to assign panthers to three groups that
reflected the genetic make-up of the south Florida population (pre-
introgression type panthers, F; admixed panthers and other admixed
panthers). Pre-introgression type panthers represent the genotypes
present on the landscape prior to the introgression programme, and
this group is composed mostly of non-admixed Florida panthers,
which had no direct non-Florida relatives or <10% non-Florida
genetic contribution based on strucTURE analyses. Additionally, one
pre-introgression type panther in the sample of individuals used to
investigate the influence of genetic ancestry and heterozygosity on
survival (n = 98) was a descendent of a panther from the Everglades
genetic population with documented genetic links to Central America
(O’Brien et al. 1990; Roelke, Martenson & O’Brien 1993; Culver
et al. 2000). Admixed panthers were mostly the descendents of the
introduced female Texas pumas released in 1995, except for five ra-
diocollared individuals that shared genotypic similarities with pumas
maintained in a large enclosure on the Seminole Indian Reservation
(SIR) adjacent to BCNP. Radiocollared panthers were documented
entering the enclosure, and captive pumas were documented to have
left the enclosure during our study. This captive population con-
tained animals of unknown origins that had a genetic affinity with
North American pumas (FWC, NPS, National Cancer Institute,
unpublished data).

Differences in fitness between classes of hybrids are possible, and
hybrid vigour is predicted to be strongest in the F, generation
(Arnold & Hodges 1995; Burke & Arnold 2001), so we included two
classes of admixed panthers in our analyses: F; and other admixed.

We defined F; admixed panthers as any offspring produced by mat-
ings between a Texas female and a pre-introgression type male. As
such, F; panthers in our sample were products of matings between
Texas females and males that were either non-admixed Florida pan-
thers or Everglades panthers. Of the 20 known kittens produced by
Texas pumas, 15 were F; admixed panthers (the remaining five were
sired by F| males). Ten of the 12 natal dens of the Texas pumas were
visited shortly (<35 days) after parturition, and all kittens were
marked at these dens with transponder chips. Two F; kittens (one
from each litter) were captured from litters produced at the two dens
not visited while they were still dependent offspring. Of the 15 known
F, Kkittens, eight were captured or recaptured and radiocollared,
whereas the fates of the other 7 F; kittens are unknown. These 8 F;
kittens came from six litters, which were produced by mating between
four Texas females and four pre-introgression type males.

In summary, all individuals in our radiocollared sample were
placed into one of three categories for our survival analyses: pre-
introgression type panthers (n = 41), F; admixed panthers (n = 8)
and other admixed panthers (n = 49). We were also able to further
classify most individuals from the other admixed category into three
finer categories: backcrossed to Florida admixed panthers (n = 16),
backcrossed to Everglades admixed panthers (» = 4) and back-
crossed to Texas admixed panthers (n = 14). We considered poten-
tial differences in survival between pre-introgression type, F;
admixed and these finer admixture distinctions (Appendix S2, Sup-
porting Information), but because admixed panthers beyond the F,
generation did not differ substantially in their survival, we combined
all non-F; admixed panthers into the other admixed category for our
main analyses.

We estimated microsatellite-based average individual heterozygos-
ity with the program microsat (Minch, Ruiz-Linares & Goldstein
1995) to investigate the influence of heterozygosity on survival during
the same time period as the ancestry analysis. We also compared the
distribution of heterozygosity values between panthers of our three
ancestry categories using permutation tests (Efron & Tibshirani
1998).

SURVIVAL ANALYSES

We estimated annual survival and examined the effects of covariates
using a daily time scale and Cox proportional hazard regression (Cox
1972; Therneau & Grambsch 2000). We right-censored panthers that
lost their collars or whose collars failed on the last day that an active
signal was heard. An important assumption of survival analyses is
that radiocollar failures are independent of mortality (Therneau &
Grambsch 2000). We are confident that this assumption was met in
our study as we were able to confirm radiocollar failures by subse-
quent recapture or recovery in 22 of 32 cases.

We organized the data with records for each panther-year combi-
nation (Fieberg & DelGiudice 2009). Time in the Cox model (the
baseline) was defined as day within the year. When a panther changed
age class within a year, we created two records: one record with the
younger age class right-censored on the transition day and another
record with the older age class left-truncated (staggered entry) on the
same day. To account for multiple records for the same animal exist-
ing at the same ‘time,” we estimated robust (‘sandwich’) standard
errors clustered by individual (except when including random effects;
Fieberg & DelGiudice 2009; Therneau & Grambsch 2000), which
were generally extremely close to uncorrected standard errors. We
used the Fleming—Harrington method to generate survival estimates
from the Cox analysis (Therneau & Grambsch 2000). All survival
analyses were performed in r version 2.8.1 (R Development Core
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Team 2008), using the survival (version 2.34-1) and kinship (version
1.1.0-22) packages and additional code that we developed for our
analyses (available on request).

For our survival analyses, we used an information-theoretic
approach (Akaike’s Information Criterion; AIC) for model selection
and statistical inference (Burnham & Anderson 2002). Information-
theoretic approaches allow comparison of non-nested models, selec-
tion of models that should best predict future data (from the same
statistical population) and model-averaged estimates to address
model selection uncertainty (Burnham & Anderson 2002). We calcu-
lated AIC values, Akaike differences (AAIC;, difference between
AIC value of the ith model and the top-ranked model) and Akaike
weights (w;, the weight of evidence that the ith model is actually the
best model of the models being considered given the data) as in Burn-
ham & Anderson (2002). Generally, we considered models with
AAIC <2 to have substantial empirical support, models with AAIC
of 24 to be plausible models with less empirical support and models
with AAIC >4 to have much less empirical support. In addition, the
sum of the weights of models including a given variable can be inter-
preted as a measure of its importance, relative to other variables
(Burnham & Anderson 2002). We calculated model-averaged esti-
mates of annual survival and unconditional variance for each level of
categorical variables and across continuous covariates (Burnham &
Anderson 2002; Tinker et al. 2006). To generate these model-aver-
aged estimates of survival, we used all models included in the model
selection process for a given analysis, weighted by their Akaike
weights. Models with no effects of the covariates being presented
were included in the averages (as having the same survival for all val-
ues of the covariate); therefore, the model averages represent uncon-
ditional estimates of survival (Burnham & Anderson 2002). The
unconditional standard errors estimated around the model averages
are generally larger than standard errors estimated for parameters of
single models and should not be interpreted as tests of statistical sig-
nificance. We conducted two separate survival analyses: a main anal-
ysis to estimate survival from 1981 to 2006 with the entire data set
and a subset analysis using data from subadults and prime adults
from 1997 to 2006 to investigate the effects of the introgression pro-
gramme on survival.

In the first set of analyses, we investigated the influence of sex, age
class and year, and included 144 radiocollared subadults and adults
from 1981 to 2006 (one panther whose death was capture related was
excluded). Previous studies have documented differences in survival
between sexes and ages of pumas (Logan & Sweanor 2001; Lambert
et al. 2006; Robinson et al. 2008) making these logical variables to
include in our models. We started by selecting the best model or set of
models for sex and age (all models with AAIC < 2). Because the suba-
dult and prime adult age classes were defined differently for males
and females and because we had a priori reason to believe that the
patterns of mortality would be different across ages for the two sexes,
we only considered the interactive effect of sex and age for the differ-
ence between subadults and adults. We considered differences in sur-
vival between prime adult and older adult age classes both additively
and interactively with sex, which resulted in five sex and age class
models.

We used the best model or models (i.e. lowest AIC) from the pre-
ceding analysis as base models to investigate potential temporal vari-
ation in survival using Gaussian mixed effects models (sometimes
referred to within survival analysis as shared frailty models) with year
as a random effect (Therneau & Grambsch 2000). Each year was
treated as a separate category, except for 1981-1986, which were
combined as one category because of small sample sizes. We esti-
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mated temporal variance (variance of the random effect) for each
model using a Laplace approximation under a maximum likelihood
approach (Pankratz, de Andrade & Therneau 2005). Because our
intent was to estimate the temporal variance rather than produce an
estimate of survival for each year, we counted the random effect as a
single parameter for purposes of model comparison (Vaida & Blan-
chard 2005).

In a second set of analyses, we investigated the potential effects
of genetic introgression, in terms of genetic ancestry and genetic
diversity, on survival rates. Given that the first offspring produced
by a Texas female did not appear in our sample of subadults and
adults until 1997, we conducted this subset analysis using data only
from 1997 until the end of this study on December 31, 2006. Only
two admixed panthers (born during 1995 and 1996) reached
10 years of age by the end of 2006, and both for periods of
<1 year; thus, we excluded older adult panthers from these analy-
ses to account for possible differences in survival for older animals.
In addition to including an ancestry model where the three ances-
try classes were separated (Ancestl), we included ancestry models
where other admixed panthers were combined with either pre-
introgression type (to test specifically for F; hybrid vigour; An-
cest2) or F; panthers (to test for general hybrid superiority; An-
cest3). We combined these three models with the effects of sex and
age class (subadult and prime adult; Age3), and the effect of het-
erozygosity (Het).

Some radiocollared panthers were removed from the wild and held
in captivity for various reasons, and some received medical treat-
ment. We right-censored panthers that were permanently removed
from the wild as a result of livestock depredation incidents (n = 2;
including 1 F; panther) on the date of removal. We also right-cen-
sored panthers that were temporarily removed for treatment and
rehabilitation of injuries judged not to have been fatal (n = 3), cap-
ture-related injuries (n = 3;including 1 F; panther) or for reproduc-
tive evaluation (n = 1) on date of removal and then re-entered them
into the analyses upon release to the wild. Panthers removed for vari-
ous reasons as kittens (<1 year old) and later released into the wild
(n = 7;including 1 F; panther) were entered into our analyses either
on the day of release (if adults or subadults) or upon reaching the
subadult age class after being released as kittens. Panthers removed
from the wild because of injuries or illness judged to be fatal (n = 4)
were treated as mortalities, and the injury or illness was assigned as
cause of death.

To estimate and model the importance of different mortality
agents on rates and patterns of mortality for subadult and adult
Florida panthers, we performed cause-specific mortality analyses.
We attributed mortality of radiocollared panthers to 1 of 4
causes: (1) hit by vehicle, (2) intraspecific aggression, (3) other
(included known causes of death such as disease, heart failure
and infections unrelated to intraspecific aggression) and (4)
unknown (mortalities for which evidence from field and necropsy
examinations was insufficient to assign cause of death). We esti-
mated cause-specific annual mortality rates for Florida panthers
overall and within categories (sex, age class within sex and
ancestry within sex), using the nonparametric cumulative inci-
dence function estimator (NPCIFE; Heisey & Patterson 2006).
The NPCIFE is a generalization of the staggered-entry Kaplan—
Meier method of survival estimation (Pollock ez al. 1989). All
cause-specific mortality analyses were performed using SPLUS
code from Heisey & Patterson (2006) which we modified for use
in R. Additional details of the methods used for these analyses
can be found in Appendix S3 (Supporting Information).
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Results

AGE, SEXAND YEAR

We recorded 93 deaths among the 144 radiotracked panthers,
but these deaths were not distributed evenly by sex or age
class. Models that incorporated the interactive effects of sex
and age class (either 2 or 3 age classes per sex) had substan-
tially higher empirical support than models with neither or
only the effect of sex (Table 1). Survival rates were higher for
females than for males, but these varied among age classes
(Table 2). For males, prime adults had the highest survival,
whereas for females, subadults had the highest survival
(Table 2). The highest ranked model included an additive
effect of sex and old age, indicating that survival for this age
class differed from other age classes, but there was no support
for an interactive effect of sex and old age (Table 1). Survival
estimates were lower for older adults of both sexes (Table 2).
The model with a random effect of year had marginally lower
support than the equivalent model with no random effect
(Table 1B), and the estimated temporal variance of the haz-
ard rate for model 2 was small (0-115), suggesting that the
temporal variance in survival rates was also small.

GENETICANCESTRY ANDHETEROZYGOSITY

We recorded 47 deaths among the 98 panthers included in
the genetic survival analysis; these deaths were not distrib-
uted evenly by genetic ancestry or heterozygosity. There was
evidence that genetic ancestry influenced survival as all

Table 1. Model comparison results for the effects of sex, age class (A)
and year (B) on Florida panther survival. Year was included as a
random effect using the top-ranked sex and age model as a base. For
each model, we present the number of parameters, the difference in
Akaike’s Information Criterion (AAIC) and the Akaike weight (w;)

Model Parameters AAIC w;

A. Sex and age class models

Sex x Agel® + Older® 4 0 0658
Sex x Age2°© 5 198  0-245
Sex x Agel 3 469 0063
Sex 1 595 0034
Constant* 0 1525 0:000
B. Additive effect of year (random)
Sex x Agel + Older 4 0-00 0-522
Sex x Agel + Older + rand(Year)® 5 0-18 0478

“Agel divides panthers into subadults (1-2-5 and 1-3-5 years for
females and males, respectively) and adults (>2-5 and >3-5 years for
females and males, respectively).

®Older refers to older adults (210 years); the first model therefore has
the same older adult effect for both sexes, whereas the second model
allows for different older adult effects between sexes.

€A ge2 divides the panthers into subadults (same as Agel), prime
adults (2:5-10 and 3-5-10 years for females and males, respectively)
and older adults (=10 years).

9No predictor variables.

‘rand(Year) refers to a random effect of year as a categorical
variable, with 1981-1986 grouped together (temporal variance).

models with substantial empirical support (AAIC <2)
included an ancestry variable, the AAIC of the top-ranked
model containing neither ancestry nor heterozygosity was
7-61, and the sum of the weights of models including ancestry
variables was 0-928 (Table 3). Ancestry variables included in
the top-ranked models were all in agreement that the survival
of F; admixed panthers differed from that of other ancestry
categories (sum of weights of such models was 0-890);
however, evidence for a difference between other admixed
panthers and pre-introgression type panthers was weaker
(sum of weights = 0-315; Table 3). Model-specific and
model-averaged survival was higher for F; admixed panthers
than for other ancestry classes (Table 4; Fig. 1).

There was also evidence that average heterozygosity influ-
enced survival of subadult and prime adult panthers after

Table 2. Model-averaged annual survival rates (s), standard errors
(SE) and number of Florida panthers tracked (n) in sex and age class
categories. All models from Table 1A were used for model averages

Females Males
Category K SE n s SE n
Subadult® 0951 0-034 40 0-713 0-049 54

Prime adult” 0-872 0-023 64 0-799 0-036 44
Older adult® 0-760 0-056 12 0-635 0-083 11

#1-2-5and 1-3-5 years old (estimated) for males and females, respec-
tively.

£2:5-10 and 3-5-10 years old (estimated) for males and females,
respectively.

“>10 years old (estimated) for both males and females.

Table 3. Model comparison results showing top-ranked models
(difference in Akaike’s Information Criterion [AAIC] <4) for the
effects of ancestry, heterozygosity, sex and age class (subadults and
prime adults only) on Florida panther survival during 1997-2006.
For each model, we present the number of parameters, AAIC and the
Akaike weight (w;). The full table is presented in Appendix S4
(Supporting Information)

Model Parameters  AAIC  w;

Sex x Age3® + Ancest2® + Het® 5 0-00 0244
Sex x Age3 + Ancest2 4 0-23 0217
Sex x Age3 + Ancestl? 5 135 0-124
Sex x Age3 + Ancestl + Het 6 1-98 0-090
Sex + Ancest2 + Het 3 2:77 0-061
Sex + Ancest2 2 2:98 0055

4

Sex x Age3 + Het 3-09 0-052

“Age3 differentiates subadult (age 1-2-5 for females and 1-35 for
males) and prime adult (ages 2-5-10 for females and 3-5-10 for males)
panthers.

®Ancest? divides panthers into two ancestry categories: F; admixed,
and other admixed and pre-introgression type combined.

“Het refers to individual average heterozygosity.

9Ancest! divides panthers into three ancestry categories: F; admixed,
other admixed and pre-introgression type.
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Table 4. Model-specific estimated annual survival rates (with SE and number of panthers) by ancestry, sex and age class, with the estimating
models and their Akaike weights (;)

Group Pre-introgression type Other admixed F; admixed Model w;
All 0-775(0-039; 41) 0-821 (0-036; 49) 0-978 (0-021; 8) Ancestl 0-007
Females 0-837(0-041; 20) 0-864 (0-035; 22) 0-982(0-018; 6) Sex + Ancestl 0-025
Males 0-713 (0-055; 21) 0-758 (0-056; 27) 0-967(0-032; 2) Sex + Ancestl 0-025
Female subadults® 0-953(0-049; 9) 0964 (0-036; 14) 0-995 (0-007; 4) Sex x Age3 + Ancestl 0-124
Female prime adults® 0-803 (0-047; 19) 0-848 (0-041; 22) 0-977(0-022; 6) Sex x Age3 + Ancestl 0-124
Male subadults® 0-606 (0-088; 14) 0-686 (0-073; 22) 0-949 (0-050; 2) Sex x Age3 + Ancestl 0-124
Male prime adults® 0-789 (0-059; 12) 0-836 (0-056; 13) 0-976 (0-024; 2) Sex x Age3 + Ancestl 0-124
“Female subadults were 1-2-5 years old.
®Female prime adults were 2-5-10 years old.
“Male subadults were 1-3-5 years old.
9Male prime adults were 3-5-10 years old.
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Fig. 1. Model-averaged effects of ancestry and heterozygosity on annual survival of (a) female and (b) male prime adult Florida panthers from
1997 to 2006. Genetic factors were additive to sex and age class in all models. The range of heterozygosity values presented for each ancestry cate-
gory approximately corresponds to those found in the data set (all subadult and prime adult panthers from 1997 to 2006 with that ancestry),
except for one outlier with high heterozygosity excluded from the range for the pre-introgression type. Error bars represent unconditional

standard errors.

genetic introgression (1997-2006), as the sum of the weights
of models including heterozygosity was 0-537 (Table 3) and
model-averaged annual survival probability increased with
heterozygosity (Fig. 1). Average heterozygosity was highest
for F; (mean = 0-337, SD = 0:035, n = 8), intermediate
for other admixed (mean = 0-261, SD = 0065, n = 49)
and lowest for pre-introgression type panthers (mean =

0-161, SD = 0-063, n = 41). Each ancestry group differed
significantly in average heterozygosity from both other
groups in pairwise comparisons (all P < 0-002; permutation
tests). There was also evidence that heterozygosity positively
influenced survival even within ancestry groups, as the top-
ranked model included both factors (Table 3). Although
model-averaged survival was similar for pre-introgression
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type and other admixed panthers at a given level of heterozy-
gosity, heterozygosity ranged higher for other admixed indi-
viduals, leading to an increased probability of survival
(Fig. 1; Table 4).

The full AIC table and selected Cox model coefficients for
the genetic comparisons are presented in Appendix S4 (Sup-
porting Information). Robust z-tests on individual coeffi-
cients (in the context of sex and age class) also indicated that
F, admixed panthers survived better than panthers in other
ancestry classes and that heterozygosity positively influenced
survival (Appendix S4, Supporting Information).

CAUSE-SPECIFIC MORTALITY

The greatest cause of mortality for radiocollared Florida
panthers was intraspecific aggression, followed by mortality
from unknown causes, vehicles and other (Appendix S3,
Supporting Information). When sexes were combined, pre-
introgression type panthers had a higher level of mortality
because of intraspecific aggression than admixed panthers
(z = 2404, P = 0016, risk ratio = 3-06). Increasing het-
erozygosity also significantly decreased the risk because of
intraspecific aggression (z = —2:943, P = 0003, risk
ratio = 0-480). Additional details of the results of these anal-
yses are available in Appendix S3 (Supporting Information).

Discussion

We provide evidence of hybrid vigour in the panther popula-
tion following intentional introgression, as genetic ancestry
and heterozygosity influenced survival of subadult and prime
adult panthers. Our findings correspond very closely to the
outcomes of hybridization on an inbred population predicted
by theory in that survival and heterozygosity were higher for
F, admixed individuals compared with pre-introgression
type Florida panthers, but evidence for higher survival in
admixed generations beyond the F; was far weaker (Crow
1948; Burke & Arnold 2001). It should be noted that we did
not compare survival between F, panthers and the released
Texas females; thus, we investigated hybrid vigour by com-
paring survival between F; panthers and only one of the
parental populations.

Hybrid vigour was first recognized by crossing divergent
lines of agricultural plants and extensive research in agricul-
tural genetics has confirmed the phenomenon (Crow 1948;
Whitlock, Ingvarsson & Hatfield 2000; Birchler, Auger &
Riddle 2003). Much less is known about the fitness conse-
quences of hybridization for plants and animals in nature
(Grant & Grant 1992; Campbell & Waser 2001). For ani-
mals, hybrid vigour has been invoked by previous studies for
a variety of species including insects (Ebert et al. 2002), fish
(Rosenfield et al. 2004), salamanders (Fitzpatrick & Shaffer
2007) and corals (Slattery et al. 2008). We are unaware of
previous studies of free-ranging mammals demonstrating
superior fitness of admixed individuals (or superiority of a
component of fitness, as in our example) that was clearly
attributed to intrinsic hybrid vigour rather than hybrids

being favoured under specific environmental conditions.
Broadly speaking, hybrid fitness may be influenced by endog-
enous or exogenous selection, and hybrid superiority is often
assumed to be primarily due to the latter (Burke & Arnold
2001) as hybrids may be favoured under environmental con-
ditions that vary across time (Grant & Grant 1992) or space
(Moore 1977; Good et al. 2000). Our demonstration of
higher survival in F; admixed panthers relative to an inbred
parental type is consistent with an intrinsic hybrid vigour
effect (Burke & Arnold 2001), and temporal variation in envi-
ronmental conditions were minimized in our study by limit-
ing the analysis to years during which admixed and pre-
introgression type panthers coexisted on the south Florida
landscape. However, environmental conditions could have
varied spatially across the range of the panther and poten-
tially contributed to the higher survival of F; admixed pan-
thers in some instances. We suggest that variation in at least
two extrinsic factors, panther density and habitat conditions,
could have influenced panther survival across ancestry cate-
gories.

First, survey results and capture efforts suggested that
adult males were at very low density in ENP and portions of
BCNP (FWC & NPS, unpublished data). Low local density
of adult males could have provided a survival advantage to
subadult and adult F; panthers in these areas (n = 4) by
decreasing the risk of death by intraspecific aggression. This
possibility is consistent with our results as pre-introgression
type panthers were more frequently killed by intraspecific
aggression than admixed panthers. Furthermore, ENP was
likely devoid of females when the Texas females were
released, which could have contributed to higher survival of
female F; panthers in ENP (z = 3) through decreased com-
petition and reducing the need for dispersal. However, half of
the radiocollared F; panthers inhabited areas known to be
occupied by both adult male and female panthers, so even if
low density of adult panthers influenced our results in some
portions of the range, it would only offer a partial potential
explanation for the higher survival of F; panthers.

A second extrinsic factor that may have influenced our
results is variation in habitat conditions across the range of
panthers, and we recognize the potential for interactions
between habitat quality, genetic ancestry and survival. Theo-
retical (Moore 1977; Moore & Price 1993) and empirical
work (Rand & Harrison 1989; Good et al. 2000) suggest that
hybrids sometimes thrive in different habitat types than
parental types, leading to the production of relatively fit
hybrids and to the establishment and maintenance of hybrid
zones. Novel phenotypes produced through hybridization
can allow for niche differentiation between hybrid and paren-
tal types when some of the available habitat is not suitable
for the parental types (Lewontin & Birch 1966; Buerkle et al.
2000). It has been suggested that since introgression, panthers
have moved into areas in south Florida that were not occu-
pied during years of lower population size just prior to intro-
gression (Pimm, Dollar & Bass 2006), meaning that admixed
individuals might have occupied and survived in areas that
were not used by pre-introgression type panthers. However,
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Creel (2006) pointed out that such an expansion into new
areas could have simply been driven by demographics, as
growing populations will often expand into new habitats. An
intriguing possibility to consider with future analysis is
whether admixed panthers (especially F;s) used different
habitat types than pre-introgression type panthers and
whether genotype-specific habitat selection patterns influ-
enced survival (and other components of fitness).

An ideal test of the hybrid vigour theory would involve a
carefully designed experiment with large sample sizes for
robust statistical inferences. However, such experiments and
sample sizes are rarely possible for elusive and highly endan-
gered species of large carnivores that typically occur at low
density. Populations small enough to experience inbreeding
often result in smaller sample sizes than would be preferred
for more robust statistical inferences. Nonetheless, analysing
these data is critically important in terms of increasing under-
standing of the dynamics of highly endangered populations.
Although our sample of radiocollared F; individuals is
numerically small (n = 8), it represents a substantial propor-
tion of the total F; offspring produced by the introgression
programme (38-53%, depending on the range of possible lit-
ter sizes for the two dens not visited); therefore, the survival
of the F; individuals we studied should be representative.
Although we believe that hybrid vigour is the most parsimo-
nious explanation for the superior survival of F; admixed
panthers, we suggest our results should be interpreted cau-
tiously because of small number of F; admixed panthers in
our analysis. The small sample leaves open the possibility
that factors other than hybrid vigour may have contributed
to the higher survival of the F, individuals (e.g. density, habi-
tat variables and other unknown factors), as well as increas-
ing the potential for model overfitting (unreliable model
predictions owing to a large number of parameters relative to
number of data points; Harrell 2001).

Pimm, Dollar & Bass (2006) evaluated the effects of the
introgression programme on panther demographic parame-
ters, including survival, but their results with respect to adult
survival were equivocal (Creel 2006). Our data set, analyses
and results differed from those of Pimm, Dollar & Bass
(2006) in several important ways. Pimm, Dollar & Bass
(2006) excluded 15 panthers because they did not know the
genetic ancestry of these individuals, whereas we determined
ancestry for the entire data set with updated genetic analyses
completed in 2009. We also addressed aspects of the analysis
by Pimm, Dollar & Bass (2006) following recommendations
made by Creel (2006). First, we separated adults from subad-
ults to consider possible differences in age structure between
pre-introgression type and admixed categories, whereas
Pimm, Dollar & Bass (2006) categorized all panthers inde-
pendent from their mothers as adults. We also excluded older
panthers (210 years) from our analysis because these individ-
uals, which survived poorly relative to other age classes, were
underrepresented in the admixed classes. Second, Pimm,
Dollar & Bass (2006) compared demographic parameters of
some panthers from years prior to introgression to those of
admixed individuals following introgression, thus failing to

Introgression and adult panther survival 965

control for potential temporal variation in panther demo-
graphic variables. We limited our comparison of survival
between admixed and pre-introgression type genotypes to
years when both coexisted on the landscape (i.e. 1997-2006).
It should be noted that this restriction by itself has little effect
on inference, except to weaken the evidence for an effect of
heterozygosity (J. Hostetler, unpublished data). Perhaps the
most important difference between our analysis and that of
Pimm, Dollar & Bass (2000) is that we separated F, genera-
tion offspring from other admixed panthers, as recom-
mended by previous researchers investigating fitness
consequences of hybridization (reviewed by Arnold & Hod-
ges 1995; Burke & Arnold 2001). Subadult and adult survival
improved most dramatically for F; admixed panthers after
introgression, and this effect would be diluted by pooling all
admixed panthers into a single category. Finally, we included
data on heterozygosity to determine whether differences in
survival across genotypes were associated with differences in
genetic diversity. Thus, we believe our approach has provided
additional insight into the effect of the introgression pro-
gramme on subadult and adult panther survival and repre-
sents a well-documented example of the utility of genetic
introgression in improving a demographic parameter of an
inbred population.

Age and sex influenced survival of panthers as survival
rates for females were higher than for males in each age class.
The subadult age class is the period when male panthers are
dispersing and attempting to locate and establish home
ranges (Maehr et al. 2002), and our results indicate this is a
dangerous period for male panthers. Conversely, female sur-
vival rates were highest for the subadult age class. Female
pumas are often philopatric, dispersing less frequently and
for shorter distances than males (Sweanor, Logan & Hornoc-
ker 2000; Macehr et al. 2002), consistent with most species of
polygynous mammals (Greenwood 1980). Our results also
strongly suggest that older panthers (=10 years) survived
poorly compared with other age classes, despite the small
sample size of older adults and the potential bias against
detecting survival senescence because of heterogeneity in
individual survival (Cam et al. 2002).

Our results, and those of Hostetler ez al. (2010) with
respect to kitten survival, are important steps to determining
the demographic mechanisms that led to the numerical
increase in panthers after introgression and indicate that
intentional introgression can be a valuable tool for conserv-
ing small, inbred populations. However, potential variation
in the response of populations to admixture, the possibility of
outbreeding depression through loss of co-adapted gene
combinations or adaptation to local environmental condi-
tions (Greig 1979; Templeton 1997; Edmands 2007), and the
problem of losing genetically unique populations through
swamping (Allendorf et al. 2001; Creel 2006) suggest that
intentional admixture of wild populations should be under-
taken only when extinction appears imminent, as in the pan-
ther example. Despite the apparent success of the
introgression programme for panthers (at least in the short
term), the problems that led to a small population size and
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inbreeding, habitat loss and isolation from other popula-
tions, have not been corrected and will likely be exacerbated
as development and human population growth are projected
to increase in south Florida (Kautz et al. 2006). Therefore,
investigating the influence of introgression on other demo-
graphic parameters (e.g. fecundity) and population growth
and determining the longevity of any demographic benefits
associated with intentional introgression will be important
next steps for evaluating whether genetic augmentation will
be an effective long-term management tool for panthers.
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