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Abstract
Captive breeding of endangered species often aims at preserving genetic diversity and to

avoid the harmful effects of inbreeding. However, deleterious alleles causing inbreeding

depression can be purged when inbreeding persists over several generations. Despite its

great importance both for evolutionary biology and for captive breeding programmes, few

studies have addressed whether and to which extent purging may occur. Here we under-

take a longitudinal study with the largest captive population of Cuvier's gazelle managed

under a European Endangered Species Programme since 1975. Previous results in this

population have shown that highly inbred mothers tend to produce more daughters, and this

fact was used in 2006 to reach a more appropriate sex-ratio in this polygynous species by

changing the pairing strategy (i.e., pairing some inbred females instead of keeping them as

surplus individuals in the population). Here, by using studbook data we explore whether

purging has occurred in the population by investigating whether after the change in pairing

strategy a) inbreeding and homozygosity increased at the population level, b) fitness (sur-

vival) increased, and c) the relationship between inbreeding and juvenile survival, was posi-

tive. Consistent with the existence of purging, we found an increase in inbreeding

coefficients, homozygosity and juvenile survival. In addition, we showed that in the course

of the breeding programme the relationship between inbreeding and juvenile survival was

not uniform but rather changed over time: it was negative in the early years, flat in the middle

years and positive after the change in pairing strategy. We highlight that by allowing inbred

individuals to mate in captive stocks we may favour sex-ratio bias towards females, a desir-

able managing strategy to reduce the surplus of males that force most zoos to use ethical

culling and euthanizing management tools. We discuss these possibilities but also acknowl-

edge that many other effects should be considered before implementing inbreeding and

purging as elements in management decisions.
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Introduction
Captive breeding is a valuable tool for the preservation of endangered species, and in some
instances it may turn out to be the only possible way to avoid total extinction. Most captive
breeding programmes maintain a small population of breeders that usually begins with very
few founders. Under such conditions, management decisions are rooted in the aim of preserv-
ing genetic diversity and avoiding inbreeding to reduce the deleterious effects of an increased
level of homozygosity in the population: the so named “inbreeding depression” or reduced fit-
ness of offspring due to mating between relatives. Since Darwin’s experiments on selfing in
plants [1], inbreeding depression has been documented in a wide array of species [2–4]. How-
ever, various authors failed to find the predicted decrease in fitness after inbreeding [5–9], so
that the deleterious effects of inbreeding are not universal and straightforward (see also [10]).
Inbreeding depression may result from any inherent advantage of heterozygotes over homozy-
gotes (the overdominance hypothesis), although increasing evidence suggests that the most
common cause is the unmasking of recessive deleterious alleles in homozygous genotypes (the
dominance or partial dominance hypothesis [11–13]). Although a process of inbred mating
can reduce the fitness of the individuals and the population, it also enhances selection against
recessive deleterious alleles as they are expressed in homozygosity [14–16], and can therefore
purge them from the population even to the point of counteracting the negative effects of
genetic load caused by drift and inbreeding [17–18].

The phenomenon of purging implies the existence of different temporal phases across gen-
erations [9]: in an earlier stage we expect depression (inbreeding increases the probability of
homozygosity for deleterious recessive alleles), and it is then when natural selection can act
against deleterious alleles that may thereby reduce their frequency [19]. Thereafter, the genetic
load may have been reduced until a point in which inbred individuals do not show lower fit-
ness. Purging may occur in small captive populations [17] but it can also be the reason why
inbreeding depression is not evident in many current endangered populations in islands [20].
Under conditions of partial or incomplete dominance between alleles, the removal of deleteri-
ous recessive alleles by purging can even lead to increased fitness of individuals or populations
after inbreeding events due to the added effects of positively-selected homologous-alleles [12].
However, in natural populations, the effectiveness of purging and its beneficial effects on fitness
may depend on the rate of inbreeding, so that only a slight inbreeding over a rather long period
of time could remove deleterious recessive alleles without harmful effects on population viabil-
ity [21].

Different approaches have been used to study inbreeding depression and purging. Com-
puter simulations [16, 22–23] have been relevant in testing hypotheses explaining the underly-
ing genetic mechanism of inbreeding depression and purging. In many occasions laboratory
animals have been used as pilot species for evaluating the outcomes of inbreeding and for test-
ing predictions [9–10, 17, 21, 24]. The literature published so far shows contrasting results on
how purging events can affect population viability [9, 17, 21] so that it is uncertain to which
extent the potential benefits of purging could be a useful tool in managing captive populations.

Zoo studbooks containing detailed pedigree of species kept in captivity have also been used
to investigate the consequences of inbreeding on fitness related traits [8]. Studbooks are valu-
able as generally contain both long-term pedigrees as well as relevant associated data of the
captive stock of interest for conservation programmes (e.g., dates of birth, and death [25]).
They also provide information to genetically manage captive populations through a variety of
approaches that account for genetic variables (mean inbreeding, mean kinship, gene diversity).

In this paper we undertake a longitudinal study to investigate the relationship between
inbreeding and juvenile survival, an obvious key fitness trait, in a captive population of Cuvier’s
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gazelle (Gazella cuvieri [26]) managed under a European Endangered Species Programme
(EEP) since 1975. Previous studies in this population demonstrated the existence of inbreeding
depression in some fitness traits, whose values declined in parallel to an increase of inbreeding.
Alados and Escós [27] showed that high levels of inbreeding were linked to low birth weight,
which reduced juvenile survival. Roldan et al. [28] reported that among males of Gazella
cuvieri, the inbreeding coefficient showed a strong negative relationship with ejaculate quality.
Cassinello [29] found that survival to one month in males and to sexual maturity in both sexes
was significantly higher in less inbred individuals of Cuvier’s gazelles. However, later on in the
breeding programme some authors failed to find inbreeding depression in this same popula-
tion. Ibáñez et al. [30] did not find any inbreeding effect on body weight. Similarly, Ruiz-López
et al. [31] and Ibáñez et al. [32] showed that neither mother nor offspring inbreeding had any
effect on juvenile mortality.

These seemingly contradictory results within the same captive population, reported in dif-
ferent time periods, are certainly intriguing and deserve a reappraisal. Inbreeding avoidance is
a common practice in captive breeding programs due to the potentially negative fitness conse-
quences of inbreeding [8, 33–34]. However, if after a number of generations of inbreeding
purging is demonstrated to take place in captive populations, it might be advantageous to favor
inbreeding, at least in some individuals. In polygynous species this would be done when
arranging pairings, and would serve as a way of solving the organizational and even ethical (if
culling is the alternative option) problems posed to captive breeders of where and how to keep
the surplus individuals, mainly males [35–36].

Here we integrate studbook information and molecular techniques to analyze the fitness
consequences of inbreeding in the captive population of Cuvier’s gazelle maintained at La
Hoya Experimental Field Station (Almería, Spain) for more than 35 years. Its EEP began in
Almería from four founders: 1 male and 3 females [37]. In this extremely bottlenecked popula-
tion it was shown that more inbred mothers had a higher probability of producing daughters
[38], which was used by EEP’s manager (EM) to try to reach a more appropriate sex-ratio in
the captive population of this polygynous species. Obviously, an increase of inbreeding
occurred as a result of the management to increase female bias in the population [39]. This pro-
vided us with the unique opportunity to explore the possibility that deleterious alleles had been
purged from this captive population. We predicted that after the change in paring strategy a)
inbreeding and homozygosity would increase at the population level, b) fitness (juvenile sur-
vival, a key fitness-linked trait) would increase, and c) the relationship between inbreeding and
juvenile survival would be positive despite an increase in inbreeding and homozygosity.

Material and Methods

Study captive population
Cuvier’s gazelle is a Sahelo-Saharan endangered species whose populations have steeply
declined since the 1950’s apparently due to excessive hunting and habitat degradation in their
range (Morocco, Tunisia, Algeria [40]). This polygynous species is medium-sized and sexually
dimorphic, with adult males 24% heavier than adult females (average body mass of adult
females: 26 kg; adult males: 34 kg) [37]. Females are fertile at about 8–9 months and males at
12–13. Gestation is about 5.5 months, twins representing up to 39% of births [37]. The captive
population within its EEP is about 160–170 individuals distributed at four zoological institu-
tions [41], the biggest population being that housed at La Hoya, with a mean of about 140–150
individual in the last 5–10 years. Our study has been carried out in this latter population,
which is currently the only breeding population within the EEP (53 males: 95 females by 31
December 2011) [41].
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Management of the captive population
Since the captive population of Cuvier’s gazelle was established at La Hoya Field Station, most
animals have been included in breeding herds comprised of one adult male (included in the
breeding herd in October-November) and a group of five to eight adult females. Young males
are removed from breeding herds when they become 7–8 months old and form bachelor
groups (see detailed husbandry guidelines and different types of enclosures in [37]). Due to
space limitations existing in La Hoya as well as the high proportion of twins in Cuvier’s gazelle,
since 2004 only 4–6 breeding herds are formed per breeding season, the rest of the animals
being kept in bachelor, single sex enclosures. Pairing strategies are set up by using the SPARKS
software programme [42] following the criteria of minimizing inbreeding in descendants.
Highly inbred animals are generally not used as breeders as their potential offspring would
have an inbreeding coefficient higher than the current day average of mean inbreeding values
[43]. These highly inbred individuals represent for this and other EEPs the surplus stock: ani-
mals that are no longer needed for the goals of the EEP, although they can be (and certainly
are) used for exhibition and educational purposes in zoos participating in the EEP.

Since the late 90s the sex ratio of the Cuvier’s population was rather balanced. However,
Moreno et al. [38] observed that the higher the inbreeding coefficient of the mother the higher
the probability of producing daughters, which could be advantageous to obtain a female biased
population (see also [39]), thereby both, increasing the productivity of the captive stock of this
polygynous species, and decreasing the number of born males and thus helping the always
problematic management of surplus males. Therefore, in agreement with other suggestions for
manipulating the sex-ratio in endangered captive populations [44–45], in autumn 2006 the
strategy for pairing arrangements was slightly changed. Considering the criterion of minimiz-
ing the inbreeding of the future offspring and using the SPARKS software [42] breeding herds
were set up as follows: 1 male and 4–6 females were chosen to breed and then 1–2 females with
the highest inbreeding were also included in these breeding enclosures. These later highly
inbred females were not randomly chosen but were rather chosen by trying to minimize the
expected inbreeding of their offspring considering the inbreeding coefficient (relatedness) of
the male they would mate with. As a consequence of the later criterion, there was no correla-
tion between the inbreeding coefficient of the mothers and their offspring (r = -0.05, ns;
N = 129). This change in the pairing strategy allowed us to use as breeders females that other-
wise would be considered as “surplus”, non-breeder females within the EEP. By doing this we
expected to increase the production of daughters born in our population and to reduce the
number of future surplus males. As a consequence of the change in the pairing strategy, 94 and
35 calves were born from highly and low inbred females during 2007–2011 respectively. Juve-
nile survival for both groups was similar: 83.0% for the former and 88.6% for the later. Inbreed-
ing coefficient for the descendants of these two groups of females did not differ either
(mean ± SD = 0.250 ± 0.047 for calves born from highly inbred females vs.
mean ± SD = 0.252 ± 0.061 for calves born from low inbred females; Mann-Whitney U tests,
p>0.1). Neither did it individual heterozygosity, measured as standardized heterozygosity (SH;
[46]) (SH ± SD = 0.772 ± 0.256; N = 5; for descendants from highly inbred mothers vs,
SH ± SD = 0.949 ± 0.183; N = 5; for descendants from low inbred mothers; Mann-Whitney U
tests, p>0.1).

As expected, since spring 2007 sex ratio in the captive Cuvier’s gazelle population progres-
sively changed to female biased [41]. However, even though offspring born from highly inbred
mothers did not have higher inbreeding coefficients than the mean individual inbreeding coef-
ficient of the other offspring born in the same breeding season this change in the pairing strat-
egy could also increase the mean inbreeding at the population level [47–48]. Although an
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increase of inbreeding has occurred in La Hoya population since it was established in 1975
[30], we tested whether the radical change in the pairing strategy performed in 2006 would sub-
stantially increase the rate of inbreeding in the captive population. Thus, this situation provides
us with the opportunity of monitoring possible effects of mothers' inbreeding on offspring fit-
ness by comparing the relationship between inbreeding and juvenile survival before and after
the above-mentioned change in management in the studied captive population.

It might be argued that having more females than males is good for management in this
population but it also decrease genetic variation faster than having equal numbers of the two
sexes. Although unequal sex ratio decreases Ne and increases the loss of genetic variation, the
effect of estimated Ne on actual transmission of genetic variability is also mediated by other
factors, including the distribution of mating success and generation time. Hence, when the dis-
tribution of mating success is skewed, like in harem-defense polygyny (the case of Cuvier’s
gazelle), the actual number of males contributing to the next generation might become lower
than expected by Ne. But in captive breeding, by contrast, managers may tend to balance mat-
ing success for all available males by pairing them in several breeding seasons, a practice nor-
mally applied to Cuvier’s gazelle thanks to both, its short generation time and long lifespan
[37]. By doing so, the distribution of mating in captivity is likely more even among males than
expected in the wild for the same sex ratio. This means that some sex-ratio bias in the captive
stock may not differ too much from a more even sex-ratio situation in the wild under polygy-
nous mating.

Inbreeding coefficient and juvenile survival
Data for 631 Cuvier’s gazelles housed currently or historically at La Hoya Field Station were
used in the analyses. These data were obtained from the studbook (S1 File [41]) which includes
records of all individual Cuvier’s gazelle in the EEP population. It is regularly updated using
the studbook database software SPARK [42]. Data from SPARKS are exported to the studbook
analysis software PMx [49] for calculation of inbreeding coefficients. In this population, whose
percentage of pedigree known is 100%, the increase in inbreeding coefficient is not linear across
generations [30] but rather depends on pedigree depth (see [50–51] for similar findings in
other populations). Results presented in this paper are based on studbook data up to December
31st 2011 [41].

We were interested in the relationship between inbreeding and juvenile survival at 14 days
of age, survival being a target phenotypic trait related to fitness widely used in inbreeding
depression studies (see e. g. [3]). This age represents the critical period of mortality for Cuvier’s
gazelle in captivity, as above 80% of calves that die, do so below that age [32].

DNA sampling and genetic analyses
To study genetic effects at the population level after the change in management, we compared
heterozygosity before and after the change. We obtained DNA samples from skins in EEZA-C-
SIC scientific collections which are stored in 95% ethanol. Ear skins samples are routinely
taken from all individuals born in La Hoya during the process of ear tagging for individual
identification, these samples being all included in the EEZA-CSIC scientific collections. Skins
samples of 39 randomly chosen individuals were used in the analyses. The birth year of these
individuals ranged from 1984 to 2011: 29 of them before and 10 after the management change
in 2006. Although the proportion of individuals sampled for genotyping after 2006 was rela-
tively small (10/39 = 0.256), this proportion was similar to the proportion of individuals ana-
lyzed for inbreeding and survival analyses in the same period (129/631 = 0.204; see below). No
skin samples were available in the collection for individuals born earlier than 1984. Genomic
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DNA was purified by proteinase K digestion and salting out procedure. Fifteen fluorescent-
labeled microsatellite markers were initially tested: CelJP15, MM12, OarFCB304, OarFCB193,
ETH225, BM1818, OarFCB5, TGLA53, CelJP38, CSSM19, RME25, CSSM22, CSSM43,
OarCP26 and CSPS115 [52–59]. There markers were initially developed for species such as
sheep, cattle or red deer. Some of the analyzed markers were discarded either due to the
absence of polymorphism or due to difficulties in amplifying or scoring. Finally, 8 microsatel-
lite markers were chosen to genetically type the samples: CSPS115 (5 alleles in our sample),
CSSM22 (4 alleles), CSSM43 (5 alleles), ETH225 (7 alleles), OarFCB193 (6 alleles), OarFCB304
(8 alleles), CelJP15 (3 alleles) and MM12 (2 alleles). After polymerase chain reaction (PCR), we
used ABI 3130 DNA sequencer and GENEMAPPER 3.7 software (Applied Biosystems) to esti-
mate allele sizes.

We used GENEPOP, version 4.3 [60] to assess the presence of linkage disequilibrium
between loci. In our sample, significant linkage disequilibrium was detected between CSPS115
and CSSM43 loci. We conducted genetic analyses after removing the CSSM43 locus. Therefore,
genetic effects were assessed by using 7 mixrosatellites markers (CSPS115, CSSM22, ETH225,
OarFCB193, OarFCB304, CelJP15 and MM12; genotypes in S2 File). Results were very similar
after removing CSPS115 instead of CSSM43. Observed (Ho) and expected (He) heterozygosities
were obtained using the software GENETIX, version 4.05 [61]. Heterozygosity before and after
2007 was compared by using the Fis index as the difference between expected and observed het-
erozygosity divided by the expected one [62]. We assessed whether Fis indexes were signifi-
cantly different from 0 by using 10,000 permutations in GENETIX.

Statistical analyses
In addition to heterozygosity, we compared individual inbreeding and juvenile survival at age
of 14 days before and after 2007 (the first generation after the pairing strategy changed was
born in spring 2007; N = 502, N = 129 respectively). In order to increase the power of our anal-
yses, we performed permutation tests in which we obtained samples by permuting the original
dataset 10,000 times. In each sample a pivotal statistic was estimated and compared to the
observed value in the original dataset [63]. P values were obtained by counting the proportion
of times the value of the observed statistic was lower or higher than the statistic resulting in the
samples. Inbreeding before and after 2007 was compared by T-Student tests, so a t statistic was
used as pivotal for bootstrap analyses; juvenile survival was compared by a logistic regression,
so a z statistic was used as pivotal for permutation tests.

We assessed how the relationship between inbreeding and juvenile survival changed
through time. The data were analyzed fitting Generalized Linear Mixed Models (GLMM) using
the function “glmer” in lme4 (package version 1.1.9) within R [64]. Juvenile survival (estimated
as explained above) was the dependent variable. Birth year, inbreeding and their interaction
were included in the model as fixed factors. In all the analyses, offspring were used as statistical
units. As some of them belong to the same mother in different breeding seasons, they are not
totally independent. Hence, mother identity was introduced as a random factor in the analyses.
Furthermore, we know that this dam component affects offspring survival [65], thus making
its inclusion necessary. Twins tend to be lighter at birth, and therefore, their mortality tends to
be higher than for singletons [66]. Thus, we also included twin status (single birth vs. being
born with a twin) as an additional fixed factor in the model. Because we knew beforehand that
the evolution of inbreeding in the studied population was non-linear [30] we fitted a spline
with three knots (function “bs”) around inbreeding to investigate the relationship between
inbreeding and juvenile survival. The percentage of variance explained by mother random
effect was calculated by providing marginal and conditional R2 values respectively for fixed and
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overall effects [67]. Confidence intervals for dam effects were estimated using the function
“confint.merMod” in package “lme4”. To plot the main results of the model we fitted the same
model in “glmer” (“lme4” package version 1.1.9) and used the package “effects” (version 3.0.4),
which is particularly suitable when complex interactions are involved [68].

Results

Inbreeding coefficient and heterozygosity
Change in pairing strategy carried out in 2006 in La Hoya increased the Cuvier’s gazelle
inbreeding coefficient at the population level (mean ± SE = 0.193 ± 0.003, before change;
mean ± SE = 0.250 ± 0.005, after change; permutation test, observed t = -9.881, 10,000 samples,
p< 0.00001; “Fig 1”). The change in pairing strategy also produced a reduction in heterozygos-
ity (Ho = 0.70,He = 0.63, Fis = -0.11 before change;Ho = 0.57,He = 0.64, Fis = 0.11 after change).
Before change Fis value was significantly lower than 0 (10,000 permutations, p< 0.01) while it
tended to be higher than 0 (10,000 permutations, p = 0.08) after the change. Therefore, the
population went from having a level of heterozygosity above Hardy-Weinberg equilibrium
before management practices changed, to a level lower than expected under equilibrium after
the change in management.

Effects on juvenile survival
Juvenile survival was significantly higher after the pairing strategy was changed in 2006 despite
the increase in inbreeding (juvenile survival: 0 dead individuals, 1 surviving individuals;

Fig 1. Differences in inbreeding. Inbreeding before and after the pairing strategy change occurred in 2006.
Figure shows means and standard errors.

doi:10.1371/journal.pone.0145111.g001
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mean ± SE = 0.783 ± 0.018, before change; mean ± SE = 0.868 ± 0.030, after change; permuta-
tion test, observed z = 2.138, 10,000 samples, p = 0.013; “Fig 2”).

The relationship between inbreeding and juvenile survival changed through time in the
breeding programme (Table 1, “Fig 3”). At the beginning, higher levels of inbreeding were asso-
ciated with low juvenile survival (“Fig 3” left). However, this trend reverted as time elapsed,
and higher inbreeding was positively associated to higher juvenile survival during the years
after the change in pairing strategy (“Fig 3” right). Additionally, the random effect of mothers
reached significance (sd = 1.23, lower 95% CI = 0.81, upper 95% CI = 1.77) and explained most

Fig 2. Differences in juvenile survival. Juvenile survival before and after the pairing strategy change.
Juvenile survival is a dichotomous variable in which 0 indicates dead individuals and 1 indicates surviving
individuals. Figure shows mean and standard error.

doi:10.1371/journal.pone.0145111.g002

Table 1. GLMMmodel using the library “lme4”.

estimate se z P

Intercept 6.381 2.247 2.840 0.0045

Birth Year -0.451 0.219 -2.059 0.0395

Inbreeding 1 -10.91 4.839 -2.254 0.0242

Inbreeding 2 -1.299 2.730 -0.476 0.6341

Inbreeding 3 -7.735 3.173 -2.438 0.0148

Birth Year * Inbreeding 1 1.035 0.446 2.323 0.0202

Birth Year * Inbreeding 2 0.042 0.179 0.235 0.8145

Birth Year * Inbreeding 3 0.695 0.282 2.468 0.0136

Fixed effects of the GLMM model after using cubic spline with linear, quadratic and cubic. See also “Fig 3”.

doi:10.1371/journal.pone.0145111.t001
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of the variance (marginal-R2 = 0.055; conditional-R2 = 0.354), indicating either maternal or
genetic effects on offspring survival. Twin status was not significant, nor any of its 2-way or
3-way interactions with the other terms (all P>0.3), and it was therefore discarded from the
final model.

Discussion
The deleterious effect of inbreeding is of major concern in conservation biology. Threatened
species are often kept in captivity and they are frequently managed through captive breeding
programmes such as the European Endangered Species Programme (EEP), which very likely
represents the most intensive type of population management for endangered species. In the
breeding programme of Cuvier’s gazelle in ‘La Hoya’ the change in pairing strategy carried out
in 2006 resulted in i) an increase of mean inbreeding, ii) a reduction in population heterozygos-
ity, and iii) an increase in fitness as measured from juvenile survival. Moreover, for the period
of time during the breeding programme, we found two contrasting situations regarding the
relationship between inbreeding and fitness. We detected an initial stage of inbreeding depres-
sion, in which inbred individuals were less fit than non-inbred ones, and a later stage in which
this relationship disappeared and even reversed, so that inbred individuals showed higher fit-
ness than non-inbred ones. This suggests that in the Cuvier’s gazelle of ‘La Hoya’ a process of
purging might have occurred. “Fig 3” illustrates this possible process of purging by analyzing
the temporal relationship between inbreeding and juvenile mortality. Up to mid-90s, the
inbreeding coefficient of those individuals that died before reaching the age of 14 days was
higher than that of the survivors, corresponding with an ongoing process involving inbreeding

Fig 3. Evolution of juvenile survival through time. Relationship between inbreeding and juvenile survival through time. Juvenile survival is a dichotomous
variable in which 0 indicates dead individuals and 1 indicates surviving individuals. Figure shows predicted values and 95% confidence bands. Time
progresses from left to right, so the left graph shows the relationship between inbreeding and juvenile survival centred in year 1981, while the right graph
shows this relationship centred in year 2006 when a major change in pairing management occurred. Graphs were produced with library “effects” [68], which
uses the estimates of the effects from GLMMs to predict the values across the entire expand of the explanatory variables. Confidence bands are calculated
from standard errors estimated at each of three levels of inbreeding (0.0625, 0.2451 and 0.4277) within each of the time periods.

doi:10.1371/journal.pone.0145111.g003

Better Fitness despite Inbreeding Increase

PLOS ONE | DOI:10.1371/journal.pone.0145111 December 17, 2015 9 / 15



depression. As time progressed, the difference in the inbreeding coefficient between dead individ-
uals and survivors tended to equalize. This result is in agreement with selection acting against
deleterious alleles by means of the observed higher mortality of inbred individuals [19]. In the
midpoint of the longitudinal study (“Fig 3”, central panel) we found a transitional period during
which inbreeding of survivors and non-survivors did not differ, suggesting that genetic load may
be low enough to prevent the expression of inbreeding depression [69]. After that period and par-
ticularly after the change in pairing management (“Fig 3” right panel) we found inbred individu-
als having higher fitness in terms of juvenile survival compared to non-inbred ones. These results
can be explained largely if a process of purging has taken place [9, 14–18, 21].

However, since inbreeding depression occurs mostly in stressful conditions [10], improve-
ments in husbandry could have led to higher average survival in the captive population as well
[70]. Our records at La Hoya Field Station allow us to discard the possibility that any major
change in husbandry has taken place during the study period, although we cannot fully rule
out that some unnoticed influence might have occurred. Nevertheless, we found not only an
increase in population fitness but also a reversal in the relationship between inbreeding and fit-
ness before and after the change in pairing strategy that occurred in 2006, which cannot be
explained by the husbandry conditions shared by all the individuals.

It could be argued that what happens for this population might be more extreme than what
would be expected for others due to the extremely low number of founders of the studied popu-
lation. But in many captive breeding programmes of endangered species the number of foun-
ders is not greater than ours. For example, Gazella spekei began its captive breeding
programme with 1 male: 3 females [71]; Tragelaphus imberbis began with 2 males: 2 females
[72]; Canis rufus began with 2 males: 1 female [73]. . .Hence, what we find in Cuvier’s gazelle
might not be exceptional and could explain, for example, the high level of genetic variation
found by Templeton et al. [74] in the species they studied.

Our results provide new insights into the genetic basis of the inbreeding effects on juvenile
mortality in our Cuvier’s gazelle population. At least in an important proportion of the genes
related to juvenile mortality, the genotypic value of the homozygotes for non-deleterious alleles
should be higher (higher probability to survive) than the genotypic value of the heterozygotes,
which may include non-deleterious and deleterious alleles. This result is in agreement with a
partial or incomplete dominance relationship between homologous alleles at genes influencing
survival [12–13, 75].

Ibáñez and coauthors [65] have recently shown that in this Cuvier’s gazelle population
maternal contribution to juvenile survival through genetic and environmental effects seems to
be of major importance. That is, there exist differences among mothers (and among the envi-
ronment they provide to their offspring) which are influencing the probability of survival for
their offspring as well, which agrees with our results of mother identity being significant when
introduced in the analyses as a random factor explaining 36% of the variability in offspring
survival.

Templeton and Read [5] suggested that, according to theory, controlled inbreeding could be
used to purge the genetic load in captive breeding programmes. However, Boakes et al. [8]
argued against this practice in zoo populations of threatened species in spite of finding evi-
dence of purging in some of the populations they studied (see [9] for a review). Larsen and
coauthors [76] studied captive populations of guppy (Poecilia reticulata) and proposed that
contrary to full-sib mating or selfing, a slow accumulation of inbreeding over several genera-
tions should promote purging. Pekkala et al. [21] made inbreeding experiments with Drosoph-
ila and concluded that strong inbreeding can produce population decline and that only slow
rates of inbreeding are able to effectively purge the frequency of highly deleterious alleles with-
out compromising population viability. The mean number of generations in the pedigree for
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our studied gazelles is 4 (range: 0–7) (see [30] for details). Considering that inbreeding accu-
mulation is not linear, and its effects may depend on the pedigree depth (e.g., number of gener-
ations) [50, 77], our findings could be interpreted as a progressive process of inbreeding across
several generations allowing the purging of deleterious alleles in agreement with Larsen et al.
[76] and Pekkala et al. [21] conclusions, also giving support to Templeton and Read’s [5] sug-
gestion for gazelles' captive breeding programmes [6].

Clear evidence for purging is rare even for laboratory species with short generation times
and it is almost lacking for large mammals [17]. Understanding how small or medium size
populations respond to inbreeding in captive programmes is of great importance. Our studied
population experienced heterozygosity loss and inbreeding increase, but juvenile survival
increased across generations and it was even higher for homozygous individuals, thus support-
ing the suggestion that purging has occurred and led to a rebound of fitness and a reduction of
genetic load, in agreement with the partial dominance hypothesis as the mechanism underlying
inbreeding depression [78].

Our results also indicate that purging may be an efficient mechanism to decrease genetic
load, it being therefore a potential tool in the management of this captive population. However,
many other aspects should be considered before implementing inbreeding and purging as ele-
ments in captive breeding management decisions. On one hand, inbreeding may increase the
loss not only of deleterious alleles but also of some proportion of beneficial genetic variants due
to drift [9, 15]. This may entail risks for the long term maintenance of small captive popula-
tions due to depletion of genetic variability [21, 79]. On the other hand, purging alleles under
the conditions of captivity may produce departures from the genetic composition of original
wild populations, as trait values under captivity conditions may differ from those under natural
selection in their natural ecosystems [80–82]. These considerations are especially relevant
when captive stocks should provide specimens to restocking natural areas.

EEPs of most endangered species are mostly spawned and coordinated by zoos. No zoo has
unlimited space, money or possibilities to maintain all new born individuals, and culling and
euthanizing surplus animals (those that are no longer needed for the goals of the EEP) are already
included in theWorld Association of Zoos and Aquaria (WAZA) ethical standards as available
management tools. The reported effect of mother inbreeding on offspring sex-ratio bias to
daughters [38–39] opens an interesting opportunity to use some controlled inbreeding to reduce
the production of surplus males. In spite of the negative consequences on any conscious increase
of inbreeding for the long term viability of a captive population managed under an EEP, if rigor-
ously conducted upon previous and scientifically based knowledge of that population (genetic,
demographic, behavioural,. . .), it might represent a better management option than culling.
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