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Abstract

There is the tendency to assume that endangered species have been both genetically and demographically healthier in
the past, so that any genetic erosion observed today was caused by their recent decline. The Iberian lynx (Lynx pardinus)
suffered a dramatic and continuous decline during the 20th century, and now shows extremely low genome- and species-
wide genetic diversity among other signs of genomic erosion. We analyze ancient (N¼ 10), historical (N¼ 245), and
contemporary (N¼ 172) samples with microsatellite and mitogenome data to reconstruct the species’ demography and
investigate patterns of genetic variation across space and time. Iberian lynx populations transitioned from low but
significantly higher genetic diversity than today and shallow geographical differentiation millennia ago, through a
structured metapopulation with varying levels of diversity during the last centuries, to two extremely genetically de-
pauperate and differentiated remnant populations by 2002. The historical subpopulations show varying extents of
genetic drift in relation to their recent size and time in isolation, but these do not predict whether the populations
persisted or went finally extinct. In conclusion, current genetic patterns were mainly shaped by genetic drift, supporting
the current admixture of the two genetic pools and calling for a comprehensive genetic management of the ongoing
conservation program. This study illustrates how a retrospective analysis of demographic and genetic patterns of
endangered species can shed light onto their evolutionary history and this, in turn, can inform conservation actions.
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Introduction
Species are becoming extinct at rates unprecedented in re-
cent history as a consequence of human activity (Pimm et al.
2014; Ceballos et al. 2015). Populations of vertebrate species
have decreased in size by an average of 52% in the last 40 years
(McLellan 2014), and 15–40% of living species may have gone
extinct by 2050 (Thomas and Williamson 2012). Habitat
modification, fragmentation and destruction, pollution, cli-
mate change, overexploitation, and the spread of invasive
species have been identified as the main drivers of the current
biodiversity crisis. However, a hidden secondary threat in the
form of genetic erosion often builds up as populations be-
come small and isolated. Population genetics theory predicts
that small and isolated populations progressively lose genetic
diversity and accumulate genetic load as a consequence of
genetic drift, and this may be exposed through inbreeding,
resulting in inbreeding depression (Hedrick 2001). This makes
them less able to adapt to environmental change and dimin-
ish their reproduction and survival. At the same time, popu-
lation declines are often accompanied by fragmentation
resulting in progressively reduced gene flow. Then, the
above-mentioned processes operate independently in the
resulting patches leading to increased genetic differentiation,
unrelated to local adaptation (Frankham et al. 2002; Allendorf
and Luikart 2007).

These processes have typically been assessed by comparing
current genetic patterns among populations or species with
different recent demographic history. However, current pat-
terns of low genetic diversity and high differentiation can be
the consequence of an alternative demographic and evolu-
tionary history which entails contrasting risks of extinction: an
equilibrium scenario derived from a long history of small
population and restricted gene flow. This latter scenario
entails a lower risk of inbreeding depression, since selection
may have purged most deleterious variation. Besides, a ge-
netic differentiation due to a stable migration-genetic drift
equilibrium could be associated to local adaptation. The as-
sessment of the relative weight of these two evolutionary
histories is therefore of critical importance to evaluate the
relative risks (inbreeding vs. outbreeding depression) and ben-
efits of alternative management strategies (i.e., to mix or not
to mix).

Fortunately, recent developments in the field of ancient
DNA have allowed the characterization of genetic variation in
past periods spanning decades—from museum specimens—
to millennia—from archaeological and palaeontological sam-
ples. Historical and ancient genetic data can provide infer-
ences of demographic history from the deep past throughout
recent declines, and inform species conservation by providing
landmarks of genetic diversity and differentiation statistics
(Leonard 2008; Hofman et al. 2015). Furthermore, given a
proper sampling of time periods and genetic markers, dia-
chronic genetic studies can illuminate the dynamics of these
processes, their dependence on demographic and geograph-
ical factors and their contribution to extinction.

The Iberian lynx (Lynx pardinus), because of its currently
low genetic diversity and high differentiation, coupled with a
fairly well-documented recent history of demographic decline

and fragmentation, makes an outstanding model to charac-
terize the genetic processes acting upon a species on its way
to extinction. The species suffered a dramatic and continuous
decline during the second half of the 20th century (Rodr�ıguez
and Delibes 2002; Ferreras et al. 2010; Palomares et al. 2011).
With only two extant isolated populations—one located in
the Do~nana coastal plains and the other in the Eastern Sierra
Morena mountains, ca. 240 km apart—and scarcely 100 indi-
viduals by 2002, the species was classified as critically endan-
gered by IUCN (2002, 2006 and 2008 red lists; Rodr�ıguez and
Calzada 2015), and is generally recognized as the most en-
dangered felid in the world (Nowell et al. 1996). Conservation
actions implemented since then, including habitat protec-
tion, prey management, captive breeding, translocations
and reintroductions have increased lynx numbers to more
than 400 by 2015 (http://www.iberlince.eu/images/docs/3_
InformesLIFE/Informe_Censo_2015.pdf; last accessed August
25, 2017), leading to its reclassification as “Endangered” in
2015 (Rodr�ıguez and Calzada 2015).

Current Iberian lynx genetic diversity is low, especially in
Do~nana, and the two populations are highly differentiated
(Johnson et al. 2004; Casas-Marce et al. 2013). Moreover, the
Iberian lynx features one of the lowest genome- and species-
wide diversity reported to date, as well as other signatures of
genomic erosion, including high rates of potentially deleteri-
ous segregating and fixed mutations (Abascal et al. 2016).
These patterns have been interpreted as the direct conse-
quence of the species’ recent decline (Johnson et al. 2004;
Casas-Marce et al. 2013; Abascal et al. 2016). However, the
complete lack of diversity in a short region of the mitochon-
drial genome in both historical and ancient samples has sug-
gested that low-genetic diversity is an intrinsic feature of the
species (Rodr�ıguez et al. 2011). It remains thus unclear how
much of the genetic impoverishment currently observed has
been caused by recent versus long-term demography.

Here, we use the Iberian lynx as a model to characterize the
micro-evolutionary processes operating on a species on the
route to extinction. We compare current, historical, and an-
cient patterns of diversity and differentiation using nuclear
microsatellite markers and mitogenomic sequences. We re-
construct past demography, quantify the relative contribu-
tion of the recent decline to current genomic erosion, assess
the degree of accumulated genetic erosion in different pop-
ulations and evaluate its relationship to past demography and
to the final persistence or extinction of populations. Finally,
we discuss the implications for the ongoing management and
conservation programs.

Results
We extracted 230 modern tissue samples, and 296 historical
samples from museum and private collection specimens
(Casas-Marce et al. 2012) (fig. 1). We obtained good quality
genotypes at 20 microsatellite markers for all the fresh sam-
ples and for 155 out of the 296 historical samples (52.4%).
Genotyping success of historical samples varied among types
of tissue in the same fashion as previously reported (Casas-
Marce et al. 2010). Average allelic dropout rates were 1.7%
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(range 0–7.9%) and 2.0% (range 0–11.8%) across loci and
samples, respectively, when calculated by comparing the rep-
licates with the consensus genotypes, and 5% (range 0–25%)
and 3.1% (range 0–30%) when comparing the 18 consensus
genotypes obtained from historical samples with their respec-
tive genotypes from fresh samples. False alleles and Type 1
errors were 0.5% among loci and samples; other kinds of
errors were not observed.

We also reconstructed whole mitochondrial genomes
(16,449 bp) for a total of 158 Iberian lynxes: 10 ancient (dated
2.5–>43.5 ka), 83 historical (dating to 1700–1990), and 65
contemporary (1991–2010) samples, with each period con-
taining samples distributed across the corresponding species
range (supplementary tables S1–S4, Supplementary Material
online). Overall, we observed 23 different haplotypes (fig. 2;
supplementary fig. S9 and table S5, Supplementary Material
online) defined by 40 variable sites, of which 39 are transitions
and 1 is a transversion. Thirty-five variable sites occur in cod-
ing regions, of which eight are nonsynonymous variants (sup-
plementary table S6, Supplementary Material online).

Demographic History
We used three different approaches to infer the demographic
history of the species as a whole, and of each historical and
contemporary population in different time periods. We first
used a Bayesian Skyline Plot (BSP) (Drummond et al. 2012)

based on whole mitochondrial genome data to explore
long-term female effective population size. Then, an
Approximate Bayesian computation (ABC) approach
(Cornuet et al. 2014) was used with microsatellite data to
gain insight into the more recent history spanning the last
few centuries. Finally, we estimated census sizes from 1950 to
2015 and time of isolation for each historical population
based on the available distribution and density data
(Rodr�ıguez and Delibes 2002).

BSP shows a nearly stable population of around 4,000
females throughout most of the covered lynx history, fol-
lowed by a decline that started around 5,000 years ago and
accelerated suddenly 400–450 years ago, when the popula-
tion dramatically dropped from 2,000 to 20 females (supple-
mentary fig. S1, Supplementary Material online). Next, we
used ABC to adjust a model in which remnant populations
diverged from an ancestral panmictic population formed by
all other historical samples (supplementary fig. S2,
Supplementary Material online). The divergence between
Do~nana and the rest of the historical population was esti-
mated at the beginning of the 19th century (39.3 [31.3, 60.3]
generations ago, which corresponds to an estimated decade
of 1800s [1700s, 1840s]; mode [95% CI]), and its effective
population size as 20 [14, 39] individuals (mode [95% CI];
considering a constant size over time; supplementary fig.
S3B, Supplementary Material online). In the case of extant
Eastern Sierra Morena, the estimated date is around 1950
[1880s, 1950s]) (11.1 [9.31, 23.3] generations ago), with a
size of 29 [19, 56] individuals (supplementary fig. S3B,
Supplementary Material online). These estimated isolation
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dates, especially for Do~nana population, are much older than
what had been inferred by range reconstructions. Note that if
we had used a model where divergence of populations was
accompanied by gene flow or had allowed for larger popula-
tion size in the past, the estimated divergence times would be
even older, although the known demography and the results
from other analyses (e.g., genetic structure) indicate that the
current estimates are reasonable. On the other hand, the
scarcity of samples from some areas and periods of historical
populations impeded the consideration of further substruc-
ture for the ABC analysis. Although this could have led to an
overestimation of the divergence times, the estimated dates
are not far from those when Do~nana and contemporary
Eastern Sierra Morena start forming clusters separated from
the historical population in STRUCTURE analyses (around
1900 or earlier for Do~nana; between 1970 and 1990 for
Eastern Sierra Morena; see Genetic structure section).
Because the genetic differentiation must have postdated
isolation by a few generations, the ABC estimations of pop-
ulation divergence dates do not seem highly overestimated if
at all.

Finally, census sizes estimated for the historical popula-
tions over time based on records from 1950 to 2015 revealed
that populations varied widely in size and trend. Two pop-
ulations (Montes de Toledo or Eastern Sierra Morena) were
relatively large by 1950 (above 750 individuals) but declined
quite abruptly, while others (Far-E. Sierra Morena and
Do~nana) remained rather small (around 100 individuals) dur-
ing the entire period (supplementary fig. S4, Supplementary
Material online). All populations except Eastern Sierra
Morena and Do~nana were extinct by 2000, although the
lack of data for the period 1985–2000 impeded estimation
of the date of extirpation for most populations. The remnant
Eastern Sierra Morena and Do~nana reached 60 and 42 indi-
viduals, respectively, in 2000. Both populations increased their
census sizes later following the adoption of conservation
measures. In addition, the two larger populations remained
connected until the mid 1980s, whereas most of the others
became isolated at least 40 years earlier (figs. 3 and 4; supple-
mentary fig. S4, Supplementary Material online). These two
larger and connected populations (Montes de Toledo and
Eastern Sierra Morena) are thus predicted to be the ones least
affected by recent genetic drift and the best representation of
the genetic variation of the species previous to the 20th cen-
tury decline. Therefore, they are hereon considered central to
the rest of the metapopulation.

Genetic Structure
We first analyzed different temporal and geographical parti-
tions of microsatellite data with Factorial Correspondence
Analyses (FCA) and with clustering algorithms implemented
in STRUCTURE (Pritchard et al. 2000; Falush et al. 2007). The
3-D FCA plot shows a central cloud formed by the oldest
samples from which more modern samples of the popula-
tions of extant Do~nana, Eastern Sierra Morena and extinct
Central Range and Far-E. Sierra Morena progressively separate
through independent routes (supplementary fig. S5,
Supplementary Material online).

In the STRUCTURE analysis of all samples together (con-
temporary and historical), the modern samples of remnant
populations are neatly separated from each other and from
now extinct historical populations at K¼ 3, but older samples
tend to cluster with the latter (supplementary fig. S6,
Supplementary Material online). All individuals from
Do~nana are consistently grouped together in a separate
Do~nana cluster, but older samples are partially (Q¼ 0.14–
0.27) and the oldest (1856) is completely assigned to the
historical cluster (Q > 0.95). Similarly, most modern individ-
uals (1970–2010) from Eastern Sierra Morena form a separate
cluster, whereas older samples (1942–1973) show shared an-
cestry with the rest of historical samples from now extinct
populations (supplementary fig. S6, Supplementary Material
online). These results suggest that remnant populations be-
came genetically differentiated from other historical popula-
tions between 1850 and 1900 in Do~nana and between 1970
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FIG. 3. Results of STRUCTURE analyses of historical microsatellite
variation. Samples were first subdivided into two clusters, separating
almost all Do~nana samples from the rest (K¼ 2). A few older samples
were partially assigned to the second historical cluster, with the oldest
sample (dated in 1856) completely assigned to it. As K increases, other
lynx populations are assigned to the new clusters, becoming differ-
entiated from the rest: Eastern Sierra Morena (K¼ 3), Central Range
(K¼ 4), Montes de Toledo-Eastern Sierra Morena (K¼ 5), and
Western Sierra Morena-Vale do Sado (K¼ 6). Older samples from
Eastern Sierra Morena and Montes de Toledo—two populations
that have remained large and interconnected until the second half
of the 20th century—are assigned to the same cluster (green), indi-
cating that they were part of a single panmictic population that only
recently became genetically differentiated. This genetic pool is prob-
ably the closest representation of the ancestral genetic variation of
the species. See also supplementary figure S7, Supplementary
Material online.
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FIG. 4. Dynamics of population isolation and contraction, and genetic variation from ancient to contemporary times. The Iberian lynx population
is represented by a cylinder projected on the distribution map, that becomes progressively fragmented into subpopulations which contract,
become genetically differentiated and eventually go extinct. Maps represent the distribution of microsatellite (left) and mitogenomic variation
(right) among ancient (top), historical (middle), and contemporary populations (bottom). Microsatellite pies represent the average coefficient of
assignment to each of the clusters identified by STRUCTURE from historical (K¼ 6) and contemporary (K¼ 2) data sets (fig. 3 and supplementary
fig. S7, Supplementary Material online). Mitogenome pies represent the distribution of mitochondrial genome haplotypes. Haplotypes observed
only once are represented in shades of gray. Numbers within pies refer to sample size. See figure 2 and supplementary figure S9, Supplementary
Material online, for networks depicting the relationship among haplotypes.
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and 1990 in Eastern Sierra Morena, which is compatible with
their respective dates of isolation estimated with ABC (sup-
plementary figs. S2 and S3, Supplementary Material online).

The analyses of only historical samples (before 1990) of all
populations confirmed the early and deep differentiation of
Do~nana (K¼ 2), and also revealed further population struc-
ture in the historical metapopulation (fig. 3; supplementary
fig. S7E–I, Supplementary Material online). As K increases,
new genetic clusters are identified that correspond to geo-
graphical populations defined a priori, in a sequence compat-
ible with their estimated population size and dates of
isolation (supplementary fig. S4, Supplementary Material on-
line): Far-Eastern Sierra Morena (K¼ 3; unsuspected isola-
tion), Central Range (K¼ 4; <1940), Montes de Toledo-
Eastern Sierra Morena (K¼ 5; 1985), and Vale do Sado-
Western Sierra Morena (K¼ 6; unknown date of isolation)
(fig. 3). Genotypes tend thus to cluster by geographical loca-
tion—even though some populations cover a wide temporal
range (e.g., Do~nana and Central Range; fig. 3; supplementary
tables S1 and S2, Supplementary Material online). However, a
temporal pattern is also evident in the data, as the oldest
samples from each population tend to cluster together with
other populations (fig. 3; supplementary fig. S7E–I,
Supplementary Material online). For example, the oldest sam-
ples from Montes de Toledo and Eastern Sierra Morena are
assigned to the same cluster. This indicates that the two ad-
jacent populations were in fact one panmictic population
that progressively became differentiated in recent times, in
agreement with our estimates of times of isolation (1985;
supplementary fig. S4, Supplementary Material online).

The genetic differentiation between pairs of populations is
statistically significant and levels are in accordance with the
expectations based on their geographical or temporal dis-
tance (supplementary fig. S8A and B, Supplementary
Material online). The only nonsignificant pairwise comparison
is Western Sierra Morena and the geographically contiguous
Vale do Sado, represented by only three samples. The overall
level of genetic differentiation is maximal between the two
current populations (FST¼ 0.419) and lower among historical
populations (FST ¼ 0.266). Lowest differentiation is observed
in the pairwise comparisons involving any of the two larger
and more connected populations (Montes de Toledo or
Eastern Sierra Morena), reaching a minimum for the compar-
ison between them (FST ¼ 0.025). As expected, comparisons
among peripheral populations (Vale do Sado, Central Range
and Far-Eastern Sierra Morena) show higher FST values, with
the maximum recorded for Do~nana versus Central Range (FST

¼ 0.405). A similar pattern is captured with population-
specific F values estimated by 2mod, which may better reflect
the differential action of genetic drift accumulated in each
population. Temporal FST is relatively lower but also signifi-
cant for comparisons of current versus historical samples of
Do~nana (FST ¼ 0.044), and Eastern Sierra Morena (FST

¼ 0.071), confirming the occurrence of changes in allele fre-
quency through time in both localities (see also isolation-by-
time analyses below).

Regarding mitogenomic variation, haplotype sharing is ex-
tensive in ancient samples, with the most extreme example

being haplotype 3 occurring as far as in the northeast
(Barcelona), southeast (Subbéticas), and southwest
(Do~nana) of the Iberian Peninsula (supplementary fig. S8A
and C, Supplementary Material online). Insufficient sample
sizes precluded the estimation of ancient mitogenomic FST

values (fig. 4 and supplementary fig. S9, Supplementary
Material online). Historical populations show moderate levels
of geographical structuring with some haplotypes shared
across populations (FST ¼ 0.39; supplementary figs. S8 and
S9, Supplementary Material online). Similar to microsatellite
patterns, central populations are less differentiated than pe-
ripheral ones, including the peripheral Subbéticas population
which was absent from the microsatellites data set (supple-
mentary fig. S8B and D, Supplementary Material online). In
contrast, current variation is totally structured in remnant
Iberian lynx populations with nonoverlapping sets of mitoge-
nomes, as previously observed based on short mitochondrial
sequences (Casas-Marce et al. 2013) (FST ¼ 0.78; fig. 4; sup-
plementary fig. S9, Supplementary Material online).

Genetic Diversity
The comparison of current versus historical values of micro-
satellite and mitogenomic diversity allowed us to estimate the
amount of diversity lost through time at the species level
(fig. 5; tables 1 and 2). Overall, for microsatellites, expected
heterozygosity (HE) dropped moderately from 0.60 6 0.13 in
the historical period to 0.54 6 0.13 at present (decrease to
90%; S¼ 75.5, P¼ 0.003), whereas allelic richness (AR)
dropped from 4.95 to 3.67 (74.1%; S¼ 74.5, P< 0.001)
(fig. 5; table 1). A similar decrease was obtained for mitoge-
nomic haplotype diversity (HdHistorical ¼ 0.860 6 0.021>
HdContemporary ¼ 0.643 6 0.024; 74.8%; P< 10�11; fig. 5;
table 2) and was most dramatic for nucleotide diversity
(pHistorical¼ 0.0005 6 0.00011>pContemporary ¼ 0.00018 6

0.00011; 36%). A higher Hd was estimated for the ancient
period (HdAncient ¼ 0.978 6 0.054), so that the comparison
with current is significant (P< 0.01), but the comparison of
historical is not, probably due to lack of power conferred by
our relatively small ancient sample size (N¼ 10). Ancient
nucleotide diversity is lower than that reported for the his-
torical period (pAncient¼ 0.000426 0.00025<pHistorical¼
0.00054 6 0.00028); smaller sample sizes in the ancient
and higher genetic structure in the historical data set may
have contributed to this difference. The two extant Iberian
lynx populations show extremely low current diversity, espe-
cially Do~nana (fig. 5; tables 1 and 2; supplementary fig. S9,
Supplementary Material online), for both microsatellites and
mitogenomes. In particular, current overall mitogenomic di-
versity is the lowest reported for any mammal, with only
three haplotypes defined by six positions, none of them trans-
lating to protein sequence variation (supplementary table S6,
supplementary figs. S9 and 10, Supplementary Material on-
line), but ancient and historical mitogenomic diversity, al-
though higher, are still among the lowest for any mammal
(supplementary figs. S9 and S10, Supplementary Material
online).

At the population level, historical populations differ widely
in their genetic diversity (tables 1 and 2). We found a general

Casas-Marce et al. . doi:10.1093/molbev/msx222 MBE

2898

Deleted Text: &thinsp;
Deleted Text:  &ndash;
Deleted Text: -
Deleted Text: versus 
Deleted Text: vs.
Deleted Text: versus 
Deleted Text: vs.
Deleted Text: ,
Deleted Text: -
Deleted Text: d
Deleted Text: vs.
Deleted Text: versus
Deleted Text: <sup>&minus;</sup>
Deleted Text: &thinsp;
Deleted Text: 6
Deleted Text: st


trend for higher diversity in central historical populations (e.g.,
Eastern Sierra Morena and Montes de Toledo) than in pe-
ripheral ones (Do~nana, Far-E. Sierra Morena; fig. 5). For exam-
ple, the peripheral Do~nana population shows the lowest HE

and AR while the central Eastern Sierra Morena and Montes
de Toledo always rank as the top two. The microsatellite
private allelic richness shows a different, but still parallel pat-
tern. It is high in Montes de Toledo and historical Eastern
Sierra Morena, but also in the otherwise derived Central
Range, and is low in peripheral populations. This indicates
that the peripheral harbour a subset of the diversity present in
the central ones. Mitochondrial diversity indices vary similarly
from complete uniformity in some of the peripheral popula-
tions (Far-Eastern Sierra Morena and Subéticas) to highest
values in the central ones (table 2).

When we compare current versus historical genetic diver-
sity within each of the two remnant populations, differences
in diversity are also evident between periods.

The contemporary population of Do~nana harbours only
75% of the HE (S¼ 84.5, P¼ 0.0007) and 83% of the AR

(S¼ 103, P< 0.0001) observed at earlier times in this same
population. Similar patterns are observed for contemporary
Eastern Sierra Morena with ratios of 89% for HE (S¼ 83.0,
P¼ 0.001) and 81.5% for AR (S¼ 82.0, P¼ 0.0012) with re-
spect to its historical variation. Therefore, both populations
have progressively lost heterozygosity in the last decades, and
they each represent a fraction of the overall historical diversity
of the species (fig. 5; table 1).

We further explored the dynamics on genetic variation
in each of the populations for which we had a wide tem-
poral range. We plotted the standardized HO of individuals
through time and the relatedness of pairs of individuals
relative to their temporal distance, the latter used as an
indication of the intensity of allelic frequency fluctuations.
The contrasting trends range from no changes in either
diversity or allelic frequencies through time in Montes de
Toledo, to the rather steep decrease and intense fluctua-
tions in Do~nana (fig. 6).

Discussion
Here, we reconstruct the genetic dynamics of the endangered
Iberian lynx from ancient to contemporary times in order to
shed light into the genetic processes that operated during the
species decline toward its almost-extinction.

The Iberian lynx was once widespread in the
Mediterranean biogeographic region of the Iberian
Peninsula and may have reached Southern France and even
Italy in the Pleistocene and the Holocene (Altuna 1972; Vigne
and Pascal 2003; Yravedra 2005; Rodr�ıguez-Varela et al. 2015).
Taking into account this broad and continuous range, the
most likely scenario for its ancestral genetic variation is a
single genetically diverse and panmictic population.
However, a limited pattern of isolation-by-distance could
also have been possible depending on the extent of dispersal
in the Iberian lynx. In fact, ancient mitogenomic variation was
not highly structured, with haplotypes shared across the
Iberian Peninsula, and overall mitogenomic diversity was
probably higher than in historical times, but still low when
compared with other mammals (fig. 4; supplementary figs. S9
and S10, Supplementary Material online).

Contrastingly, already by the early 20th century, both
mitogenomic and nuclear markers revealed a structured
metapopulation and locally low genetic diversity (figs. 3–5;
supplementary fig. S9, Supplementary Material online).
Unfortunately, we could not assess ancient microsatellite
diversity, so we cannot be sure whether historical nuclear
diversity was lower and structure higher than in more an-
cient times. A direct extrapolation of mitochondrial pat-
terns is not warranted, because nuclear and mitogenomic
patterns and dynamics might differ due to sex-biased dis-
persal and to their different sensitivity to bottlenecks (Fay
and Wu 1999).

Historical genetic structure (fig. 3) could be either the con-
sequence of an ongoing fragmentation and decline process
that started earlier than previously thought, or the result of
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FIG. 5. Comparison of genetic diversity across periods. Microsatellite
diversity was quantified as the unbiased expected heterozygosity (A),
and whole mitochondrial diversity as nucleotide diversity (B). Points
represent the average and standard error for each population,
whereas the horizontal dashed lines and the corresponding shaded
interval represent the same for the pooled samples of each period.
Periods are color-coded in shades of grey. See tables 1 and 2 for other
diversity and differentiation measures.
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the species’ natural demographic dynamics. Given the ev-
idence for predominance of recent genetic drift in local
populations, we favour the view of an almost panmictic
ancestral population, which started to contract and frag-
ment before the sampled historical period. Indeed, mito-
genomic data indicate the occurrence of a previous
bottleneck around 400 years ago. Similarly dated bottle-
necks were previously inferred for this species (Casas-
Marce et al. 2013; Abascal et al. 2016), and other
European carnivores (Breitenmoser 1998; Valdiosera et al.
2008; Schmidt et al. 2011), and are congruent with its
contracted and patchy distribution in the period 1572–
1897 inferred from historical records (Clavero and
Delibes 2013). Although we can only speculate about the
causes of this historical decline, they may well be related to
an increase in anthropic pressures. The 16th century was a
period of intense human population growth in Iberia and
across Europe in general, and coincided with the extension
of agriculture and the intensification of forest destruction,
both of which may have initiated the decline of this
Mediterranean shrubland specialist (Ellis et al. 2010).
Both ancient and historical bottlenecks have impacted

its genetic variation and are in large part responsible for
the Iberian lynx being apparently the mammal species with
the lowest genome- and species-wide diversity today
(Abascal et al. 2016).

During the process of decline, the populations lost diver-
sity and became genetically differentiated due to random
fluctuations in allelic frequencies (fig. 6). Such scenario is
supported by heterozygosity through time and isolation by
time plots (fig. 6), as well as estimates of identity by descent
(Column “F2mod” in table 1). These results also reveal differ-
ences in the intensity of these processes across the Iberian
lynx’s range (fig. 6). The accumulated effects of genetic drift in
each population are probably related to the dynamics of the
fragmentation and decline process. Genetic drift started ear-
lier and impacted to a greater extent the patches that became
isolated sooner at the periphery of the species’ range (fig. 4;
Rodr�ıguez and Delibes 2002). For instance, the Do~nana pop-
ulation showed the strongest signal of genetic drift, consistent
with its peripheral position and its long history of low effective
size and genetic isolation, which we have estimated in around
20 individuals and lasting ca. 200 years (around 40 genera-
tions, at the very beginning of the 19th century;

Table 1. Microsatellite Diversity and Differentiation in Iberian Lynx Populations and Periods.

Epoch Population N Dates Range HE AR (n¼ 10) Private AR FIS F (2mod) Fst Global

Current 210 1991–2010 0.54 (0.13) 3.67 0.05 0.27* 0.42
E. Sierra Morena 102 1991–2010 0.51 (0.14) 2.65 0.02 0.01 0.61
Do~nana 110 1991–2007 0.31 (0.20) 1.83 0.01 0.00 0.17

Historical 143 1856–1990† 0.60 (0.13) 4.95 1.33 0.25* 0.27
Montes de Toledo 22 1939–1977 0.58 (0.17) 3.02 0.11 0.04 0.07
E. Sierra Morena 10 1960–1990 0.61 (0.17) 3.25 0.13 0.14* 0.03
Far-E. Sierra Morena 13 1966–1989 0.44 (0.21) 2.42 0.08 0.11* 0.32
W. Sierra Morena 3 1970–1972 0.51 (0.32) �0.02
Vale do Sado 8 1881–1956 0.55 (0.21) 2.80 0.03 0.22* 0.13
Central Range 18 1916–1993† 0.50 (0.15) 2.70 0.15 0.09* 0.19
Do~nana 64 1856–1990 0.41 (0.20) 2.21 0.06 0.01 0.37

NOTE.—HE, expected heterozygosity; AR, allelic richness; FIS, population inbreeding coefficient; F2mod, probability of identity by descent estimated by 2mod; FST, genetic
differentiation coefficient.
*p < 0.05
†Includes a single sample with uncertain dating outside this range, around 1700.

Table 2. Mitogenomic Diversity and Differentiation in Iberian Lynx Populations and Periods.

Epoch Population N Dates Range Haplotypes S Hd (SD) Pi (SD) (&) K Tajima’s D Fu and Li’s F FST Global

Current 65 1991–2010 3 6 0.64 (0.02) 0.18 (0.11) 2.95 3.232*** 2.15 0.78
E. Sierra Morena 38 1991–2010 2 1 0.44 (0.06) 0.03 (0.03) 0.44 1.253 0.88
Do~nana 27 1991–2007 1 0 0 (0) 0 (0) 0.00

Historical 83 1881–1985 15 32 0.86 (0.02) 0.54 (0.28) 7.97 0.693 1.13 0.39
Montes de Toledo 22 1939–1985 9 23 0.81 (0.07) 0.39 (0.21) 6.02 �0.183 0.69
E. Sierra Morena 4 1960–1972 3 19 0.83 (0.22) 0.63 (0.44) 9.83 �0.541 0.05
Far-E. S. Morena 8 1964–1971 1 0 0 (0) 0 (0) 0.00
W. Sierra Morena 4 1910–1972 3 17 0.83 (0.22) 0.59 (0.41) 9.00 �0.331 0.23
Vale do Sado 12 1881–1956 5 21 0.79 (0.09) 0.43 (0.25) 6.82 �0.099 1.13
Central Range 12 1881–1974 4 20 0.65 (0.13) 0.29 (0.17) 4.48 �1.459 �1.43
Do~nana 13 1856–1982 2 5 0.54 (0.06) 0.16 (0.1) 2.69 2.392* 1.75
Subbéticas 2 1874–1880 1 0 0 (0) 0 (0) 0.00

Ancient 10 43500–2070 ybp 9 24 0.98 (0.05) 0.42 (0.25) 6.64 21.181 21.12

NOTE.—S, number of segregating sites; Hd, haplotype diversity; Pi, nucleotide diversity; K, average number of nucleotide differences; D and F are neutrality indices of Tajima
(1989) and Fu and Li (1993), respectively.
*p < 0.05
*p < 0.001
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supplementary fig. S3B, Supplementary Material online). In
contrast, we did not observe much genetic drift in Montes de
Toledo, and only very recently in Eastern Sierra Morena. Both
populations remained large and connected to each other, as
well as to other more peripheral populations, until recently
(fig. 4; supplementary fig. S3B, Supplementary Material online;
Rodr�ıguez and Delibes 2002). Thus, we hypothesize that they
played a pivotal role in the metapopulation, acting as a res-
ervoir of genetic diversity and as a source of gene flow to
other populations. The major role of effective population size
and gene flow in determining genetic patterns following de-
cline and fragmentation is in line with expectations from
population genetic theory and with empirical studies in other
species (e.g., Méndez et al. 2014).

Despite extensive evidence showing how genetic erosion
can negatively affect population viability (Frankham et al.
2010; Allendorf et al. 2013), the amount of drift accumulated
in different Iberian lynx populations beared little regard to the
final outcome of persistence or extinction (figs. 4 and 6). This
study rather suggests that their final fate was generally deter-
mined by extrinsic factors. Possibly, the influence of genetics
was overridden by increased extrinsic pressures in demo-
graphically and genetically healthy populations, and by the
protection and active conservation granted to the most

severely eroded population. Thus, while Central Range and
Far-Eastern Sierra Morena populations did accumulate ge-
netic erosion before their extinction by the late 20th century,
the central population of Montes de Toledo remained largely
unaffected by genetic drift until its final extirpation. Whereas
in the former populations, genetic erosion might have con-
tributed to population decline, this was unlikely to be the case
for the latter. Montes de Toledo may have been abruptly
pushed from a large and well-connected population to com-
plete extirpation by deterministic factors acting in this area
during most of the 20th century, namely landscape homog-
enization and lasting scarcity of prey (Rodr�ıguez and Delibes
1990). On the other hand, we observe a striking persistence of
the Do~nana population despite a long history of small pop-
ulation size, isolation, and extreme genetic erosion, which
according to recent studies may have affected reproduction
and survival (Palomares et al. 2012). The persistence of
Do~nana could thus be attributed to the protection granted
to the area by its designation as a royal hunting reserve during
most of the 19th century and to the establishment of Do~nana
National Park in 1965.

While both remnant populations have progressively lost
heterozygosity in the last decades (fig. 6), they have done so to
very different extents. In contrast to the highly eroded

Montes de Toledo Central Range E. Sierra Morena Doñana
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FIG. 6. Effects of genetic drift in Iberian lynx populations. The effect of drift is illustrated by the decrease in individual standardized observed
heterozygosity (HO) (A) and the increase of genetic similarity between pairs of individuals with time (B). The intensity of drift varies in the different
populations in agreement with known demographic history, ranging from low in the large and connected Montes de Toledo population to high in
the small and isolated Do~nana population.
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Do~nana population, Eastern Sierra Morena represents the
remnant of the large historical core population encompassing
Montes de Toledo and Eastern Sierra Morena, and it is the
current population genetically closest to the ancestral lynx
population (fig. 4). Still, the contemporary diversities of both
populations are lower than those reported for demographi-
cally healthy populations of its sister species, the Eurasian lynx
(Casas-Marce et al. 2013; Ratkiewicz et al. 2014). However, the
two contemporary populations conjunctly represent most of
the former overall heterozygosity (90%), and also a moderate
proportion (74.1%) of the allelic richness of the species in
historical times, which were more in line with those observed
in the Eurasian lynx (Ratkiewicz et al. 2014).

It must be noted that at least two sources of bias might
have contributed to an underestimation of historical micro-
satellite diversity, and thus of the amount of diversity lost.
First, allelic dropout in historical samples despite the use of
replicates will cause heterozygotes to be called as homozy-
gotes. This will reduce the observed population heterozygos-
ity (HO) more than HE, and may thus contribute—together
with spatial or temporal structure—to explaining part of the
significant heterozygote deficit observed in most historical
populations (table 1). Second, the microsatellites used were
selected in previous studies (Johnson et al. 2004; Casas-Marce
et al. 2013) to be highly variable in the current population,
thereby introducing an ascertainment bias that would again
lead to an underestimation of historical diversity and thus
also of the amount of diversity recently lost.

In summary, our results show that the recent genetic ero-
sion of Iberian lynx has been severe and has affected both
microsatellite and mitogenomic diversity. Such erosion has
three main components: (1) loss of diversity through time
within populations, (2) an increasing differentiation between
populations, and (3) extinction of genetically differentiated
populations at the edges of the historical distribution.

Conservation Implications
Here, we demonstrate that the species’ genetic makeup has
been shaped by a long history of low population size and a
sharp population decline around the 16th–17th century AD,
well before its last well documented decline in the 20th cen-
tury that left only two small remnant populations. However,
we show that the extremely low genetic diversity of the two
remnant populations (Casas-Marce et al. 2013; Abascal et al.
2016) is also the result of intense genetic drift and fragmen-
tation occurring during the last decades. Due to the abrupt
and recent nature of these changes, the risk of inbreeding
depression in both remaining populations must be explicitly
considered and addressed. Our results and conclusions are in
contrast to those of a previous study reporting a long-term
lack of mitochondrial diversity throughout the Iberian lynx’s
history based on short control region sequences, which led to
the suggestion that the Iberian lynx’s genetic diversity had
always been low and was thus not a threat to its long-term
viability (Rodr�ıguez et al. 2011). Evidence for the occurrence
of inbreeding depression in the species is accumulating in the
form of heterozygosity-fitness correlations of sperm quality,
reduced reproductive rates, increased nontraumatic

mortality, and high rates of potentially genetic diseases
(Pe~na et al. 2006; Jiménez et al. 2008; Palomares et al. 2012;
Ruiz-L�opez et al. 2012; Mart�ınez et al. 2013). At the same time,
the lower differentiation in historical and ancient times
revealed from our data suggests that the currently observed
genetic differentiation between the two remnant populations
is mainly the result of genetic drift in recent times and cannot
be attributed to independent adaptive evolution over long
periods, indicating low risks of outbreeding depression
(Frankham et al. 2011). Low-genetic diversity together with
higher risks of inbreeding than outbreeding depression sup-
port the ongoing admixture of the two genetic pools both in
captivity (Godoy et al. 2009) and in the wild through trans-
locations (Sim�on et al. 2012). Although the positive contri-
bution of admixture and other genetic management to
Iberian lynx recovery has not yet been formally evaluated,
the observation of an increased reproductive performance
of admixed individuals suggests so (Godoy JA, unpublished
data). Furthermore, genetic risks call for an intensive genetic
monitoring and a sound comprehensive genetic manage-
ment program for the species, which should also include
the ongoing reintroductions. On the other hand, it is likely
that the globally low genetic diversity will influence the chan-
ces of long-term persistence of the species, especially in a
scenario of rapid global change (Fordham et al. 2013).
Addressing the possibility of long-term reduced adaptive po-
tential will have to carefully consider risks and benefits of less
conventional measures to restore genetic diversity, like facil-
itated adaptation, genome edition, or assisted introgression
(Thomas et al. 2013; Hamilton and Miller 2016).

Conclusions
Over time, species may have experienced complex demo-
graphic changes, including earlier anthropogenic impacts,
which we cannot directly infer from contemporary genetic
patterns and recorded demographic history. In the case of
endangered species, disentangling the processes acting upon
species throughout their history can help us understand how
they became endangered and what we need to do to restore
natural and healthy genetic patterns to guarantee their long-
term survival. We show that the Iberian lynx has indeed lost a
significant part of its already low genetic variation over time
due to both recent and unsuspected older demographic
declines, and that the contemporary pattern of high genetic
differentiation between the remnant populations was caused
by genetic drift during the last few centuries. Our retrospec-
tive look was only possible due to the availability of extensive
ancient, historical, and contemporary samples (Casas-Marce
et al. 2012), a careful selection of sampled tissues in historical
specimens (Casas-Marce et al. 2010), recent technical advan-
ces in the field of ancient DNA (Hofreiter et al. 2015; Orlando
et al. 2015), and the combination of nuclear markers and
whole mitochondrial genomes.

To our knowledge, our analysis of the Iberian lynx is the
most comprehensive retrospective analysis of genetic variation
of an endangered species to date. It highlights how the evo-
lutionary history of a species inferred solely from its current
genomic makeup can be distorted, misinforming
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management recommendations. Studying paradigmatic con-
servation cases like this one is also crucial for deepening our
understanding of the demographic and genetic processes oc-
curring during population declines, a much needed input for
the effective restoration of endangered species and for the
prospective assessment of species viability in a changing world.

Materials and Methods

Samples
We used a combination of modern, historical, and ancient
samples (supplementary tables S1–S3, Supplementary
Material online). Samples were grouped in a priori popula-
tions based on their origin or, when lacking, on results of
clustering analyses. We also delimited periods based on
recorded date of sampling, using the year 1990 as the limit
separating contemporary and historical samples. This is ap-
proximately the time of the collapse of all but the two rem-
nant Iberian lynx populations (Ferreras et al. 2010) and the
time that roughly separates museum from fresh samples. We
extracted DNA for a total of 230 fresh, 296 museum, and 58
archaeological samples.

Microsatellite Genotyping
Microsatellite markers were amplified in contemporary and
historical samples. We used 20 microsatellites selected from
36 previously used for the analyses of modern Iberian lynx
specimens (Casas-Marce et al. 2013) based on their good
performance with degraded DNA. For historical samples we
applied a preamplification multiplex approach (Piggott et al.
2004). We obtained good quality genotypes at 20 microsat-
ellite markers for all the fresh samples and for 155 out of the
296 historical samples (52.4%).

Mitochondrial Genome Sequencing
For contemporary samples, we first used a long-range PCR
approach to sequence the whole mitochondrial genome in 12
Iberian lynx (eight from Do~nana and four from Eastern Sierra
Morena). The amplified products were pooled equimolarly
and individually tagged 454 sequencing libraries were pre-
pared following the protocol described by Meyer et al.
(2008a; 2008b). In addition, we used available whole-
genome shotgun data for 31 different lynx (19 from Eastern
Sierra Morena and 12 from Do~nana), and shotgun reads from
a separate capture-enrichment project targeting a subset of
the nuclear genome in 34 individuals (13 from Eastern Sierra
Morena and 21 from Do~nana). We prepared a total of 111
historical and 20 ancient individually tagged libraries for
Illumina or 454 sequencing following Meyer and Kircher
(2010) or Maricic et al. (2010) (supplementary table S4,
Supplementary Material online). L. pardinus biotinylated cap-
ture probes were prepared as described in Maricic et al. (2010)
from the products of two overlapping long-rang PCR.
Historical and ancient samples were enriched in target mito-
chondrial sequences by one or two consecutive rounds of
hybridization–capture (supplementary table S4,
Supplementary Material online). We mapped both merged
and unmerged reads to the L. pardinus mitochondrial

reference genome (Abascal et al. 2016) using BWA-mem (Li
and Durbin 2009) with default parameters. Average coverage
per sample ranged from 0.1� to 239.2� (supplementary ta-
ble S4, Supplementary Material online). Only samples with
total coverage over 5.2�were considered for further analyses.
Before SNP calling we used mapDamage (Jonsson et al. 2013)
on historical and ancient samples to track and quantify DNA
damage patterns and rescale quality scores of likely damaged
positions accordingly. Bam files generated in this study have
been deposited in the European Nucleotide Archive under
study accession number PRJEB15462.

Mitochondrial SNP Calling and Annotation
We simultaneously called SNPs on the pooled samples using
Freebayes (Garrison and Marth 2012). We visually curated the
57 resulting variants by revising each position called as an SNP
for all individuals to identify potential contaminations and
artifacts. The number of reference positions not covered by
any read was calculated for each individual using the com-
mand genomecov in BEDTools (Quinlan and Hall 2010). A
consensus for each individual mitochondrial genome was
constructed using the FastaAlternateReferenceMaker com-
mand in GATK (McKenna et al. 2010) (supplementary table
S5, Supplementary Material online). Validated SNPs were an-
notated as genic/intergenic, transition/transversion, synony-
mous/nonsynomymous, and aminoacid change using
Geneious v. 8 (http://www.geneious.com; last accessed
August 25, 2017; Kearse et al. 2012) (supplementary table
S6, Supplementary Material online).

Demographic Reconstruction Using Whole
Mitochondrial Genomes
Past population dynamics was investigated with a BSP model
using BEAST v1.8.1 (Drummond et al. 2012). We calibrated the
tree using the divergence of the entire lynx lineage with a mean
value of 2.52 My and a standard deviation of 0.4 My to estimate
a substitution rate of 1.89�10�8 substitutions/site/year
(1.16�10�8–2.78�10�8 substitutions/site/year, 95% HPD).
To construct the BSP, we assumed a HKYþG model of evo-
lution and a strict molecular clock, and incorporated the infor-
mation on the age of the sequences using the sampling date for
contemporaneous samples, the date of death for the historical,
and the radiocarbon estimated date for the ancient samples
(supplementary tables S1–S3, Supplementary Material online).

Estimation of Divergence Parameters with ABC
We used an ABC approach based on coalescent simulations
implemented in DIYABC version 2.1.0 (Cornuet et al. 2014) to
estimate effective population sizes and divergence times be-
tween populations. We used a simple model that assumes
constant population sizes and no gene flow between popu-
lations after divergence. We used a generation time of 5 years,
grouped samples by decades and considered each decade to
be separated from the next one by two generations (supple-
mentary fig. S2, Supplementary Material online). Prior distri-
butions for the effective population size of the historical
population (N1), contemporary Eastern Sierra Morena (N2),
and Do~nana (N3) were set based on previous estimates of
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contemporary sizes (supplementary fig. S3B, Supplementary
Material online; Casas-Marce et al. 2013). For the purpose of
building the posterior distributions, we used as summary sta-
tistics the expected heterozygosity and the number of ob-
served alleles for all samples in the analysis and pair-wise FST

values between some of the samples. We ran 1,000,000 sim-
ulations and used the 1% closest to our data set to build the
posterior distributions using a local linear regression tech-
nique (supplementary fig. S3A, Supplementary Material on-
line; Beaumont et al. 2002).

Estimation of Historical Population Sizes and Dates of
Isolation
During the period 1950–1990, Iberian lynx abundance was
estimated from the textures of relative abundance published
by Rodr�ıguez and Delibes (2002) on a 10-km UTM grid. To
estimate lynx absolute abundance for a given date, we
adopted a three-step process. First, we used percentiles in
the frequency distribution of the cumulated number of
reports until the map date (Rodr�ıguez and Delibes 2002) as
classes of relative abundance. We assumed a nonlinear rela-
tionship between relative and absolute densities for the pe-
riod 1985–1988 (modified from Rodr�ıguez and Delibes 1990).
We derived estimates of lynx absolute abundance (N1) from
classes of relative abundance (Rodr�ıguez and Delibes 1990).
Second, we corrected N1 for the decline in the probability of
recording reports with time elapsed since observation. We
fitted a generalized linear model of the number of lynx reports
per year during the period 1940–1988, using the elapsed time
until 1988 as a predictor to estimate, for each year, the
expected number of reports we would have obtained had
we performed the survey that year. Predicted values were
averaged over periods of five consecutive years, and the ratio
between predictions for the most recent period (1985–1988)
and earlier quinquennia was used as a correction factor. Then
we applied the procedure described in step 1, and the corre-
sponding conversion factors, to produce a second estimate of
lynx numbers, called N2. Finally, published figures of lynx
abundance were computed by combining estimated densities
with precisely outlined distribution patches. To make our
coarse-grained estimates (on a grid) comparable to published
figures, we multiplied the average proportion of the cell area
covered by outlined patches of lynx distribution (0.54) by N2

to produce the final estimate of lynx numbers per cell. We
employed estimates by Sim�on et al. (2012) for 2002 (approx-
imated here to year 2000), 2005, and 2010, whereas figures for
2015 were published on the website http://www.iberlince.eu/.
(last accessed August 25, 2017) For estimates in 2000 or later,
total population size refers to the number of adult females,
and juveniles plus the number of adult males assuming a 1:1
sex ratio. Isolation date between genetically similar spatial
clusters was defined as the date of loss of physical contact
in a 10-km UTM grid.

Population-Based Microsatellite Data Analyses
In order to assess structure through time and across space, we
used the Bayesian clustering method implemented in
STRUCTURE (Pritchard et al. 2000; Falush et al. 2003) to infer

the number of genetic clusters in our data set, and to obtain
assignment values for each individual in each cluster (Q). We
also performed FCA as implemented in Genetix (Belkhir et al.
1996–2004) and plotted them with the threejs R package
(https://github.com/bwlewis/rthreejs/blob/master/R/threejs.
R; last accessed August 25, 2017) to visualize overall patterns
of genetic structure in our data. We calculated diversity
parameters for each of the geographical groups and temporal
periods using Genetix 4.05 (Belkhir et al. 1996–2004) and HP-
Rare (Kalinowski 2005). Statistical comparisons in diversity
between populations or periods were performed using non-
parametric Wilcoxon signed rank tests. In order to evaluate
which of the scenarios is the most plausible to explain the
genetic differentiation between the populations, pure genetic
drift or drift-migration equilibrium, we used a Bayesian–
MCMC approach implemented in 2mod (Ciofi et al. 1999)
to estimate the relative likelihood of each model.

Mitogenome Sequence Analyses
Consensus mitogenome sequences were aligned and col-
lapsed to distinct haplotypes using pegas R package
(Paradis 2010). Mitogenomic consensus sequences for each
sample have been deposited in GeneBank under accession
numbers KX911255–KX911412. Diversity and differentiation
indices were estimated with PopGenome (Pfeifer et al. 2014)
and ape (Paradis et al. 2004) R. Empirical distributions were
generated to determine sampling variance and standard devi-
ations. We tested whether haplotype diversity had declined
over time using the conservative double-testing implemented
in TEST_H_DIFF R (http://www.ucl.ac.uk/tcga/software/; last
accessed August 25, 2017). Phylogenetic relationships among
sequence haplotypes were inferred by constructing a median-
joining haplotype network (Bandelt et al. 1999) using pegas R
package (Paradis 2010).

Individual-Based Microsatellite Data Analyses
To assess changes in microsatellite genetic diversity over time,
we calculated individuals’ standardized observed heterozy-
gosity with IRmacroN4 (Amos et al. 2001) and assessed its
relationship with time using linear regression. Changes in al-
lelic frequencies were assessed by testing an isolation-by-time
hypothesis, that is, we assessed the correlation between a
genetic distance matrix—linearized inter-individual pairwise
distance described as â by Rousset (2000), as implemented in
SPAGeDi (Hardy and Vekemans 2002)—and a temporal dis-
tance matrix in years. Significance of the regression slopes was
assessed with Mantel tests. We performed this analysis with
the four populations for which we had enough samples from
a wide enough temporal range (Do~nana, Central Range,
Montes de Toledo and Eastern Sierra Morena).

For a more detailed version of methods, see supplementary
methods, Supplementary Material online.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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Author Contributions
J.A.G, A.R., E.R., and M.D. designed the study. M.C.-M., E.M.
M.L.P., and J.A.G wrote the manuscript. J.A.G, M.S., and M.H.
directed the experimental work. M.C.-M., E.M., L.S., and M.L.P.
produced the molecular data. M.C.-M., E.M., L.S., B.M.-C., and
J.A.G. analyzed the data. A.R. quantified demographic
changes. F.N., A.R.-H., A.C., J.N. C.D., E.B.-S., C.F.-R., and M.P.-
R. excavated the ancient samples and provided archaeological
expertise. All authors contributed to the final version of the
manuscript.

References
Abascal F, Corvelo A, Cruz F, Villanueva-Canas JL, Vlasova A, Marcet-

Houben M, Martinez-Cruz B, Cheng JY, Prieto P, Quesada V. 2016.
Extreme genomic erosion after recurrent demographic bottlenecks
in the highly endangered Iberian lynx. Genome Biol. 17(1):251.

Allendorf FW, Luikart G. 2007. Conservation and the genetics of pop-
ulations. Malden (MA): Blackwell.

Allendorf FW, Luikart G, Aitken SN. 2013. Conservation and the genetics
of populations. Hoboken: John Wiley & Sons.

Altuna J. 1972. Fauna de Mam�ıferos de los Yacimiento Prehist�orico de
Guip�uzcoa. Munibe 24:1–472.

Amos W, Wilmer JW, Fullard K, Burg TM, Croxall JP, Bloch D, Coulson T.
2001. The influence of parental relatedness on reproductive success.
Proc R Soc B Biol Sci. 268(1480):2021–2027.

Bandelt HJ, Forster P, Rohl A. 1999. Median-joining networks for inferring
intraspecific phylogenies. Mol Biol Evol. 16(1):37–48.

Beaumont MA, Zhang WY, Balding DJ. 2002. Approximate
Bayesian computation in population genetics. Genetics
162(4):2025–2035.

Belkhir K, Borsa P, Chikhi L, Raufaste N, Bonhomme F. 1996–2004
GENETIX 4.05, logiciel sous Windows TM pour la génétique des
populations: Laboratoire Génome, Populations, Interactions, CNRS
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