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Abstract

There is the tendency to assume that endangered species have been both genetically and demographically healt
the past, so that any genetic erosion observed today was caused by their recent decline. The Iberidtytpnpdrdinus
suffered a dramatic and continuous decline during the 20th century, and now shows extremely low genome- and spe
wide genetic diversity among other signs of genomic erosion. We analyze andléaiQ), historical N%¥2245), and
contemporary N%2172) 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
signi cantly 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 nally 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.

Key wordstberian lynx, ancient DNA, paleogenetics, genetic erosion, endangered species.
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and fragmentation, makes an outstanding model to charac-

Species are becoming extinct at rates unprecedented in f&/12€ the genetic processes acting upon a species on its way

cent history as a consequence of human acBityr{ et al. to extinction. The species suffered a dramatic and continuous
2014Ceballos et al. 201Ropulations of vertebrate species d€cline during the second half of the 20th cenRoyliguez

have decreased in size by an average of 52% in the last 40 y¥sDelibes 20(Ferreras et al. 20Balomares et al. 2011

(McLellan 20)4and 15-40% of living species may have gon\éyith only two extant isolated populations—one located in
extinct by 2050Thomas and Wiliamson 2R1Piabitat the Darana coastal plains and the other in the Eastern Sierra

modification, fragmentation and destruction, pollution, cli-Morena mountains, ca. 240 km apart—and scarcely 100 indi-
mate change, overexploitation, and the spread of invasividuals by 2002, the species was classmeq as critically endan-
species have been identified as the main drivers of the curredft'ed by IUCN (2002, 2006 and 2008 reRéstguez and
biodiversity crisis. However, a hidden secondary threat in theétlzada 20).5and is generally recognized as the most en-
form of genetic erosion often builds up as populations bedangered felid in the world¢well et al. 1996Conservation
come small and isolated. Population genetics theory predi@§tions implemented since then, including habitat protec-
that small and isolated populations progressively lose gendin, Prey management, captive breeding, translocations
diversity and accumulate genetic load as a consequence@d reintroductions have increased lynx numbers to more
genetic drift, and this may be exposed through inbreedin%ﬂan 400 by 2015 (http://www.iberlince.eufimages/docs/3_
resulting in inbreeding depressieedrick 2091 This makes nformesLIFE/Informe_Censo_2015.pdf; last accessed August
them less able to adapt to environmental change and dimir25, 201)7 leading to its reclassification as “Endangered” in
ish their reproduction and survival. At the same time, popu2015 Rodrguez and Calzada 2015
lation declines are often accompanied by fragmentation Current Iberian lynx genetic diversity is low, especially in
resulting in progressively reduced gene flow. Then, théoana, and the two populations are highly differentiated
above-mentioned processes operate independently in tHdohnson et al. 20@asas-Marce et al. 20Mboreover, the
resulting patches leading to increased genetic differentiatidRerian lynx features one of the lowest genome- and species-
unrelated to local adaptatidfrankham et al. 2Q@@endorf wide diversity reported to date, as well as other signatures of
and Luikart 2007 genomic erosion, including high rates of potentially deleteri-
These processes have typically been assessed by comp@tisgsegregating and fixed mutatiokisagcal et al. 2016
current genetic patterns among populations or species withhese patterns have been interpreted as the direct conse-
different recent demographic history. However, current pagiuence of the species’ recent decliner(son et al. 2004
terns of low genetic diversity and high differentiation can b&asas-Marce et al. 204Bascal et al. 2Q1&lowever, the
the consequence of an alternative demographic and evolgomplete lack of diversity in a short region of the mitochon-
tionary history which entails contrasting risks of extinction: adrial genome in both historical and ancient samples has sug-
equilibrium scenario derived from a long history of smalyested that low-genetic diversity is an intrinsic feature of the
population and restricted gene flow. This latter scenarispeciesRodrguez et al. 20)L1t remains thus unclear how
entails a lower risk of inbreeding depression, since selectimich of the genetic impoverishment currently observed has
may have purged most deleterious variation. Besides, a feen caused by recent versus long-term demography.
netic differentiation due to a stable migration-genetic drift Here, we use the Iberian lynx as a model to characterize the
equilibrium could be associated to local adaptation. The aglicro-evolutionary processes operating on a species on the
sessment of the relative weight of these two evolutionargoute to extinction. We compare current, historical, and an-
histories is therefore of critical importance to evaluate theient patterns of diversity and differentiation using nuclear
relative risks (inbreeding vs. outbreeding depression) and bemicrosatellite markers and mitogenomic sequences. We re-
efits of alternative management strategies (i.e., to mix or nobnstruct past demography, quantify the relative contribu-
to mix). tion of the recent decline to current genomic erosion, assess
Fortunately, recent developments in the field of ancienthe degree of accumulated genetic erosion in different pop-
DNA have allowed the characterization of genetic variation imlations and evaluate its relationship to past demography and
past periods spanning decades—from museum specimende-the final persistence or extinction of populations. Finally,
to millennia—from archaeological and palaeontological same discuss the implications for the ongoing management and
ples. Historical and ancient genetic data can provide infeconservation programs.
ences of demographic history from the deep past throughout
recent declines, and inform species conservation by providi
landmarks of genetic diversity and differentiation statisticEg sults
(Leonard 200&ofman et al. 20).5Furthermore, given a We extracted 230 modern tissue samples, and 296 historical
proper sampling of time periods and genetic markers, digamples from museum and private collection specimens
chronic genetic studies can illuminate the dynamics of theg€asas-Marce et al. 20(fig. ). We obtained good quality
processes, their dependence on demographic and geogragbnotypes at 20 microsatellite markers for all the fresh sam-
ical factors and their contribution to extinction. ples and for 155 out of the 296 historical samples (52.4%).
The Iberian lynxtynx pardinjsbecause of its currently Genotyping success of historical samples varied among types
low genetic diversity and high differentiation, coupled with &f tissue in the same fashion as previously repQasdd-
fairly well-documented recent history of demographic declinglarce et al. 20L.0Average allelic dropout rates were 1.7%
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Fe. 1. Distribution of sampling across ancient and historical IberiarhG

lynx ranges. Ancient range in light grey taken Rodiguez and . . i
Delibes (2002n Colour historical distribution according to country- Observed haplotypes are represented by circles whose sizes are pro

wide surveys in the 1980s in Spain and 1989-1994 in Portugal, \A@ﬁétlsgsrl]te(lttgg rgurrI]iIa(;rso(f)f(J ::;sner;/r? t'?gs(;?t;?g: ?frtlﬁg':uﬁ:)ogzefs
populations delimited asiodrguez and Delibes (193Xcept that y gth prop

we subdivided the largest Eastern Sierra Morena-Montes de Toleﬁgtatlons separating them (also indicated by small numbers).

population as suggested by genetic structure analyses. Points reR/n:TFlz)licl)itt{/pes observed only once are depicted as diamonds to improve

sent sampled localities, with outlined points corresponding to an- '

cient samples and crosses respresenting contemporary samples; note

that each point may represent several samples. Unsampled populkased on whole mitochondrial genome data to explore

tions are shown in striped II. long-term female effective population size. Then, an
Approximate Bayesian computation (ABC) approach

(range 0—7.9%) and 2.0% (range 0—11.8%) across loci (éaarnuet et al. 2014vas used with microsatellite data to

samples, respectively, when calculated by comparing the rgg-'n insight into the more recent history spanning the last

licates with the consensus genotypes, and 5% (range 0—286¥ centuries. Finally, we estimated census sizes from 1950 to
5 and time of isolation for each historical population

and 3.1% (range 0-30%) when comparing the 18 consen : N !
genotypes obtained from historical samples with their respef@S€d on the available distribution and density data

tive genotypes from fresh samples. False alleles and Tyg&'@drguez and Delibes 202 ,
errors were 0.5% among loci and samples; other kinds ofSSP Shows a nearly stable population of around 4,000
errors were not observed. females throughout most of the covered lynx history, fol-
We also reconstructed whole mitochondrial genomedPWed by a decline that started around 5,000 years ago and
(16,449 bp) for a total of 158 Iberian lynxes: 10 ancient (dat@gcelerated suddenly 400-450years ago, when the popula-
2.5 43.5ka), 83 historical (dating to 1700-1990), and 6#n dramatically dropped from 2,000 to 20 females (supple-
contemporary (1991-2010) samples, with each period cofientary fig. S1, Supplementary Material online). Next, we
taining samples distributed across the corresponding spec€d ABC to adjust a model in which remnant populations
range (supplementary tables S1-S4, Supplementary Matefyfrged from an ancestral panmictic population formed by
online). Overall, we observed 23 different haplofigpez (@l Other historical samples (supplementary fig. S2,
supplementary fig. S9 and table S5, Supplementary MategaiPPlementary Material online). The divergence between
online) defined by 40 variable sites, of which 39 are transitiogana and the rest of the historical population was esti-
and 1 is a transversion. Thirty-five variable sites occur in cdg@ted at the beginning of the 19th century (39.3 [31.3, 60.3]
ing regions, of which eight are nonsynonymous variants (s enerations ago, which corresponds to an estimated decade

plementary table S6, Supplementary Material online). f 1800s [1700s, 1840s]; mode [95% CI]), and its effective
population size as 20 [14, 39] individuals (mode [95% CIJ;

considering a constant size over time; supplementary fig.
Demographic History S3B Supplementary Material online). In the case of extant
We used three different approaches to infer the demographi€astern Sierra Morena, the estimated date is around 1950
history of the species as a whole, and of each historical afiB80s, 1950s]) (11.1 [9.31, 23.3] generations ago), with a
contemporary population in different time periods. We firstsize of 29 [19, 56] individuals (supplementary ). S3
used a Bayesian Skyline Plot (BB&®n(nond et al. 2012  Supplementary Material online). These estimated isolation

2. Median-joining networks of mitogenomic haplotypes.
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dates, especially fori2ma population, are much older than
what had been inferred by range reconstructions. Note that i->
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 result§™
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 historigai
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 ®sma and contemporary K=S
Eastern Sierra Morena start forming clusters separated from
the historical population in STRUCTURE analyses (around
1900 or earlier for Bana; between 1970 and 1990 for k=6
Eastern Sierra Morena; dgB8enetic structursection).
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-

Dofiana |

Far-E. Sierra Morena

Central Range

o}
el
2

o
=

[}
o

2]

Q
2

o

o
=

E. Sierra Morena

Vale do Sado
W. Sierra Morena

ulations (Montes de Toledo or Eastern Sierra Morena) Wefg, 3. Results of STRUCTURE analyses of historical microsatellite
relatively large by 1950 (above 750 individuals) but declinggriation. Samples were rst subdivided into two clusters, separating
quite abruptly, while others (Far-E. Sierra Morena aramost all Deana samples from the rei§t42). A few older samples
Darana) remained rather small (around 100 individuals) dumvere partially assigned to the second historical cluster, with the oldest
ing the entire period (supplementary fig. S4, Supplementa$gmple (dated in 1856) completely assigned t&inéeases, other
Material online). All populations except Eastern SierHé(“?‘ populations are assigned to the new clusters, becoming differ-
Morena and Deana were extinct by 2000, although the entiated from the rest: Eastern Sierra MpnéWBQ, Central Range

lack of data for the period 1985-2000 impeded estimatioff*”*%) Ng.’mes N‘lje TOI?Ol'EZStEEMS'erg dMorK%SII’ afnd

of the date of extirpation for most populations. The remnant; estern Slerra Morena-vale co @. Older samples from

. . ,. [Eastern Sierra Morena and Montes de Toledo—two populations
Eastern Sierra Morena anch@ita reached 60 and 42 indi- that have remained large and interconnected until the second half

viduals, respectively, in 2000. Both populations increased thgifhe 20th century—are assigned to the same cluster (green), indi-
census sizes later following the adoption of conservatiagiting that they were part of a single panmictic population that only
measures. In addition, the two larger populations remaina@cently became genetically differentiated. This genetic pool is prob-
connected until the mid 1980s, whereas most of the othersbly the closest representation of the ancestral genetic variation of
became isolated at least 40 years eﬁgier’jgnd4; supple- the species. See also supplementary gure S7, Supplementary
mentary fig. S4, Supplementary Material online). These twigterial online.
larger and connected populations (Montes de Toledo and
Eastern Sierra Morena) are thus predicted to be the ones leasin the STRUCTURE analysis of all samples together (con-
affected by recent genetic drift and the best representation éémporary and historical), the modern samples of remnant
the genetic variation of the species previous to the 20th cemopulations are neatly separated from each other and from
tury decline. Therefore, they are hereon considered centraltiow extinct historical populationsdt, 3, but older samples
the rest of the metapopulation. tend to cluster with the latter (supplementary fig. S6,
Supplementary Material online). All individuals from
Genetic Structure Dovana are consistently grouped together in a separate
We first analyzed different temporal and geographical paridorana cluster, but older samples are part@ifQ.14—
tions of microsatellite data with Factorial Correspondenc®.27) and the oldest (1856) is completely assigned to the
Analyses (FCA) and with clustering algorithms implementdustorical cluste> 0.95). Similarly, most modern individ-
in STRUCTUREritchard et al. 200@alush et al. 200The uals (1970-2010) from Eastern Sierra Morena form a separate
3-D FCA plot shows a central cloud formed by the oldestluster, whereas older samples (1942—-1973) show shared an-
samples from which more modern samples of the populaeestry with the rest of historical samples from now extinct
tions of extant Deana, Eastern Sierra Morena and extincipopulations (supplementary fig. S6, Supplementary Material
Central Range and Far-E. Sierra Morena progressively separdiee). These results suggest that remnant populations be-
through independent routes (supplementary fig. S5;ame genetically differentiated from other historical popula-
Supplementary Material online). tions between 1850 and 1900 im&@wa and between 1970
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