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Abstract
Aim: Many pinniped species have experienced drastic demographic changes due to
their interaction with humans. Most studies, however, have failed to detect recent
bottlenecks in otariids from genetic data. The South American Sea Lion Otaria flavescens have a long history of population changes associated with interglacial expansion
and hunting to almost extinction. This study aimed at investigating these different demographic fluctuations integrating population genetics and phylogeographic
approaches.
Location: Pacific coast of South America.
Methods: Eighty-five samples from the Chilean coast were collected. Eight microsatellite loci were genotyped, and D-Loop mitochondrial DNA (mtDNA) sequenced.
Genetic diversity was assessed, and tests of recent genetic bottlenecks were performed. Past demographic changes were inferred based on neutrality tests, adjustment of a sudden expansion model and Bayesian skyline plots. The magnitude and
timing of the different population size changes were further investigated through
approximate Bayesian computation (ABC) of coalescent inferences.
Results: The mtDNA shows relatively high diversity (h = 0.98 and π = 0.01) compared to most otariids, corroborates the divergence between Pacific and Atlantic
populations, around 80,000 years ago (ya), and revealed a secondary contact zone
in the Magellan strait. Microsatellite data support a second genetic discontinuity at
40°S, associated with post-glacial colonization of Patagonia. ABC analyses confirmed
that glaciation affected the effective population size (Ne) all along the Pacific Coast,
between ~50,000 and 15,000 ya. A strong reduction of Ne was also inferred for the
hunting period (73–66 ya from sampling).
Main conclusions: O. flavescens shows clear signatures of susceptibility to climatic
and anthropogenic disturbances and a spatial genetic structure that should be taken
into account in the context of management and conservation policies. Yet, despite a
recent history of demographic bottlenecks, the genetic diversity remains high, likely
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a consequence of the demographic dynamics in otariids, characterized by large and
connected metapopulations.
KEYWORDS

Bayesian Inference, genetic bottleneck, historical demography, hunting, Otaria flavescens,
South America

1 | I NTRO D U C TI O N

competition with coastal fishermen as fisheries collapse. However,
the demographic consequences of these perturbations are poorly

Populations of large-size mammals have been affected by the

understood. A literature survey of studies investigating historical

conjunction of anthropogenic and climatic factors since the ad-

population size changes in otariids (Table 1) reveals that most stud-

vent of Homo sapiens, driving many species to extinction (Koch &

ies failed to detect genetic signatures of recent demographic bot-

Barnosky, 2006; Mondanaro et al., 2019; Sandom et al., 2014). For

tlenecks. The large and fragmented distribution of most species of

Pinnipeds (seal and sea lions), as for many wild animals, the situation

otariids may help to buffer short-term disturbances by allowing local

has not been different. Particularly, Pinnipeds are known to have

populations to recover through repeated migration from resilient or

suffered drastic population reductions associated with indiscrimi-

non-affected populations (Lancaster et al., 2010; Pinsky et al., 2010;

nate hunting and oceanographic fluctuations (Alastair et al., 2015;

Raum-Suryan et al., 2002). Highly connected metapopulations pro-

Crespo et al., 2012; Hoffman et al., 2016; Sielfeld, 1999; Sielfeld &

mote the retention of large amounts of genetic diversity despite

Guzmán, 2002; Southward et al., 2005; Soto et al., 2006; Páez-Rosas

reported demographic perturbations at the local scale (Paijmans

et al., 2021), with anthropogenic effects being the principal driver of

et al., 2020). Indeed, most pinnipeds are capable of long-distance

drastic demographic declines (Baylis et al., 2015; Crespo et al., 2012;

movements either for foraging or for reproduction (Giardino

Hoffman et al., 2016; Páez-Rosas et al., 2021; Sielfeld, 1999; Sielfeld

et al., 2016).

& Guzmán, 2002; Soto et al., 2006; Southward et al., 2005). Recent

However, genetic discontinuities have been observed in most

demographic change due to hunting and climatic events may be dif-

species (O’Corry-Crowe, 2008 and Hoffman et al., 2009 for the

ficult to reconstruct through genetic markers, because past drastic

Steller sea lion, Eumetopias jubatus; Corrigan et al., 2016 for the

demographic change due to geological events may confuse those ef-

Elephant seal, Mirounga leonine). In South America, both the com-

fects. Because of that, in order to investigate the genetic effects of

mon sea lion, Otaria flavescens, and the South American fur seal,

recent events, the joint effects of ancient and recent demographic

Arctocephalus australis, are subdivided into two highly differenti-

changes must be taken into account in order to better understand

ated and spatially segregated genetic lineages between the Pacific

the demographic history of species.

and the Atlantic coasts (Artico et al., 2010; Feijoo et al., 2011;

Populations of seals (family Phocidae) and sea lions (family

Oliveira et al., 2008, 2017; Túnez et al., 2007, 2010). O. flavescens

Otariidae) were substantially reduced by commercial sealers glob-

is also strongly subdivided between the Falkland Islands and South

ally in the 18th and 19th centuries (Bonner & Laws, 1964; Lotze &

America (Hoffman et al., 2016) and between Argentina and Uruguay

Worm, 2009). Two species were hunted to extinction (Caribbean

in the Atlantic Coast (Oliveira et al., 2017). In the Pacific Coast,

monk seal and the Japanese sea lion) and others reached a reduction

the genetic structure of the species is still unclear, with different

over 90% (South American sea lion between 1937–1975; Gerber &

patterns between genetic markers (Oliveira et al., 2017) and not in

Hilborn, 2001). Although most otariids have been managed to in-

agreement with its demographic dynamic that, based on abundance,

crease their population size after the reduction of hunting pressure

distribution and distance connectivity network analyses, suggests

(Lotze & Worm, 2009; Wickens & York, 1997), direct (i.e., intentional

the existence of a discontinuity distribution of the species at ~40°S

shooting by fishermen) or indirect fisheries interactions (i.e., com-

(Weinberger, 2013). Interestingly, most discontinuities in these pin-

petition for fish resources and fisheries-induced changes to eco-

nipeds species are not correlated to geographic distance but rather

systems that eventually cause nutritional stress among pinnipeds)

to biogeographic discontinuities or to past climate and demographic

continue to be considered as the dominant threat along with climate

processes. To understand the implication of these patterns in terms

fluctuation (Kovacs et al., 2012).

of connectivity restrictions, we must consider that spatial genetic

In the southeastern Pacific, pinnipeds have suffered at least two

structure can emerge because of the effect of strong genetic drift,

additional drastic reductions in numbers during the last 30 years

such as expected during strong demographic bottlenecks or founder

due to El Niño Southern Oscillation (ENSO) effects (Bradshaw

events. In this context, the actual magnitude of connectivity and

et al., 2000; Guinet et al., 1994; Le Boeuf and Crocker, 2005; Oliveira

its effect on the persistence of genetic diversity, even under well-

et al., 2006; Sielfeld et al., 1997; Soto et al., 2004, 2006; Trillmich

known demographic bottlenecks, is far from being understood.

et al., 1991). ENSO events reduce primary productivity directly influ-

The lack of evidence for a recent bottleneck in most otariid

encing the distribution and abundance of fish prey (Thiel et al., 2007;

species (Table 1) can also be attributed to methodological draw-

Trillmich et al., 1991). These impacts are further increased by

backs of the genetic approach, which is based on a disequilibrium

Islands at the south of Antarctic
Polar Front
Islands along the Antarctic
Polar Front
South-West Africa

Juan Fernandez Island, Chile
(South-East Pacific)
South Island of New Zealand

Guadalupe Islands, Mexico
(East Pacific)
West coast of the Galápagos
Galápagos

North-East Pacific Ocean

Sea of Okhotsk, Bering Sea,
North Pacific Ocean (north
of 34°N)

Subantarctic fur
seal

Antarctic fur
seal

Cape fur
seal and
Australian
fur seal

South American
fur seal

Juan Fernandez
fur seal

New Zealand
fur seal

Guadalupe fur
seal

Galápagos fur
seal

Galápagos sea
lion

California sea
lion

Northern fur
seal

Arctocephalus
tropicalis

Arctocephalus
gazella

Arctocephalus
pusilus

Arctocephalus
australis

Arctocephalus
phillippii

Arctocephalus
fosteri

Arctocephalus
townsendi

Arctocephalus
galapagoensis

Zalophus
wollebaeki

Zalophus
californianus

Callorhinus
ursinus

South-West Australia

South West Pacific (South Chile
and North Chile-Perú)

South East Atlantic (Argentina-
Uruguay, Falkland Is.)

South-East Australia

Distribution

Common name

D-loop (414–619; 157–375);
microsatellite (619;7)

D-loop (299–355; 355–550);
microsatellite (335; 10)

D-loop+cytB (336; 1,123);
microsatellite (1,323; 25);
SNP (24; 13)

d-Loop (90;220);
microsatellites (90;18)

D-loop (33;181)

CytB (56;261); microsatellites
(383; 11)

D-loop (28;315)

CytB (15;445); microsatellite
(266;7)

D-loop (118–106;344–361);
cytB (42;); microsatellite
(183;5)

D-loop (145–246;316–263);
microsatellite (183–2000;
5–39)

D-loop (103;316)

Genetic marker (Sample size;
Marker length or no. loci)

Expansion: ~11,000 ybp followed
by Bottleneck ~2,000 ybp to
present (µ = 5.88); Expansion:
~23,000 ybp (µ = 2.745–7)

Rare alleles loss;
He/Heq;
Garza's M
Skyline plot;
ABC

Yes (85%
reduction)

He/Heq; Skyline
plot

He/Heq; Garza's
M

Pre-post sealing
haplotype
count

ABC

Neutrality tests;
Mismatch
distribution

Rare allele loss;
He/Heq

No

No

–

Stationary

No

Unclear

Yes (99%
reduction)

No

Yes (mild)

–

–

–

–

Rare alleles loss;
ABC; He/
Heq

–

Bottleneck
detection
method

Yes (>90%
reduction)

–

Recent genetic
bottleneck

Stationary

Expansion in the pre-bottleneck
time, followed by bottleneck
due to hunting

Expansion in the pre-bottleneck
time, followed by bottleneck
due to hunting

Stationary

Expansion

Expansion

Expansion: ~18.000–37.000
ybp(µ = 5.8E−7); Expansion:
~26.000 ybp(µ: 2.745E−7)

Long-term stationary; recent
bottleneck due to hunting

–

Historical demographic
inferences

Spatial structure and demographic inferences from genetic data available for the species in the family Otariidae and some other pinnipeds

Scientific name

TA B L E 1

(Continues)

16,17

13,14,15

13

12

11

4,10

9

6,7,8

5

3,4

1,2,29

1

References
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South East Atlantic (Argentina-
Uruguay, Falklan Is.)

South-West Australia

Sea of Okhotsk, Kuril Islands

Antarctic polar front

New Zealand

South American
sea lion

Australian sea
lion

Steller sea lion

Southern
elephant
seal

Hooker's sea
lion

Otaria flavescens

Neophoca cinerea

Eumetopias
jubatus

Mirounga leonina

Phocarctos
hookeri

microsatellite (17)

D-loop (318;325);
microsatellites (318;17)

AFLP (285;238); D-Loop
(336–1,654; 238–
1,378); microsatellite
(588–700;16–13); CytB
(1,131;1,140)

D-loop (149–464;360–478);
microsatellite (149;16)

D-loop (49–115;266–750);
cytB (49;445);
microsatellite
(60–63;8–13)

Genetic marker (Sample size;
Marker length or no. loci)

Bottleneck due to hunting

Post-glacial divergence, and
expansion in South Georgia

Several retraction and expansion
cycles: ~60,000 –180,000
ybp (µ = 1.7E−7)

Stationary; South -West
divergence ~130,000 –
190,000 ybp (µ = 7.5E−8)

Expansion ~11,500 ybp
(µ = 2.745E−7)

Expansion in Argentina:
~27.000ybp and the Falkland
Is.: ~12,000 (µ = 2.745E−7)

Historical demographic
inferences

–

–

–

–

Yes (72%
reduction)

ABC

Garza's M

–

–

No

He/Heq; Garza's
M; ABC

Bottleneck
detection
method

Likely

Recent genetic
bottleneck

28

27

2,24,25,26

23

16,22

8,18,19,20,21

References

Note: 1. Wynen et al. (2000, 2001), 2. Hoffman et al. (2006), Hoffman et al. (2009), Hoffman et al. (2011), 3, Matthee et al. (2006), 4. Lento et al. (1997), 5. Lancaster et al. (2010), 6. Oliveira et al. (2008),
7. Oliveira et al. (2009), 8. Túnez et al. (2007), Túnez et al. (2010), Túnez et al. (2013), 9. Goldsworthy et al. (2000), 10. Dussex et al. (2016), 11. Weber et al. (2004), 12. Lopes et al. (2015), 13. Wolf
et al. (2007), 14. González-Suárez et al. (2009), González-Suárez et al. (2010), 15. Schramm et al. (2009), 16. Dickerson et al. (2010), 17. Pinsky et al. (2010), 18. Feijoo et al. (2011), 19. Freilich (2004),
20. Artico et al. (2010), 21. Túnez et al. (2010), 22. Hoffman et al. (2016), 23. Campbell (2006), Campbell et al. (2008), 24. Harlin-Cognato et al. (2006), 25. O’Corry-Crowe et al. (2006, 2014), 26. Phillips
et al. (2009, 2011), 27. Corrigan et al. (2016), 28. Osborne et al. (2016), 29. Paijmans et al. (2020). Garza's M test is available in Garza and Williamson (2001). Rare alleles loss and He/Heq are available in
the software bottleneck (Cornuet & Luikart, 1996). ABC methods of these studies used diyabc (Cornuet et al., 2010), except 29. who used fast-simcoal2 (Excoffier et al., 2013).

North-East Pacific Ocean
(North of 30°N)

Mixed zone: Bering Sea,
Aleutian Island, Alaska

South West Pacific (Chile-Perú)

Distribution

Common name

(Continued)

Scientific name
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between allelic diversity and heterozygote frequencies created by

et al., 2017; Weinberger, 2013) seem tightly associated to glacial–

the loss of rare allele. First, this is one of the most commonly im-

interglacial population dynamics, following detection of post-glacial

plemented methods to detect genetic signature, but it is based on

demographic expansion (Freilich, 2004; Oliveira et al., 2017; Túnez

a transient pattern expected to last no longer than a dozen genera-

et al., 2010). This study aims at testing the role of glacial–interglacial

tions (Luikart et al., 1998). Second, the detection of such signatures

dynamics and recent perturbations associated with hunting and/or

requires strong statistical power (Cornuet & Luikart, 1996). Two

oceanic oscillations on the demographic history of O. flavescens pop-

studies illustrate the effort required to successfully detect recent

ulations along the Pacific coast.

bottlenecks: 1,205 individuals and 17 microsatellite markers for the
New Zealand Sea Lion (Osborne et al., 2016) and >2,000 individuals and 39 microsatellite loci for the Antarctic Fur Seal (Paijmans
et al., 2020). Finally, the capacity to detect a recent bottleneck also
relies on the magnitude of allele loss during the population size

2 | M E TH O DS
2.1 | Study area and samples collection

change (Cornuet & Luikart, 1996). Therefore, populations that have
accumulated little allelic diversity prior to a bottleneck may fail to

Tissue and hair root samples from South American sea lions were

evidence any demographic change because the genetic differences

collected from 21 colonies distributed along the entire Chilean coast.

are too smooth (see Paijmans et al., 2020 for a detailed assessment

Sampling was performed by a remote biopsy system modified after

of pre-bottleneck scenarios). This may be the case in certain regions

Hoberecht (2006) and Cuadron et al. (2007), between January and

that have experienced relatively recent colonization, such as post-

February 2008 and December and February 2009 (breeding sea-

glacial demographic expansions. Signatures of ancient demographic

son). The dart has a removable stainless steel tip that extracts rooted

changes, associated with the last glacial maximum (LGM) and sub-

hair and skin tissue (5 mm diameter and 1 cm deep) from adult males

sequent expansion during the Holocene, are detected in most spe-

and females. We also collected tissue samples from dead individuals

cies (Table 1). The effect of such historical processes might leave

found on shore or floating on water. The samples were preserved in

long-lasting signatures on the spatial pattern of genetic diversity and

96% alcohol for subsequent genetic analysis.

seems to be associated with several genetic discontinuities reported
so far in pinniped species (Freilich, 2004; Hoffman et al., 2016;
Oliveira et al., 2017; Túnez et al., 2010). Therefore, any inference on
recent demographic fluctuations should be made in the context of a

2.2 | DNA extraction, PCR analysis and sequencing/
genotyping

long-term demographic history.
The present study investigates the joint effects of ancient and

DNA from tissue samples was extracted using the DNeasy Blood and

recent demographic changes in the highly mobile South American

Tissue Kit (QIAGEN) according to the manufacturer's protocol. DNA

sea lion Otaria flavescens (Shaw 1800). O. flavescens is the most com-

from hair was extracted following Caudron et al. (2007). A ~ 550-bp

mon otariid species on the Chilean coast and, along with the South

fragment of the mtDNA control region (D-loop) was amplified for the

American fur seal Arctocephalus australis, is the otariid with the wid-

72 sampled individuals using primers L15926 (Kocher et al., 1989)

est geographic distribution in South America (Oliveira et al., 2012). As

and CCR-DR1 (Tchaicka et al., 2007) (Appendix S1 for PCR conditions

for many species of pinnipeds, O. flavescens is usually in conflict with

and reactions). PCR products were purified and Sanger sequenced

fisheries, because it competes for the same resources Hückstadt and

bi-directionally. The D-loop sequences were aligned and edited

Antezana, 2003,Hückstadt and Krautz, 2004,Hückstadt et al., 2007;

according to the chromatogram using Proseq v3.0 (Filatov, 2002).

Sepúlveda, Pérez, et al., 2007; Vilata et al., 2010; Kovacs et al., 2012;

All sequences were realigned using ClustalX v2.012 (Thompson

Riet-Saprizaa et al., 2013). Consequently, the species was cata-

et al., 1997). For 63 individuals, eight microsatellite loci were used

logued as a “damager” in Chile and was indiscriminately hunted

for genotyping following Gemmell et al. (1997; Appendix S1).

to almost extinction between 1929 and 1953. After this period, it

Microsatellite profiles were analysed using PeakScanner (Applied

became protected, but hunting resumed between 1976 and 1993

Biosystems), and data were binned using Flexibin (Amos et al., 2006).

because of the conflict with fisheries (Sielfeld, 1999). Although the

Sample metadata of the mtDNA haplotype and microsatellite results

species is now under protection, recent initiatives such as current

are available in Appendix S2. No DNA ambiguities were found for the

estimates of population size and distribution to define culling quo-

mitochondrial data. Assessment of microsatellite null alleles, test for

tas (Aguayo et al., 1998; Bartheld et al., 2006; Oliva et al., 2007;

departure from HWE and linkage equilibrium were estimated in

Oporto et al., 1999; Sielfeld et al., 1997; Sepúlveda et al., 2007b;

lequin

ar-

v3.1 (Excoffier et al., 2005) and are presented in Appendix S3.

Venegas et al., 2001) suggest that commercial hunting may start

Genetic diversity indices were calculated for mtDNA (number of

over again in the near future. In this context, understanding the

haplotypes, haplotype and nucleotide diversity) and microsatellite

demographic history associated with major perturbations is highly

loci (allele richness, private allele richness, observed and expected

relevant for the design of sound conservation policies. The major

heterozygosity) in

spatial discontinuities of the genetic diversity identified so far

relation between the diversity index and sample size in r software (R

(Artico et al., 2010; Feijoo et al., 2011; Hoffman et al., 2016; Oliveira

Core Team, 2013). A rarefaction analysis was conducted in adze v1.0

arlequin

v3.1 (Excoffier et al., 2005) and the cor-

6
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(Szpiech et al., 2008), for a standardized estimation of allelic richness

a discriminant analysis of principal components (DAPC) imple-

and private allelic richness.

mented in

adegenet

(Appendix S4, Jombart et al., 2010). We used

the 18 sampling locations of microsatellite samples as a priori

2.3 | Phylogeographic analysis

groups (see Figure 1), retained 5PCs as the optimal number by
cross-validation. Spatial structure was further inferred by microsatellite markers and mtDNA sequences separately using

geneland

The Chilean mtDNA haplotypes were aligned with additional 10 D-

package for r (Appendix S5, Guillot et al., 2004). For both analyses,

loop haplotypes of 453 bp available in GenBank, for genealogy and

spatial coordinates were used as prior and the correlated model

divergence analysis. The relationships between Pacific and Atlantic

of allele frequency was used, taking explicitly into account the

haplotypes were examined by constructing a median-joining network

presence of null alleles for diploid data (Falush et al., 2003; Guillot

(MJN) using Network v4 (Bandelt et al., 1999). Bayesian estimation

et al., 2008); 200,000 iterations were run, saving one of every 100

of divergence time between Atlantic and Pacific populations was

iterations and eliminating the first 300 as burn-in. To check for

performed with

v1.5.4 (Drummond & Rambaut, 2007) using

convergence, we performed ten independent runs and explored

beast

(GTR + G + I) evolution model proposed by modeltest v3.06 (Posada

the MCMC outputs. We estimated the contemporary migration

& Crandall, 1998). Following Ho et al. (2005) and Ho et al. (2007),

rate between genetic clusters by BayesASS 3.0 (Wilson & Rannala,

we used a mutation rate of 0.2745 × 10–6 substitutions per site per

2003; Rannala, 2007); 5 runs with different seeds were performed

year, estimated for the mtDNA control region of the Steller sea lion,

with 1,000,000 iterations and 100,000 as burn-in for different

Eumetopias jubatus (Phillips et al., 2009), to calibrate the phylog-

delta values (0.1, 0.2 and 0.3), with an acceptance migration rate

eny. A strict molecular clock model was applied with a Yule specia-

change of 37%.

tion process prior for branching rates. Markov chains were run for

Genetic distances for the mtDNA sequence data were esti-

10,000,000 generations and sampled every 1,000 generations with

mated using the JC69 mutation model (Jukes & Cantor, 1969) with

the first 1,000,000 generations discarded as burn-in. The three in-

g = 0.137 estimated by

dependent runs were combined using LogCombiner v.1.8.3. The pa-

For the microsatellite markers, the number of loci with allelic differ-

rameter analyses for convergence and effective sample size (ESS)

ence between pairs of individuals was used as the genetic distance.

were assessed using Tracer v. 1.4 (Rambaut & Drummond, 2007).

The effective population size (Ne) was estimated using a maxi-

Finally, Tree annotator v. 1.8.3 was used to create a consensus tree,

mum likelihood approach using the microsatellite data and integrat-

and FigTree v1.4.2 (Rambaut, 2009) was used to visualize the tree.

ing over the space of possible genealogies that could explain the

modeltest

v3.06 (Posada & Crandall, 1998).

The demographic history of Otaria flavescens in the Chilean Pacific

observed data using a Markov chain Monte Carlo (MCMC) sampling.

coast was evaluated. Deviations from a neutral model of mutation–

It was done in lamarc 2.1 (Kuhner, 2006), which estimates the param-

drift equilibrium were detected with Tajima's D (Tajima, 1989) and Fu's

eter Theta (θ) for each population (θ = 4Neµ with µ as the mutation

Fs (Fu, 1997) tests conducted in arlequin V3.1. To examine historical

rate per site per generation; Hartl & Clark, 2007; Kuhner, 2006) and

population dynamics, the pairwise mismatch frequency distribution

the immigration rate (M) of each cluster. The number of effective

was adjusted to models of sudden demographic expansion (Rogers &

immigrants per year (g) was also estimated, where g = 4Nem = θM, m

Harpending, 1992) in arlequin V3.1. and bayesian skyline plots were

being the chance for a cluster to receive an immigrant per generation

reconstructed in beast v1.5.4 (Drummond & Rambaut, 2007). A gen-

and M = m/µ (Beerli & Felsenstein, 1999).

eration time of 10 years was considered based on average reproductive age, lifetime and evidence of senescence in otariids (Beauplet
et al., 2006; Boyd et al., 1999; Grau & Acuña, 1998; Wickens &

2.5 | Recent demographic bottlenecks

York, 1997) and the same mutation rate described for the phylogeny was used. Three independent runs of 10,000,000 generations

The existence of a recent genetic bottleneck was tested for

Markov chains were performed and combined, each sampled every

northern and southern genetic clusters with the program

1,000 generations, with the first 1,000,000 generations discarded

neck

as burn-in. This model was compared by nested sampling with the

allele frequencies was examined to detect the loss of rare alleles,

coalescent constant population size model using NS v1.0.4 (Russel

which is expected when a population passes through a recent

et al., 2018), with 20 Particle Count and 5,000 Sub Chain Length.

bottleneck (Luikart et al., 1998). In addition, the sample heterozy-

For both models, default priors were used and convergence was as-

gosity (H e = 1 − Σp i2; p i: frequency of allele i) at each locus was

sessed in Tracer v. 1.4 (Rambaut & Drummond, 2007).

compared to the expected values under the assumption of allele

bottle-

version 1.2.02 (Piry et al., 1999). First, the distribution of

mutation–d rift equilibrium (H eq). Populations that have experi-

2.4 | Genetic structure and migration inferences

enced a recent reduction of their effective population size exhibit
a faster reduction in allele numbers than He, creating a higher
than expected heterozygosity under the assumption of mutation–

Microsatellite markers were used to infer the population genetic

drift equilibrium (Luikart et al., 2008). Wilcoxon signed-r ank

structure of the South American sea lion in Chile by performing

test (Cornuet & Luikart, 1996) was used for these comparisons.
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F I G U R E 1 Map of Chile showing the
location of sampled haplotypes of the
South American sea lion, Otaria flavescens.
Numbers in brackets indicate the sample
size for mtDNA and microsatellite
markers, respectively. On the left, we
show the median-joining network (MJN)
of Chilean and Atlantic haplotypes
(coloured and grey, respectively). The size
of the circle in the MJN is proportional to
sample size, the length of the branches
is proportional to the polymorphic sites,
and the colours represent the proportion
of each haplotype in a location. The
biogeographic discontinuity at ~40–
42°S is indicated with grey squared
area

Finally, the demographic disequilibrium of the population was assessed by calculating the ratio N e/N, where N represents the census adult population size. Recently, reduced populations generally

3 | R E S U LT S
3.1 | Genetic diversity and population structure

display a N e/N « 1. For the estimation of N, we used the 2007
census values (Bartheld et al., 2006; Oliva et al., 2007; Sepúlveda

A total of 28 haplotypes were identified for 555 bp of the mtDNA

et al., 2007b).

sequences from 21 colonies along the Chilean coast (Figure 1).

To explore the relative roles of post-glacial dynamics and hunt-

Haplotype diversity of sea lion colonies did not show any significant

ing on present-day genetic diversity, we used an approximate

correlation with sample size (r = −0.20, p = .53), and the rarefaction

Bayesian computation approach using the microsatellite data set

curves (Figure 2) indicated that sample size was acceptable. The ge-

in DIYABC (Cornuet et al., 2010) in 2 steps. The priors of popu-

netic diversity for the Chilean population was high (h = 0.98 ± 0.01)

lation sizes and timing of the demographic changes are detailed

compared to the post-sealing genetic diversity of other sea lion

in Table 2. We first compared five different scenarios (Run 1: S1

species (Wynen et al., 2000), but nucleotide diversity was low

to S5) of demographic bottlenecks and/or founder effects associ-

(π = 0.01 ± 0.01).

ated with the last glacial period and the post-glacial colonization of

The median-joining network of the complete data set recovered

Patagonia. Scenarios S2 to S5 assumed the effect of the hunting

two genetic clusters separated by 10 mutational steps (Figure 1): the

period during the 20th century to define the shape of the geneal-

Pacific cluster, which includes all our Pacific populations, and the

ogy with different levels of complexity for the older events. Then,

Atlantic cluster. Haplotypes from both clusters were only found in

the best scenario was examined with or without the effects of

the Isla Marta colony, which is located in the Magellan Strait, con-

hunting (S5 and S6). A total of 1,000,000 simulations per scenario

necting the Pacific and Atlantic Oceans (Figure 1). The divergence

were performed (see Appendix S6 for further details on summary

time between the Pacific and the Atlantic clades was 79,828 years

statistics, model choice, model checking and posterior estimation

ago (ya) (CI95%: 48,437–116,110) when estimated using the constant

of parameters).

population size coalescent model. It was very similar (i.e., 77,441 ya;

8
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CI95%: 46,456–111,930) when estimated with the expansion population model.

distribution well-adjusted to the model of sudden expansion
(SSD = 0.00137; p = .73), with τ = 3.28 (Appendix S7), suggesting

The population structure evaluated using geneland for the Pacific

that the demographic change occurred approximately 13,300 ya.

Ocean shows different patterns for the mtDNA control region and

This historic expansion was further confirmed by the Bayesian sky-

microsatellites. For both markers, the analysis evidenced two genetic

line plot for the Chilean population that showed a smooth expansion

clusters, but separated at different latitude (Figure 2a, Appendix S5).

process with more recent population stability (Figure 4) and with

For the mtDNA marker, the Pacific coast is conformed by one large

an overwhelming support over the constant population size model:

cluster (n = 70) and a small one conformed by the southernmost

log marginal likelihood equal to −947.7 (SD = 1.8) and −1038.4

colony, in the Magellan Strait (n = 2). Microsatellites, on the other

(SD = 2.2), for the expansion and constant size model, respectively

hand, identify two genetic clusters separated approximately at 40°S

(BF = 90.7). The present-day female effective population size (Nef )

(southern and northern clusters, named hereafter; with n = 13 and

for the Chilean population was estimated at 63,400 (CI95%: 10,000–

n = 50, respectively), with a significant FST value between clusters

550,000) females.

(FST = 0.045, p < .001). Results from the DAPC were in accordance
with

geneland

results. DAPC revealed two slightly differentiated

For the northern and southern clusters identified by Geneland,
LAMARC’s coalescent-based estimates were θN = 24.64 and

groups discriminated by the first component (horizontal axis), distin-

θS = 14.97, MN = 0.68 and MS = 1.49, respectively. With these

guishing the four locations from the Magellanic region but with some

population parameters, we inferred an effective population size

overlap with the remaining locations (Figure 2b, Appendix S4). The

(Ne) of 12,320 and 7,475 individuals for the northern and southern

posterior probability of migration rate between clusters inferred by

cluster, respectively. The resulting estimates of effective migration

BayesASS is asymmetric: m = 0.156 ± 0.118 from north to south and

were 2.24 and 1.67 individuals per year from north to south and

m = 0.033 ± 0.036 from south to north. The microsatellite average He

from south to north, respectively. For Ne/N estimation, population

over loci for the northern cluster was 0.766 ± 0.408, while this was

sizes of N = 41,571 adult individuals for the northern cluster and

0.791 ± 0.437 for the southern one. The rarefaction analysis showed

N = 32,571 for the southern cluster were considered, based on the

that for both clusters, the allelic richness does not reach a plateau,

2007 census data (Sepúlveda et al., 2007b; Bartheld et al., 2006;

but a constant and moderate increase with sample size (Figure 3), in-

Oliva et al., 2007). The ratio Ne/N was 0.296 in the north and 0.229

dicating that the sampling effort was sufficient to capture most of

in the south.

the allelic richness. The private allelic richness, on the other hand,

Wilcoxon signed-rank and sign tests, under both mutation mod-

stabilized at approximately 10 samples for each cluster indicating an

els of microsatellite evolution (SMM and TPM), indicated that the

acceptable assessment of the genetic diversity and private allelic rich-

null hypothesis of mutation–drift equilibrium could not be rejected

ness. When the northern and southern clusters were combined, it

for both genetic clusters (Appendix S8). Additionally, the allele fre-

increased constantly with sample size, not reaching a plateau.

quency distribution as revealed by the mode-shift indicator test
indicated a typical L-shaped distribution for both genetic clusters,

3.2 | Demographic history

due to a large proportion of low-frequency alleles in each area
(Appendix S8).
Approximate Bayesian computations revealed that scenario S5

Neutrality tests for mtDNA indicated an excess of low-frequency

was by far the best scenario to explain the observed data when com-

alleles: Tajima's D = −1.6 (p = .07) and Fs = −14.4 (p < .001). The mis-

paring different possible effects of glacial–interglacial demographic

match distribution of the Chilean haplotypes followed a unimodal

dynamics, with a posterior probability of 0.9997 (run1; Figure 5,

F I G U R E 2 Rarefaction curve of allelic richness (a) and private allelic richness (b), for the cluster north of 40°S (North), for the cluster
south of 40°S (South) and for both clusters together (All) of the South American sea lion (Otaria flavescens) from Chile. Microsatellite lines
represent mean values for eight loci and associated standard error

WEINBERGER et al.
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Appendix S6). When comparing the different scenarios by new sim-

simulations most often included the observed values, but not the

ulations with priors drawn from posterior distributions of S5 (shown

inter-population differentiation parameters (Appendix S6). Finally,

in Table 2), S5 again had the highest posterior probability in 83.2%

run 2 confirmed that S5 performed best at explaining the observed

of the simulations, which is equivalent to a Type I error of 0.168.

data, with a posterior probability of 0.9677, suggesting there was a

Posterior evaluation of scenario-prior combination revealed that

significant bottleneck effect due to hunting. The comparison of pos-

the range of within-population diversity parameters obtained by

terior estimates for Ne and Nb (using mode values in Table 2) suggest

F I G U R E 3 (a) Geneland maps of posterior probability to belong to cluster 1 for K= 2 clusters (the highest probability of observing any
K clusters), calculated for all pixels along the Chilean coast: derived from the analysis of the control region mtDNA sequence (555bp) of
72 South American sea lion (Otaria flavescens) individual from 21 locations (left; n = 2 and n = 70 for clusters 1 and 2, respectively) and
for 8 microsatellite markers of 63 individuals from 18 locations (right; n = 13 and n = 50 for clusters 1 and 2, respectively). The highest
probabilities of population membership to belong to cluster 1 are in light yellow and the lowest in red. (b) DAPC results using microsatellite
markers; the name of the colonies is numbered from north to south, and the letter N indicates colonies from the northern cluster, and S from
the southern cluster

F I G U R E 4 Bayesian skyline plot
showing the variation of Ne through
time, as inferred from mtDNA D-Loop
of the South American sea lion (Otaria
flavescens) from Chile. Black line indicates
average Ne, and thin grey lines indicate
the limits of 95% posterior density. Grey
area represents the last glacial period, and
the blue area represents the last glacial
maximum period

|
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TA B L E 2
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Prior distribution and posterior estimation of demographic parameters of O. flavescens using the best fit scenario S5

Priors

Posterior estimates of scenario 5

Parameters

Min

Max

Mean

Mode

q0.05

Q0.95

NN

100

100,000

67,500

66,400

36,700

96,200

NS

100

100,000

66,600

96,400

32,100

96,900

NNb

100

10,000

4,060

1,560

664

8,900

NSb

1

10,000

5,980

9,860

1,430

9,670

t1

10

100

61

73

20

97

db

1

100

28

7

3

70

t2

1,000

20,000

14,400

16,900

6,950

19,300

t3

15,000

25,000

17,900

15,100

15,200

23,100

t4

20,000

100,000

63,000

49,400

29,300

96,100

Mutation Rate

1.00E−04

1.00E−03

1.58E−04

1.00E−04

1.00E−04

2.67E−04

Notes: NN and NS are the present-day effective population sizes of the Northern and Southern clusters, respectively; NNb and NSb are the
effective population sizes during bottleneck periods. t x corresponds to time priors, expressed in years: t1, end of the hunting bottleneck; t 2, end of
the colonization of Patagonia; t3, end of last glaciation; t4, beginning of last glaciation. db: duration of the hunting bottleneck. q0.05 and q0.95 are
estimates of the respective confidence limits.

F I G U R E 5 DIYABC scenarios representing the demographic history of the South American sea lion (Otaria flavescens) from the past (upper
part) to present (lower part). Thick lines represent full population size (NN and NS in Table 2), while thin lines represent population bottlenecks
(NNb and NSb n Table 2) in the six scenarios: S1: No bottleneck; S2: bottleneck caused by hunting; S3: bottleneck during glaciation and
hunting; S4: founder effect in the southern populations after glaciation and bottleneck during hunting; S5: bottleneck during glaciation
followed by founder effect in the southern populations after glaciation and bottleneck during hunting; S6: bottleneck during glaciation
followed by founder effect in the southern populations after glaciation. Time scale indicated as in Table 2

a reduction to 2.6% of full effective size in the northern cluster and

the hunting period or was also caused by the strong ENSO events

to 10.2% in the southern cluster.

that occurred in 1982–1983 and 1997–1998 (Changnon, 2000;

From the mode of posterior distributions, it can be inferred
that the effects of glaciation may have started about 49,400 ya (t4

Quiroz, 1983), but lack of statistical power due to sample size cannot
be rejected.

in Table 2) lasting until about 15,100 ya (t3 in Table 2), when the
northern population recovered its full size. The end of demographic
expansion after the split of the Patagonian lineage (t2 in Table 2) was
around 16,900 ya, suggesting that soon after the end of post-glacial
melting, the southern population reached its full population size. The
beginning of the recent bottleneck (t1 in Table 2) was estimated at

4 | D I S CU S S I O N
4.1 | Divergence between Pacific and Atlantic
coasts and the role of glacial cycles

73 and 66 ya from sampling (for runs 1 and 2, respectively), fitting
the first hunting period, before the first legal restriction to hunt-

A strong genetic divergence was observed between Atlantic and

ing. The recovery from this bottleneck is estimated in 7 years before

Pacific populations of O. flavescens. No mitochondrial haplotype

sampling. These two estimates, however, had large and overlap-

was shared between the two coasts of South America, except in the

ping confidence intervals, suggesting the effect either lasted after

Magellan Strait where both haplogroups are present. Interestingly,
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the dating of the most recent common ancestor around 80,000 ya

between zones (0.156 ± 0.118 from north to south and 0.033 ± 0.036

(confidence interval: 46,456–111,930 ya) suggests the genetic diver-

from south to north) coincides with changes in species demographic

gence started either during the previous interglacial period or during

trends at this latitude and with more spaced and smaller breeding

the early stages of the last glacial era. This result contrasts with previ-

colonies at 32–4 0°S (Weinberger, 2013). Our findings of this genetic

ous estimation of divergence timing (1.0 × 106–3.3 × 106 ya; Oliveira

differentiation at this latitude can be affected by the small sample

et al., 2017), based on cytochrome b gene for which the authors

size for each cluster (n = 50 and n = 13 for the northern and south-

calibrated the mutation rate based on the phylogenetic divergence

ern cluster, respectively); despite that, this spatial subdivision is also

between Otaria and other genus of otariids (Yonezawa et al., 2009).

consistent with the existence of a major geophysical, oceanographic

Such approach might suffer from some bias due to the combination of

and biogeographic discontinuity (Camus, 2001). Indeed, the West

branching events occurring at very different time scales (i.e., among

Wind Drift (WWD) divides at 40–42°S into the Humboldt Current

genera versus between populations within species; Ho et al., 2005).

flowing towards the north and the Cape Horn Current to the south

Our approach aimed to avoid such bias, although it may still retain

(Escribano et al., 2003). The Humboldt Current is characterized by

other biases (i.e., single marker estimate, among others).

strong upwelling of cold, nutrient-rich water that promotes one of

The differentiation between Atlantic and Pacific populations

the highest primary productivity of the world (Thiel et al., 2007),

of O. flavescens seems best explained by allopatric and isolation

whereas upwelling is absent in the Cape Horn current. There is also

events driven during the last glacial period. Indeed, the coastal

a sharp discontinuity in the shape of the coastline, being straight and

ice sheet extended from 41°S to Cape Horn on the Pacific coast,

open to the north, whereas it is a complex array of islands, fjords,

over 1,800 km, whereas the Atlantic coast was completely ice free

channels and sounds to the south. Several other species, includ-

(Rostami et al., 2000). The coastal ice likely extirpated the colonies

ing mammals, show the same genetic discontinuity, (Pérez-Alvarez

of O. flavescens, which strongly rely on the availability of rocky plat-

et al., 2015; Vianna et al., 2011). The case of the Chilean dolphin

forms for resting and nursing (Thompson et al., 1998, Riet-Saprizaa

Cephalorhynchus eutropia (Pérez-Alvarez et al., 2015) shares several

et al., 2013). Genetic divergence and eventually speciation associ-

features with O. flavescens that would suggest a relatively high gene

ated with coastal ice formation in the Patagonia has been inferred

flow across the 40–42°S boundary: (i) both are capable of long-

in different aquatic organisms, including limpets (González-Wevar

distance movement along the coast during their life-span; (ii) both

et al., 2011; Nuñez et al., 2015), mussels (Trovant et al., 2013) and

are generalist in their diet, essentially based on pelagic fishes; (iii)

shrimps (Bracken-Grissom and Felder, 2014). In all these cases,

both are capable of living in cold and temperate waters. However,

coastal ice was considered as a major driver of divergence either as

both species show genetic discontinuity in the very same region de-

an allopatric process or as a reinforcement of initially peripatric diver-

spite the existence of no physical barrier to movement of individuals.

gence (Trovant et al., 2013). Divergence times, when estimated for

Therefore, one tentative explanation is that the genetic subdivi-

different organisms between Atlantic and Pacific coasts, varied be-

sion is maintained by ecological constraints to dispersal across the

tween 100,000 ya (Nuñez et al., 2015) and the Plio-Pleistocene tran-

biogeographic boundary. Changes in sea lion prey may affect the

sition at 2.6 × 106–3.3 × 106 ya (Trovant et al., 2013), confirming that

foraging and feeding behaviour of these animals (Muñoz et al., 2013;

the evolutionary processes were tightly linked to the glacial cycles.

Naya et al., 2002; Sielfeld, 1999; Soto et al., 2006; Thompson

Even if the estimated dates are hardly comparable between studies,

et al., 1998). Muñoz et al. (2013) identified a spatial variation in diet

because they rely on different mutation and demographic models,

for South American sea lions that is concordant with the spatial

it is interesting to see that at least one example (Nuñez et al., 2015)

genetic structure of ~40°S, suggesting ecological constraints may

is concordant with O. flavescens (80,000–100,000 ya). This further

contribute to the persistence of this genetic discontinuity in spite

supports the influence of Patagonian habitat discontinuity during the

of being a highly mobile species. However, it is not completely clear

last glacial period on the phylogeography of coastal marine species.

whether the spatial diet shift is a result of ecological divergence or

However, to fully understand whether the detection of individ-

an opportunistic behaviour.

uals belonging to the Pacific and the Atlantic clades is indicative of

Our findings support a break at ~40°S latitude using microsatel-

ongoing admixture in the Magellan Strait for South American sea

lite data but not when using mtDNA, which show a different group

lion would require further sampling to characterize the shape and

in the southernmost location biased by the sample with the Atlantic

size of the secondary contact zone.

haplotype, and unlike a previous study on the species, that grouped
individuals a priori assuming a possible discontinuity at ~30°S

4.2 | Spatial genetic structure along the Chilean
coast: biogeographic discontinuity at 40°S

(Oliveira et al. 2017) but did not evaluate the presence of a southern
break. Differences between microsatellite and mtDNA markers may
be a result of different demographic structures between males and
females, or may reflect different temporal genetic patterns due to

The South American sea lion shows little genetic differentiation

differences in mutation rates (Balloux and Lugon Moulin, 2002; Wan

along the Chilean Coast, as previously described by other authors

et al., 2004), together with a low differentiation between mtDNA

(Oliveira et al., 2017; Túnez et al., 2010). Besides that, the existence

haplotypes found for the species along the Pacific coast. Also,

of a genetic discontinuity at ~40°S with asymmetric migration rate

the use of a single organelle marker (mtDNA control region) with
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have even strengthened in this area at the beginning of post-glacial

representation of the genetic structure of the species compared to

warming (11,000–17,500 ya; Mohtadi & Hebbeln, 2004). Upwelling

8 nuclear markers (Larsson et al., 2009). Notwithstanding this, for

is a major source of primary productivity, allowing the persistence of

both males and females, high genetic connectivity along the coast

large fish populations, which are the principal feeding source of the

is present, with discontinuities linked to marine biogeographic pat-

sea lions. Therefore, changes in upwelling regimes during LGM post-

terns and/or demographic history, instead of geographic distance

glacial transition likely explain the genetic signature of demographic

and philopatry behaviour. Absence of genetic structure over large

growth all along the coast.

geographic scales seems to be a common pattern observed for pinnipeds species (Túnez et al., 2010 and Feijoo et al., 2011 for O. flavescens; Dickerson et al., 2010 for Callorhinus ursinus and Hoffman

4.3 | Hunting effects and conservation

et al., 2006; Hoffman et al., 2009 for E. jubatus), despite their philopatric behaviour (Cassini, 2000; Hoffman et al., 2006; Pomeroy

The coalescent approach (i.e., DIYABC) was able to detect a recent

et al., 1994, 2000; Twiss et al., 1994; Wolf et al., 2007). This general

bottleneck for this species associated with hunting, while Ne/N ratio

pattern suggests that philopatry is not dominating the spatial distri-

and methods based on equilibrium genotypic diversity estimates

bution in these species, neither for females nor for males. Instead of

were not. Several recent studies support the differences between

that, high rate of exchanges among colonies seems to be a common

statistical approaches for pinnipeds, while most studies failed to de-

process, supporting the metapopulation structure for these species.

tect such bottleneck signatures (Table 1).

Moreover, evidence of patch colonization and patch extinction for

The Ne/N ratio was high and relatively similar in both the north-

O. flavescens reasserts these dynamics (Rodriguez & Bastida, 1998;

ern (0.296) and the southern (0.220) clusters and fell within what is

Thompson et al., 2005).

considered as a typical range of values for marine species with large

The DIYABC analyses further suggest the existence of two in-

geographic range and moderate-to-high gene flow (Hare et al., 2011).

dependent glacial–interglacial dynamics: a long-term demographic

Estimations of Ne/N from ecological data are generally close to 0.5 for

decline during the last glacial period (Zech et al., 2008) in the north-

populations with overlapping generations (Nunney, 1995; Nunney &

ern cluster, and a founder effect associated with the re-colonization

Elam, 1994). These authors also found that it takes rather special

of the Patagonian fjords from the northern cluster after the onset

circumstances for Ne/N to be outside the range of about 0.25–0.75,

of deglaciation (Mohtadi & Hebbeln, 2004). Population extirpation

and populations in risk of extinction due to genetic depletion should

and post-glacial recolonization were inferred from phylogeographic

have Ne/N « 0.1 (Nunney, 1995). The polygynous mating system is

studies on marine species including algae (see review by Guillemin

likely already reducing Ne compared to N, therefore restricting the

et al., 2016), birds (Younger et al., 2016), mammals (Pérez-Alvarez

detection of demographic drop-off. In addition, effective population

et al., 2015) and invertebrates (González-Wevar et al., 2012, Nuñez

sizes of 12,320 and 7,475 individuals, for the northern and southern

et al., 2015; Trovant et al., 2015) and seems particularly common for

cluster, respectively, are well above the minimum viable levels of Ne

marine predators (Younger et al., 2016). However, several species

(~1,800 individuals) considered for vertebrates (Reed et al., 2003)

actually showed opposite patterns of genetic diversity, suggesting

and also above the critical values (~1,000 to 5,000) generally con-

persistence in the glaciated region (Acosta et al., 2021; Unmack

sidered for securely persistent populations (Lynch & Lande, 1997).

et al., 2009; Vianna et al., 2011; Xu et al., 2009; Zemlak et al., 2008,

The coalescent approach used here (i.e., LAMARC) to estimate Ne

2010). Because the sea lion is strongly dependent on the availability

integrates the many generations since the common ancestor. In this

of rocky shores for the establishment of colonies, coastal ice was

case, the long-term Ne estimate is a harmonic mean over generations,

indeed a likely cause of extirpation all along Patagonia.

which makes it particularly sensitive to periods of small population

Another remarkable result is the detection of a glacial–interglacial

size (Vucetich et al., 1997). Moreover, the DIYABC approach does

demographic dynamics north of the ~40°S. In this region, no evi-

not integrate gene flow within or among genetic clusters. Our model

dence of coastal ice has been reported, and so the population size

considered northern and southern clusters as single isolated popula-

changes must be explained by other factors. Most marine mammals

tions, even though the DAPC and Fst results suggest the existence of

seem to have reduced population sizes during the last glacial period

a subtle genetic structure. This can introduce a bias that affects di-

(Younger et al., 2016). Specifically, changes in habitat quality were

vergence and colonization time estimations (Zhivotovsky, 2001) and

reported for the coast north of ~40°S: during glacial periods, the in-

overestimates Ne (Wang & Whitlock, 2003). Despite this, our results

fluence of the Antarctic Circumpolar Current (ACC) shifted towards

indicate that contemporary migration rate is relatively low (<0.25)

the north leading to a northward shift of the Humboldt Current. This

and that the effective dispersion of two individuals per year rep-

apparently caused a strong reduction of the upwelling condition be-

resents enough gene flow to account for the relatively low genetic

tween 41°S and 33°S, as evidenced by a reduction of plankton de-

differentiation observed. Also, although time estimations of past

posits in the region associated to LGM (Mohtadi & Hebbeln, 2004).

events can be affected by not integrating gene flow in the model,

On the contrary, long-term persistence of upwelling condition pre-

the estimated times of the start of the glaciation effects (~49,400

dominated along the coast north of 30–33°S. Evidence from bio-

ya) and recolonization of Patagonia (~15,100 ya) and hunting period

genic compounds and foraminifera records suggest that upwelling

(between years ~1935–1942) are consistent with glacial advances at
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~41°S of Chile, that reached its maximum at the pre-LGM (35,000–

effects of metapopulation structure and dynamics on the resilience

40,000 ya; Zech et al., 2008), post-glacial warming (11,000–17,500

of otariid populations.

ya; Mohtadi & Hebbeln, 2004) and the well-known dates of demo-

Finally, our study suggests that conservation and managing mea-

graphic decline by hunting (1929–1953; Sielfeld, 1999), respectively.

sures for this species should consider the existence of spatial genetic

Also, time estimation of recolonization of Patagonia is also consis-

structure reflected in a northern and southern cluster of popula-

tent with results obtained by the mismatch distribution and skyline

tions, the biogeographic importance of the zone around 40–42°S, as

plot analysis and with results of Oliveira et al. (2017) of an expansion

well as the role of high-density populations within each cluster for

process (~10,000–13,000 ya).

their potential to become source areas on immigrant to rescue other

The effective size during the hunting period was estimated to be

declining population along the coast.

lower than during the glacial period, with an average of nearly 4,000
individuals, with a mode at 1,600 individuals. Similar estimates have

AC K N OW L E D G E M E N T S

been reported for different pinniped populations in recent popu-

We are particularly grateful to Nicolás Zalaquett for his essen-

lation declines (Table 1). Several studies on other otariids reported

tial help with sample acquisition. Help with sampling or laboratory

Ne > 100,000 (Curtis, 2009, Curtis et al., 2011), and up to 744,000

work from Paulina Valenzuela, Thomás Rock, Vanessa Weinberger,

for the Antarctic fur seal, Arctocephalus gazella (Hoffman et al., 2011),

Leonardo and Verenique de la Barra and Gioconda Peralta is also

despite was being devastated by hunting during the first decades of

acknowledged. Claudio Latorre, Carlos Moreno and Eduardo Palma

the past century. It seems therefore that the effective population

provided relevant improvements comments on earlier versions of the

size for O. flavescens in Chile is currently higher than any endangered

manuscript. We are also grateful to the Universidad de Valparaiso

species, but relatively modest compared to other pinnipeds affected

and CONAF for permissions and help with the access to protected

by past sealing. Besides this, our results also show that the species is

colonies. We also thank three anonymous reviewers for comments

characterized by a relatively high genetic diversity, with an haplotype

and suggestions on an earlier version of this manuscript. This work

diversity of 0.98 for the Chilean clade, that was among the highest

was supported by CONICYT-Chile Doctoral Fellowship, Rufford

values described for otariids (see Oliveira et al., 2012).

Small Grants, ANID ACE210006, ICM P10-033F, ANID-AFB 17008,

The only two species (Guadalupe fur seal, Arctocephalus

CONICYT FB-0 001. All the research was conducted under the

townsendi and northern fur seal, Callorhinus ursinus), for which the

Chilean Government guidelines for research on sea lions (SubPesca

pre- and post-sealing molecular diversity were determined, show

permission numbers 192).

different patterns. The Guadalupe fur seal shows a decrease in
haplotype and nucleotide diversities (Weber et al., 2004), while the

C O N FL I C T O F I N T E R E S T

northern fur seal did not lose molecular diversity, despite the evi-

The authors have no conflict of interests to declare.

dence of a demographic bottleneck during intensive sealing (Pinsky
et al., 2010). The low detection of genetic bottlenecks in otariids,

PEER REVIEW

despite the known demographic bottlenecks, can be attributed to

The peer review history for this article is available at https://publo

different causes yet to be investigated: (i) the magnitude of popula-

ns.com/publon/10.1111/ddi.13421.

tion size changes might have been sufficiently moderate to maintain
constant genetic diversity; (ii) the demographic perturbations were

DATA AVA I L A B I L I T Y S TAT E M E N T

short enough (they lasted too few generations) to avoid the effects

Individual sample metadata of mtDNA haplotype and microsatellite

of genetic drift during periods of low population size; (iii) the migra-

results of the South American sea lion from Pacific coast are available

tion among colonies is high enough to counteract the effects of local

on supporting information. D-loop mtDNA sequences were depos-

loss of genetic diversity due to population size changes; and (iv) the

ited in GenBank under accession numbers JQ434428 to JQ434457.

methods applied may have low statistical power.
In summary, evidence of demographic changes associated with

ORCID

major climatic transitions suggest that O. flavescens, as most of the

Juliana A. Vianna

https://orcid.org/0000-0003-2330-7825

otariids, is susceptible to environmental perturbations. Moreover,

Sylvain Faugeron

https://orcid.org/0000-0001-7258-5229

inferences of pre- and post-sealing dynamics of the southern sea
lion in Chile suggest that species with high gene flow experienced

REFERENCES

moderate effects of indiscriminate sealing at the global scale. Some

Acosta, I., Cabanne, G. S., Noll, D., González-Acuña, D., Pliscoff, P.,
& Vianna, J. A. (2021). Patagonian glacial effects on the endemic Green-backed Firecrown, Sephanoides sephaniodes (Ave:
Trochilidae): Evidences from species distribution models and molecular data. Journal of Ornithology, 162, 289–3 01.
Aguayo, A., Sepúlveda, M., Díaz, H., Palma, F., & Yáñez, J. (1998). Censo
poblacional del lobo marino común en el litoral de la V a IX Regiones.
Proyecto F.I.P. N° 96-51. (p. 218). Chile. Retrieved from http://
www.fip.cl/FIP/Archivos/pdf/informes/IT96-51.pdf

colonies of difficult access could have received less hunting pressure
and likely acted as possible refuges for recolonization. However,
these inferences did not explicitly integrate the effects of gene flow,
possibly overestimating Ne (although the estimated values were concordant with other pinniped studies). Future studies should consider
the use of genomic markers to increase statistical power to enable
joint estimations of Ne and gene flow and better characterize the

14

|

Amos, W., Hoffman, J. I., Frodsham, A., Zhang, L., Best, S., & Hill, A. V.
S. (2006). Automated binning of microsatellite alleles: Problems
and solutions. Molecular Ecology Notes, 7, 10–14. https://doi.
org/10.1111/j.1471-8286.2006.01560.x
Artico, L. O., Bianchini, A., Grubel, K. S., Monteiro, D. S., Estima, S. C., de
Oliveira, L. R., Bonatto, S. L., & Marins, L. F. (2010). Mitochondrial
control region haplotypes of the South American sea lion Otaria
flavescens (Shaw, 1800). Brazilian Journal of Medical and Biological
Research, 43(9), 816–820. https://doi.org/10.1590/S0100-879X2
010007500074
Balloux, F., & Lugon Moulin, N. (2002). The estimation of population differentiation with microsatellite markers. Molecular Ecology, 11, 155–
165. https://doi.org/10.1046/j.0962-1083.2001.01436.x
Bandelt, H. J., Forster, P., & Röhl, A. (1999). Median-joining networks for
inferring intraspecific phylogenies. Molecular Biology and Evolution,
16, 37–48. https://doi.org/10.1093/oxfordjournals.molbev.a026036
Bartheld, J. L., Pavés, H., Manque, C., Vera, C., & Miranda, D. (2006).
Cuantificación poblacional de lobos marinos en el litoral de la I a IV
Región, 124 pp. Informe Final Proyecto FIP, 50, 2006–2050.
Baylis, M. M., Orben, R. A., Arnould, J. P. Y., Christiansen, F., Hays, G. C., &
Staniland, I. J. (2015). Disentangling the cause of a catastrophic population decline in a large marine mammal. Ecology, 96(10), 2834–2847.
Beauplet, G., Barbraud, C., Dabin, W., Kussener, C., & Guinet, C. (2006).
Age-specific survival and reproductive performances in fur seals:
Evidence of senescence and individual quality. Oikos, 112, 430–
441. https://doi.org/10.1111/j.0030-1299.2006.14412.x
Beerli, P., & Felsenstein, J. (1999). Maximum-likelihood estimation of migration rates and effective population numbers in two populations
using a coalescent approach. Genetics, 152, 763–773. https://doi.
org/10.1093/genetics/152.2.763
Bonner, W. N., & Laws, R. M. (1964). In R. Priestley, R. J. Adie, & G. D.
Q. Robin (Eds.), Seals and sealing (pp. 163–190). Antarctic Research.
Boyd, I. L., Lockyer, C., & Marsh, H. D. (1999). Reproduction in marine
mammals. In J. E. Reynolds, & S. A. Rommel (Eds.), Biology of marine
mammals (pp. 218–286). Smithsonian Institution.
Bracken-Grissom, H. D., & Felder, D. L. (2014). Provisional revision of
American snapping shrimp allied to Alpheus floridanus Kingsley,
1878 (Crustacea: Decapoda: Alpheidae) with notes on A. floridanus
africanus. Zootaxa, 3895(4), 451–491.
Bradshaw, C. J. A., Davis, L. S., Lalas, C., & Harcourt, R. G. (2000). Geographic
and temporal variation in the condition of pups of the New Zealand
fur seal (Arctocephalus forsteri): Evidence for density dependence and
differences in the marine environment. Journal of Zoology, 252, 41–
51. https://doi.org/10.1111/j.1469-7998.2000.tb00818.x
Campbell, R. (2006). Demography and population genetic structure of the
Australian sea lion, Neophoca cinerea. PhD. Thesis. University of
Western Australia.
Campbell, R., Gales, N. J., Lento, G. M., & Baker, C. S. (2008). Islands in
the sea: Extreme female natal site fidelity in the Australian sea lion,
Neophoca cinerea. Biology Letters, 4, 139–142.
Camus, P. A. (2001). Biogeografía marina de Chile continental. Revista
Chilena De Historia Natural, 74(3), 587–617. https://doi.org/10.4067/
S0716- 078X20 01000300008
Cassini, M. H. (2000). A model on female breeding dispersion and the reproductive systems of pinnipeds. Behavioural Processes, 51, 93–99.
https://doi.org/10.1016/S0376-6357(00)00121-2
Changnon, S. A. (2000). El Niño 1997–98 The Climate Event of The Century
(p. 35). Oxford University Press.
Cornuet, J. M., & Luikart, G. (1996). Description and power analysis of two
tests for detecting recent population bottlenecks from allele frequency data. Genetics, 144, 2001–2014. https://doi.org/10.1093/
genetics/144.4.2001
Cornuet, J. M., Ravigné, V., & Estoup, A. (2010). Inference on population
history and model checking using DNA sequence and microsatellite
data with the software DIYABC (v1.0). BMC Bioinformatics, 11, 401.

WEINBERGER et al.

Corrigan, L. J., Fabiani, A., Chauke, L. F., McMahon, C. R., Bruyn, M.,
Bester, M. N., Bastos, A., Campagna, C., Muelbert, M. M. C., &
Hoelzel, A. R. (2016). Population differentiation in the context of
Holocene climate change for a migratory marine species, the southern elephant seal. Journal of Evolutionary Biology, 29(9), 1667–1679.
https://doi.org/10.1111/jeb.12870
Crespo, E. A., Oliva, D., Dans, S., & Sepúlveda, M. (2012). Estado de
situación del lobo marino común en su área de distribución. Editorial
Universidad De Valparaı́so.
Cuadron, A. K., Negro, S. S., Muller, C. G., Boren, L. J., & Gemmell, N. J.
(2007). Hair sampling abd genotyping from hair follicles: A minimally-
invasive alternative for genetics studies in small, mobile pinnipeds and
other mammals. Marine Mammal Science, 23(1), 184–192.
Curtis, C. (2009). Population genetics of Antarctic seals (118 p.). PhD.
Thesis. University of South Florida.
Curtis, C., Stewart, B. S., & Karl, S. A. (2011). Genetically effective
population sizes of Antarctic seals estimated from nuclear genes.
Conservation Genetics, 12, 1435–1446. https://doi.org/10.1007/
s10592-011-0241-x
Dickerson, B. R., Ream, R. R., Vignieri, S. N., & Bentzen, P. (2010).
Population Structure as Revealed by mtDNA and Microsatellites
in Northern Fur Seals, Callorhinus ursinus, throughout Their Range.
PLoSOne, 5(5), 1–9. https://doi.org/10.1371/journal.pone.0010671
Drummond, A. J., & Rambaut, A. (2007). BEAST: Bayesian evolutionary
analysis by sampling trees. BMC Evolutionary Biology, 7, 214. https://
doi.org/10.1186/1471-2148-7-214
Dussex, N., Robertson, B. C., Salis, A. T., Kalinin, A., Best, H., & Gemmell,
N. J. (2016). Low spatial genetic differentiation associated with
rapid recolonization in the New Zealand fur seal Arctocephalus forsteri. Journal of Heredity, 107(7), 581–592.
Escribano, R., Fernández, M., & Aranís, A. (2003). Physical-chemical processes and patterns of diversity of the Chilean eastern boundary
pelagic and benthic marine ecosystems: An overview. Gayana, 67,
190–205. https://doi.org/10.4067/S0717-653820 03000200008
Excoffier, L., Dupanloup, I., Huerta-Sánchez, E., Sousa, V. C., & Foll, M.
(2013). Robust demographic inference from genomic and SNP
data. Plos Genetics, 9, e1003905. https://doi.org/10.1371/journ
al.pgen.1003905
Excoffier, L., Laval, G., & Schneider, S. (2005). Arlequin ver. 3.0: An integrated software package for population genetics data analysis.
Evolution and Bioinformatic Online, 1, 47–50.
Falush, D., Stephens, M., & Pritchard, J. (2003). Inference of population
structure using multilocus genotype data: Linked loci and correlated allele frequencies. Genetics, 164, 1567–1587. https://doi.
org/10.1093/genetics/164.4.1567
Feijoo, M., Lessa, E. P., de Castro, R. L., & Crespo, E. A. (2011).
Mitochondrial and microsatellite assessment of population
structure of South American sea lion (Otaria flavescens) in the
Southwestern Atlantic Ocean. Marine Biology, 158(8), 1857–1867.
https://doi.org/10.1007/s00227-011-1697-4
Filatov, D. A. (2002). A software for preparation and evolutionary analysis of DNA sequence data sets. Molecular Ecology Notes, 2, 621–624.
Freilich, S. Y. (2004). Genetic diversity and population genetic structure in
the South American Sea Lion (Otaria flavescens) from Argentina and
the Falkland Islands. PhD. Thesis. University of Durham.
Fu, Y. X. (1997). Statistical tests of neutrality of mutations against population growth, hitchhiking and background selection. Genetics, 147,
915–925. https://doi.org/10.1093/genetics/147.2.915
Garza, J. C., & Williamson, E. G. (2001). Detection of reduction in population size using data from microsatellite loci. Molecular Ecology, 10(2),
305–318. https://doi.org/10.1046/j.1365-294x.2001.01190.x
Gemmell, N. J., Allen, P. J., Goodman, S. J., & Reed, J. Z. (1997).
Interspecific microsatellite markers for the study of pinniped populations. Molecular Ecology, 6(7), 661–666. https://doi.
org/10.1046/j.1365-294X.1997.00235.x

WEINBERGER et al.

Gerber, L. R., & Hilborn, R. (2001). Catastrophic events and recovery from low densities in populations of otariids: Implications for
risk of extinction. Mammal Review, 31(2), 131–150. https://doi.
org/10.1046/j.1365-2907.2001.00081.x
Giardino, G. V., Mandiola, M. A., Bastida, J., Denuncio, P. E., Bastida, R. O.,
& Rodríguez, D. H. (2016). Travel for sex: Long-range breeding dispersal and winter haulout fidelity in southern sea lion males. Mammalian
Biology, 81(1), 89–95. https://doi.org/10.1016/j.mambio.2014.12.003
Goldsworthy, S., Francis, J., Boness, D., & Fleischer, R. (2000). Variation
in the Mitochondrial Control Region in the Juan Fernandez Fur Seal
(Arctocephalus philippii). The Journal of Heredity, 91(5), 371–377.
https://doi.org/10.1093/jhered/91.5.371
González-Suárez, M., Aurioles-Gamboa, D., & Gerber, L. R. (2010). Past
exploitation of California sea lions did not lead to a genetic bottleneck in the Gulf of California. Ciencias Marinas, 36(2), 199–211.
https://doi.org/10.7773/cm.v36i2.1672
González-Suárez, M., Flatz, R., Aurioles-Gamboa, D., Hedrick, P. W., &
Gerber, L. R. (2009). Isolation by distance among California sea lion
populations in Mexico: Redefining management stocks. Molecular
Ecology, 18, 1088–1099.
González-Wevar, C. A., Hüne, M., Cañete, J. I., Mansilla, A., Nakano, T., &
Poulin, E. (2012). Towards a model of postglacial biogeography in
shallow marine species along the Patagonian Province: lessons from
the limpet Nacella magellanica (Gmelin, 1791). BMC Evolutionary
Biology, 12(1), 1–17.
González-Wevar, C. A., Nakano, T., Cañete, J. I., & Poulin, E. (2011).
Concerted genetic, morphological and ecological diversification in
Nacella limpets in the Magellanic Province. Molecular Ecology, 20(9),
1936–1951. https://doi.org/10.1111/j.1365-294X.2011.05065.x
Grau, R., & Acuña, E. (1998). Determinación de la edad y crecimiento en el
lobo marino común Otaria flavescens (Shaw 1800), a través del análisis de estructuras dentales por corte, en la zona norte de Chile. XVII
Congreso de Ciencias del Mar, Resúmenes. (pp. 95–96).
Guillemin, M. L., Valero, M., Tellier, F., Macaya, E. C., Destombe, C., &
Faugeron, S. (2016). Phylogeography of seaweeds in the South East
Pacific: Complex evolutionary processes along a latitudinal gradient. In
Seaweed phylogeography (pp. 251–277). Springer.
Guillot, G., Mortier, F., & Estoup, A. (2004). Geneland: A program for
landscape genetics. Molecular Ecology Notes, 5, 712–715.
Guillot, G., Santos, F., & Estoup, A. (2008). Analysing georeferenced population genetics data with Geneland: A new algorithm to deal with null
alleles and a friendly graphical user interface. Bioinformatics, 24(11),
1406–1407. https://doi.org/10.1093/bioinformatics/btn136
Guinet, C., Jouventin, P., & Georges, J. Y. (1994). Long term population changes of fur seals Arctocephalus gazella and Arctocephalus
tropicalis on Sub-Antarctic (Crozet) and Subtropical (St. Paul and
Amsterdam) Islands and their possible relationship to El Niño
Southern Oscillation. Antarctic Science, 6(4), 473–478.
Hare, M. P., Nunney, L., Schwartz, M. K., Ruzzante, D. E., Burford, M.,
Waples, R. S., Ruegg, K., & Palstra, F. (2011). Understanding and estimating effective population size for practical application in marine
species management. Conservation Biology, 25, 438–4 49. https://
doi.org/10.1111/j.1523-1739.2010.01637.x
Harlin-Cognato, A., Bickham, J. W., Loughlin, T. R., & Honeycut, R. L.
(2006). Glacial refugia and the phylogeography of Steller’s sea lion
(Eumatopias jubatus) in the North Pacific. Journal of Evolutionary
Biology, 19, 955–969.
Hartl, D. L., & Clark, A. G. (2007). Principles of population genetics, 4th ed.
Sinauer Associates is an imprint of Oxford University Press.
Ho, S. Y. W., Phillips, M. J., Cooper, A., & Drummond, A. J. (2005). Time
dependency of molecular rate estimates and systematic overestimation of recent divergence times. Molecular Biology and Evolution,
22(7), 1561–1568. https://doi.org/10.1093/molbev/msi145
Ho, S. Y. W., Shapiro, B., Phillips, M. J., Cooper, A., & Drummond, A. J.
(2007). Evidence for time dependency of molecular rate estimates.

|

15

Systematic Biology, 56(3), 515–522. https://doi.org/10.1080/10635
150701435401
Hoberecht, L. K. (2006). A remote biopsy system used to sample steller
sea lion (Eumetopias jubatus) bubber. Marine Mammal Science, 22(3),
683–689.
Hoffman, J. I., Dasmahapatra, K. K., Amos, W., Phillips, T. S., Gelatt, J.
W., & Bickham, C. D. (2009). Contrasting patterns of genetic diversity at three different genetic markers in a marine mammal
metapopulation. Molecular Ecology, 18, 2961–2978. https://doi.
org/10.1111/j.1365-294X.2009.04246.x
Hoffman, J. I., Grant, S. M., Forcada, J., & Phillips, C. D. (2011). Bayesian
inference of a historical bottleneck in a heavily exploited marine mammal. Molecular Ecology, 20(19), 3989–4 008. https://doi.
org/10.1111/j.1365-294X.2011.05248.x
Hoffman, J. I., Kowalski, G. J., Klimova, A., Eberhart-Phillips, L. J., Staniland,
I. J., & Baylis, A. M. M. (2016). Population structure and historical demography of South American sea lions provide insights into the catastrophic decline of a marine mammal population. Royal Society Open
Science, 3(7), 160291. https://doi.org/10.1098/rsos.160291
Hoffman, J. I., Matson, C. W., Amos, W., Loughlin, T. R., & Bickham, J. W.
(2006). Deep genetic subdivision within a continuously distributed
and highly vagile marine mammal, the Stellerʼs sea lion (Eumetopias
jubatus). Molecular Ecology, 15(10), 2821–2832.
Hückstadt, L. A., & Antezana, T. (2003). Behaviour of the southern sea
lion (Otaria flavescens) and consumption of the catch during purse-
seining for jack mackerel (Trachurus symmetricus) off central Chile.
ICES Journal of Marine Science, 60(5), 1003–1011. https://doi.
org/10.1016/S1054-3139(03)00100- 0
Hückstadt, L. A., & Krautz, M. C. (2004). Interaction between southern
sea lions Otaria flavescens and jack mackerel Trachurus symmetricus commercial fishery off Central Chile: A geostatistical approach. Marine Ecology-Progress Series, 282, 285–294. https://doi.
org/10.3354/meps282285
Hückstadt, L. A., Rojas, C. P., & Antezana, T. (2007). Stable isotope analysis reveals pelagic foraging by the Southern sea lion in central Chile.
Journal of Experimental Marine Biology and Ecology, 347(1–2), 123–
133. https://doi.org/10.1016/j.jembe.2007.03.014
Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis of
principal components: A new method for the analysis of genetically structured populations. BMC Genetics, 11, 94. https://doi.
org/10.1186/1471-2156-11-94
Jukes, T. H., & Cantor, C. R. (1969). Evolution of protein molecules. In
H. N. Munro (Ed.), Mammalian Protein Metabolism (pp. 21–132).
Academic Press.
Koch, P. L., & Barnosky, A. D. (2006). Late quaternary extinctions: State
of the debate. Annual Review of Ecology, Evolution, and Systematics,
37, 215–250.
Kocher, T. D., Thomas, W. K., Meyer, A., Edwards, S. V., Pääbo, S.,
Villablanca, F. X., & Wilson, A. C. (1989). Dynamics of mitochondrial DNA evolution in animals: Amplification and sequencing with
conserved primers. Proceedings of the National Academy of Sciences,
86(16), 6196–6200. https://doi.org/10.1073/pnas.86.16.6196
Kovacs, K. M., Aguilar, A., Aurioles, D., Burkanov, V., Campagna, C.,
Gales, N., Gelatt, T., Goldsworthy, S. D., Goodman, S. J., Hofmeyr,
G. J. G., Härkönen, T., Lowry, L., Lydersen, C., Schipper, J., Sipilä,
T., Southwell, C., Stuart, S., Thompson, D., & Trillmich, F. (2012).
Global threats to pinnipeds. Marine Mammal Science, 28(2), 414–
436. https://doi.org/10.1111/j.1748-7692.2011.00479.x
Kuhner, M. K. (2006). LAMARC 2.0: Maximum likelihood and Bayesian
estimation of population parameters. Bioinformatics, 22, 768–770.
https://doi.org/10.1093/bioinformatics/btk051
Lancaster, M. L., Arnould, J. P. Y., & Kirkwood, R. (2010). Genetic status
of an endemic marine mammal, the Australian fur seal, following
historical harvesting. Animal Conservation, 13(3), 247–255. https://
doi.org/10.1111/j.1469-1795.2009.00325.x

16

|

Larsson, L. C., Charlier, J., Laikre, L., & Ryman, N. (2009). Statistical power
for detecting genetic divergence–organelle versus nuclear markers.
Conservation Genetics, 10, 1255–1264. https://doi.org/10.1007/
s10592-0 08-9693-z
Le Boeuf, B. J., & Crocker, D. E. (2005). Ocean climate and seal condition.
BMC Biology, 3(9), 1–10.
Lento, G. M., Haddon, M., Chambers, G. K., & Baker, C. S. (1997). Genetic
variation of Southern Hemisphere Fur Seals (Arctocephalus spp.):
Investigation of population structure and species identity. The
Journal of Heredity, 88(3), 202–208.
Lopes, F., Hoffman, J. I., Valiati, V. H., Bonatto, S. L., Wolf, J. B., Trillmich,
F., & Oliveira, L. R. (2015). Fine-scale matrilineal population structure in the Galapagos fur seal and its implications for conservation
management. Conservation Genetics, 16(5), 1099–1113. https://doi.
org/10.1007/s10592-015-0725-1
Lotze, H. K., & Worm, B. (2009). Historical baselines for large marine
animals. Trends in Ecology & Evolution, 24(5), 254–262. https://doi.
org/10.1016/j.tree.2008.12.004
Luikart, G., Allendorf, F. W., Cornuet, J.-M., & Sherwin, W. B. (1998).
Distortion in allele frequency distributions provides a test for recent population bottlenecks. Journal of Heredity, 89, 238–247.
Luikart, G., Sherwin, W. B., Steele, B. M., & Allendorf, F. W. (2008).
Usefulness of molecular markers for detecting population bottlenecks via monitoring genetic change. Molecular Ecology, 7, 963–974.
https://doi.org/10.1046/j.1365-294x.1998.00414.x
Lynch, M., & Lande, R. (1997). The critical effective size for a genetically
secure population. Animal Conservation 1(1), 70–72.
Matthee, C. A., Fourie, F., Oosthuizen, W. H., Meyër, M. A., & Tolley, K.
A. (2006). Mitochondrial DNA sequence data of the Cape fur seal
(Arctocephalus pusillus pusillus) suggest that population numbers
may be affected by climatic shifts. Marine Biology, 148, 899–905.
https://doi.org/10.1007/s00227-0 05-0121-3
Mohtadi, M., & Hebbeln, D. (2004). Mechanisms and variations of the
paleoproductivity off northern Chile (24°S–33°S) during the
last 40,000 years. Paleoceanography, 19(2), PA2023. https://doi.
org/10.1029/2004PA001003
Mondanaro, A., Di Febbraro, M., Melchionna, M., Carotenuto, F.,
Castiglione, S., Serio, C., Danisi, S., Rook, L., Diniz-Filho, J. A., &
Raia, P. (2019). Additive effects of climate change and human hunting explain population decline and extinction in cave bears. Boreas,
48(3), 605–615. https://doi.org/10.1111/bor.12380
Muñoz, L., Pavez, G., Quiñones, R. A., Oliva, D., Santos, M., & Sepúlveda,
M. (2013). Diet plasticity of the South American sea lion in Chile:
Stable isotope evidence. Revista De Biología Marina Y Oceanografía,
48(3), 613–622. https://doi.org/10.4067/S0718-1
 957201300
0300017
Naya, D. E., Arim, M., & Vargas, R. (2002). Diet of South American fur seals
(Arctocephalus australis) in Isla de Lobos, Uruguay. Marine Mammal
Science, 18, 734–745. https://doi.org/10.1111/j.1748-7692.2002.
tb01070.x
Nuñez, J. D., Iriarte, P. F., Ocampo, E. H., Iudica, C., & Cledón, M. (2015).
Deep phylogeographic divergence among populations of limpet
Siphonaria lessoni on the east and west coasts of South America.
Marine Biology, 162(3), 595–605. https://doi.org/10.1007/s0022
7-014-2607-3
Nunney, L. (1995). Measuring the ratio of effective population size to
adult numbers using genetic and ecological data. Evolution, 49, 389–
392. https://doi.org/10.1111/j.1558-5646.1995.tb02253.x
Nunney, L., & Elam, D. R. (1994). Estimating the effective population
size of conserved populations. Conservation Biology, 8, 175–184.
https://doi.org/10.1046/j.1523-1739.1994.08010175.x
O’Corry-Crowe, G. (2008). Climate change and the molecular ecology of
artic marine mammals. Ecological Applications, 18, 56–76.
O’Corry-Crowe, G., Taylor, B. L., Gelatt, T., Loughlin, T. R., Bickham,
J., Basterretche, M., Pitcher, K. W., & DeMaster, D. P. (2006).

WEINBERGER et al.

Demographic independence along ecosystem boundaries in Steller
sea lions revealed by mtDNA analysis: Implications for management of an endangered species. Canadian Journal of Zoology, 84(12),
1796–1809. https://doi.org/10.1139/z06-167
O'Corry-Crowe, G., Gelatt, T., Rea, L., Bonin, C., & Rehberg, M. (2014).
Crossing to safety: Dispersal, colonization and mate choice in evolutionarily distinct populations of Steller sea lions, Eumetopias jubatus. Molecular Ecology, 23(22), 5415–5434.
Oliva, D., Sielfeld, W., Buscaglia, M., Matamala, M., Moraga, R., Pavés, H.,
Urra, A. (2007). Plan de acción para disminuir y mitigar los efectos de
las interacciones del lobo marino común (Otaria flavescens) con las axtividades de pesca y acuicultura de la X y XI Región. Report Proyecto
F.I.P. N° 2006 – 34 (p. 75). Valparaiso – Chile. Retrieved from http://
www.fip.cl/FIP/Archivos/pdf/informes/inffinal2006-34.pdf
Oliveira, L. R., Arias-Schreiberd, M., Meyera, D., & Morgantea, J. S. (2006).
Effective population size in a bottlenecked fur seal population.
Biological Conservation, 131, 505–509. https://doi.org/10.1016/j.
biocon.2006.02.017
Oliveira, L. R., Castro, R. L., Cárdenas-Alayza, S., & Bonatto, S. L. (2012).
Conservation genetics of South American aquatic mammals: An
overview of gene diversity, population structure, phylogeography,
non-invasive methods and forensics. Mammal Review, 42(4), 275–
303. https://doi.org/10.1111/j.1365-2907.2011.00201.x
Oliveira, L. R. D., Gehara, M. C. M., Fraga, L. D., Lopes, F., Túnez, J. I.,
Cassini, M. H., Majluf, P., Cárdenas-Alayza, S., Pavés, H. J., Crespo,
E. A., García, N., Loizaga de Castro, R., Hoelzel, A. R., Sepúlveda,
M., Olavarría, C., Valiati, V. H., Quiñones, R., Pérez-Alvarez, M. J.,
Ott, P. H., & Bonatto, S. L. (2017). Ancient female philopatry, asymmetric male gene flow, and synchronous population expansion support the influence of climatic oscillations on the evolution of South
American sea lion (Otaria flavescens). PLoS One, 12(6), e0179442.
https://doi.org/10.1371/journal.pone.0179442
Oliveira, L. R., Hoffman, J. I., Hingst-Zaher, E., Majluf, P., Muelbert, M.
M., Morgante, J. S., & Amos, W. (2008). Morphological and genetic
evidence for two evolutionarily significant units (ESUs) in the South
American fur seal, Arctocephalus gazella. Conservation Genetics, 9(6),
1451–1466. https://doi.org/10.1007/s10592-0 07-9473-1
Oliveira, L. R., Meyer, D., Hoffman, J. I., Majluf, P., & Morgante, J. S.
(2009). Evidence of a genetic bottleneck in an El Nino affected
population of South American fur seals, Arctocephalus australis.
Journal of the Marine Biological Association of the United Kingdom,
89(8), 1717–1725.
Oporto, J. A., Brieva, L., Navarro, R., & Turner, A. (1999). Cuantificación
poblacional del lobo marino común en el litoral de la X y XI Regiones.
Report Proyecto F.I.P. N° 97-4 4. (p. 252). Chile. Retrieved from
https://www.fip.cl/Archivos/Hitos/Informes/inffinal97- 4 4.pdf
Osborne, A. J., Negro, S. S., Chilvers, B. L., Robertson, B. C., Kennedy,
M. A., & Gemmell, N. J. (2016). Genetic evidence of a population
bottleneck and inbreeding in the endangered New Zealand sea lion,
Phocarctos hookeri. Journal of Heredity, 107(5), 392–4 02.
Páez-Rosas, D., Torres, J., Espinoza, E., Marchetti, A., Seim, H., & Riofrío-
Lazo, M. (2021). Declines and recovery in endangered Galapagos
pinnipeds during the El Niño event. Scientific Reports, 11, 8785.
https://doi.org/10.1038/s41598-021-88350- 0
Paijmans, A. J., Stoffel, M. A., Bester, M. N., Cleary, A. C., De Bruyn, P. J. N.,
Forcada, J., Goebel, M. E., Goldsworthy, S. D., Guinet, C., Lydersen, C.,
Kovacs, K. M., Lowther, A., & Hoffman, J. I. (2020). The genetic legacy
of extreme exploitation in a polar vertebrate. Scientific Reports, 10,
5089. https://doi.org/10.1038/s41598-020-61560-8
Pérez-Alvarez, M. J., Olavarría, C., Moraga, R., Baker, C. S., Hamner, R.
M., & Poulin, E. (2015). Microsatellite markers reveal strong genetic structure in the endemic Chilean dolphin. PLoS One, 10(4),
e0123956. https://doi.org/10.1371/journal.pone.0123956
Phillips, C. D., Gelatt, T. S., Patton, J. C., & Bickham, J. W. (2011).
Phylogeography of Steller sea lions: Relationships among

WEINBERGER et al.

climate change, effective population size, and genetic diversity. Journal of Mammalogy, 92(5), 1091–1104. https://doi.
org/10.1644/10-MAMM-A-3 05.1
Phillips, C. D., Trujillo, R. G., Gelatt, T. S., Smolen, M. J., Matson, C. W.,
Honeycutt, R. L., & Bickham, J. W. (2009). Assessing substitution patterns, rates and homoplasy at HVRI of Steller sea lions,
Eumetopias jubatus. Molecular Ecology, 18, 3379–3393.
Pinsky, M. L., Newsome, S. D., Dickerson, B. R., Fang, Y., Van TUINEN,
M., Kennett, D. J., Ream, R. R., & Hadly, E. A. (2010). Dispersal provided resilience to range collapse in a marine mammal: Insights from
the past to inform conservation biology. Molecular Ecology, 19(12),
2418–2429. https://doi.org/10.1111/j.1365-294X.2010.04671.x
Piry, S. G., Luikart, G., & Cornuet, M. J. (1999). Bottleneck, A program
for detecting recent effective population size reductions from allele
data frequencies. Journal of Heredity, 90, 502–503.
Pomeroy, P. P., Anderson, S. S., Twiss, S. D., & McConnell, B. J. (1994).
Dispersion and Site Fidelity of Breeding Female Grey Seals (Halichoerus
grypus) on North-Rona, Scotland. Journal of Zoology, 233, 429–447.
Pomeroy, P. P., Twiss, S. D., & Redman, P. (2000). Philopatry, Site Fidelity and
Local Kin Associations within Grey Seal Breeding Colonies. Ethology,
106, 899–919. https://doi.org/10.1046/j.1439-0310.2000.00610.x
Posada, D., & Crandall, K. A. (1998). Modeltest: Testing the model of
DNA substitution. Bioinformatics, 14(9), 817–818. https://doi.
org/10.1093/bioinformatics/14.9.817
Quiroz, R. S. (1983). The Climate of the "El Niño" Winter of 1982–83
- A season of extraordinary climatic anomalies. Monthly Weather
Review,
111(8),
1685–1706.
https://doi.org/10.1175/1520-
0493(1983)111<1685:TCOTNW>2.0.CO;2
R Core Team (2013). R: A language and environment for statistical computing. R Foundation for Statistical Computing. Retrieved from http://
www.R-projec t.org/
Rambaut, A. (2009). FigTree, ver. 1.3.1. Retrieved from Retrieved from
http://tree.bio.ed.ac.uk/software/figtree/
Rambaut, A., & Drummond, A. J. (2007). Tracer v1.4. Retrieved from
http://beast.bio.ed.ac.uk/Tracer
Rannala, B. (2007). BayesAss edition 3.0 user’s manual. University of
California, Davis.
Raum-Suryan, K. L., Pitcher, K. W., Calkins, D. G., Sease, J. L., & Loughlin,
T. R. (2002). Dispersal, rookery fidelity, and metapopulation structure of Steller sea lions (Eumetopias jubatus) in an increasing and
a decreasing population in Alaska. Marine Mammal Science, 18(3),
746–764. https://doi.org/10.1111/j.1748-7692.2002.tb01071.x
Reed, D. H., Grady, J. J. O., Brook, B. W., Ballou, J. D., & Frankham, R.
(2003). Estimates of minimum viable population sizes for vertebrates and factors influencing those estimates. Conservation Biology,
113, 23–24. https://doi.org/10.1016/S0006-3207(02)00346- 4
Riet-Saprizaa, F. G., Costa, D. P., Franco-Trecu, V., Marin, Y., Chocca,
J., González, B., & Huckstadt, L. A. (2013). Foraging behaviour of
lactating South American sea lions (Otaria flavescens) and spatial-
temporal resource overlap with the Uruguayan fisheries. Deep Sea
Research Part II: Topical Studies in Oceanography, 88–89, 106–119.
Rodriguez, D., & Bastida, R. (1998). Four hundred years in the history
of pinniped colonies around Mar del Plata, Argentina. Aquatic
Conservation-
Marine and Freshwater Ecosystems, 8, 721–735.
https://doi.org/10.1002/(SICI)1099-0755(1998110)8:6<721:AID-
AQ C309>3.0.CO;2-L
Rogers, A. R., & Harpending, H. (1992). Population growth makes waves
in the distribution of pairwise genetic differences. Molecular Biology
and Evolution, 9, 552–569.
Rostami, K., Peltier, W. R., & Mangini, A. (2000). Quaternary marine terraces, sea-level changes and uplift history of Patagonia, Argentina:
Comparisons with predictions of the ICE-4G (VM2) model of
the global process of glacial isostatic adjustment. Quaternary
Science Reviews, 19, 1495–1525. https://doi.org/10.1016/S0277
-3791(00)00075-5

|

17

Russel, P. M., Brewer, B. J., Klaere, S., & Bouckaert, R. (2018). Model
selection and parameter inference in phylogenetics using Nested
Sampling. Systematic Biology, 68, 219–233. https://doi.org/10.1093/
sysbio/syy050
Sandom, C., Faurby, S., Sandel, B., & Svenning, J.-C . (2014) Global late
Quaternary megafauna extinctions linked to humans, not climate change. Proceedings of the Royal Society B: Biological Sciences
281(1787), 20133254. https://doi.org/10.1098/rspb.2013.3254
Schramm, Y., Mesnick, S. L., de la Rosa, J., Palacios, D. M., Lowry, M.
S., Aurioles-Gamboa, D., Snell, H. M., & Escorza-Treviño, S. (2009).
Phylogeography of California and Galápagos sea lions and population structure within the California sea lion. Marine Biology, 156,
1375–1387. https://doi.org/10.1007/s00227-0 09-1178-1
Sepúlveda, M., Oliva, D., & Sielfeld, W. (2007). Cuantificación poblacional
de lobos marinos en el litoral de la V a IX Región. Report Proyecto
F.I.P. No 2006–49. Valparaiso-Chile. 100 pp. Retrieved from http://
www.fip.cl/FIP/Archivos/pdf/informes/inffinal2006-49.pdf
Sepúlveda, M., Pérez, M. J., Sielfeld, W., Oliva, D., Durán, L. R., Rodríguez,
L., Araos, V., & Buscaglia, M. (2007). Operational interaction between South American sea lions Otaria flavescens and artisanal
(small-scale) fishing in Chile: Results from interview surveys and
on-board observations. Fisheries Research, 83(2–3), 332–3 40.
https://doi.org/10.1016/j.fishres.2006.10.009
Sielfeld, W. (1999). Estado del conocimiento sobre conservación y
preservación de Otaria flavescens (Shaw, 1800) y Arctocephalus
australis (Zimmermann, 1783) en las costas de Chile. Estudios
Oceanológicos, 18, 81–96.
Sielfeld, W., Guerra, C., & Durán, L. R. (1997). Monitoreo de la pesquería
y censo del lobo marino común en el litoral de la I a IV Regiones.
Report Proyecto F.I.P N° 95-28. (p. 119). Iquique-Chile. Retrieved
from http://www.fip.cl/FIP/Archivos/pdf/informes/IT95-28.pdf
Sielfeld, W., & Guzmán, A. (2002). Effect of El Niño 1997/98 on a
Population of the Southern Sea Lion (Otaria flavescens Shaw)
from Punta Patache/Punta Negra (Iquique, Chile). Investigaciones
Marinas, 30(1), 158–160. https://doi.org/10.4067/S0717-71782
002030100059
Soto, K. H., Trites, A. W., & Arias-Schreiber, M. (2004). The effects of
prey availability on pup mortality and the timing of birth of South
American sea lions (Otaria flavescens) in Peru. Journal of Zoology,
264, 419–428. https://doi.org/10.1017/S0952836904 005965
Soto, K. H., Trites, A. W., & Arias-Schreiber, M. (2006). Changes in diet and
maternal attendance of South American sea lions indicate changes in
the marine environment and prey abundance. Marine Ecology-Progress
Series, 312, 277–290. https://doi.org/10.3354/meps312277
Southward, A. J., Langmead, O., Hardman-Mountford, N. J., Aiken,
J., Boalch, G. T., Dando, P. R., Genner, M. J., Joint, I., Kendall,
M. A., Halliday, N. C., Harris, R. P., Leaper, R., Mieszkowska, N.,
Pingree, R. D., Richardson, A. J., Sims, D. W., Smith, T., Walne, A.
W., & Hawkins, S. J. (2005). (2005) Long-term oceanographic and
ecological research in the Western English Channel. Advances
in Marine Biology, 47, 1–105. https://doi.org/10.1016/S0065
-2881(04)47001-1
Szpiech, Z. A., Jakobsson, M., & Rosenberg, N. A. (2008). ADZE: A rarefaction approach for counting alleles private to combinations of populations. Bioinformatics, 24, 2498–2504. https://doi.org/10.1093/
bioinformatics/btn478
Tajima, F. (1989). Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. Genetics, 123, 585–595. https://
doi.org/10.1093/genetics/123.3.585
Tchaicka, L., Eizirik, E., De Oliveira, T. G., Candido, J. F., & Freitas, T. R.
(2007). Phylogeography and population history of the crab-eating
fox (Cerdocyon thous). Molecular Ecology, 16(4), 819–838. https://
doi.org/10.1111/j.1365-294X.2006.03185.x
Thiel, M., Macaya, E. C., Acuña, E., Arntz, W. E., Bastias, H., Brokordt, K., &
Vega, A. (2007). The Humboldt current system of northern-central Chile:

18

|

Oceanographic processes, ecological interactions and socio-economic
feedback. Oceanography Marine Biology. Annual Review, 45, 195–344.
Thompson, D., Duck, C. D., McConnell, B. J., & Garrett, J. (1998). Foraging
behaviour and diet of lactating female southern sea lions (Otaria
flavescens) in the Falkland Islands. Journal of Zoology, 246, 135–146.
https://doi.org/10.1111/j.1469-7998.1998.tb00142.x
Thompson, D., Strange, I., Riddy, M., & Duck, C. D. (2005). The size and
status of the population of southern sea lions Otaria flavescens in
the Falkland Islands. Biological Conservation, 121, 357–367. https://
doi.org/10.1016/j.biocon.2004.05.008
Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F., & Desmond,
H. G. (1997). The CLUSTAL_X windows interface: Flexible strategies for multiple sequence alignment aided by quality analysis
tools. Nucleic Acids Research, 25(24), 4876–4882. https://doi.
org/10.1093/nar/25.24.4876
Trillmich, F., Ono, K. A., Costa, D. P., DeLong, R. L., Feldkamp, S. D.,
Francis, J. M., & York, A. E. (1991). The effects of El Nino on pinniped populations in the eastern Pacific. In F. Trillmich, & K. A. Ono
(Eds.), Pinnipeds and El Niño (pp. 247–270). Springer.
Trovant, B., Ruzzante, D. E., Basso, N. G., & Orensanz, J. L. (2013).
Distinctness, phylogenetic relations and biogeography of intertidal
mussels (Brachidontes, Mytilidae) from the south-western Atlantic.
Journal of the Marine Biological Association of the United Kingdom,
93(7), 1843–1855.
Trovant, B., Orensanz, J. L., Ruzzante, D. E., Stotz, W., & Basso, N. G.
(2015). Scorched mussels (Bivalvia: Mytilidae: Brachidontinae) from
the temperate coasts of South America: phylogenetic relationships,
trans-Pacific connections and the footprints of Quaternary glaciations. Molecular Phylogenetics and Evolution, 82, 60–74.
Túnez, J. I., Cappozzo, H. L., Nardelli, M., & Cassini, M. H. (2010).
Population genetic structure and historical population dynamics
of the South American sea lion, Otaria flavescens, in north-central
Patagonia. Genetica, 138(8), 831–8 41. https://doi.org/10.1007/
s10709-010-9466-8
Túnez, J. I., Cappozzo, H. L., Paves, H., Albareda, D. A., & Cassini, M. H.
(2013). The role of Pleistocene glaciations in shaping the genetic
structure of South American fur seals (Arctocephalus australis). New
Zealand Journal of Marine and Freshwater Research, 47(2), 139–152.
Túnez, J. I., Centrón, D., Cappozzo, H. L., & Cassini, M. H. (2007).
Geographic distribution and diversity of mitochondrial DNA haplotypes in South American sea lions (Otaria flavescens) and fur
seals (Arctocephalus australis). Mammalian Biology, 72(4), 193–203.
https://doi.org/10.1016/j.mambio.2006.08.002
Twiss, S. D., Pomeroy, P. P., & Anderson, S. S. (1994). Dispersion and site
fidelity of breeding male grey seals (Halichoevus grypus) on North
Rona, Scotland. Journal of Zoology, 233(4), 683–693.
Unmack, P. J., Bennin, A. P., Habit, E. M., Victoriano, P. F., & Johnson,
J. B. (2009). Impact of ocean barriers, topography, and glaciation on the phylogeography of the catfish Trichomycterus
areolatus (Teleostei: Trichomycteridae) in Chile. Biological
Journal of the Linnean Society, 97(4), 876–892. https://doi.
org/10.1111/j.1095-8312.2009.01224.x
Venegas, C., Gibbons, J., Aguayo, A., Sielfeld, W., Acevedo, J., Amado, J.,
Capella, J., & Valenzuela, C. (2001). Cuantificación poblacional de
lobos marinos en la XII Región. Proyecto F.I.P. N° 2000-22. (p. 91).
Punta Arenas-Chile. Retrieved from http://www.fip.cl/FIP/Archi
vos/Documentacion/Concursos/2000-22.pdf
Vianna, J. A., Medina-Vogel, G., Chehébar, C., Olavarría, C., Sielfeld, V.,
& Faugeron, S. (2011). Phylogeography of Patagonian otter (Lontra
provocax): Evidence of adaptive divergence to marine habitat or signature of southern glacial refugia? BMC Evolutionary Biology, 11, 53.
Vilata, J., Oliva, D., & Sepúlveda, M. (2010). The predation of farmed
salmon by South American sea lions (Otaria flavescens) in southern Chile. ICES Journal of Marine Science, 67, 475–482. https://doi.
org/10.1093/icesjms/fsp250

WEINBERGER et al.

Vucetich, J. A., Waite, T. A., & Nunney, L. (1997). Fluctuating population
size and the ratio of effective to census population size. Evolution,
51(6), 2017–2021. https://doi.org/10.1111/j.1558-5646.1997.
tb05123.x
Wan, Q. H., Wu, H., Fujihara, T., & Fang, S. G. (2004). Which genetic
marker for which conservation genetics issue? Electrophoresis, 25,
2165–2176. https://doi.org/10.1002/elps.200305922
Wang, J., & Whitlock, M. (2003). Estimating effective population size and
migration rates from genetic samples over space and time. Genetics,
163(1), 429–4 46. https://doi.org/10.1093/genetics/163.1.429
Weber, D. S., Stewart, B. S., & Lehman, N. (2004). Genetic consequences of a severe population bottleneck in the Guadalupe fur
seal (Arctocephalus townsendi). Journal of Heredity, 95(2), 144–153.
https://doi.org/10.1093/jhered/esh018
Weinberger, C. (2013) El lobo marino común, Otaria flavescens, en Chile:
distribución espacial, historia demográfica y estructuración génica.
PhD thesis, Pontificia Universidad Católica de Chile. Retrieved from
https://repositorio.uc.cl/bitstream/handle/11534/1816/613667.
pdf?sequence=1
Wickens, P., & York, A. E. (1997). Comparative population dynamics
of fur seals. Marine Mammal Science, 13(2), 241–292. https://doi.
org/10.1111/j.1748-7692.1997.tb00631.x
Wilson, G. A., & Rannala, B. (2003). Bayesian inference of recent migration rates using multilocus genotypes. Genetics, 163(3), 1177–1191.
Wolf, J. B., Tautz, D., & Trillmich, F. (2007). Galápagos and Californian sea
lions are separate species: Genetic analysis of the genus Zalophus
and its implications for conservation management. Frontiers in
Zoology, 4(1), 20. https://doi.org/10.1186/1742-9994-4-20
Wynen, L. P., Goldsworthy, S. D., Guinet, C., Bester, M. N., Boyd, I. L., Gjertz,
I., Hofmeyr, G. J. G., White, R. W. G., & Slade, R. (2000). Postsealing
genetic variation and population structure of two species of fur seal
(Arctocephalus gazella and A. tropicalis). Molecular Ecology, 9(3), 299–
314. https://doi.org/10.1046/j.1365-294x.2000.00856.x
Wynen, L. P., Goldsworthy, S. D., Insley, S. J., Adams, M., Bickham, J. W.,
Francis, J., Gallo, J. P., Hoelzel, A. R., Majluf, P., White, R. W. G., &
Slade, R. (2001). Phylogenetic relationships within the eared seals
(Otariidae: Carnivora): Implications for the historical biogeography
of the family. Molecular Phylogenetics and Evolution, 21(2), 270–284.
https://doi.org/10.1006/mpev.2001.1012
Xu, J., Pérez-Losada, M., Jara, C. G., & Crandall, K. A. (2009). Pleistocene
glaciation leaves deep signature on the freshwater crab Aegla alacalufi in Chilean Patagonia. Molecular Ecology, 18(5), 904–918.
Yonezawa, T., Kohno, N., & Hasegawa, M. (2009). The monophyletic origin of sea lions and fur seals (Carnivora; Otariidae) in the Southern
Hemisphere. Gene, 441, 89–99.
Younger, J. L., Emmerson, L. M., & Miller, K. J. (2016). The influence of
historical climate changes on Southern Ocean marine predator
populations: A comparative analysis. Global Change Biology, 22(2),
474–493. https://doi.org/10.1111/gcb.13104
Zech, R., May, J.-H., Kull, C., Ilgner, J., Kubik, P. W., & Veit, H. (2008).
Timing of the late Quaternary glaciation in the Andes from ∼15 to
40° S. Journal of Quaternary Science, 23, 635–6 47.
Zemlak, T. S., Habit, E. M., Walde, S. J., Battini, M. A., Adams, E. D., &
Ruzzante, D. E. (2008). Across the southern Andes on fin: Glacial
refugia, drainage reversals and a secondary contact zone revealed
by the phylogeographical signal of Galaxias platei in Patagonia.
Molecular Ecology, 17(23), 5049–5061.
Zemlak, T. S., Habit, E. M., Walde, S. J., Carrea, C., & Ruzzante, D. E. (2010).
Surviving historical Patagonian landscapes and climate: Molecular
insights from Galaxias maculatus. BMC Evolutionary Biology, 10(1),
67. https://doi.org/10.1186/1471-2148-10-67
Zhivotovsky, L. A. (2001). Estimating divergence time with the use of
microsatellite genetic distances: impacts of population growth and
gene flow. Molecular Biology and Evolution, 18(5), 700–709. https://
doi.org/10.1093/oxfordjournals.molbev.a003852

|

WEINBERGER et al.

19

B I O S K E TC H

S U P P O R T I N G I N FO R M AT I O N

Constanza S. Weinberger was a PhD student developing con-

Additional supporting information may be found in the online ver-

servation research on marine mammals, specifically investigat-

sion of the article at the publisher’s website.

ing the effects of hunting and competition with fishermen on
the resilience of the South American sea lion. Her thesis was co-
supervised by Pablo A. Marquet, who is a theoretical ecologist
and macro-ecologist, and Sylvain Faugeron, who is an evolutionary ecologist of marine species. Juliana A. Vianna is a specialist in
conservation genetics of marine mammals and birds. As a team,
the authors aim at integrating temporal and special scales of the
processes affecting biodiversity and resilience of marine species.

How to cite this article: Weinberger, C. S., Vianna, J. A.,
Faugeron, S., & Marquet, P. A. (2021). Inferring the impact of
past climate changes and hunting on the South American sea
lion. Diversity and Distributions, 00, 1–19. https://doi.
org/10.1111/ddi.13421

