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Abstract

While terrestrial megafaunal extinctions have been well characterized worldwide, our

understanding of declines in marine megafauna remains limited. Here, we use ancient

DNA analyses of prehistoric (<1450–1650 AD) sea lion specimens from New Zealand’s

isolated Chatham Islands to assess the demographic impacts of human settlement.

These data suggest there was a large population of sea lions, unique to the Chatham

Islands, at the time of Polynesian settlement. This distinct mitochondrial lineage

became rapidly extinct within 200 years due to overhunting, paralleling the extirpation

of a similarly large endemic mainland population. Whole mitogenomic analyses con-

firm substantial intraspecific diversity among prehistoric lineages. Demographic mod-

els suggest that even low harvest rates would likely have driven rapid extinction of

these lineages. This study indicates that surviving Phocarctos populations are rem-

nants of a once diverse and widespread sea lion assemblage, highlighting dramatic

human impacts on endemic marine biodiversity. Our findings also suggest that Pho-
carctos bycatch in commercial fisheries may contribute to the ongoing population

decline.
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Introduction

Late Quaternary terrestrial megafaunal extinctions have

been well studied worldwide, whereas marine megafau-

nal declines remain relatively poorly characterized. In

addition, the causes of such biological impacts are often

contentious, with both ‘anthropogenic overkill’ and ‘cli-

mate driven extinction’ hypotheses receiving broad sup-

port (Stuart 2014). Despite the relatively limited

understanding of prehistoric impacts on coastal assem-

blages, a growing body of ancient DNA (aDNA) evi-

dence (Boessenkool et al. 2009; De Bruyn et al. 2009;

Rawlence et al. 2015a,b) suggests that many large, dis-

tinctive marine vertebrate species have, like their terres-

trial counterparts, experienced major declines and

extirpations.
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Isolated Pacific islands were colonized by humans

only in recent millennia and provide valuable opportu-

nities to assess anthropogenic impacts on endemic

coastal biotas. The New Zealand (NZ) region in particu-

lar provides a unique system to assess such human

impacts, as it has a well-preserved archaeological record

(Worthy & Holdaway 2002). As the world’s last major

land mass to be colonized by humans (around

700 years ago) (Wilmshurst et al. 2008; Wilmshusrst

et al. 2011), NZ presents a particularly strong system for

assessing recent human impacts that are decoupled

from major (e.g. glacial–interglacial) climatic shifts

(Wanner et al. 2008).

Although Phocarctos sea lions are now restricted to

southern NZ and its subantarctic islands, their remains

are abundant in NZ’s early prehistoric record, indicat-

ing a broad geographical distribution at the time of

human settlement (McFadgen 1989; Smith 1989; Collins

et al. 2014a,b). Furthermore, recent aDNA analyses of

prehistoric mainland NZ specimens show that NZ’s

mainland was formerly occupied by a widespread

endemic lineage (Phocarctos hookeri ‘NZ’; Collins et al.

2014b). Within a few hundred years of human

settlement, however, this distinctive lineage was extinct

and subsequently replaced by a previously subantarc-

tic-limited lineage (P. hookeri ‘subantarctic’) (Collins

et al. 2014a; Fig. 1).

The Chatham Islands are located 650 km east of

mainland NZ (Fig. 1). This archipelago was colonized

by East Polynesians no earlier than the 13th century

AD, although the exact chronology of settlement

remains unresolved and reliable evidence for human

occupation derives only from 1450 AD onwards (Wilm-

shusrst et al. 2011; Maxwell 2014; Maxwell & Smith

2015). Pinnipeds, including sea lions and fur seals, are

abundant in prehuman (<1450 AD) and early prehis-

toric (ca. 1450–1650 AD) Chatham Islands deposits, but

are rare or absent in later sites (>1650 AD; McFadgen

1989; Maxwell 2014; Maxwell & Smith 2015; Fig. 1).

Polynesian settlers of the Chatham Islands initially

relied heavily on marine megafauna (ca. 50% of the

diet), until these food sources apparently declined and/

or went extinct (Maxwell 2014). The local diet then tran-

sitioned to one of mixed marine and terrestrial based

resources (Maxwell 2014; Maxwell & Smith 2015). This

timeline and transition closely parallel a prehistoric

Fig. 1 (A) Distribution of Phocarctos sea lions at the time of earliest Polynesian settlement (ca. 1280 AD). † represents extinct lineages.

The subantarctic lineage subsequently colonized mainland New Zealand in 1992, after the extinction of the New Zealand lineage.

The prehistoric distribution of each lineage is shown in red (NZ), blue (subantarctic) and yellow (Chatham Islands). (B) Location of

Chatham Islands Phocarctos remains analysed in this study. Each yellow dot represents a prehuman or early prehistoric (1450–1650
AD) site containing sea lions.
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faunal transition inferred for mainland NZ (Smith 2011;

Rawlence et al. 2015b). Pinniped remains are also pre-

sent at a more recent (historic; c.1791–1834 AD) Cha-

tham Island sealing site (Point Durham, CHC; ca. 1800–
1830 AD; Fig. 1), although their affinities are unclear

(Maxwell 2014; Maxwell & Smith 2015).

Here, we use aDNA analysis and demographic mod-

elling to elucidate the prehistoric demography of Cha-

tham Islands sea lions in comparison with populations

on mainland NZ and the subantarctic and test for

human-mediated extirpation events in this isolated

archipelago. Based on these data, we infer rapid, whole-

sale extinction of the unique Chatham Islands sea lion

within 200 years of human settlement due to low but

sustained harvest rates. This study highlights the dra-

matic impacts even small human population densities

can have on marine biodiversity.

Materials and methods

Source and age of specimens

Numerous Phocarctos specimens have been identified

from prehuman and early prehistoric deposits across the

NZ region (Smith 1989, 2011; Anderson 2005; Collins

et al. 2014a,b). However, sea lion remains are much rarer

in later deposits (Smith 2011). Collins et al. (2014b)

obtained DNA sequences of 35 ‘NZ’ specimens from

across the prehuman (<1280 AD) and early prehistoric

(1280–1450 AD) range of Phocarctos (see Table S1, Sup-

porting information for specimen ages). For Phocarctos

hookeri ‘subantarctic’, Collins et al. (2014b) obtained

sequences from 61 specimens from across the modern

(Auckland and Campbell Islands, mainland NZ) and

prehistoric (Auckland Islands, 1280–1450 AD) range (see

Table S1, Supporting information for specimen ages). In

the current study, we expand the Phocarctos data set

through whole mitogenome sequencing (n = 3; samples

in Table S1, Supporting information) and by analysing 27

new sea lion D-loop sequences (189 bp) of individuals

from the Chatham Islands (out of 70 specimens

attempted). Our study focuses on the prehistoric demog-

raphy of Chatham Islands sea lions and how this com-

pares to mainland NZ and subantarctic populations.

Pinniped remains from prehuman (<1450 AD), early

prehistoric (ca. 1450–1650 AD) and historic (1791–1830
AD) sites on the Chatham Islands (n = 70) were obtained

from museum collections (Fig. 1; Table S1, Supporting

information). Equivalent remains are apparently absent

from late prehistoric sites on the Chatham Islands

(McFadgen 1989; Maxwell 2014; Maxwell & Smith 2015).

Specimen ages were inferred by their association with

well-dated prehuman and early prehistoric remains

(Fig. 1), or from associated material culture and faunal

assemblage being consistent with early prehistoric age

(e.g. Cape Pattisson, Tupuangi Beach; Fig. 1; McFadgen

1989; Maxwell 2014; Maxwell & Smith 2015). While these

latter archaeological sites can be classified as ‘early pre-

historic’, they may also contain prehuman remains up to

6000 years old (e.g. Millener 1999). Historical specimens

are from well-dated historic sites (ca. 1791–1834 AD;

Maxwell & Smith 2015). To ensure independence of

samples, only common elements of the left or right ori-

entation (e.g. left femora only at a given site) were sam-

pled from an individual deposit, or bones were sampled

from different stratigraphic units within a site (e.g. lay-

ers, squares). Specimens were sampled from sites that

have previously yielded aDNA (e.g. Mitchel et al. 2014;

Rawlence et al. 2014; Wood et al. 2014). In instances

where morphological and genetic identifications of pin-

niped bones conflicted, morphological re-analysis of

specimens was conducted using comparative collections

in the Museum of New Zealand Te Papa Tongarewa,

Canterbury Museum and Otago Museum.

Ancient DNA extraction, amplification and sequencing

Ancient DNA extractions and PCR set-up were carried

out in a purpose-built aDNA laboratory physically iso-

lated from other molecular laboratories (Knapp et al.

2012a). Strict aDNA procedures were followed to mini-

mize contamination of samples with exogenous DNA

and to authenticate aDNA sequences (Knapp et al.

2012a) including the use of negative extraction (i.e. no

sample) and PCR (i.e. no template DNA) controls. No

Chatham Island sea lion specimens had been analysed

in the laboratory prior to this study. DNA was

extracted following Rohland et al. (2010) and up to

189 bp of mtDNA D-loop was amplified and sequenced

in two small overlapping fragments following Collins

et al. (2014b).

The short D-loop region was independently amplified

at least twice from each aDNA extract, and the resulting

amplicons sequenced bidirectionally from independent

PCR products. When singletons, or an inconsistency

between sequences from an individual, were observed,

likely due to post-mortem DNA damage (G-A and C-T

transitions), additional PCRs and bidirectional sequenc-

ing were conducted, and a majority-rule consensus was

applied to the independent replicates (Brotherton et al.

2007).

Phylogenetic analysis of D-loop sequences

Phocarctos D-loop sequences were recovered from 27

Chatham Islands individuals (43 out of 70 individuals

initially sampled did not produce amplifiable DNA or

were misidentified fur seals; Table S1, Supporting

© 2016 John Wiley & Sons Ltd
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information). Of these 27, 26 were prehuman (<1450
AD) to early prehistoric (1450–1650 AD) in age and one

historic (1791–1834 AD) (Fig. 1; Table S1, Supporting

information). Contiguous sequences (GenBank Acces-

sion nos. KX271755-KX271781) were constructed using

Sequencher (Gene Codes) from high-quality sequence

reads and aligned in MEGA 4.0 (Kumar et al. 2004) with

published Phocarctos sequences (Collins et al. 2014b)

representing the geographical and temporal ranges of

the extinct ‘NZ’ (<1450 AD) and ‘subantarctic’ lineages.

This data set included 35 ‘NZ’ sequences representing

14 haplotypes (KJ588766-KJ588778, KX388142); and 61

‘subantarctic’ sequences (comprising ancient Auckland

Islands, modern Auckland and Campbell Islands and

recently recolonized NZ mainland specimens) repre-

senting three haplotypes (KJ648152-KJ648154). The

South American sea lion (Otaria byronia; HM467643),

New Zealand fur seal (Arctocephalus forsteri; NC004023)

and Australian sea lion (Neophoca cinerea; NC_008419)

were used as out-groups, resulting in a 126-specimen

data set.

As is typical when using aDNA, our data contained

some partial (i.e. missing sequence data) D-loop

sequences (12/27 specimens). These sequences were

conservatively assigned to haplotypes based on compar-

ison with full-length 189-bp D-loop sequences of all

three Phocarctos lineages (a total of 29 haplotypes were

included, including the three out-groups). The partial

sequences share unique mutations consistent with them

being part of the Chatham Islands clade and not the

NZ or subantarctic clades (i.e. no mutations unique to

the NZ or subantarctic clades were found in the partial

sequences from the Chatham Islands). Following repli-

cated amplifications, only one ambiguous site (R, likely

representing post-mortem DNA damage, in NRO1004

Chatham Island) remained. These data imply that DNA

damage is unlikely to contribute substantially to

mtDNA haplotype diversity estimates for prehistoric

specimens. By themselves, these ambiguous sites were

not considered to represent new haplotypes but were

instead assigned conservatively to existing haplotypes.

Phylogenetic analysis to establish the relationship

between the three sea lion lineages and haplotypes

herein was performed on the 29 exemplar haplotype

data set (Fig. S1, Supporting information) using BEAST

v1.8 (Drummond et al. 2012). The most appropriate

model of nucleotide substitution was HKY+I+G (using

the Akaike information criterion of MODELTEST 3.7;

Posada & Crandall 1998). Bayesian analysis was per-

formed using a Yule process speciation prior (Yule

1925; Gernhard 2008). Bayes factor (BF) comparison of

the likelihood (1000 bootstrap replicates) for Yule vs.

birth–death (Gernhard 2008) speciation priors indicated

strong but not decisive support for the more complex

model (Yule BF 0.015; birth–death BF 66.80; Newton &

Raftery 1994; Kass & Raftery 1995; Suchard et al. 2001).

However, as the general topology of both trees was the

same, the less complex model is presented (Fig. S1,

Supporting information). For each prior, three indepen-

dent runs were conducted, each consisting of 50 million

MCMC generations, sampling tree parameters every

1000 generations, with a burn-in of 25%. Analysis of

phylogenetic convergence was assessed in TRACER v1.5,

and results visualized in FIGTREE v1.4.2 (http://

tree.bio.ed.ac.uk/software/figtree/).

To examine temporal population continuity of the

three sea lion lineages, Phocarctos sequences were visual-

ized as a heterochronous parsimony network using

Tempnet (Prost & Anderson 2011; Fig. 2). Partial

sequences were conservatively binned to matching full-

length (189 bp) haplotypes, as TempNet overestimates

haplotype diversity in the presence of missing or

ambiguous data. The out-group sequences and the his-

toric vagrant P. hookeri ‘subantarctic’ individual from the

Chatham Islands (PhoCHI1, Chatham Island) were

excluded from the TempNet, resulting in a 122-specimen

data set. Sequences were divided into three time bins

(representing extinction times) based on direct or associ-

ated radiocarbon dates, or material culture and/or fau-

nal assemblage from the same site/layer consistent with

a given prehistoric period (see Source and age of speci-

mens; Table S1, Supporting information): <1450 AD (an-

cient P. hookeri ‘subantarctic’ from Auckland Islands;

P. hookeri ‘NZ’); <1650 AD (P. hookeri ‘Chatham Islands’);

and modern (P. hookeri ‘subantarctic’ from the Auckland

and Campbell Islands, and mainland NZ). Haplotype

diversity (H) was calculated using R package pegas.

Whole mitogenome sequencing

Whole mitogenome sequencing was used to calculate

genetic divergences among Chatham Island, mainland

NZ and subantarctic Phocarctos lineages and other pin-

niped taxa. One ‘mainland NZ’ (GenBank Accession no.

KX388143-KX388144) and one ‘Chatham Island’ individ-

ual were sequenced and compared with a published

‘subantarctic’ mitogenome (GenBank Accession no.

NC_008418). Double-stranded sequencing libraries were

prepared directly from aDNA extracts following Orton

et al. (2013). Hybridization capture, following Maricic

et al. (2010), was used to target the mitogenome for

sequencing. Baits were constructed using modern

P. hookeri ‘subantarctic’ DNA. See Supporting informa-

tion for full methodology of sequencing library prepara-

tion. Enriched libraries were sequenced on the Ion

Torrent PGM platform, using a 316 chip. The resulting

reads were mapped to the modern P. hookeri ‘subantarc-

tic’ mitogenome, with BOWTIE 2.1.0 (Langmead &

© 2016 John Wiley & Sons Ltd
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Salzberg 2012) using the -n alignment mode and allow-

ing for two mismatches, as is typical for aDNA. Addi-

tionally, MAPDAMAGE 2.0 (Ginolhac et al. 2011) was used

to lower the quality score of likely damaged aDNA

reads, using the ‘-rescale’ option, and confirm that the

reads displayed characteristic aDNA damage patterns.

See Supporting information for full details of bioinfor-

matic processing and sequence analysis. Phocarctos and

published pinniped mitogenomes (Arnason et al. 2006)

were aligned, and phylogenetic analyses were per-

formed using BEAST 2.1.3, with a Yule process speciation

prior (Yule 1925; Gernhard 2008) and the GTR+I+G
model of nucleotide substitution (Fig. 3). See Support-

ing information for full methodology of mitogenome

phylogenetic analyses.

BayeSSC and individual-based modelling of
anthropogenic mortality

Bayesian Serial SimCoal (BayeSSC; Excoffier et al. 2000;

Anderson et al. 2005) was used to model the effective

population size (Ne) of P. hookeri ‘Chatham Islands’ rel-

ative to the extinct ‘mainland NZ’ and ‘subantarctic’ lin-

eages at the time of human arrival (1280 AD for the

subantarctic and mainland NZ lineage, and 1450 AD

for the Chatham Island lineage). Each of the three pop-

ulations was modelled as having a constant effective

size after splitting from an ancestral population of con-

stant size. All the population size priors were broad

and uninformative (log-uniform from 100 to 1 000 000),

as were the split times (log-uniform from the age of the

oldest specimen to 1 000 000 years before present) to

prevent biasing of the results. The mutation rate was

also allowed to vary from 1 to 25% substitutions/site/

million years. Due to uncertainty about the age of the

Chatham Island individuals, five variations of this

model were analysed where the tips ages were (i)

500 years BP, (ii) 3000 years BP, (iii) 6000 years BP or

evenly spread from (iv) 500 to 3000 years BP, or (v) 500

to 6000 years BP. For full details, see supporting infor-

mation (Table S2; Fig. S2, Supporting information). The

short region of D-loop sequenced did not provide suffi-

cient power to perform a Bayesian skyline analysis

(Drummond et al. 2005) or equivalent demographic

modelling in BAYESSC (data not shown), as both Tajima’s

D and mismatch distributions were statistically indistin-

guishable from neutral.

The estimates of Ne derived above allowed the calcu-

lation of census population size (Nc). The Ne:Nc ratio is

a species-specific estimate of 0.14 (based off nuclear

microsatellite data; Robertson 2015a), multiplied by two

to include both males and females. This estimate of 0.14

is similar to that observed in other mammalian species

(Frankham 1995) and likely conservative for otariids.

The polygynous mating system of sea lions causes rela-

tively few males to contribute genetically in each gener-

ation, driving the Ne:Nc ratio lower for nuclear genes,

but not the mtDNA D-loop used in this study. Esti-

mates of Nc should be treated as upper estimates, with

resulting anthropogenic mortality rates lower than those

reported sufficient to cause lineage extinction.

These census estimates were then used in a demo-

graphic individual-based model (IBM) to determine the

amount of anthropogenic mortality likely to lead to

extirpation within 200 years. Sea lion populations are

modelled as a two-sex, 23-age pyramid with a corre-

sponding Leslie matrix, given a 250-year burn-in period

to reach stability, and are then subjected to 1000 ran-

domly selected levels of mortality/human/year. Demo-

graphic stochasticity is included by having sex assigned

randomly at birth, and harvest stochasticity is included

by allowing the actual number of kills each year to vary

around the randomly selected average. This database of

1000 population trajectories is then used to determine

the level of anthropogenic mortality needed to cause

Fig. 2 Temporal network reconstruction of Phocarctos sea lion

mtDNA D-loop sequences. Haplotypes are represented by cir-

cles. Circle size is proportional to haplotype frequency (indi-

cated for common haplotypes). White circles are haplotypes

not found within a given extinction period. Black circles repre-

sent undetected intermediate haplotypes. Shared haplotypes

are connected by vertical dashed lines. Lineage colouring: Blue,

subantarctic; red, mainland NZ; yellow, Chatham Islands.

H = haplotype diversity; Ne = effective population size;

Nc = census population size. The yellow-dashed Chatham

Island haplotypes in the <1450 AD extinction period represent

the uncertainty in the dating of these specimens.

© 2016 John Wiley & Sons Ltd
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the extinction of each Phocarctos lineage (i.e. the number

of individuals harvested/year to give a 5, 50 and 95%

probability of extinction within 200 years). A similar

process was used to establish the risk of extinction to

the modern subantarctic population based on the cur-

rent population size estimate of 9880 individuals, based

on pup counts (Geschke & Chilvers 2009). This custom

built IBM model is fully described in Supporting infor-

mation.

Results

Ancient DNA and phylogenetic analysis

Phocarctos D-loop sequences were recovered from 27 of

the 70 Chatham Islands pinniped specimens, sourced

from 10 prehuman (<1450 AD) and early prehistoric

sampling localities (1450–1650 AD; Figs 1 and 2). The

other 43 specimens were either attributable to Arcto-

cephalus or did not produce amplifiable DNA (Table S1,

Supporting information). All but one of the 27 Phocarc-

tos sequences clustered together in a unique Chatham

Islands haplogroup (0.94 Posterior Probability; PP) con-

taining nine haplotypes, sister to Phocarctos hookeri ‘sub-

antarctic’ (1.00 PP; three haplotypes) and extinct

mainland ‘P. hookeri NZ’ (0.77 PP; 14 haplotypes) sister

lineages (Figs 2 and S1, Supporting information). The

remaining Chathams Phocarctos sequence, from a

historic (1791–1834 AD) whole skeleton (PhoCHI1)

assumed to be a recent ‘subantarctic’ vagrant (as no res-

ident Phocarctos have been historically recorded on the

Chatham Islands; Maxwell 2014; Maxwell & Smith

2015), clustered with P. hookeri ‘subantarctic’ (haplotype

SA2; Fig. S1, Supporting information).

Phylogenetic reconstructions based on Phocarctos

whole mitogenome data similarly supported a sister

relationship between mainland NZ and subantarctic lin-

eages (PP = 0.99, Fig. 3), relative to the more divergent

Chatham Island lineage. Mitogenomic divergences

within Phocarctos (0.4–0.7%) are within the order of

magnitude of previously reported intraspecific values of

other pinniped taxa (within Phoca sibirica and Phoca vit-

ulina; 0.16–0.34%) but substantially smaller than inter-

specific values for pinniped sister taxa (P. sibirica, Phoca

caspica; P. vitulina, Phoca largha; 2.2–2.7%).

Demographic and mortality modelling

The recovery of Phocarctos mtDNA from several Cha-

tham Island archaeological specimens (Fig. 1) confirms

that this endemic Chatham Island lineage was har-

vested by humans (Sutton 1980; McFadgen 1989; Max-

well 2014; Maxwell & Smith 2015) during the early

prehistoric period (1450–1650 AD). This archaeological

material includes a broad ontogenetic range of speci-

mens, suggesting sea lion hunting was not targeted to

Fig. 3 Bayesian maximum clade credibil-

ity tree of published pinniped mtDNA

sequences and ancient ‘mainland’ and

‘Chatham Islands’ Phocarctos hookeri (this

study), constructed from 12 mitochon-

drial genome coding regions (Table S6,

Supporting information), constructed

using BEAST. The published extant ‘sub-

antarctic’ P. hookeri and the ancient

‘mainland’ and ‘Chatham Islands’

P. hookeri mitochondrial lineages are

highlighted in the grey box. For Phoca

vitulina, B: Baltic Sea; I: Iceland. For Phoca

sibrica, S: Sweden, I: Iceland. All posterior

probabilities were >0.99.

© 2016 John Wiley & Sons Ltd
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any particular size class (or presumably sex). While sea

lions were previously reported from the younger (his-

toric) Point Durham (CHC) site (Smith 1977), our

genetic and morphological re-analyses indicated that

these remains were from Arctocephalus rather than Pho-

carctos (data not shown).

BayeSSC modelling suggests a mean female effective

population size Ne (averaged across the thirty MLE esti-

mates of the five models, two mutation structures and

three summary statistics) of 3370 individuals (census

population size Nc = 48 150) for the Chatham Islands,

compared with 3800 (54 300) for mainland NZ and 2740

(39 100) for the subantarctic (Fig. 2; Tables S2–S3, Sup-
porting information) compared to the estimated con-

temporary subantarctic population size of ca. 9880,

based on pup counts (Geschke & Chilvers 2009). These

estimates suggest the historical subantarctic presealing

population size was about four times larger than the

current estimate of 9880 individuals.

IBM modelling of the level of harvest required for a

95% probability of extinction within 200 years was 1.05

sea lions/human/year for the prehistoric mainland NZ

lineage (Figs 4 and S5; Table S3, Supporting informa-

tion). Making the conservative assumption that the Cha-

tham Island human population grew to 2000 individuals

within 200 years of colonization (Maxwell 2014), 0.97 sea

lions/human/year would be sufficient to eliminate the

lineage with 95% probability, while a human population

of 6000 (Maxwell 2014) would require harvest of only

0.325 sea lions/human/year (Figs 4 and S5; Table S3,

Supporting information). Anthropogenic mortality esti-

mates for the prehistoric subantarctic lineage (at mod-

elled equilibrium contra. declining modern population;

Chilvers & MacKenzie 2010) ranged from 0.816 sea

lions/human/year to 0.736 sea lions/human/year and

0.267 sea lions/human/year, when the human popula-

tion was modelled using the conservative Chatham

Island, NZ, and realistic Chatham Island trajectories,

respectively (Figs 4 and S5; Table S3, Supporting infor-

mation). Put simply, a hunting rate greater than one sea

lion/human/year made extinction likely in all sea lion

populations under all human population growth scenar-

ios. The same modelling approach on the declining mod-

ern subantarctic population of 9880 sea lions, based off

pup counts (Geschke & Chilvers 2009), suggests a 95%

probability of extinction in <50 years if 410 sea lions or

more are killed annually (Fig. 5; Table S3, Supporting

information).

Discussion

Phylogeographic analyses and Bayesian modelling of

prehistoric specimens indicate that, at the time of

human settlement, the Chatham Islands supported a

large, genetically distinct population of Phocarctos sea

lions. The sudden extinction of this endemic lineage is

apparently attributable to hunting, along with other

anthropogenic impacts (Sutton 1980; McFadgen 1989;

Maxwell & Smith 2015). Given that the divergent Cha-

tham Islands lineage likely persisted in situ through

recent glacial–interglacial transitions, relatively minor

climatic changes during recent centuries are unlikely to

have contributed substantially to its extirpation (Allen

2012). This apparently rapid human-mediated extirpa-

tion event presents a close parallel to the previously

reported mainland NZ Phocarctos extirpation (Collins

et al. 2014b). Together these findings highlight that

extant sea lion populations retain only a fraction of the

genus’ substantial prehistoric mitochondrial genetic

diversity. Whole mitogenomic analyses confirm the

divergent phylogenetic placement of the Chatham

Island lineage relative to mainland NZ and subantarctic

Phocarctos. The genetic distance between the Phocarctos

mitochondrial lineages may be greater than the genetic

distance between Phocarctos populations when nuclear

regions of the genome are assessed as Phocarctos sea

lions display female philopatry (Chilvers & Wilkinson

2008), while males, in contrast, are frequently observed

to move between breeding areas (Robertson et al. 2006).

Future studies should further assess the genomewide

diversity (and taxonomic status) of these extinct Pho-

carctos lineages.

Recent research suggests sea lions were likely extinct

on the Chatham Islands by 1650 AD, within a few cen-

turies of human contact (Figs 1 and 2; McFadgen 1989;

Maxwell 2014; Maxwell & Smith 2015; this study).

Indeed, archaeological data from early prehistoric sites

suggest that sea lions and fur seals together were a

dominant dietary energy source for Polynesians, with

estimates as high as ca. 15–40% and 50% for Phocarctos

in NZ and the Chatham Islands, respectively (Smith

2011; Maxwell 2014). These percentages are broadly

congruent with our simulations. Contemporary hunter-

gatherer societies acquire ca. 19–40% of their energy

from protein (Cordian et al. 2000), which is equivalent

to approximately 45 kg of protein/year for an adult

averaging an intake of 2000 calories/day. An adult sea

lion contains approximately 30 kg of protein (Trites &

Jonker 2000; Correa et al. 2014), implying that if Polyne-

sians obtained ca. 50% of their protein intake from sea

lions, the harvest rate would need to be ca. 0.67 sea

lions/human/year. This value is within the range of

simulated harvest rates likely to lead to sea lion extinc-

tion in all modelled scenarios (Table S3, Supporting

information; Fig. 4). This finding provides additional

evidence for rapid anthropogenic overkill of large verte-

brate populations by small resident human populations

(e.g. Holdaway et al. 2014; Perry et al. 2014).
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The Chatham Islands sea lion population was likely

concentrated along soft shorelines similar to the sandy

beaches where breeding colonies are found today. Such

habitats are also favoured by humans, which may help

to explain their rapid demise (Smith 1977; Sutton 1980).

Our demographic modelling indicates that even low

levels of persistent harvesting would have driven the

inevitable extinction of this large, low-fecundity species,

paralleling numerous megafaunal extinctions (Boessen-

kool et al. 2009; Stuart 2014; Perry et al. 2014; Rawlence

et al. 2015b). A more refined estimate of sea lion extinc-

tion time is not presently possible due to the broad Pho-

carctos foraging range (Robertson et al. 2006)

encompassing different oceanic 14C pools of varying

ages. This results in wide marine reservoir corrections

(69 � 14 to 244 � 40 years BP) for radiocarbon dates on

Fig. 4 The combined population trajectories of 1000 population simulations. Given various scenarios of human population growth

(A), each Phocarctos population was simulated for 200 years postcontact at an average number of sea lions harvested/human/year.

Even in the absence of other causes of mortality, extinction within 200 years was likely at kill rates higher than one sea lion/human/

year in all three populations under all human growth scenarios: Chatham Islands (B), New Zealand (C) and subantarctic (D). For

additional scenarios, see Fig. S5 (Supporting information).
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marine mammal bones from the Chatham Islands

(Petchey et al. 2008).

The modelled mortality estimates should be treated

as a minimum estimate, as human population size

would likely have increased exponentially following

colonization (from an estimated founding population

size of ca. 400 and ca. 50 individuals for NZ and the

Chatham Islands, respectively; Whyte et al. 2005; Knapp

et al. 2012b; Maxwell 2014), requiring a substantially

greater harvesting level of Phocarctos populations due to

the high reliance on sea lions for protein (Smith 2011;

Maxwell 2014). Additionally, in many cases, a single

female kill would have resulted in an additional 1–2
deaths if pregnancies and dependant pups are taken

into account.

Overall, this study highlights the rapid extinction of

previously diverse and abundant marine megafaunal

lineages, indicating dramatic anthropogenic biodiversity

losses in coastal ecosystems. Demographic and mortal-

ity modelling suggests that sea lion populations can

withstand only low levels of hunting and/or mortality

(ca. 1–2% of total population; see review by Brook et al.

2013), with extinction all but guaranteed if this level is

exceeded. Modelling approaches such as used in this

study have the potential to predict tipping points in

advance (Scheffer et al. 2009; Scheffer 2010). These find-

ings also have implications for conservation manage-

ment of the remaining sea lion populations (Phocarctos

hookeri ‘subantarctic’ on mainland NZ, Auckland and

Campbell Islands). Phocarctos sea lions are listed as ‘en-

dangered’ by the IUCN Red List (Chilvers 2015) and

are in decline on the subantarctic Auckland Islands

(50% decline in pup production since 1998), with fish-

eries bycatch and resource competition due to commer-

cial fisheries as likely drivers (Robertson & Chilvers

2011). Current estimates of anthropogenic mortality

based on bycatch and fisheries interaction data, and

allowed bycatch limits (1993–2013: average 81 sea lion

deaths/year; range: 63–150/year; Robertson & Chilvers

2011; AEBAR 2014; Robertson 2015a,b), are up to 15–
37% of our modelled annual mortality (410 sea lions/

year) required to cause lineage extinction in <50 years

(not accounting for other causes of mortality, e.g. preda-

tion, disease, old age; Fig. 5). The actual percentage of

annual mortality made up by bycatch may be as high at

30–74%, given recent reports that up to half the

instances of bycatch go unreported (Meyer and Robert-

son, unpublished data). As suggested by other studies

(e.g. Robertson & Chilvers 2011; Meyer et al. 2015; but

see Roberts & Doonan 2014), our tests for human-

mediated extirpation have highlighted that current

levels of anthropogenic mortality on remaining Phocarc-

tos populations have important implications for species

persistence.
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