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Abstract

On Hokkaido, Japan, the Ezo wolf (Canis lupus hattai), an apex predator, became extinct at
the end of the 19th century owing to human activities. Top predators often have an important
role in their ecosystems, yet we have no scientific information on the feeding habits of the
Ezo wolf. We performed carbon and nitrogen stable isotope analysis and radiocarbon dating
of specimens of the wolf (n = 7) and its prey species and estimated the components of the
wolves’ diet using an isotope mixing model. Radiocarbon dating suggested that most of the
wolves examined came from different populations or generations. The mean stable isotope
ratios of the wolves were —19.5 %o (£ 1.9 %o SD) for §*3C and 8.7 %o (£ 2.6 %o SD) for 5*°N.
The discrimination-corrected isotopic ratios of five of the seven wolves were almost the same
as those of Sika deer at the same sites. In contrast, those of two wolves had clearly higher
isotopic values than those of deer, suggesting that these wolves depended partly on marine
prey such as salmon and marine mammals. Thus, Ezo wolves had similar ecological roles to
Canadian grey wolves, and were a second subspecies shown to have fed on a marine diet, in

addition to the “coastal wolves” of British Columbia.

Key words: dietary reconstruction, extinct mammal, Canis lupus, stable isotope, marine prey
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Introduction

Wolf species are distributed widely in the Northern Hemisphere and are typical apex
predators in terrestrial ecosystems. Wolves feed primarily on terrestrial mammals such as
ungulates and rodents (e.g., Ciucci, Tosoni & Boitani 2004, Morehouse & Boyce 2011).
However, recent studies show that grey wolves on the central coast of British Columbia,
Canada, uniquely depend heavily on marine prey. Unlike interior populations, these “coastal
wolves” (Darimont, Reimchen & Paquet 2003) have a distinct genetic structure and distinct
feeding habits (Stronen et al. 2014). The recognition of these coastal wolves is an important
key to understanding drivers of genetic differentiation among neighbouring populations.

Hokkaido, at the northern end of Japan, was inhabited by a subspecies of grey wolf, the
Ezo wolf (Canis lupus hattai), until the end of the 19th century, when it became extinct owing
to human activities (Inukai 1982). This was the first human-caused extinction of a mammal
species in Japan. Because Ezo wolves disappeared before their ecology could be investigated,
there is almost no information about their past ecological roles. In particular, their feeding
habits are important for understanding their ecological roles. Umeki (2016) found no
scientific information about their feeding habits in the literature. As Hokkaido is similar to
Canada in both environmental conditions and fauna, various marine animals, such as
anadromous salmon species (Oncorhynchus spp.) and the carcasses of marine mammals,
could have been prey items for Ezo wolves, as they are in Canada. Therefore, if Ezo wolves
fed on marine animals as well as terrestrial ones, we might detect such a diet by stable isotope
analysis of their bones (e.g. Hilderbrand et al. 1996, Matsubayashi et al. 2015).

Here, we aimed at reconstructing the feeding habits of Ezo wolves by using stable isotope
analysis of bone collagen. Ezo wolves and domestic dogs in Hokkaido are distinguishable by
their skeletal size (Ishiguro et al. 2010). Bones excavated from archaeological sites in

Hokkaido have been identified by archaeologists and reported. Few bone fragments of the
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Ezo wolf have been excavated, but we searched for as many as we could find in the
archaeological reports available at the Hokkaido Archaeological Operations Center, and
obtained samples. We measured radiocarbon values and stable carbon and nitrogen isotope
ratios in the bone collagen of the samples and compared the isotopic values with those of
potential prey species to reconstruct the wolves’ feeding habits and differences among
individuals. Investigating their feeding habits, particularly the potential consumption of a
marine diet, is the first step in understanding the ecological role of Ezo wolves in past

ecosystems.

Materials and methods

Study site

This study was conducted on Hokkaido, the northernmost island of Japan (Fig. 1). The

western half of the island is in the cool temperate zone and the eastern half is subarctic. Sika
deer are distributed across the island, mainly in the central and eastern areas (Yamamura et al.
2008). Chum salmon (Oncorhynchus keta) run from October to February in the western and
eastern areas, and pink salmon (Oncorhynchus gorbuscha) run from August to October in the

east.

Sample collection and stable isotope analysis

We collected bone fragments of wolves (n = 8) and their potential mammal prey species from
local museums (Fig. 1, Table 1), but we used bones of modern salmon (bought at the market

in eastern Hokkaido in 2012) because salmon bones are rarely excavated from archaeological
sites. All of the wolves used were confirmed as adults, because skeletons of adult wolves,

unlike those of young wolves, are distinguishable from those of domestic dogs.
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Samples of bone collagen were extracted according to the methods of Schoeninger &
DeNiro (1984), and their carbon and nitrogen stable isotope values were measured by mass
spectrometry. Stable isotope ratios are expressed in  notation in accordance with the
international standard scale, based on the following equation (Bond & Hobson 2012):

60X = (Rsample / Rstandard) — 1, (1)
where X is C or N; Rsample is the 1*C/*2C or °N/**N ratio of the sample; and Rstandard is that
of Vienna Pee Dee Belemnite for *C/*2C or of atmospheric nitrogen for °N/*N. The stable
isotope ratios were measured on a Delta XP mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) connected to a Flash EA 2000 elemental analyser (Thermo Fisher
Scientific) at the Research Institute for Humanity and Nature (Kyoto, Japan). The elemental
concentrations and isotope ratios of carbon and nitrogen were calibrated against alanine (6*3C
= —19.04 %o, 5*®N = 22.71 %) and glycine (6*3C = —34.92 %o, 5'°N = 2.18 %o) laboratory
standards (Tayasu et al. 2011), which are traceable back to the international standards. The
analytical standard deviations (SD) of these standards were 0.05 %o (6**C) and 0.11 %o (6*°N)

for alanine (n = 6) and 0.02 %o (6**C) and 0.05 %o (6'°N) for glycine (n = 6).

Correction of isotope values in modern salmon bone collagen samples

We corrected the stable isotope ratios of modern salmon for the expected changes in isotopic
values over time. Carbon stable isotope ratios show a historical decrease after 1860 due to
human consumption of fossil fuels (Suess effect). Ice-core studies (Francey et al. 1999,
Chamberlain et al. 2005) show that atmospheric 5*3C decreased by 0.05 %o per decade
between 1860 and 1960 and by 0.22 %o per decade since 1960 (Wiley et al. 2013). Therefore,
we increased the 6'3C of the modern salmon by 1.60 %o.. The 6*°N value is also expected to
have changed historically owing to anthropogenic atmospheric nitrogen and biological

nitrogen fixation (the conversion of N2 gas to ammonium). For marine prey, the maximum
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change in 6*°N resulting from anthropogenic atmospheric nitrogen is 0.03 %o, and that
resulting from N fixation is 0.13 %o (Wiley et al. 2013). Therefore, we reduced the 6*°N of
modern salmon by 0.16 %.. We used these corrected isotopic values in the subsequent

statistical analyses.

Mixing model and statistical analyses

Prey items were initially categorized as terrestrial mammals, anadromous salmon, or marine
mammals. We used a K nearest-neighbour randomization test (Rosing, Ben-David & Barry
1988) to investigate whether the stable isotope ratios of the various food types differed
significantly from each other, and all diet items were isotopically segregated (Bonferroni
adjusted P < 0.01). Then we evaluated the proportional contribution of each food resource to
the wolves’ diet using Stable Isotope Analysis in R (SIAR), a Bayesian isotopic mixing model
available as an open-source R package (Parnell et al. 2010). The SIAR Markov chain Monte
Carlo algorithm was run for 1 000 000 iterations. The first 100 000 samples were discarded to
avoid the possibility of starting value effects. We also assigned elemental concentration
values of prey items (%C and %N in Table 1) to account for the differences in C and N
concentrations (Phillips & Koch 2002). Because different tissues incorporate isotopes at
different rates, we applied a correction factor for bone collagen to incorporate the isotopic
discrimination (Trophic Discrimination Factor: TDF) between predator and prey before
generating the model. On the basis of several published studies that described wolf—prey
isotopic TDF, we set an isotopic TDF of 1.1 %o + 0.2 %0 SD for 6*3C (Szepanski et al. 1999,
Bocherens & Drucker 2003, Fox-Dobbs 2007) and 3.9 %o + 1.1 %o SD for ¢*°N (Schwarcz &
Schoeninger 1991, Szepanski et al. 1999, Bocherens & Drucker 2003, Fox-Dobbs 2007). All

statistical analyses were conducted in R (R Core Team 2013).
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Radiocarbon dating

We used radiocarbon (**C) dating to determine the year of death of the ancient wolves, but
not of the modern wolves (HUB9880 and HUB9890B), for which accurate information is
recorded. We obtained enough collagen from two ancient wolves (TN1-01, WO-01) to
graphitize the carbon in it, but not for the other three (OPA-01, UEN-01 and YNG-01). For
UEN-01 and YNG-01, we used bone collagen of a deer (UEN-03 and YNG-02) which was
excavated with the wolf. The age of OPA-01 was determined from geological information at
the site (BBE 1997).

Collagen samples used for carbon and nitrogen stable isotope analysis were also used for
the radiocarbon analysis. Targets were graphitized at the Research Institute for Humanity and
Nature, and 1*C concentrations were measured by accelerator mass spectrometry at the
Institute of Accelerator Analysis Ltd (Kanagawa, Japan). *4C results are expressed as a
percentage of modern (1950) carbon, which is corrected for isotopic discrimination using the
5*3C values. The *C dates were calibrated against the IntCal13 calibration curve (Reimer et

al. 2013) in OxCal v. 4.2 software (Ramsey 2009).

Results

One of the wolf collagen samples (TKR-01; Table 1) showed a higher C/N ratio (8.9) than the
others, well outside the established range of pure bone collagen samples (2.9-3.6; DeNiro
1985), so its isotopic data were not used in further analyses. The mean stable isotope ratios of
the wolves were —19.5 %o £ 1.9 %o SD (range, —21.0 %o t0 —15.2 %) for ¢*3C and 8.7 %o +
2.6 %o SD (4.5 %0—13.7 %o) for 6*°N. The discrimination-corrected isotopic ratios of five of
the seven wolves were almost the same as those of Sika deer at the same sites (Fig. 2). In

contrast, those of YNG-01 and UEN-01 were higher than those of deer (Fig. 2). The results of



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

the mixing model analysis suggested that these two wolves ate some marine prey; however,
wide range of 95 % credible intervals showed that our model could not successfully dissect
the proportions of salmon and marine mammals (Table 2).

14C dating showed that the wolves TN1-01, WO-01, and YNG-01 and the deer UEN-03
died between 3961 and 3106 BC (Table 3). Archaeological records showed that OPA-01 died
between AD 1667 (the date of eruption of Mt Tarumae, in the volcanic ash layer of which the

remains were found) and AD 1913 (when the site was found) (BBE 1997).

Discussion

The results of radiocarbon dating suggested that most of the isotopic data were derived from
different wolf populations or generations and were not biased to particular populations,
although WO-01 and YNG-01 were not temporally isolated. Therefore, the variation in stable
isotope values of the wolves derives from both population-level and individual-level
differences in feeding habits. The ratios were clearly different from those of domestic dogs
(Fig. 2), so these animals were not large domestic dogs.

A recent genetic study of the Ezo wolf showed that its mitochondrial DNA was identical
to that of the Canadian grey wolf (Ishiguro et al. 2010). Canadian grey wolves show a variety
of feeding habits at both the population and individual levels. For instance, wolf populations
of coastal British Columbia have three different feeding habits: mainland wolves feed mostly
on terrestrial resources, Outer Islands subpopulations depend strongly on marine resources,
and Inner Islands subpopulations feed on both resources (Darimont et al. 2009). Our stable
isotope results showed that Ezo wolves likely had feeding habits that were similar to those of
the Inner Islands subpopulation in British Columbia, because both populations depend on
both marine and terrestrial prey.

Several dietary studies of ancient domestic dogs on Hokkaido showed that all of these
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dogs fed on marine prey provided by humans (Fig. 2; Naito et al. 2010, Tsutaya et al. 2014).
On the other hand, the 5*°N values of the wolves in this study were clearly distinct from that
of domestic dogs, suggesting that the wolves were not fed by humans. However, we cannot
exclude the possibility that UEN-01 and YNG-01 sometimes fed on marine prey provided by
humans. Further analysis to reconstruct the isotope chronology of individual mammals, such
as incremental stable isotope analysis in dentine (Beaumont et al. 2013), should help to
answer the question.

Although wolves can feed on carcasses of marine mammals (e.g. Darimont & Paquet
2002, Watts et al. 2010), grey wolves in Canada feed primarily on spawning salmon
(Darimont et al. 2004). Stable isotope analysis suggested that the Ezo wolves also ate more
salmon than marine mammals (Fig. 2). However, YNG-01 is likely to have fed on some
marine mammals (Table 2), which could have been available to some wolf populations on
Hokkaido. Consumption of marine organisms by terrestrial mammals is an important route of
transfer of marine-derived nutrients to terrestrial ecosystems (e.g. Hilderbrand et al. 1999,
Helfield & Naiman 2006). Thus, some wolf populations in coastal areas of Hokkaido could
have had a role in transporting marine-derived nutrients to terrestrial ecosystems, unless
humans were feeding them.

To date, the existence of wolves with a high dependence on marine prey has been
reported only on the North American coast (e.g. Szepanski et al. 1999, Darimont & Reimchen
2002, Darimont et al. 2009, Watts et al. 2010). Our data suggest that the Ezo wolf also fed on
a marine diet. The coastal wolves in British Columbia are considered an evolutionarily
significant unit (Ryder 1986), which is valuable for conservation because of its genetic and
ecological uniqueness (Mufioz-Fuentes et al. 2009). This implies that Ezo wolves, with their

partial dependence on marine prey, were important for terrestrial ecosystems on Hokkaido.
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336  Table 1. Summary of carbon and nitrogen isotope analyses of faunal bones, and results of the stable isotope mixing models for estimation of the

337 diet of individual wolves.

D Group 03C (%o) N (%o) %C %N CIN
HUB9889 Wolf -20.4 7.7 46.18 15.99 3.37
HUB9890B Wolf -21.0 8.4 44.12 15.70 3.28
OPA-01 Wolf -20.1 8.0 42.01 14.24 3.44
TN1-01 Wolf -20.4 8.2 40.91 14.06 3.39
UEN-01 Wolf -18.7 10.1 30.88 13.77 3.38
WO0-01 Wolf -20.5 4.5 41.20 14.66 3.28
YNG-01 Wolf -15.2 13.7 45.08 14.68 3.58
TKR-01 Wolf 2 -22.9 11.9 22.85 3.01 8.86

Deer 224+06  3.7+09 392+33  13.8+13 33%0.0

Salmon ° 162+£09¢ 95+05°  421+16  156+07 32101

Marine mammals P -144+1.1 175+1.8 38.0+3.7 135+14 3.3+0.0

338  a. This sample showed an unacceptably high C/N ratio.

339  b. Mode * high and low 95 % credible intervals.

340  c. After correction for temporal isotopic shifts.

341
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342  Table 2. Results of stable isotope mixing models for estimation of the diet of individual wolves.

ID Deer Salmon Marine mammals
HUB9889 86.6 (75.1-96.7) 3.8 (0.0-20.0) 1.1 (0.0-13.2)
HUB9890B 88.9 (78.3-97.8) 1.4 (0.0-16.7) 1.1 (0.0-12.5)
OPA-01 82.3 (70.9-94.8) 6.3 (0.0-23.8) 1.4 (0.0-15.0)
TN1-01 84.5 (72.8-95.6) 5.1 (0.0-21.9) 1.2 (0.0-14.6)
UEN-01 61.6 (46.9-76.1) 31.1(1.8-48.5) 2.0 (0.0-25.8)
WO-01 94.3 (85.0-99.3) 1.1 (0.0-11.9) 0.7 (0.0-7.7)
YNG-01 21.2 (1.6-34.4) 44.7 (17.4-89.5) 33.9 (2.5-52.1)

343  Values are mode * high and low 95% credible intervals.

344
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345  Table 3. Radiocarbon dates and estimated age of each Ezo wolf or archaeological site.

ID Site Common name Scientific name pPMC (%) 14C age (yrBP)  Calibrated age
HUB9889 Hokkaido Univ. Wolf Canis lupus hattai - - 1879 AD
HUB9890B  Hokkaido Univ. Wolf Canis lupus hattai - - 1881 AD
OPA-01 Opaushinai Wolf Canis lupus hattai - - 1667-1913 AD
TN1-01 Tenneru 1 Wolf Canis lupus hattai 56.71 +£0.20 4560 + 30 3483 - 3106 BC
UEN-03 Uenae Deer Cervus nippon 55.11+0.20 4790 + 30 3643 - 3521 BC
WO-01 Wakkaoi Wolf Canis lupus hattai 53.11+0.19 5080 + 30 3961 - 3798 BC
YNG-02 Yanagidate Deer Cervus nippon 53.12+0.19 5080 + 30 3960 - 3798 BC

346
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