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Abstract: The Japanese sea lion (Z. japonicus) has been regarded as an extinct species since the last
report on Dokdo in 1951. Not much ecological information on the Z. japonicus on Dokdo (hereafter
Dokdo sea lion) is currently available. Using a discrete time stage-structured population model, we
reconstructed the Dokdo sea lion population to explore the effect of human hunting pressure on
them. This study provides the first estimate for the Dokdo sea lion population from 1900 to 1951. The
reconstructed capture numbers of the Dokdo sea lion and the parameters estimated in this study
were well matched with the recorded numbers and ecological parameters reported previously for
the Californian sea lion. Based on the reconstructed population, their number rapidly declined after
hunting started and it took less than 10 years for a 70% decline of the initial population, which would
be considered to be an extinction risk. Since some caveats exist in this study, some caution about our
results is necessary. However, this study demonstrates how rapidly human over-hunting can cause
the extermination of a large local population. This study will be helpful to raise people’s awareness
about endangered marine animals such as local finless porpoises in Korea.

Keywords: sea lions; Dokdo; marine mammals; pinnipeds

1. Introduction

The genus Zalophus consists of the Japanese (Z. japonicus), California (Z. californianus),
and Galapagos (Z. wollebaeki) sea lions which are closely related species [1,2]. The three
species were typically considered to be isolated geographically since their geographic
distributions are widely separated from the temperate western (Z. japonicus) and eastern
(Z. californianus) North Pacific to the tropical Galapagos Archipelago (Z. wollebaeki) [2].
Based on the results from ancient DNA analysis extracted from skeletal remains of Japanese
sea lions, Sakahira and Niimi [3] reported that Z. japonicus diverged from Z. californianus
approximately 2.2 million years ago in the late Pliocene epoch. Recently, Kim et al. [4] found
that Z. japonicus was closely related to Z. californianus with 98.61% sequence identity based
on the first completed mitochondrial genome sequence of Z. japonicus recently excavated
from an archaeological site on Ulleungdo, Korea (Figure 1).
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Figure 1. The possible historical distribution range from Melin et al. [5] (grey color) and archaeological
sites of the Zalophus japonicus in the East/Japan Sea from [3,4,6–8].

Among the three genera of Zalophus, Japanese sea lions have been regarded as an
extinct species since the last report of 50 to 60 sea lions on Dokdo in 1951 [1]. Only
one last Z. japonicus was reported in the northern coastal area in Hokkaido in 1974, but
specific identification was not conducted so that misidentification could have occurred [9].
Reynolds et al. [10] and Kovacs et al. [11] reported that the Japanese sea lion has been
extinct for the past 60 years. However, several international research collaborations have
been conducted to detect whether this species are still alive along the northwest Pacific
region including Ulleungdo and Dokdo in Korea [12–14]. Although some unofficial reports
of observations for the species were reported, it is considered that there may have been
confusion with Steller’s sea lion or the Northern fur seal [2] which have been occasionally
observed along the eastern coast in Korea [15]. Recently, the International Union for
Conservation of Nature (IUCN) listed Z. japonicus as an extinct species [16].

Previously, Z. japonicus had been distributed along the northwest Pacific coastline
ranging from Russia (Kamchatka and Sakhalin) to coastal waters of Japan and Korea and
especially Ulleungdo and Dokdo, which had been regarded as one of the main Korean
habitats in the 1900s [1]. Based on numerous historical local Japanese names based on
the sea lion, a large number of sea lions have observed in the Japanese coastal regions
since prehistoric times ([17]; Figure 1). In Korea, several historical caves named after
sea lion have been continuously used by local people on Ulleungdo and Dokdo [15,18].
Subsistence sea lion hunting by native coastal communities since prehistoric times was
conducted in Korea [7] and Japan [3] as evidenced by various archaeological evidence.
Choy and Richards [7] found that main food sources for the prehistoric coastal communities
in the southeastern coast of the Korean Peninsula were marine animals and large marine
mammals including sea lions, based on isotopic compositions of bone collagen excavated
from an archaeological site in Yeongdo-gu, Busan city, South Korea. This prehistoric
subsistence hunting probably did not have a large effect on the population but relatively
modern commercial harvesting hunting with modern sophisticated techniques caused a
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substantial decline in the population of sea lions in southern California and Mexico [2].
The population of the Japanese sea lion had nearly disappeared in the coastal waters of
Japan by the early 1900s mainly due to over-catching by Japanese fishermen for their meat
and oil [17]. This commercial hunting pressure appears to have reduced the geographical
ranges of Z. japonicus to remote islands in the East/Japan Sea, namely Ulleungdo and Dokdo
which were previously pristine and unpopulated [6,18]. The population of Z. japonicus
on Dokdo drastically declined during the early decades of the 1900s since the Japanese
commercial harvesting started in 1904 and only 50 to 60 animals were reported by the 1950s
(Figure 2; [2,6,18]). However, the major potential reasons for the drastic decline in their
population have not confirmed whether there were some environmental changes in their
major habitats during El Niño events or human over-catching [18]. The environmental
changes could cause a reduction in major prey and a change in their behavioral responses
(e.g., migration, breeding, etc.) during El Niño events [2].

Figure 2. The recorded populations and annual capture numbers of the Dokdo sea lion from 1900 to
1951. The population numbers were from [1,2,6,18] and the annual capture numbers from 1904 to
1941 were based on [13,19].

Not much information on the ecology and specific population of Z. japonicus is cur-
rently available, since they had been extinct before various scientific research works were
conducted. Based on the fragmented historical and official records from Korea and Japan, we
reconstructed the population of Z. japonicus on Dokdo (hereafter the Dokdo sea lion) using
population models with ecological parameters of the California sea lion (Z. californianus) which
is genetically closely related to the Dokdo sea lion [3,4]. The main objectives of this study
was to reconstruct the population size of the Dokdo sea lion from a simple fitting curve
with the existing historical records and to explore the effect of human hunting pressure
on the population. This study will be helpful to raise people’s awareness for critically
endangered marine mammals.

2. Materials and Methods
2.1. Historical Hunting Records

At the current stage, limited quantitative data on the Dokdo sea lion and their capture
numbers by Japanese fisherman are available. The reported populations of the Dokdo
sea lion in 1900, 1941, and 1951 and the annual capture numbers from 1904 to 1941 were
obtained from the historical records and unpublished documents from Korea and Japan
([2,13,14,18]; Figure 1).
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2.2. Stage-Structured Model

A discrete time stage-structured population model was applied for the Dokdo sea lion
in this study. The discrete time stage-structured population model has been described in
various articles and textbooks of fishery mathematical modelling [20–22]. The model is
divided into two groups of sea lion compartments, immature (x) and mature (y) groups,
and the difference equations for the two groups are as follows:

xt+1 = be−(My+Fy)yt − (1 − a)e−(Mx+Fx)xt

yt+1 = ae−(Mx+Fx)xt − e−(My+Fy)yt
(1)

In model (1), b is the birth rate of the immature at time t, Mx and My represent the
natural mortality rates of immature and mature groups, respectively. Fx and Fy represent
the catch mortality rates of the two groups, respectively.

Specifically, e−(Mx+Fx) and e−(My+Fy) describe the survival probabilities for immature
and mature individuals, respectively. be−(My+Fy)yt represents the birth population into
the immature by surviving mature individuals. ae−(Mx+Fx)xt is the number of individuals
which become mature from the surviving immature population where a a is the proportion
of immature individuals becoming mature individuals. In our model, no large immigration
and emigration were considered since the Ulleungdo and Dokdo as major habitats for the
Dokdo sea lion are remote islands in the East/Japan Sea.

2.3. Parameter Estimation

We estimated five parameters, the birth rate (b), natural mortalities of immature and
mature Mx, My and natural mortalities of immature and mature Fx, Fy, by fitting the actual
catch data for the Dokdo sea lion by using a MATLAB-embedded function, lsqcurvefit.
This is a least square estimation method for the five parameters that minimizes the gap
of catch data between the actual data and the simulated results from Equation (1). The
simulated results of the catch at time t, denoted by Ft for year were calculated as:

Ft =
Fx

Fx + Mx
(1 − e−(Mx+Fx))xt +

Fy

Fy + My
(1 − e−(My+Fy))yt (2)

The Dokdo sea lions were distinguished between immature and mature based on an
age of five years of old when reproduction becomes possible, and the value of a is expressed
as 1/5 [2].

3. Results and Discussion

The historical geographical distribution of Z. japonicus were the eastern coasts of Korea,
coastal waters of Japan, and the Russian territories such as southwestern Sakhalin, Kuril’s
islands, and Kamchatka ([1]; Figure 1). In the mid-1800s, the population of Z. japonicus was
estimated in a range of 30,000–50,000 around Korea and Japan [2]. They hunted for prey
sometimes a long distance away but did not seasonally migrate [16]. Although prehistoric
subsistence hunting by native coastal communities had been conducted in Korea and
Japan [3,17], a substantial decline of the Dokdo sea lion population in the early 1900s could
have been caused by the over-catching by Japanese fishermen for their meat and oil [17],
which had happened in southern California and Mexico [2,5]. Based on the historical and
official bibliographic records [2,6,7,19], the populations and annual capture numbers of the
Dokdo sea lion were plotted from 1900 to 1951 (Figure 2). Japanese fisherman commercially
started to hunt a large number of Dokdo sea lions (3200 individuals) in 1904 and their
hunting number declined to a couple of hundred by the early 1910s after 10 years of hunting
(Figure 2). A major hunting of sea lions was conducted by the Japanese Jukdo Fishing Joint
Stock Company during the 1904–1925 period and then the hunting was irregularly done
by the Okido people [19]. They hunted mostly females and sub-adults which annually
increased up to 86% in 1908 since the large male sea lions were hard to catch [19]. Even after
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the large decline in the population (based on their capture number), they still caught a small
number live for circus performances until 1941 rather than hunting for their products [18].
A total of approximately 15,000 Dokdo sea lions were hunted for the 40-year Japanese
fishing period from 1904 to 1941. After hunting stopped, 50–60 individuals, which was
approximately 0.2% of the total population at the beginning of the commercial hunting in
1904, were reported in 1951 [1].

The reconstructed capture numbers of the Dokdo sea lion are matched well with
the recorded numbers (Figure 3). The parameters estimated in this study (Table 1) were
within the ranges reported previously for the California sea lion [23–25]. For example,
the birth rate for the female California sea lion ranged from 38% to 54% at Los Islotes,
Baja California Sur, Mexico, from the 1978 to 1982 study period [24]. Actually, the birth
rate can vary with age, being significantly higher rates in young and middle-age groups
(0.52–0.80) than the older age-groups (0.06) [25]. For the natural mortality, 50% and 10%
of immature and mature sea lions, respectively, were estimated in this study. Normally,
the natural mortality of the California sea lion is substantially higher in immature pup
group during their pupping season [23]. The annual pup mortality of the California sea lion
averaged from 3 years observation is approximately 50% at Los Islotes, Baja California Sur,
Mexico [24]. The fishing mortality was estimated substantially higher in mature groups
than immature groups. Given these parameters, the reconstructed population estimates
matched well with several data points for the numbers of the Dokdo sea lion (Figure 4).
Based on the reconstructed population of the Dokdo sea lion, their number rapidly declined
to approximately 50% of the initial population in 1908 after 5 years’ fishing activity and
to approximately 6% of the initial population by the end of 20 years fishing in 1923. Since
there is no quantitative time-series data on the actual population size of the Dokdo sea
lion, the precision of the results for their historical population reconstruction might be
low. Several caveats are associated with the results in this study. Firstly, the records on the
historical population estimates of the Dokdo sea lion are not quantitative. Secondly, our
simple fitting curve population models have several assumptions for ecological parameters
estimated for the Dokdo sea lion since not much information is currently available for a
robust model. Moreover, no other environmental conditions were considered in this study
for their population dynamics. Therefore, our results in this study should be considered
with caution since our approach to reconstructing the historical population estimates of the
Dokdo sea lion is a simple mathematical technique.

Figure 3. The comparison between observed and estimated annual capture numbers of the Dokdo
sea lion.
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Table 1. Description of discrete time stage-structured model parameters.

Parameter Description Value Reference

b Birth rate 0.5 estimated
a The proportion of immature to mature 1/5 Heath and Perrin (2009)

Mx The natural mortality of the immature individuals (year−1) 0.5 estimated
My The natural mortality of the mature individuals (year−1) 0.1 estimated
Fx The fishing mortality of the immature individuals (year−1) 0.0138 estimated
Fy The fishing mortality of the mature individuals (year−1) 0.2428 estimated

Figure 4. The reconstructed population numbers of the Dokdo sea lion from 1900 to 1951. The red
circles are population numbers reported previously.

A sudden major decline in a population to extinction generally results from short-term
natural catastrophic or anthropogenic events or chronic, gradual decline of a population [26].
Mangel and Tier [27] concluded that catastrophic events could cause a sudden major decline
in population for a relatively short time period and thus be a more important factor for
determining their persistence over time than any other factor. Catastrophic events usually
control the birth and death processes which affects the dynamics and extinction of a
population [26]. A population with a 70% decline for years would be considered to be an
extinction risk [26]. Based on our simulation result, the population of the Dokdo sea lion
was less than 30% in 1911 within the 10-year fishing period (Figure 4). It took only less than
10 years for the 70% decline of the Dokdo population by Japanese commercial hunting.
Four possible mechanisms for human-caused extinction are over-hunting, which is the
most obvious extinction mechanism, introduction of new species, habitat destruction which
is currently a major human-caused extinction risk, and secondary cascade extinction [28].
The result in this study obviously showed that the extinction of a large local population
of the Dokdo sea lion could have been caused by primary human-caused extermination,
over-hunting. However, any environmental change was not considered for our discrete
time stage-structured population model. The dramatic decline of the Dokdo sea lion
population could have been caused by the increase in sea surface temperature. For the
California sea lion, the annual population growth rate can be largely influenced by the
increasing sea surface temperature which is strongly associated with major prey for the sea
lions in the highly productive California coastal waters [29,30]. The latitudinal difference
in resource availability can influence foraging behavior and thus survival rate of local
resident sea lion species associated with a changing environment [29]. Indeed, the local
productivity in Ulleungdo and Dokdo are lower than what is observed in California or
Baja California [31,32]. Moreover, the Galapagos sea lion had a smaller population than the
California sea lion [5] and one that was probably more vulnerable to extinction than the
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California sea lion. The Dokdo sea lion in the mid-1800s once had a similar population size
(30,000–50,000) [2] as the Galapagos sea lion (approximately 40,000) in 1978. Therefore, the
Dokdo sea lion would be even more vulnerable to extinction with a changing environment.

We examined the population dynamics of the Dokdo sea lion to determine the major
population decline and the recovery population simulations with several fishing ban
scenarios during the Japanese fishing period for 40 years (Figure 5). If we assumed that
they stopped their hunting in 1910 after 6 years of hunting, then it would take approximately
120 years to fully recover the initial population in 1900 (Figure 5). If they stopped after
14 years hunting in 1920, it would take approximately 220 years for the population recovery
(Figure 5). Based on the results from the simple simulations, it is very surprising to
realize how much heavy commercial fishing impacts the natural population recovery of the
specific target species. Recently, critically important ecological roles of marine mammals
were reported in various marine ecosystems [33–35]. Their ecological roles could vary
from bottom-up stimulation of phytoplankton production and further climate regulation
through a whale pumping mechanism to top-down predators affecting the abundance and
spatial distribution of their prey and, consequently, hierarchical ecosystem structure [34,35].
Unfortunately, we cannot know the ecological roles of the Dokdo sea lion on the East/Japan
Sea ecosystem since they were extinct before scientific research on them was undertaken.

Figure 5. The population recovery scenarios for the Dokdo sea lion. (a) hunting cessation after 6 years
in 1910, (b) hunting cessation after 14 years in 1920.

In this study, we demonstrated the huge impact of human hunting on the local
population of the Dokdo sea lion which is consequently extinct, using a simple fitting
curve method based on the fragmented historical and official records on the Dokdo sea
lion population. This study provides the first estimate for the annual population size
of the Dokdo sea lion from 1900 to 1951. This simple approach in this study could be
extended to other pinnipeds and marine mammals. The risk of extinction is a globally
important concern for various marine mammals, in particular otariids [26]. It is essential
to understand major extinct causes and potential subsequent consequences of the extinct
species for conservation biology [36]. Given the importance of over-catching for the
extinction of the Dokdo sea lion, the analysis conducted in this study should be considered
for other local marine mammals including pinnipeds. For example, a large number of local
finless porpoises (Neophocaena asiaeorientalis) are distributed along coastal areas in Korea.
Approximately 36,000 finless porpoises were estimated in the west coast of Korea in 2004
based on models of the detection function in a line transect [37]. However, the population
density of the species rapidly declined by approximately 70% in less than one decade
from 2004 to 2011 mainly due to bycatching related to stranding and fishing gear [38].
In the Bohai Sea, China, approximately 8000 spotted seals in the 1940s declined to 2000
in the 1980s due to human hunting and then less than 1500 were estimated to remain in
recent years [39,40]. Because of their habitat loss and human impacts, the spotted seal is
categorized as a critically endangered species in China and Korea [41]. Approximately
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400 spotted seals are annually observed along the coast of Baengnyeong islands and some
small population group (around 10) of the seals are found in Galolim Bay, South Korea [15].
Therefore, it is important to protect marine mammals such as finless porpoises and spotted
seals which has been declining in numbers in coastal areas in Korea and China. In the case
of marine mammals, the increase in the population does not appear in a short period of
time due to the characteristics of their life history by which one female gives birth to one
pup and it takes a long time to nurse the young pup. Indeed, it is quite surprising to realize
how long it would take for their population recovery based on the simple simulations
in this study (Figure 5). Moreover, a decline in the population could be predicted to be
apparent if human threats are added [2,5]. Currently, marine mammals are designated
and protected as marine protection organisms in Korea but research on marine mammals
are insufficient, so information on the biological characteristics or distribution status of
most species is not well understood [42]. Therefore, in order to effectively conserve marine
mammals in Korea, it is necessary to seek realistic management methods and to conduct
various research approaches more actively [15]. A failure to do so may result in the local
extinction of marine mammal species in Korea, as with the Dokdo sea lion. We should learn
an invaluable lesson from the historical human-caused extinction of the Dokdo sea lion.
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