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Abstract

Hunting records have proven useful for examining the historical status of wildlife popula-

tions. The number of animals harvested can provide information on past population sizes

that would have been required to support harvest yields. Therefore, when statistical data on

annual harvests are available, a minimum estimate of past population sizes can be calcu-

lated. A very simple method for estimating the sizes of historic wildlife populations using

only annual hunting records and the maximum annual population increase rate is presented

in this study. This method was applied to estimate past population sizes for Japanese sika

deer (Cervus nippon yesoensis) in Hokkaido Island, Japan, using hunting records from

1873 to 1882, and assuming 15% and 35% population increase rates. The annual number

of deer harvested during 1873 to 1882 ranged from 15,000 to 129,000. The minimum popu-

lation size in 1873 was estimated as 349,000–473,000. This method was validated by apply-

ing it to the eastern population of Hokkaido Island in 1993 when the population size was

approximately 260,000, and population sizes estimated by this method were 0.50–1.17

times the nominal population size. Thus, the population estimates from this method were

approximately equal to or less than the expected population sizes, and this method can be

used to obtain minimum estimates of wildlife populations. Because shorter durations of

hunting records result in population size underestimates, it would be better to use hunting

record of 10 years or longer in this method. In addition, the degree of underestimation may

change with hunting pressure intensity on the populations, other causes of mortality, and

maximum annual increase rates of the species. The method can be applied to any wildlife

species for which records of annual harvest and maximum annual population increase rates

of the species are available. The estimates obtained can provide benchmarks for the popu-

lation size required for ecosystem conservation, and can be useful for wildlife management

as they indicate the lowest limit to maintain the population.
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Introduction

Wildlife population size has been estimated using many models that require information on

various population parameters such as carrying capacity (for logistic growth models), age

structure, age-specific survival and reproduction rates (for age structure models), demographic

and environmental stochasticities (for logistic growth models and age structure models),

catch-per-unit-effort (CPUE), and catch-effort (CE) (for Poisson catchability models) [1–3].

However, obtaining or estimating these parameters would be difficult or impossible for past

populations. Therefore, the models requiring multiple population parameters as inputs can

only be applied to the populations for which detailed ecological information is available. Mod-

els that use easily obtainable parameters, and require a small number of assumptions would

have a much wider application for the estimation of past populations.

Hunting records (number of individuals harvested) have proven useful for examining the

past status of wildlife populations [4,5]. A famous example by MacLulich [4] involved the

reconstruction of population dynamics of lynx (Lynx canadensis) and hare (Lepus americanus)
based on fur trade statistics although he did not try to estimate the actual population sizes of

these species; the number of traded furs was assumed to reflect the relative population sizes.

Hunting records can also provide information on the past population sizes that would have

been required to support harvest yields. When statistical data on past annual harvests are avail-

able, a minimum estimate of population sizes can be calculated for the corresponding period.

Here, I propose a very simple method for obtaining a minimum estimate of population sizes

for historic wildlife populations from the annual number of individuals harvested.

Estimates of historic wildlife population sizes are important for current initiatives of ecosys-

tem conservation and wildlife management. These can indicate the minimum size of wildlife

population that must be maintained for a “sound” natural ecosystem. In addition, they may

also provide a basis for determining when populations are overabundant and need to be con-

trolled. For example, many researchers regarded the populations of ungulates as overabundant

simply on the basis of recent changes in vegetation structure [6–8]. However, they did not con-

sider population sizes of ungulates in less degraded ecosystem or more natural ecosystem in

the past, which should be an important measure for judging the degree of overabundance and

the degree of degradation of the current ecosystem, as some wild animals like ungulates could

be indicators of environmental integrity. Thus, past population sizes, even the minimum esti-

mates, can constitute the bases for judging overabundance of present populations.

In Japan, intensive forestry activity from the 1960s to the 1970s resulted in the destruction of

habitats and extensive impacts on wildlife populations [9]. Therefore, for wildlife management and

ecosystem conservation, it is important to know the sizes of wild populations before significant

habitat disturbances occurred. In the present study, a simple model has been proposed to calculate

minimum estimates of historic wildlife population sizes using only annual hunting records and the

maximum annual population increase rate of the species. This model is applied to estimate the

population size of one of the subspecies of Japanese sika deer (Ezo sika deer, Cervus nippon yesoen-
sis) inhabiting Hokkaido Island, using records of annual hunt yields from 1873 to 1882. The model

proposed in this study was validated by applying it to a deer population in the eastern part of Hok-

kaido Island in 1993, for which the population size was estimated by a conventional method.

Methods

Ethics statement

I did not involve direct contact with any animals because I analyzed the data in literature in

this study.
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Subject

The Ezo sika deer is an endemic subspecies of Hokkaido Island (ca. 78,000 km2) in northern

Japan. Before the 1870s, a large population of deer inhabited Hokkaido [10], despite the pres-

ence of wolves (Canis lupus), before becoming extinct around 1900 [11]. The heavy snowfall in

1879, over-hunting, and exploitation of natural environment are believed to be the factors

responsible for the drastic decrease in the deer population in Hokkaido [10,12], leading to its

extinction in various areas of the island thereafter. However, the deer population started to

recover from its decline in the 1980s, probably because of improvement in habitat conditions

concomitant with the decline of the forestry industry, and recovery of vegetation and expanses

of pastures. Owing to the population recovery, the estimated population size of deer between

2013 and 2016 was around 500,000–600,000 individuals (data of Hokkaido Prefecture in

2017). Hokkaido Prefecture [13] considered that the deer population was too large and devel-

oped a management plan to reduce the eastern population to 5–25% of its current size to pre-

vent agricultural damage and to conserve the natural ecosystem. Hokkaido Prefecture

intensified the hunting pressure since 1998, and more than 100,000 deer are being culled

annually through pest control or hunting after 2009 in Hokkaido Island [13].

Currently, approximately 70% of the area of Hokkaido Island is covered by forests and nat-

ural vegetation (data from Ministry of Land, Infrastructure, Transport and Tourism). Deer

inhabit these areas as well as the land used for agriculture. As most part of the island is inhab-

ited by deer, the total habitat area recovered to nearly its original extent, although habitat qual-

ity may have changed by altering the exploitation intensity of the natural environment after

the 1870s.

Estimation of past population

The population size in year t (Pt) was obtained by subtracting the population size in year t-1

(Pt-1) from the number of individuals harvested in year t-1 (Ht-1), and multiplying it by the

rate of population increase (r) plus 1 (Eq 1).

Pt ¼ ðPt� 1 � Ht� 1Þ � ðr þ 1Þ Eq 1

Eq 1 is transformed into Eq 2.

Pt� 1 ¼ Ht� 1 þ Pt=ðr þ 1Þ Eq 2

The population size can then be estimated backward in a sequential manner. However, the

population size in year t (Pt) is not available in many cases. In such cases, the number of indi-

viduals harvested in year t (Ht) is used as the population size. Then, Pt-1 can be estimated from

Eq 2. It should, however, be noted that unless the population was extirpated by hunting in year

t, Pt and Pt-1 should be underestimated. Consequently, subscripts in Eq 2 are changed from t

to t-1 and from t-1 to t-2, and the population size in the year t-2 (Pt-2) is obtained from the esti-

mated value of Pt-1 and the number of individuals harvested in year t-2 (Ht-2). By iteration, the

population size can be estimated backwards from the most recent year to the first year of the

period for which consecutive hunting records are available.

Use of Eq 2 to estimate the past population size requires the past annual rate of population

increase (r), which is commonly difficult to obtain. Therefore, the maximum annual rate of

increase (intrinsic population growth rate) of the species is used in place of “r”. Since the wild-

life populations do not realize their maximum annual rate of population increase every year,

the estimated population size will be an underestimate. For Japanese deer, a maximum annual

rate of population increases of 15–19% has been generally applied [14,15]. Although, the deer

populations may increase by more than 19% annually under some conditions. For example, a
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population of Japanese sika deer (C. n. centralis) on Kinkazan Island (ca. 10 km2) increased by

35.9% between 1984 and 1985 following their mass mortality [9,16]. As the Japanese sika deer

populations may have the potential to increase by around 35% in a year, two maximum annual

population increase rates, 15% and 35%, were used in this study.

Hunting records

Hunting records of Ezo sika deer in Hokkaido Island over a period of ten years, from 1873 to

1882 (15,429–129,166 deer/year; Fig 1, S1 Dataset) [10,17], can be used to estimate the popula-

tion size in 1873 using Eq 2. In addition, for the purpose of validation, the model proposed in

this study was applied to deer population in the eastern part of Hokkaido Island in 1993 which

was designated as the base year of the deer population management by Hokkaido Prefecture

[13]. The eastern population of deer could be distinguished from other local populations by

their mitochondrial type [18]. Similar to the estimation of the deer population in 1873, a 10

year hunting record (from 1993 to 2002) [19] was used for the estimation of population size in

1993. In addition, to test the effect of the length of the hunting dataset used in the proposed

model, a hunting record for periods of 5 years (from 1993 to 1997), 15 years (from 1993 to

2007) and 20 years (from 1993 to 2012; Fig 2, S1 Dataset) [13,19] were also used. The

Fig 1. Annual number of deer harvested (dashed line) and population estimates (solid lines) in Hokkaido Island from 1873 to 1882 by Eq 2 based on annual

population increase rates (r) of 15% and 35%, respectively.

https://doi.org/10.1371/journal.pone.0198794.g001
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population size in the year 1993 was approximately 260,000 [13], and the 95% confidence

interval estimated by hunting records and demographic parameters of doe, buck, and fawn

ranged 170,000–330,000 [20].

Results

The minimum estimates of the population size of Ezo sika deer between 1873 and 1882 were

calculated using Eq 2 with r-values of 15% and 35% (Fig 1, S2 Dataset). Back-calculation of the

population size from 1882 to 1873 in a sequential manner showed that the estimated popula-

tion of deer increased uniformly. The estimated numbers of deer in 1873 were 473,312 and

349,044 when the r-values were assumed to be 15% and 35%, respectively.

For validation of the model, the size of the eastern population of Hokkaido Island in 1993

was also estimated by Eq 2 (Fig 2, S3 Dataset). Using hunting records over a period of 10 years

and r-value of 15%, the minimum estimate of population size in 1993 was 234,372, which cor-

responded to 0.90 (0.71–1.38) times the population size estimated by other methods for the

same year (260,000 [13]; 95% confidence interval 170,000–330,000 [20]). Using the r-value of

35%, the estimated population size was 131,194, which was 0.50 (0.40–0.77) times the popula-

tion size estimated by other methods. Using hunting records for 5, 15, and 20 years and r-

value of 15% in the proposed model, the estimate of population sizes were 0.48 (0.38–0.74),

1.06 (0.84–1.63), and 1.17 (0.92–1.79) times of the population size estimated in 1993 by other

methods, respectively (Fig 2, S3 Dataset). For the r-value of 35%, the estimates using hunting

records for 5, 15, and 20 years corresponded to 0.35 (0.28–0.54), 0.53 (0.40–0.77), and 0.54

(0.42–0.82) times lower than the reference population size for the year 1993, respectively. Dif-

ferences of all estimates using 10- and 15-year data from those using a 20-year data were within

23%; however, the differences of estimates using a 5-year data were 34% (r = 35%) and 59%

(r = 15%).

Discussion

Similar to other models for the estimation of wildlife population sizes using hunting records,

the model proposed in this study assumes that the number of harvested wildlife is correctly

recorded [e.g. 2,20]. If there are many omissions of hunting reports and/or illegal hunting, the

population will be underestimated by the method proposed. However, to obtain a minimum

estimate of population size, amplification of hunting reports is a great concern that leads to

overestimation, although it is unlikely to occur unless fraudulent rewards are claimed for kill-

ing wild animals. It should also be noted that the reported number of hunted animals is usually

lower than the actual number of hunting-related mortalities because it does not include

injured animals that escaped and died later. For white-tailed deer (Odocoileus virginianus),
such cases may account for more than 30% of the total number of harvested [21].

The number of individuals harvested in the latest year was used as the population size for

the estimation procedure. However, it is not probable in most cases that all animals were extir-

pated by only hunting in the latest year. If some of the animals died by other causes in the year

and/or could survive after the year, the population size must be underestimate. The influence

works strongly within a shorter time period from the latest year of the analysis. Population

estimates in 1993 using 5, 10, 15, and 20-year data showed that the differences among the esti-

mates greatly decreased as the duration of the hunting records increased (Fig 2). Thus, it

would be better to use hunting records of 10 years or longer for the application of this model.

If the population size estimated by other methods is available in the latest year, it can be used

as the initial population size (Pt) in Eq 2. This will solve the problem relating to the length of

hunting records.
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Fig 2. Annual number of deer harvested (dashed lines) and estimates (solid lines) of the eastern population of Hokkaido Island from 1993 to 2012 by Eq 2 based

on annual population increase rates (r) of 15% (upper) and 35% (lower), respectively. A vertical bar indicates the population size in 1993 estimated by [13] and [20].

https://doi.org/10.1371/journal.pone.0198794.g002
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When the harvest yields are relatively small for wildlife population sizes because of social

and cultural factors, the population estimated by this model will be much smaller compared to

the actual population sizes. Thus, in this model, population estimates on the basis of hunting

records would commonly lead to underestimation. This model also assumes that hunting is

the only factor restricting the growth of wildlife populations, and the maximum annual rate of

population increase for the species was used as the rate of increase in each year. However, wild

populations are usually not expected to increase at the maximum possible rate every year, and

factors other than hunting, such as food resources, population density, weather, predators and

disease also have a negative impact on growth rates [22–25]. For example, if population sizes

of wildlife are also restricted by food resources (i.e., carrying capacity), as assumed by logistic

growth models [2], the annual rate of increase should be far lower than the maximum annual

growth rate when the populations come close to the capacity. If wild populations are indeed

restricted by such factors, and cannot attain their maximum annual rate after hunting, popula-

tion sizes larger than the estimates should be necessary to achieve the reported numbers of

deer harvested annually. The influence of these factors may be amplified in species with very

high maximum annual growth rates (e.g. voles [26]). Because possible gaps between the maxi-

mum growth rates and actual annual increase rates could become greater in those species, the

gaps raise the degrees of underestimation. For wildlife showing boom-bust population cycles

(e.g. [4]), the gaps will become greater during decreasing periods than increasing periods of

the populations. However, if past population increase rates are uncertain, it is prudent to use

the maximum annual rate of population increase of the species to obtain the minimum esti-

mates. Because, if actual population growth frequently exceeds the assumed rate, the popula-

tion estimates might be overestimated.

As mentioned above, the degree of underestimation in population estimates in this model

depends on hunting pressures on the population, other causes of mortality than hunting,

length of hunting records, and maximum annual increase rates of the species. For applications

of the model to wild populations, these conditions should be considered.

The proposed model was applied to the eastern population of Hokkaido Island in 1993. The

population estimates were similar to or less than the population size estimated by other meth-

ods (Fig 2). This suggested that the model used in this study tends to underestimate the popu-

lation size, as expected. Thus, this model is valid to calculate the minimum estimates of

wildlife populations. If the degree of underestimation in 1993, using the 10 years’ hunting rec-

ords, was the same as that in 1873, the actual population sizes in 1873 were 525,000 (343,000–

666,000: r = 15%) and 692,000 (452,000–878,000: r = 35%).

More plausible estimates of population sizes can be obtained using conventional models

when detailed ecological information (e.g. carrying capacity, CPUE, environmental stochasti-

city, age structure, and age-specific survival and reproduction rates [1–3,20]) is available. How-

ever, when attempting to estimate past population sizes, data for the required parameters are

not available and assumptions of the models cannot be verified in many cases. Therefore, such

conventional methods can be applied only to limited populations for which additional infor-

mation is available. On the other hand, the method described in this study requires only two

parameters (annual number of animals harvested, and the maximum annual rate of population

increase of the species). This simplicity makes this method applicable to many previous wild-

life populations. Further studies are required to evaluate the extent to which this method

underestimates the past population. The method proposed in this study and conventional

methods can be applied to the same populations for which detailed ecological information is

available, and comparison of the results can reveal the validity of the method, as in the present

study.
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Although this simple method estimates only the minimum population size of wildlife in the

past, it is important for wildlife management. The estimates can provide a benchmark for the

population size required for ecosystem conservation or the lowest limit for population control

of wildlife. This information is important for the management of wild populations but is diffi-

cult to determine using other methods. The population size of Ezo sika deer in Hokkaido

Island between 2013 and 2016 (500,000–600,000) cannot be significantly larger than the mini-

mum population size estimates for 1873 when the underestimation is taken into account. This

suggests that the recent deer population cannot simply be regarded as overabundant relative to

that in the past condition of Hokkaido Island, although we should consider the carrying capac-

ities of the ecosystem for deer in the past and present. For formulating wildlife management

plans, it is important to note that the figures calculated by this method are underestimates of

the population size, and the actual past population size might have been much greater than the

estimates.

Supporting information

S1 Dataset. Annual number of deer harvested in Hokkaido Island from 1873 to 1882 and

that in the eastern part of Hokkaido Island from 1993 to 2012 in Fig 1 and Fig 2.

(CSV)

S2 Dataset. Population estimates of deer in Hokkaido Island from 1873 to 1882 by Eq 2

based on annual population increase rates (r) of 15% and 35%, respectively in Fig 1.

(CSV)

S3 Dataset. Population estimates of deer in the eastern part of Hokkaido Island from 1993

to 2012 by Eq 2 based on annual population increase rates (r) of 15% and 35%, respectively

in Fig 2.

(CSV)
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