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Abstract We evaluated the fourth stage of the ‘‘Conser-

vation and Management Plan for Sika Deer (Cervus nippon)

in Hokkaido, Japan (CMPS4)’’, focusing on its cost-effec-

tiveness and sika deer migration between two management

areas of eastern and western Hokkaido. To clarify these

factors, we constructed a stochastic matrix population model

that accounts for deer migration and several uncertainties.

We assumed four different budget scenarios and simple rules

regarding nuisance control, and simulated four alternative

management strategies. In the stochastic simulation, we

calculated the probability of successfully satisfying the

population target given by the CMPS4, an average total

actual management cost, and a cost-effectiveness index

given four budget conditions of migration rate and bud-

get allocation ratio. The simulation results suggest the fol-

lowing. First, the current management budget is so small that

the probability of successfully satisfying the population

targets in both areas is only 26–30 %. If the total budget

remains small, it should be almost entirely invested in one

area, regardless of migration situation, to maximize the

probability of successfully meeting the target density in at

least that area. However, these probabilities of success

decrease with greater migration rate. Second, when the

government invests more of its budget in the early man-

agement stage, the expected total actual cost decreases and

the probability of management success increases. These

findings represent cost-effective management strategies for

satisfying the CMPS4 targets.

Keywords Cost-effectiveness analysis � Matrix

population model � Stochastic simulation � Wildlife

management

Introduction

The biological and economic implications of migration

effects on wildlife management for metapopulations in

which subpopulations are connected have been addressed

(Sanchirico and Wilen 1999, 2005). However, population

is frequently divided by administrative boundaries and

wildlife moves between management areas (Clutton-Brock

et al. 2002; Bhat and Huffaker 2007). In the context of

theoretical analysis of adaptive management for wildlife,

these migration effects on management are often ignored

(Yamamura et al. 2008).

In 2000, the government of Hokkaido began imple-

mentation of the ‘‘Conservation and Management Plan for
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Sika Deer (Cervus nippon)’’ (CMPS) owing to increased

agricultural damage with increase of the sika deer popu-

lation (Hokkaido Government 2000). The CMPS uses

feedback control as a management policy, aimed at the

sustainable use of natural resources at an optimal level

under uncertain parameters (Kaji et al. 2010), making this

policy useful for wildlife management. Feedback control

for wildlife management was originally developed by Ta-

naka (1982) for implementation in commercial whaling. To

apply the feedback program to deer management, the

Hokkaido government developed an adaptive management

model based on relative population size, accounting for

uncertainties (Matsuda et al. 1999), and divided Hokkaido

into eastern, western, and southern management areas

(Fig. 1) according to administrative boundaries (Hokkaido

Government 2012). In this management program, deer are

harvested by game hunting and nuisance control in the

eastern and western areas. In the present study, we did not

consider the southern area, where the deer population

density remains low.

In Japan, hunters must pay an annual registration fee to

prefectural governments to participate in game hunting.

Under normal management plans, game hunting is regu-

lated by the open season period and bag limits, in daily

deer management units per hunter. In the case of the CMPS

in Hokkaido, there is no bag limit on the number of female

deer per day, but there is a bag limit of one male deer per

hunter per day. In many regions of Hokkaido, the open

season for deer is from October through February.

The number of game hunters can be estimated from the

number of hunters registered in previous years. Hunters are

paid rewards from their municipal government for each

deer culled during nuisance control periods, which are

mainly during the closed season from March through

October. The allowable number of individuals culled so

depends on the fixed and limited budget of each munici-

pality, with support from the prefectural government. In

recent years, the total annual deer harvest has been rapidly

increasing (Fig. 2). However, deer population density has

not yet declined within the target range specified by the

CMPS (Hokkaido Government 2012). Considering this

situation, the Hokkaido prefectural government has pub-

lished the fourth stage of the CMPS (CMPS4) to ade-

quately control the Hokkaido deer population (Hokkaido

Government 2012). However, the government overlooked

two fundamental problems when drafting the CMPS4.

First, the plan does not describe the cost-effectiveness of

deer management; second, it does not account for deer

migration between management areas.

In an economic context, the CMPS4 does not explicitly

calculate the average management cost to meet the CMPS4

target or cost-effectiveness under various possible scenar-

ios. Estimating these pieces of economic information is

difficult, but it is important to wildlife management

(Hughey et al. 2003; Baxter et al. 2006; Naidoo et al.

2006).

Because of migration, the distribution of deer across

Hokkaido has expanded rapidly since the 1950s (Kaji et al.

2010). Seasonal deer migration has recently been observed

in each Hokkaido subpopulation (Uno and Kaji 2000; Igota

et al. 2004). In their study on the effects of migration in

Hokkaido deer management, Ou et al. (2014) indicated

culling effect of one subpopulation on an adjacent sub-

population is not large because deer do not significantly

change their breeding habitat. However, the boundary

defined by the CMPS4 splits the Hidaka subpopulation,

Fig. 1 Management areas for sika deer on Hokkaido Island, Japan

(eastern, western, and southern management areas). The Hidaka

subpopulation is divided into the eastern and western management

areas. Source Japanese National Digital Information Data base

(administrative district)
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resulting in their habitat to lie within both the eastern and

western areas (Fig. 1). The Hidaka subpopulation is one of

the main subpopulations of sika deer in Hokkaido (Kaji

et al. 2010). Hence, it is very important to consider the

migration between management areas in the CMPS4.

Analyses of Hokkaido deer have been previously carried

out using matrix population models (Matsuda et al. 1999,

2002; Yamamura et al. 2008; Ueno et al. 2010); however,

these models assumed no migration between the eastern

and western areas and economical effect was not evaluated

for deer management.

In this study, we constructed a stochastic matrix popula-

tion model that accounts for migration between the man-

agement areas, uncertainties under insufficient information,

and the limited total budget for deer management. The

probability of achieving the CMPS4 target density depends

on the available budget. The total actual cost is not deter-

mined because of data uncertainties, especially those

resulting from measurement error of the initial population

size. To obtain an efficient strategy for implementing the

CMPS4, we: (1) devised fixed budget management options

that reflected actual management conditions; (2) performed

stochastic simulation to calculate the probability of meeting

the CMPS4 target population and the total actual cost; and (3)

evaluated the effects of deer migration on cost-effectiveness

of the CMPS4.

Methods

Matrix population model

To evaluate the CMPS4 performance, we constructed a

stochastic matrix population model that includes uncer-

tainties. Individuals within the Hokkaido deer population

were considered three categories (calf, adult female, or

adult male), and these categories were considered in the

matrix. Biological and management events were sorted

into four phases. In the first phase, deer are harvested

through game hunting (late October through February) or

die of natural causes (mainly January through April). In

the second phase, we presumed a migration event; in

Hokkaido, deer migrate seasonally between wintering and

breeding habitats (Uno and Kaji 2000; Sakuragi et al.

2003; Igota et al. 2004). Those two habitats exist in both

the eastern and western management areas. We defined

‘‘migration’’ as a shift of breeding site from that of the

previous year between the eastern and western areas,

which does not include the seasonal migration between

wintering and breeding habitats. In the third phase, adult

female deer give birth to their calves, and calves born in

the previous year mature into adults (Kaji et al. 2010). In

the final phase, the Hokkaido government implements

nuisance control after the breeding season (March through

late October).

We accounted for population structure, and the follow-

ing management and biological events between census

periods: winter survival, migration between management

areas, reproduction and maturation, and nuisance control.

The survival rates during wintering are given by matrix Lt.

The migration event is given by matrix M. Reproduction

and maturation events are given by matrix Gt. The nui-

sance control vector is given by Ct. Overall transitions of

individuals within the year are obtained by these three

component matrices and one vector. Then, we have the

stochastic matrix population model:

Ntþ1 ¼ GtMLtNt � Ct: ð1Þ

This model begins in October and divides Hokkaido into

two areas with elements of the three population categories;

thus, the population vector in year t is

Nt ¼ ðNt;e;c; Nt;e;f ; Nt;e;m; Nt;w;c; Nt;w;f ; Nt;w;mÞT; ð2Þ

where Nt,i,j is the number of deer in year t, area i (i = e or

w), and category j (j = c, f, m); T indicates matrix trans-

position, and area divisions (e, w) are the eastern and

a

b

Fig. 2 Total number of deer harvested in the a eastern and b western

management areas during 1993–2013 in Hokkaido (K. Yamamura

et al., unpublished data)
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western management areas, respectively, as defined by the

CMPS4; categories c, f, and m are calf, adult female, and

adult male, respectively.

We constructed a winter survival matrix in each area.

When a mother dies in winter, her calf cannot survive until

spring (Matsuda et al. 1999). The winter survival matrix Lt

can be expressed as

Lt ¼

Lt;e;cLt;e;f 0 0 0 0 0

0 Lt;e;f 0 0 0 0

0 0 Lt;e;m 0 0 0

0 0 0 Lt;w;cLt;w;f 0 0

0 0 0 0 Lt;w;f 0

0 0 0 0 0 Lt;w;m

2
6666664

3
7777775
;

ð3Þ

where Lt;i;j is the winter survival rate in year t in area i of

category j. In winter, deer die from both game hunting and

natural causes. We assumed that the survival rate under

natural conditions is the same in both management areas.

Therefore, the survival rate Lt;i;j can be expressed as

Lt;i;j ¼ 1 � qi;jEt;i;j

� �
qjSt; ð4Þ

where qjSt is the survival rate under natural conditions in

year t of category j. St and qj are the adult female survival

rate under natural conditions and a multiplier to convert that

rate to another category, respectively; qj was calculated

from the estimated average survival rate given in a report by

an investigative commission on deer (K. Yamamura et al.,

unpublished data). Observations to estimate St were per-

formed on the Shiretoko Peninsula of Hokkaido (Kaji et al.

2004). However, observations from several other studies

have reported mortality values varying with environment,

such as those with severe winters (Takatsuki et al. 1994;

Uno et al. 1998). To reflect these variations, we assumed

that St follows a beta distribution with mean value and

variance S and S2
�

300, respectively (Yamamura et al.

2008). The parameters of the beta distribution are aS and bS
(aS ¼ 17:06, bS ¼ 1:0889, Yamamura et al. 2008). ð1 �
qi;jEt;i;jÞ is the survival rate against game hunting in year t in

area i of category j, and qi;j indicates game hunting effi-

ciency (catchability) in area i of category j. Et;i;j denotes

hunting effort in year t in area i of category j. We estimated

qi;j by the maximum likelihood method (see below). In the

estimation, we used catch per unit effort (CPUE) data and

estimated deer population size as reported by the Hokkaido

government and the Eastern Hokkaido Wildlife Research

Station, Nature Conservation Department, Hokkaido Insti-

tute of Environmental Sciences (Table 1). CPUE is an

indicator that can be used to determine hunting efficiency

(Uno et al. 2006). We calculated the log-likelihood given by

the relationship between CPUE and the estimated size of the

deer population:

CPUEt;i;j ¼ qi;jNt;i;j exp eCPUEt;i;j

� �
; ð5Þ

where eCPUEt;i;j is observation error in year t in area i of

category j, which follows a lognormal distribution with

mean 0 and variance r2
CPUE;i;j. Hence, log-likelihood can be

expressed as a function of the number of observations n:

LLi;j ¼ � n

2
lnð2pÞ � n

2
lnðr2

CPUE;i;jÞ

� 1

2r2
CPUE;i;j

X
t

ln CPUEt;i;j

� �
� lnqi;j � lnNt;i;j

� �2
:

ð6Þ

We used R (Ver. 3.0.1) software package ‘‘optim’’ to

estimate parameter values. All estimated parameters were

statistically significant (P\ 0.001). We considered the

process error in hunting effort, Et;i;j as

Et;i;j ¼ �Ei;jexp eEt;i;j � 0:5r2
E;i;j

� �
; ð7Þ

where �Ei;j is the average effort in area i of category j, eEt;i;j
follows normal process error on a logarithmic scale in year

t in area i of category j with mean 0 and variance r2
E;i;j. The

term �0:5r2
E;i;j is a bias correction for lognormal errors

(Haltuch et al. 2008). We calculated these average efforts

and process errors from observed data for the period

2004–2008, as reported by the Institute of Environmental

Sciences, Hokkaido Research Organization (unpublished

data).

Many studies have provided examples of matrix popu-

lation models accounting for migrations that can be used to

evaluate wildlife management (e.g., Hunter and Caswell

2005; Mantzouni et al. 2007). The migration matrix M is

given by

M ¼

1 � m 0 0 m 0 0

0 1 � m 0 0 m 0

0 0 1 � m 0 0 m

m 0 0 1 � m 0 0

0 m 0 0 1 � m 0

0 0 m 0 0 1 � m

2
6666664

3
7777775
;

ð8Þ

where m is the probability that an individual of a given

category moves to a neighboring area after the breeding

season. The migration matrix describes the probabilities of

individual migration to the neighboring management area.

However, it is difficult to estimate the migration rate for

each category and area, because of a lack of observation

data regarding dispersal between the eastern and western

areas. For simplicity, we used fixed migration rates with

the same value for each category and area.

In Hokkaido, density dependence of the deer mortality

or reproduction rate does not appear until the population is
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near carrying capacity (Kaji et al. 1988). Therefore, we did

not include density dependence in our model. The repro-

duction and category transition matrix Gt is

Gt ¼

0 2rt 0 0 0 0

0:5 0 0 0 0 0

0:5 0 0 0 0 0

0 0 0 0 2rt 0

0 0 0 0:5 0 0

0 0 0 0:5 0 0

2
6666664

3
7777775
: ð9Þ

The sex ratio among calves is 1:1 (Takatsuki 1998). The

reproduction rate rt follows a beta distribution with an

expected value 2r and variance r2
�

75 (Yamamura et al.

2008). The beta distribution parameters are ar and br
(ar ¼ 29:1, br ¼ 3:2333) (Yamamura et al. 2008).

We reflected realistic management by nuisance control,

rather than by game hunting, in the CMPS4. The vector of

the number of animals culled by nuisance control Ct is

Ct ¼ ðCt;e;c; Ct;e;f ; Ct;e;m; Ct;w;c; Ct;w;f ; Ct;w;mÞT; ð10Þ

where Ct;i;j is the nuisance control level (the number of

animals culled) in year t in area i of category j. Ct;i;j is

separated into three components:

Ct;i;j ¼ utci;jC
max
i ; ð11Þ

where ut is the management multiplier (0 or 1) given by the

nuisance control rule and ci;j is the allocation rate of nui-

sance control of category j area i. These values were cal-

culated from observed nuisance control data from 2004–

2008. Cmax
i is the maximum allowable number of animals

culled via nuisance control in area i. Considering category-

specific nuisance control, management is usually ‘‘tailored’’

to the age and sex structure of the population, rather than to

simple population counts (Gordon et al. 2004). The impor-

tance of harvesting female deer has been previously men-

tioned (Matsuda et al. 1999; Milner et al. 2006). The

Hokkaido government began aggressive female deer har-

vesting in 1998 (Kaji et al. 2010). In recent years, the total

harvest number (by both nuisance control and game hunting)

of female deer has been larger than that of male deer

(Fig. 2). We therefore assumed that in recent years, female

deer have been sufficiently hunted. The allowable number of

animals culled through nuisance control in area i depends on

the governmental budget. In principle, the budget for nui-

sance control is interchangeable between each area, because

the reward for such control is strongly supported by the

government. The total number of animals culled through

nuisance control in each management area is

Cmax
i ¼

l
B

Preward
i ¼ e

1 � lð Þ B

Preward
i ¼ w

8><
>:

; ð12Þ

where B is the total annual budget for nuisance control, l is

the allocation ratio of the budget for the eastern area

(0� l� 1), and Preward is the reward paid to hunters for

one deer. In this study, we set this reward to 5,000 Japanese

yen (Hokkaido Government, unpublished data).

Simulation outline

The government of Hokkaido set targets of the CMPS4,

which were measured by the population index obtained by

spotlight counts (Kaji et al. 2010). In the eastern area, the

target is between 25 and 50 % of the population index in

1993. In the western area, the target is under 200 % of the

population index in 2000 (Hokkaido Government 2012).

We used the limit of the target population NTN
i

(NTN
e ¼ 200; 000, NTN

w ¼ 110; 000) that corresponds to the

target population index.

To evaluate the feasibility of the CMPS4 targets, we

simulated population by a stochastic matrix population

model. We used several data sets in the stochastic simu-

lation and parameter estimation (Table 1). Estimated

parameter values were set for each area and category

(Table 2). The simulation began in 2012, and the evaluated

period was the same as that of CMPS4 (2013–2017).

Uncertain parameters are initial population for 2012

(N2012), female survival rate under natural conditions (St),

reproduction rate (rt), process error of game hunting effort

(eEt;i;j), and estimated population number (NEST
t;i ). The Hok-

kaido government estimated the deer population using

Bayesian estimation, and we used posterior probability

distribution for N2012 (K. Yamamura et al., unpublished

Table 1 Data sources

HIES Hokkaido Institute of

Environmental Sciences

Data Year Sources

Catch per unit effort East 1998–2008 HIES, unpublished

dataWest 2000–2008

Numbers of animals culled through

nuisance control and game hunting

1993–2011 K. Yamamura et al.,

unpublished data

Estimated population East 1998–2012 K. Yamamura et al.,

unpublished dataWest 2000–2012
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data). Using MATLAB R2009b software, we assumed four

management scenarios and ran 1,000 trial simulations to

calculate the management success probability and cost-

effectiveness of the CMPS4.

Management scenario

In the stochastic simulation, we defined four alternative

scenarios based on the fixed, limited management budget.

This budget in scenario 1 is the average cost from

2004–2008 (about 147 million Japanese yen), calculated by

the average number of animals culled through nuisance

control and the reward per animal. The budget in scenario 2

is twice that of scenario 1. Similarly, scenarios 3 and 4

represent budgets threefold and fourfold that of scenario 1,

respectively.

Rules for nuisance control

The government of Hokkaido designed an adaptive man-

agement program in which the number of animals to be

culled through nuisance control is set according to pre-

dicted population indices (Kaji et al. 2010). Current man-

agement status is the emergent population phase in which

control pressure is as high as possible (Hokkaido Govern-

ment 2012). The number of animals allowed to be culled

through nuisance control, however, depends on budgetary

constraints. We therefore set two simple and realistic rules

for nuisance control: (1) total management budget (B) does

not change during the management period; and (2) when

the estimated population number in area i in year t (NEST
t;i )

is below the upper limit of the target population (NTN
i ), the

government halts nuisance control. After this halt, if NEST
t;i

exceeds NTN
i , the government re-implements nuisance

control:

ut ¼
0 if NEST

t;i �NTN
i

1 if NEST
t;i \NTN

i

	
: ð13Þ

We did not know the actual population size. The estimated

population size NEST
t;i therefore includes estimation error

NEST
t;i ¼

X
j

Nt;i;j

 !
exp eNt;i � 0:5r2

N;i

� �
; ð14Þ

where
P

j Nt;i;j is total population in the area; eNt;i is esti-

mation error, which follows a lognormal distribution with

mean 0 and variance r2
N;i; �0:5r2

N;i is a bias correction term

for lognormal errors; and r2
N;i was calculated according to

the 2012 estimated population in (r2
N;e ¼ 0:043,

r2
N;w ¼ 0:050, K. Yamamura et al., unpublished data).

Success probability of the CMPS4

We assumed two successful situations for the CMPS4. First

management success is assumed when the deer population

at least one area (eastern or western) is less than the

CMPS4 target for that area. The Second successful situa-

tion is when the eastern and western deer populations are

simultaneously below the CMPS4 targets. According to

these two situations, we calculated the probability of suc-

cess of satisfying the target of at least one area (SPone) and

those of both areas (SPboth) simultaneously. We assumed

that the probability of success in each management areas

would vary with management strategy.

Cost-effectiveness of the CMPS4

There are many studies focusing on the costs of wildlife

management and conservation (e.g., Nugent and Choque-

not 2004; Hilborn et al. 2006; Ross and Pollett 2007;

Table 2 Estimated parameter values for the stochastic simulation

Parameter Description Eastern area Western area

Calf Female Male Calf Female Male

qi;j
a Hunting efficiency in area i of category j 0.089 0.060 0.117 0.120 0.085 0.139

qj
b Weight of survival rate in category j 0.819 1.000 0.893 0.819 1.000 0.893

�Ei;j
c Average hunting effort in area i for category j 0.767 1.618 1.653 0.421 0.868 0.928

r2
E;i;j

c Variance of the hunting effort in area i for category j 0.030 0.015 0.064 0.009 0.071 0.007

ci;j
c Allocation rate of nuisance control for area i of category j 0.230 1.000 0.530 0.240 1.000 0.600

HIES Hokkaido Institute of Environmental Sciences
a Estimated value using the catch per unit effort (CPUE) data (HIES, unpublished data) and estimated deer population (K. Yamamura et al.,

unpublished data)
b Calculated from values given by the estimated average survival rate (K. Yamamura et al., unpublished data)
c Calculated from values given by the CPUE data (HIES, unpublished data) and the number of animals culled through game hunting (K.

Yamamura et al., unpublished data)
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Yokomizo et al. 2007, 2009, 2014; Duca et al. 2009). To

compare each management scenario, we analyzed cost-

effectiveness (Macmillan et al. 1998; Drechsler et al.

2007), which can be used to find the least-cost means for

meeting a conservation object or biological standard while

tracking a single measure or effect (Hughey et al. 2003). In

our management plan, the Hokkaido government may cut

the management budget when the size of the deer popu-

lation falls below the upper limit of the management target.

Thus, total actual management cost (Tcost) is given as the

reward paid to hunters Preward and the number of animals

culled through nuisance control Ct;i;j:

Tcost ¼
X
t

X
i

X
j

PrewardCt;i;j 1 þ dð Þ�t; ð15Þ

where d is the economic discount rate and t is the year with

t = 0 in 2012. Economic discount rate is usually used in

environmental economics (e.g., Yokomizo et al. 2004), and

means that humans tend to perceive a future economic

burden less than present expenditure. Consequently, the

economic discount rate is important for analysis of long-

term investigation. We assumed a present-value discount

rate of 5 % annually.

Lindsey et al. (2005) defined a cost-efficiency index for

wild dog conservation in South Africa. To evaluate cost-

effectiveness in the present study, we defined a cost

effectiveness index (CEI) that was a success probability

(SP) per unit cost. In this study, SPone and SPboth corre-

spond to CEIone and CEIboth, respectively. If the govern-

ment does not fund the CMPS4, SPone is 0.4 % and SPboth

is 0 %. Therefore, we simply calculated CEI as success

probability (SPone and SPboth) per Tcost.

Results

Focusing on the probabilities of satisfying the target

population number in at least one management area, SPone

decreased with increasing migration rate (m) into that area

under unbalanced budget-allocation management (Fig. 3).

In scenarios 1 through 3, SPone increased with the allo-

cated budget (Fig. 3a–c). In scenario 1, SPone was less

than 20 % in every situation (Fig. 3a). In scenario 3, SPone

maximized when the entire budget was allocated to one

area, and it decreased as much as 25 % with increased

m (Fig. 3c).

a b

c d

Fig. 3 Success probabilities of

meeting the target population

number in at least one area

(SPone) for management

scenarios 1–4 (a–d), with four

conditions of migration rate

m (0.000, 0.025, 0.050, and

0.075) and various eastern area

budget allocation ratios l (0–1

in steps of 0.05). The budgets of

scenarios 1–4 are about 147,

293, 440, and 586 million

Japanese yen
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In scenario 1, SPboth was less than 1 % for all migration

rates and budget allocation ratios (Fig. 4a). However, in

scenarios 2 through 4, SPboth was high (scenario 2: 4–7 %;

scenario 3: 26–34 %; scenario 4: 57–66 %) when the

budget allocation ratio (l) was 0.50–0.65 (Fig. 4). SPboth in

scenario 4 was much larger than that in other scenarios

(Fig. 4). In scenarios 3 and 4, the maximum SPboth did not

differ remarkably with m (Fig. 4c, d).

Comparing Tcost in different management scenarios,

mean Tcost was minimized when the entire budget was

invested in the western area (Fig. 5). The maximum Tcost in

scenario 4 was approximately the same as the budget in

scenario 3 (Fig. 5c, d). Tcost was maximized when SPboth

maximized (Figs. 4, 5).

CEIone maximized when the entire budget was invested

in one area (scenario 1: 1.63–2.40 9 10-8; scenario 2:

4.92–7.89 9 10-8; scenario 3: 6.48–8.34 9 10-8; and

scenario 4: 6.76–7.90 9 10-8) (Fig. 6). Maximum CEIone
decreased with m under unbalanced budget-allocation

management (Fig. 6). In scenarios 3 and 4, maximum

CEIone values were approximately the same (Fig. 6c, d).

CEIboth increased with budget (scenario 1:

0.05–0.06 9 10-8; scenario 2: 0.32–0.51 9 10-8; scenario

3: 1.45–1.89 9 10-8; and scenario 4: 2.78–3.16 9 10-8)

when l values were 0.50–0.80 (Fig. 7).

Discussion

We explored four alternative management scenarios for the

CMPS4. SPone and SPboth were positively related to the

total budget in scenarios 2 through 4 (Figs. 3, 4). Scenario

1 is the base case in our assessment, in which the total

budget is taken as the average of the 2004–2008 budget. To

increase SPone or SPboth, the government must increase the

budget above this average cost. Specifically, to satisfy the

CMPS4 target in at least one management area, the Hok-

kaido government must budget more than 441 million yen

(scenario 3), which should be invested in only one area

(Fig. 3). To maximize SPboth, the government requires over

586 million yen (scenario 4), and SPboth will total about

60 % for any m (Fig. 4).

We performed stochastic simulations according to a

simple management rule: when the population number

a b

c d

Fig. 4 Success probabilities of

meeting the target population

number in both management

areas (SPboth) for management

scenarios 1–4 (a–d), with four

conditions of migration rate

m (0.000, 0.025, 0.050, and

0.075) and various

budget allocation ratios for the

eastern area l (0–1 in steps of

0.05). The budgets of scenarios

1–4 are about 147, 293, 440,

and 586 million Japanese yen
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satisfies the CMPS4 target, the government halts nuisance

control. As a consequence, the CEIboth increased with the

budget (Fig. 7). This is intuitively easy to understand,

because nuisance control is frequently halted, thereby

removing the government’s need to fund it. Increasing the

budget is a cost-effective way to satisfy the CMPS4 targets.

The differences in maximum CEIone between scenarios 2,

3, and 4 were not large (Fig. 6). CEIone decreased with

m (Fig. 6). These results suggest that allocating entire

budgets to one area is cost-effective given small budgets,

but that effectiveness will be less when migration rate m is

high.

For the sake of simplicity, we assumed a fixed hunter

reward for nuisance control, and the number of culled

individuals was determined by the total budget. However,

this reward has been altered in the past. Presumably, our

model may need to incorporate the correlation between

reward and effort invested in nuisance control, because a

greater reward gives more incentive for nuisance control.

This assumption would decrease implementation errors

(Kotani et al. 2011) in the analysis.

In a previous study of deer management in Hokkaido

(Yamamura et al. 2008), biological parameters (survival

rate, reproduction rate, and sex ratio) were assumed equal

between the eastern and western areas. We also assumed no

bias in migration westward or eastward. However, in its 2013

population estimates, the Hokkaido government assumed

natural mortality in the western area to be 30 % less than that

in the eastern area, as indicated by different population

indices estimated from spotlight counts in the Hidaka and

Iburi regions (K. Yamamura et al., unpublished data). We

can therefore consider several additional factors for empir-

ical adjustment, such as observation error of population

index, natural mortality, and biased migration. For example,

we can define an area-dependent female survival rate under

natural conditions (St). It is also possible that m depends on

population density and habitat quality. Using an area-

dependent St and our matrix model, we can compute a future

projection with assumptions similar to the population esti-

mation in 2013, or estimate an appropriate m. However, we

could not estimate m variation by year, owing to a lack of

observation data regarding bias and historical change in m.

a b

c d

Fig. 5 Predicted mean total

cost during the management

period 2013–2017 for scenarios

1– 4 (a–d), with four cases of

migration rate m (0.000, 0.025,

0.050, and 0.075) and various

budget allocation ratios for the

eastern area l (0–1 in steps of

0.05). We assumed a 5 %

discount rate. Dashed line

indicates the total management

budget (B) for each scenario
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We also assumed that m was constant for each cate-

gory, management area, and year. However, m may vary

by category and year. Greenwood (1980) discussed the

importance in promoting sex differences in mammal

dispersal. For deer, Clutton-Brock et al. (2002) concluded

that migration of male red deer from their natal areas

increased with female density. The complex combination

of m seen in sika deer would produce different results in

our assessment. The m of female deer has important

implications for population control, because with a focus

on only one management area, the maximum probabilities

differed directly by more than 25 % given different

m (Fig. 3). In the future, we must therefore estimate

migration between management areas by, for instance,

radio tracking or mark-recapture, which have proven

useful in understanding such deer migration in Hokkaido

(e.g., Uno and Kaji 2000; Sakuragi et al. 2003; Coulson

et al. 2004; Igota et al. 2004).

The Hokkaido government has begun implementing

special management measures related to nuisance control

for the period 2011–2015. In 2011, total harvests (via game

hunting and nuisance control) in the eastern and western

areas were about 69,000 and 60,000 deer, respectively

(Fig. 2). However, during 2004–2008 these totals averaged

46,000 (eastern) and 29,000 (western) annually. If the

number of deer harvested by game hunting in 2011 was

equal to the average number harvested so during

2004–2008, the number of animals culled through nuisance

control in 2011 would be 2.88 times larger than the average

number culled so during 2004–2008. During these periods,

the budget allocation ratio was approximately 0.50. Sce-

nario 3, with l = 0.5, corresponds to the present man-

agement situation, in which SPboth was 25.7–29.5 %

(Fig. 4c). Generally, culling a large number of individuals

in the early management stage is more effective for

reducing deer reproduction, because this number is pro-

portional to the female deer population. When the gov-

ernment establishes a higher budget in the early

management stage, actual costs in later management stages

could be reduced. This is why Tcost per budget declined as

the management budget increased in our simulation

(Fig. 5). These factors suggest that investing a larger

budget in the early management stage is an efficient

strategy for meeting the targets set by the CMPS4. We

therefore recommend that the Hokkaido government invest

a higher proportion of its current total budget in this stage,

a b

c d

Fig. 6 Cost-effectiveness index

for managing at least one area

(CEIone), calculated as the

probability of success in at least

one area divided by mean total

cost, for scenarios 1–4 (a–d),

with four cases of migration rate

m (0.000, 0.025, 0.050, and

0.075) and various

budget allocation ratios for the

eastern area l (0–1 in steps of

0.05). The budgets of scenarios

1–4 are about 147, 293, 440,

and 586 million Japanese yen
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to manage the Hokkaido population of sika deer in a cost-

efficient manner.
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