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Simple Summary: We evaluated the effectiveness of antlerless sika deer culling on sika deer popula-
tion dynamics, based on the population trends in response to spatial variation of antlerless proportion
in imposed culls. Deer populations tended to decrease in areas of higher antlerless culling, while
they increased in areas of lower antlerless culling, suggesting that a high proportion of antlerless
culling can effectively decrease the deer population. Because increasing large herbivore populations
have caused environmental damage around the world, antlerless-biased culling could be a crucial
measure to manage overabundant populations of herbivores.

Abstract: Increasing populations of large herbivores have caused environmental damage around the
world, and it is necessary to improve population management strategies. Culling is a traditional
management method. Antlerless deer proportions, consisting of adult female deer and fawn in
Cervidae in wildlife statistics, are directly related to population increases; thus, the culling-based
removal of individuals from habitats and the removal of these antlerless individuals by game hunting
and nuisance control might be effective approaches for reducing population sizes. We evaluated the
effectiveness of antlerless culling on 17-year density trends in the sika deer (Cervus nippon) population
across an area of 1175 km2 in Fukuoka Prefecture (Japan). In 11 out of 47 grids (area measuring 5 by
5 km), the densities of sika deer tended to decline; meanwhile, in the remaining 36 grids, the densities
increased. These density trends were explained by changes in the proportion of antlerless culling, as
the densities declined with increasing proportions of antlerless deer. The results affirm the theory that
antlerless culling is effective in population management; it is posited that antlerless-biased culling
could be a crucial measure in managing overabundant populations of herbivores, contributing to
more effective conservation of forest environments.

Keywords: antlerless; culling; environmental damage; large herbivore; population; wildlife management

1. Introduction

Increasing populations of large herbivores have caused environmental damage around
the world [1–3]. Chronic high browsing pressure reduces the abundance and diversity
of palatable plants and shifts vegetation structures toward unpalatable species [3,4]. In
addition, long-term overbrowsing by herbivores has led to almost complete population
increase failure of tree species and inhibited the natural regeneration of trees [2,5,6]. In
these areas, even if the herbivore population declines, it is possible that ground vegetation
will not increase for a long time [7–9]. Therefore, immediate reduction in the herbivore
population to an appropriate density is required to conserve natural vegetation, and
herbivore population management has become an important issue in reducing damage in
large areas of Europe, North America, and Asia [2,10–12].
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Adjusting herbivore abundance by culling is a traditional method of population con-
trol [2,10–12]. Although high culling pressure is predicted to accelerate population decline,
sex- and age-specific culling can also affect the population dynamics by changing popula-
tion structures [13,14]. For example, imposed culling of antlerless deer, such as fawns and
adult females that are directly related to population increase, strongly influences population
dynamics [15–17]. In areas where there is a high survival rate of adult females produc-
ing fawns, populations tend to maintain high densities [18]. Therefore, antlerless-biased
culling is theoretically an effective way to reduce population sizes in a short time [19–21].
Buskirk et al. [22] noted the importance of large removal areas for female deer and long-
term monitoring of population dynamics, even if it is local management in low-density
areas. However, only a few studies have accounted for large removal areas and long-term
monitoring [23]. To the best of our knowledge, other empirically studied successes have
small spatial scale, such as a few square kilometres, for culling or population monitoring,
and have followed the deer culling with observation for only a few years [24–27]. Alterna-
tively, other empirical studies have showed a weak negative relationship with population
density [28] or no effect [29].

Although these studies provided important knowledge for population management,
it is necessary to determine the effectiveness of this strategy on larger spatial scales along
administrative divisions for use in actual management for long periods. However, when
evaluated on larger spatial scales, regional differences in culling pressure are more likely
to occur and the impact of culling is stronger around areas of high culling pressure [30].
Therefore, to more accurately determine the effects of antlerless culling, an approach
that considers spatial variation in abundance is needed. Collecting extensive data of
spatiotemporal changes in population dynamics, along with culling data, is labour-intensive
and costly, and these constraints have limited large-spatial-scale research into the effects of
antlerless culling.

Such data have been collected for sika deer (Cervus nippon) to improve population
management. Sika deer natively inhabits Eastern Asia and has been widely introduced
into many parts of the world, including Europe, North America, and New Zealand [10].
In some areas, the deer populations have caused serious browsing damage to natural
and anthropogenic environments [10,31]. As another problem of invasive population,
hybridisation with native deer species was found in Europe [32–35]. Therefore, population
management of this species is needed in these regions [10,35]. In addition, as sika deer
have resulted in browsing damage on natural vegetation and plantations over a wide
area on Kyushu Island, Japan [36,37], prefectural governments on the island imposed
advanced deer culling to reduce the population, and sex and locations of culled deer were
recorded [38]. The government of Fukuoka Prefecture on Kyushu Island has recorded these
data for 17 years, and conducted an annual survey of deer density on a large spatial scale
in the same period. These datasets are suitable for evaluating the effectiveness of antlerless
culling on population management on a large spatial scale. Furthermore, it is necessary to
cull at a rate above the natural mortality rate to reduce a population [39]; Simard et al. [29]
cited high natural mortality as one reason why management by antlerless culling was not
represented well. On Kyushu Island, there are no large carnivores acting as predators of
sika deer and the mild climate brings little winter snowfall. Therefore, the small impact of
these major mortality factors in general is an important advantage for accurately assessing
the effectiveness of culling in this area. In this study, to test our hypothesis—that the higher
the proportion of antlerless culling, the more the population will decline—we conducted
large-spatial-scale analysis to evaluate the effectiveness of antlerless culling in reducing the
population density in Fukuoka Prefecture, Kyushu Island, Japan.

2. Materials and Methods
2.1. Study Areas

Fukuoka Prefecture was our study site, located north of Kyushu Island, Japan; it is
bordered by three prefectures (Figure 1). Saga prefecture, adjacent to the west side of
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Fukuoka Prefecture, is devoid of sika deer. Although the deer are present in Kumamoto
Prefecture, which is adjacent to the south of Fukuoka Prefecture, the density of deer on
the border with Fukuoka Prefecture is low [40]. Southeast of Fukuoka Prefecture is Oita
Prefecture. Deer are found in high densities along this prefectural border [40].
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(b), and Mt. Inugatake (c). 

The forest area of Fukuoka Prefecture is approximately 2220 km2, accounting for ap-
proximately 45% of the total area in the prefecture. Natural forest vegetation is split into 
two main zones, with a boundary at an elevation of 800–1000 m, with deciduous broad-
leaved forests at higher elevations and evergreen broad-leaved forests at lower elevations. 
In this prefecture, the climate is mild, with an average winter (December–February) tem-
perature of approximately 6 °C and no snowfall from 2001 to 2017, according to Iizuka 
observatory of Japan Meteorological Agency [41]. 

In addition to deer, the population of large herbivores on Kyushu Island includes the 
Japanese serow (Capricornis crispus). Faeces of sika deer and serow are very similar and 
difficult to distinguish. However, the serow population is rapidly declining on the island, 
and the serow is extinct in Fukuoka Prefecture. Therefore, serow had no effect on deer 
density estimates in the study area. 

Figure 1. Map of Kyushu Island (A) and survey area in Fukuoka Prefecture (B). In map (A), Fu, Sa, Oi,
Ku, Mi, and Ka indicate the Fukuoka, Saga, Oita, Kumamoto, Miyazaki, and Kagoshima prefectures,
respectively. ECS, JS, and SIS indicate East China, Japan, and the Seto Inland Seas, respectively. PAC
is the Pacific Ocean. In map (B), grids with sika deer culling (white) and with both culling and
faecal pellet count survey (grey) in Fukuoka Prefecture, Japan. Plots indicate locations of faecal pellet
count surveys. White triangles are locations of Mt. Inunaki-yama (a), Mt. Hiko-san (b), and Mt.
Inugatake (c).

The forest area of Fukuoka Prefecture is approximately 2220 km2, accounting for
approximately 45% of the total area in the prefecture. Natural forest vegetation is split
into two main zones, with a boundary at an elevation of 800–1000 m, with deciduous
broad-leaved forests at higher elevations and evergreen broad-leaved forests at lower
elevations. In this prefecture, the climate is mild, with an average winter (December–
February) temperature of approximately 6 ◦C and no snowfall from 2001 to 2017, according
to Iizuka observatory of Japan Meteorological Agency [41].

In addition to deer, the population of large herbivores on Kyushu Island includes the
Japanese serow (Capricornis crispus). Faeces of sika deer and serow are very similar and
difficult to distinguish. However, the serow population is rapidly declining on the island,
and the serow is extinct in Fukuoka Prefecture. Therefore, serow had no effect on deer
density estimates in the study area.

2.2. Sika Deer Culling Data

The Fukuoka Prefectural Government has collected culling information, including
the cull location and sex of the culled sika deer, based on reports and photos sent to the
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government by hunters and trappers. We obtained administrative data from 2001 to 2017.
Note that “year” in this study refers to the Japanese fiscal year, running from 1 April to 31
March. The culling data covered the entire area (approximately 3700 km2) of the prefecture
(Figure 1). In Fukuoka Prefecture, deer are culled using traps and guns. In this paper, we
refer to both trappers and hunters as “hunters”. Hunters reported the locations and sex of
culled deer to the Fukuoka Prefectural Government, who tallied these data for square grids
of 5 km × 5 km.

Over the study period, hunters culled 73,743 individuals in 153 grids. Of these, data
were missing on the culled location or sex of 2019 individuals, so they were removed
from the analyses. Although sex was listed as female or male, no clear distinction was
made between adults and fawns, and many fawns without antlers were included in the
female category. Therefore, we treated the described females and males as antlerless and
antlered, respectively.

2.3. Sika Deer Density Data

To estimate deer density on Kyushu Island, each prefectural government (Fukuoka,
Oita, Kumamoto, Miyazaki and Kagoshima Prefectures) conducted faecal pellet counting
during various seasons from 1995 to 2019. The size of each site was 50 × 200 m and the
number of survey plots at each site was 110 (1 × 1 m). This method was used to calculate
deer density per 1 km2 based on the number of faecal pellets and decay rates of the pellets
according to the seasonal temperature change in each survey site [42]. A total of 1587 survey
sites were set in mountain areas to cover a wide area of Kyushu Island [40]. Faecal pellets
were found in 2770 of 3279 surveys, and there were no faecal pellets in the remaining
509 surveys. The number of the sites with faecal pellets was 1380. Whereas most prefectural
governments conduct a survey every 4–5 years, the Fukuoka Prefectural Government has
conducted the survey annually since 1995. We used data in all prefectures to estimate deer
densities in Fukuoka Prefecture. Deer density data covered Mts. Inunaki-yama, Hiko-san,
and Inugatake (Figure 1), with altitudes of 584, 1199, and 1131 m, respectively. Detailed
survey methods and survey sites were described in our previous reports [30,40].

2.4. Effect of Antlerless Culling on Deer Density

To clarify the effectiveness of antlerless culling in reducing the sika deer population,
we evaluated the effects of differences in the proportion of antlerless culling among square
grids on trends of density changes. We constrained the analysis to only those grids that
contained sites where at least one faecal pellet survey had been conducted. The analysis
was performed in 47 grids, the locations of which are shown in Figure 1. The proportion of
antlerless culling P in each grid, g, from 2001 to 2017, was calculated as follows:

Pg =
ALg

ALg + ATg
(1)

where AL and AT are the numbers of antlerless and antlered individuals culled, respectively.
To clarify the density trends in each grid, we first estimated the deer density at the

centre of each grid based on the densities calculated using the faecal pellet count method.
In the estimation, we constructed a generalised additive model with a Tweedie distribution
using the following formula:

di = α + β( ti) + γ(si) + ε(si, ti) (2)

where di, ti, and si are deer density/km2, year, and location (tensor production of latitude
and longitude) in each survey, i, respectively. Furthermore, α is the intercept, and β, γ,
and ε are fixed effects of smoothed termed year, location, and the interaction of year and
location, respectively. This model included all data obtained using the faecal pellet count
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method on Kyushu Island. Based on this model, we estimated the density, d̂t,g, at the centre
of each grid, g, in each year, t, as follows:

d̂t,g = α + β(t) + γ
(
sg
)
+ ε
(
sg, t

)
(3)

where sg is the location of the grid, g.
Next, we calculated the trends of sika deer density, τd̂g

, in each grid, g, from 2001 to
2017 when culling data were available using the Mann–Kendall trend test. Parameter τ
varied between −1.0 and 1.0, with decreasing or increasing trends denoted by values closer
to −1.0 or 1.0, respectively.

We evaluated the effects of antlerless culling on deer density trends using a generalised
linear model (GLM) with quasi-binomial distribution. In the GLM, although we used the
proportion of antlerless culling, P, as an independent variable, it is possible that culling
pressure, C, and its trend, T, also affected the density trend. For example, high culling
abundance, A, throughout the study period relative to low initial density, d̂t2001 , may cause a
rapid population decline, independently of the proportion of antlerless culling. In addition,
if culling pressure increases later in the study period, strong population decline may be
seen. Therefore, to better define the effect of P by generalizing the effects of C and T, we
added these effects to the model. The GLM formula with each grid used as one sample was
as follows:

τd̂g
= ρ + ϕ

(
Pg
)
+ ω

(
Cg
)
+ ψ

(
Tg
)

(4)

Cg =
Ag

d̂t2001,g
(5)

Tg = τ

(
At2001:2017,g

d̂t2001:2017,g

)
(6)

where ρ is the intercept and ϕ, ω, and ψ are fixed effects of the proportion of antlerless
culling, culling pressure, and trend of culling pressure, respectively. Cg and Ag represent
the culling pressure and total culling from 2001 to 2017 in each grid, g, respectively. The
trend of culling pressure in each grid, Tg, was calculated using the Mann–Kendall trend
test. We estimated coefficient, p values, and χ2 values in each independent variable using
the anova function in R.

The series of analyses in this study were based on Suzuki et al. [30], and all anal-
yses were performed in R 3.5.2 [43]. In addition, p-values were interpreted following
Muff et al. [44].

3. Results

In total, 65,231 sika deer were culled in the 47 target grids, accounting for approxi-
mately 91% of the total cull in Fukuoka Prefecture during the study period. The proportion
of antlerless culling, P, in the 47 grids was 0.504, and Pg varied from 0.317 to 0.627. High
Pg was distributed west of Mt. Hiko-san and around Mt. Inugatake. In contrast, Pg was
relatively low on Mt. Inunaki-yama (Figure 2A).

There were regional differences in sika deer density trends. The density tended
to decline in 11 grids located on the west of Mt. Hiko-san (Figure 2B). In contrast, the
remaining 36 grids showed increasing trends. On Mt. Inunaki-yama especially the densities
strongly increased in all grids. In addition, increasing trends were shown in some grids
within the area between Mt. Hiko-san and Mt. Inugatake.

The GLM provided moderate evidence that P had an effect on density trends (Table 1).
The density tended to decline with increasing P (Figure 3). T also effected the density trend
(Table 1), and the density tended to decrease as culling pressure increased later in the study
period (Figure 3).
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Figure 2. Proportions of antlerless culling of sika deer (A) and deer density trends (B) in Fukuoka
Prefecture, Japan.

Table 1. Number of sites and surveys of the faecal pellet count in each prefecture.

Variables Coefficient SE χ2 p

ρ 5.816
ϕ −6.621 3.094 1.605 0.028
ω 0.002 0.004 0.203 0.435
ψ −2.820 1.155 2.694 0.004

ρ is intercept; ϕ, ω, and ψ are fixed effect of the proportion of antlerless culling, culling pressure, and trend of
culling pressure, respectively.
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4. Discussion

This study covered large spatiotemporal extents in 47 study grids (1175 km2) over
a period of 17 years, and indicated the effectiveness of antlerless culling in population
management of sika deer. The grids used for analyses were in areas with high deer
densities [37,40]; in fact, 91% of the culling during the study period was within these
grids. We showed previously that the proportion of antlerless deer among culled sika
deer increased with increasing deer population density [38], and it is considered that
proportion of antlerless deer relatively high in our study area. However, the proportion
in the present study varied from 0.317 to 0.627. We considered this variation to have
been due to differences in culling methods. Sika deer populations on Kyushu Island were
threatened by overharvesting for venison and hides from the late 19th century to the
early 20th century. In 1948, hunting of female deer was prohibited in Japan to allow the
populations to recover. In 1996, female deer were again allowed to be culled legally, but
as a remnant of the former restriction, culling continued to show a high proportion of
antlered individuals even after lifting the prohibition against culling of females in Fukuoka
Prefecture [45]. Unlike trapping, in which individuals are caught at random, gun hunting
can target specific individuals. Therefore, it is likely that gun hunting was the predominant
method in the grids with a low antlerless proportion in this study.

However, despite the high proportion of antlerless culling in three grids, the densities
showed a strong increasing trend (Figure 3). These grids were located around Mt. Inugatake
(Figure 2). This area is adjacent to neighbouring Oita Prefecture and is close to areas with
relatively high deer density in Oita Prefecture [40]. Animals often move across multiple
environments to track resources [46–48], and this movement should be considered in
management planning [49]. Simard et al. [29] reported little effect of antlerless culling
in a white-tailed deer (Odocoileus virginianus) population and cited the recolonization of
surrounding deer as a potential cause. Accounting for this movement could lead to more
accurate analytical results because sika deer dispersal from neighbouring prefectures was
not considered in our analysis.

Unlike our study, weak or no effectiveness of antlerless culling was shown in the
management of white-tailed deer populations [28,29]. This difference may be due to the
unique environments of our study area. Herbivore density is usually regulated by both
top–down and bottom–up effects [50–52]. As a major carnivorous mammal, the wolf (Canis
lupus) has been absent for over 100 years on Kyushu Island; therefore, culling can be
viewed as the only top–down effect. In contrast, bottom–up effects were not taken into
consideration in the analysis. We based our analysis on administrative data and did not
use an experimental approach for data collection. Therefore, no detailed environmental
data were available for the study area, and we could not include environmental effects in
the analysis. However, we considered there to be few bottom–up effects on Kyushu Island.
Some studies have shown low mortality among adult female sika deer [18,53]. Although the
severity of winter conditions—for example, insufficient food supply due to snow cover—is
an important mortality factor for large herbivores [54–56], even a high-density sika deer
population in the cold, snowy region of Hokkaido, Northern Japan, showed ≥84% female
winter survival rates [18,53]. Although data on winter survival rate were not available for
our study area, mortality due to food shortages in winter would be lower than in Hokkaido
because of the lack of snow and mild climate.

In this study, density declines were shown in only 11 grids, while the remaining
36 grids showed an increasing trend. However, this does not negate the effectiveness of
antlerless culling for population decline. As shown in some areas in this study, aggressive
hunting of antlered deer is still common, such as trophy hunting [57,58]. In contrast,
there are few positive reasons for hunters to hunt antlerless deer other than population
management. In the future, hunters should be made aware of antlerless culling as a
management tool [59] and it is necessary to present more efficient methods of antlerless
culling. For example, peers in hunting groups affect the decision to participate in antlerless
culling among other members [60]. In addition, improved hunter satisfaction is necessary
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to promote antlerless culling [61]. In Japan, the culling of sika deer is financially rewarded.
It may be useful to create a disparity in the reward between male and female deer to
encourage hunting groups to take part in antlerless culling.

Additionally, in this study, the increase in culling pressure was an important factor
for population decline. Although this variable was needed as a covariate to correctly
evaluate the effect of antlerless culling, this is not essential in the solution for population
management. The years of high culling pressure were concentrated later in the study
periods, which appears to have resulted in a declining trend in the population.

5. Conclusions

Although it has been suggested that antlerless culling is theoretically effective for
deer population management [19–21], there are few empirical studies evidencing this
hypothesis [23]. Furthermore, recent studies suggesting effective management emphasised
the importance of an appropriate spatial scale and the size of the management unit [62,63].
Therefore, our study represents an important demonstration of this theory on a large spatial
scale, which is more similar in size to the actual management unit of sika deer [30]. As
population decline with culling can decrease browsing damage [30] and deer exclusion
is effective in natural visitation restoration [64], it is hoped that antlerless culling will
contribute to more effective conservation of forest environments.

Furthermore, although culling is a traditional method for population management
of large herbivores [2,10–12], there is a need for scientific evidence of its effectiveness [65]
as management by culling may not be successful for a variety of reasons [66]. We have
attempted to bridge this gap between theory and practice. In addition, in this study, density
trends were explained by the proportion of antlerless culling and not simply by culling
pressure itself. We recommend considering the effects of individual attributes to evaluate
the effectiveness of management.

Author Contributions: Conceptualization: K.K.S. and M.Y.; methodology: K.K.S.; software: K.K.S.;
formal analysis: K.K.S.; investigation, Y.K.; data curation: Y.K.; writing—original draft preparation:
K.K.S.; writing—review and editing: all authors; visualization: K.K.S.; supervision: M.Y.; project
administration, K.K.S.; funding acquisition, K.K.S. and M.Y. All authors have read and agreed to the
published version of the manuscript.

Funding: This study is funded by research grant #202205 of the Forestry and Forest Products
Research Institute.

Data Availability Statement: The data that support the findings of this study are available from
Fukuoka Prefectural Government, but restrictions apply to the availability of these data, which were
used under license for the current study, and are thus not publicly available. Data, however, are
available from the corresponding author upon reasonable request and with permission of Fukuoka
Prefectural Government.

Acknowledgments: We are especially grateful to the Fukuoka Prefectural Government for providing
the data for this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gerhardt, P.; Arnold, J.M.; Hackländer, K.; Hochbichler, E. Determinants of deer impact in European forests—A systematic

literature analysis. For. Ecol. Manag. 2013, 310, 173–186. [CrossRef]
2. Putman, R.; Apollonio, M.; Andersen, R. Ungulate Management in Europe: Problems and Practices; Cambridge University Press:

Cambridge, UK, 2011.
3. Côté, S.D.; Rooney, T.P.; Tremblay, J.-P.; Dussault, C.; Waller, D.M. Ecological Impacts of Deer Overabundance. Annu. Rev. Ecol.

Evol. Syst. 2004, 35, 113–147. [CrossRef]
4. Takatsuki, S. Effects of sika deer on vegetation in Japan: A review. Biol. Conserv. 2009, 142, 1922–1929. [CrossRef]
5. Whigham, D.F. Ecology of Woodland Herbs in Temperate Deciduous Forests. Annu. Rev. Ecol. Evol. Syst. 2004, 35, 583–621.

[CrossRef]

http://doi.org/10.1016/j.foreco.2013.08.030
http://doi.org/10.1146/annurev.ecolsys.35.021103.105725
http://doi.org/10.1016/j.biocon.2009.02.011
http://doi.org/10.1146/annurev.ecolsys.35.021103.105708


Biology 2022, 11, 1607 9 of 11

6. Ramirez, J.I.; Jansen, P.A.; Poorter, L. Effects of wild ungulates on the regeneration, structure and functioning of temperate forests:
A semi-quantitative review. For. Ecol. Manag. 2018, 424, 406–419. [CrossRef]

7. Harada, K.; Ann, J.A.M.; Suzuki, M. Legacy effects of sika deer overpopulation on ground vegetation and soil physical properties.
For. Ecol. Manag. 2020, 474, 118346. [CrossRef]

8. Tanentzap, A.J.; Burrows, L.E.; Lee, W.G.; Nugent, G.; Maxwell, J.M.; Coomes, D.A. Landscape-level vegetation recovery from
herbivory: Progress after four decades of invasive red deer control. J. Appl. Ecol. 2009, 46, 1064–1072. [CrossRef]

9. Royo, A.A.; Carson, W.P. Stasis in forest regeneration following deer exclusion and understory gap creation: A 10-year experiment.
Ecol. Appl. 2022, e2569. [CrossRef]

10. McCullough, D.R.; Takatsuki, S.; Kaji, K. Sika Deer: Biology and Management of Native and Introduced Populations; Springer:
Berlin/Heidelberg, Germany, 2008.

11. Apollonio, M.; Andersen, R.; Putman, R. European Ungulates and Their Management in the 21st Century; Cambridge University
Press: Cambridge, UK, 2010.

12. Hewitt, D.G. Biology and Management of White-Tailed Deer; CRC Press: Boca Raton, FL, USA, 2011.
13. Milner, J.M.; Nilsen, E.B.; Andreassen, H.P. Demographic Side Effects of Selective Hunting in Ungulates and Carnivores. Conserv.

Biol. 2007, 21, 36–47. [CrossRef]
14. Allendorf, F.W.; Hard, J.J. Human-induced evolution caused by unnatural selection through harvest of wild animals. Proc. Natl.

Acad. Sci. USA 2009, 106, 9987–9994. [CrossRef]
15. Solberg, E.J.; Saether, B.-E.; Strand, O.; Loison, A. Dynamics of a harvested moose population in a variable environment. J. Anim.

Ecol. 1999, 68, 186–204. [CrossRef]
16. Gaillard, J.-M.; Festa-Bianchet, M.; Yoccoz, N.G. Population dynamics of large herbivores: Variable recruitment with constant

adult survival. Trends Ecol. Evol. 1998, 13, 58–63. [CrossRef]
17. Gaillard, J.-M.; Festa-Bianchet, M.; Yoccoz, N.G.; Loison, A.; Toïgo, C. Temporal Variation in Fitness Components and Population

Dynamics of Large Herbivores. Annu. Rev. Ecol. Syst. 2000, 31, 367–393. [CrossRef]
18. Ueno, M.; Iijima, H.; Takeshita, K.; Takahashi, H.; Yoshida, T.; Uehara, H.; Igota, H.; Matsuura, Y.; Ikeda, T.; Azumaya, M.; et al.

Robustness of adult female survival maintains a high-density sika deer (Cervus nippon) population following the initial irruption.
Wildl. Res. 2018, 45, 143–154. [CrossRef]

19. Porter, W.F.; Mathews, N.E.; Underwood, H.B.; Sage, R.W.; Behrend, D.F. Social organization in deer: Implications for localized
management. Environ. Manag. 1991, 15, 809–814. [CrossRef]

20. Lindström, J. Harvesting and sex differences in demography. Wildl. Biol. 1998, 4, 213–221. [CrossRef]
21. Milner, J.M.; Bonenfant, C.; Mysterud, A.; Gaillard, J.-M.; Csányi, S.; Stenseth, N.C. Temporal and spatial development of red deer

harvesting in Europe: Biological and cultural factors. J. Appl. Ecol. 2006, 43, 721–734. [CrossRef]
22. Van Buskirk, A.N.; Rosenberry, C.S.; Wallingford, B.D.; Domoto, E.J.; McDill, M.E.; Drohan, P.J.; Diefenbach, D.R. Modeling how

to achieve localized areas of reduced white-tailed deer density. Ecol. Model. 2021, 442, 109393. [CrossRef]
23. Ueno, M.; Kaji, K.; Saitoh, T. Culling versus Density Effects in Management of a Deer Population. J. Wildl. Manag. 2010, 74,

1472–1483. [CrossRef]
24. McNulty, S.A.; Porter, W.F.; Mathews, N.E.; Hill, J.A. Localized Management for Reducing White-Tailed Deer Populations. Wildl.

Soc. Bull. 1997, 1997, 265–271.
25. Oyer, A.M.; Porter, W.F. Localized Management of White-Tailed Deer in the Central Adirondack Mountains, New York. J. Wildl.

Manag. 2004, 68, 257–265. [CrossRef]
26. Williams, S.C.; Denicola, A.J.; Almendinger, T.; Maddock, J. Evaluation of organized hunting as a management technique for

overabundant white-tailed deer in suburban landscapes. Wildl. Soc. Bull. 2013, 37, 137–145. [CrossRef]
27. Almendinger, T.; Van Clef, M.; Kelly, J.F.; Allen, M.C.; Barreca, C. Restoring Forests in Central New Jersey through Effective Deer

Management. Ecol. Restor. 2020, 38, 246–256. [CrossRef]
28. Giles, B.G.; Findlay, C.S. Effectiveness of a Selective Harvest System in Regulating Deer Populations in Ontario. J. Wildl. Manag.

2004, 68, 266–277. [CrossRef]
29. Simard, M.A.; Dussault, C.; Huot, J.; Côté, S.D. Is hunting an effective tool to control overabundant deer? A test using an

experimental approach. J. Wildl. Manag. 2013, 77, 254–269. [CrossRef]
30. Suzuki, K.K.; Yasuda, M.; Sonoda, M. Spatially biased reduction of browsing damage by sika deer through culling. J. Wildl.

Manag. 2022, 2022, e22251. [CrossRef]
31. Putman, R.J.; Moore, N.P. Impact of deer in lowland Britain on agriculture, forestry and conservation habitats. Mammal Rev. 1998,

28, 141–164. [CrossRef]
32. Abernethy, K. The establishment of a hybrid zone between red and sika deer (genus Cervus). Mol. Ecol. 1994, 3, 551–562.

[CrossRef]
33. Putman, R.J.; Hunt, E.J. Hybridization between Red and Sika Deer in Britain. Deer 1993, 9, 104–110.
34. Bartoš, L. Sika Deer in Continental Europe. In Sika Deer; Springer: Berlin/Heidelberg, Germany, 2009; pp. 573–594.
35. Pérez-Espona, S.; Pemberton, J.M.; Putman, R. Red and sika deer in the British Isles, current management issues and management

policy. Mamm. Biol. 2009, 74, 247–262. [CrossRef]
36. Ohashi, H.; Yoshikawa, M.; Oono, K.; Tanaka, N.; Hatase, Y.; Murakami, Y. The Impact of Sika Deer on Vegetation in Japan:

Setting Management Priorities on a National Scale. Environ. Manag. 2014, 54, 631–640. [CrossRef] [PubMed]

http://doi.org/10.1016/j.foreco.2018.05.016
http://doi.org/10.1016/j.foreco.2020.118346
http://doi.org/10.1111/j.1365-2664.2009.01683.x
http://doi.org/10.1002/eap.2569
http://doi.org/10.1111/j.1523-1739.2006.00591.x
http://doi.org/10.1073/pnas.0901069106
http://doi.org/10.1046/j.1365-2656.1999.00275.x
http://doi.org/10.1016/S0169-5347(97)01237-8
http://doi.org/10.1146/annurev.ecolsys.31.1.367
http://doi.org/10.1071/WR17103
http://doi.org/10.1007/BF02394818
http://doi.org/10.2981/wlb.1998.024
http://doi.org/10.1111/j.1365-2664.2006.01183.x
http://doi.org/10.1016/j.ecolmodel.2020.109393
http://doi.org/10.1111/j.1937-2817.2010.tb01274.x
http://doi.org/10.2193/0022-541X(2004)068[0257:LMOWDI]2.0.CO;2
http://doi.org/10.1002/wsb.236
http://doi.org/10.3368/er.38.4.246
http://doi.org/10.2193/0022-541X(2004)068[0266:EOASHS]2.0.CO;2
http://doi.org/10.1002/jwmg.477
http://doi.org/10.1002/jwmg.22251
http://doi.org/10.1046/j.1365-2907.1998.00031.x
http://doi.org/10.1111/j.1365-294X.1994.tb00086.x
http://doi.org/10.1016/j.mambio.2009.01.003
http://doi.org/10.1007/s00267-014-0326-7
http://www.ncbi.nlm.nih.gov/pubmed/25037481


Biology 2022, 11, 1607 10 of 11

37. Suzuki, K.; Watanabe, Y.; Kubota, T.; Kuwano, Y.; Kawauchi, Y.; Yamagawa, H.; Yasuda, M.; Kondoh, H.; Nomiya, H.; Oka,
T. Large-scale spatial distribution of deer browsing damage to young tree plantations. Forest. Biogeosci. For. 2021, 14, 34–40.
[CrossRef]

38. Suzuki, K.K.; Oka, T.; Yasuda, M. Spatiotemporal changes in antlerless proportion of culled Sika deer in relation to deer density. J.
For. Res. 2022, 33, 1095–1101. [CrossRef]

39. Bartmann, R.M.; White, G.C.; Carpenter, L.H. Compensatory Mortality in a Colorado Mule Deer Population. Wildl. Monog. 1992,
1992, 3–39.

40. Suzuki, K.K.; Kuwano, Y.; Kanamori, Y.; Kawauchi, Y.; Uchimura, Y.; Yasuda, M.; Kondoh, H.; Oka, T. A 25-Year Study of the
Population Dynamics of a Harvested Population of Sika Deer on Kyushu Island, Japan. Forests 2022, 13, 760. [CrossRef]

41. Japan Meteorological Agency. Historical Weather Data Search [Kako no Kisyou Data Kensaku]. Available online: https:
//www.data.jma.go.jp/obd/stats/etrn/index.php (accessed on 20 April 2022).

42. Iwamoto, T.; Sakata, T.; Nakazono, T.; Utaoka, H.; Ikeda, K.; Nishishita, Y.; Tokita, K.; Doi, T. Improvement of the Pellet Count
Method for the Estimation of Sika Deer Density. Mammal Sci. 2000, 40, 1–17.

43. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna,
Austria, 2019.

44. Muff, S.; Nilsen, E.B.; O’Hara, R.B.; Nater, C.R. Rewriting results sections in the language of evidence. Trends Ecol. Evol. 2021, 37,
203–210. [CrossRef]

45. Suzuki, K.K.; Yasuda, M.; Kuwano, Y. Consideration for Further Improvement of the Quality of Sika Deer Harvesting. Ann. Rep.
Kyushu Res. Cent. FFPRI 2020, 32, 15–16.

46. Bhat, M.G.; Huffaker, R.G. Management of a transboundary wildlife population: A self-enforcing cooperative agreement with
renegotiation and variable transfer payments. J. Environ. Econ. Manag. 2007, 53, 54–67. [CrossRef]

47. Nathan, R.; Getz, W.M.; Revilla, E.; Holyoak, M.; Kadmon, R.; Saltz, D.; Smouse, P.E. A movement ecology paradigm for unifying
organismal movement research. Proc. Natl. Acad. Sci. USA 2008, 105, 19052–19059. [CrossRef]

48. Abrahms, B.; Aikens, E.O.; Armstrong, J.B.; Deacy, W.W.; Kauffman, M.J.; Merkle, J.A. Emerging Perspectives on Resource
Tracking and Animal Movement Ecology. Trends Ecol. Evol. 2021, 36, 308–320. [CrossRef] [PubMed]

49. Allen, A.M.; Singh, N.J. Linking Movement Ecology with Wildlife Management and Conservation. Front. Ecol. Evol. 2016, 3, 155.
[CrossRef]

50. Leibold, M.A.; Chase, J.M.; Shurin, J.B.; Downing, A.L. Species Turnover and the Regulation of Trophic Structure. Annu. Rev. Ecol.
Syst. 1997, 28, 467–494. [CrossRef]

51. Gruner, D.S.; Smith, J.E.; Seabloom, E.W.; Sandin, S.A.; Ngai, J.T.; Hillebrand, H.; Harpole, W.S.; Elser, J.J.; Cleland, E.E.; Bracken,
M.E.S.; et al. A cross-system synthesis of consumer and nutrient resource control on producer biomass. Ecol. Lett. 2008, 11,
740–755. [CrossRef] [PubMed]

52. Brett, M.T.; Goldman, C.R. Consumer Versus Resource Control in Freshwater Pelagic Food Webs. Science 1997, 275, 384–386.
[CrossRef] [PubMed]

53. Uno, H.; Kaji, K. Survival and cause-specific mortality rates of female sika deer in eastern Hokkaido, Japan. Ecol. Res. 2006, 21,
215–220. [CrossRef]

54. Kautz, T.M.; Belant, J.L.; Beyer Jr, D.E.; Strickland, B.K.; Duquette, J.F. Influence of Body Mass and Environmental Conditions on
Winter Mortality Risk of a Northern Ungulate: Evidence for a Late-Winter Survival Bottleneck. Ecol. Evol. 2020, 10, 1666–1677.
[CrossRef] [PubMed]

55. DelGiudice, G.D.; Riggs, M.R.; Joly, P.; Pan, W. Winter Severity, Survival, and Cause-Specific Mortality of Female White-Tailed
Deer in North-Central Minnesota. J. Wildl. Manag. 2002, 66, 698–717. [CrossRef]

56. Bishop, C.J.; Unsworth, J.W.; Garton, E.O. Mule Deer Survival among Adjacent Populations in Southwest Idaho. J. Wildl. Manag.
2005, 69, 311–321. [CrossRef]

57. Mysterud, A.; Tryjanowski, P.; Panek, M. Selectivity of harvesting differs between local and foreign roe deer hunters: Trophy
stalkers have the first shot at the right place. Biol. Lett. 2006, 2, 632–635. [CrossRef]

58. Pozo, R.A.; Schindler, S.; Cubaynes, S.; Cusack, J.J.; Coulson, T.; Malo, A.F. Modeling the impact of selective harvesting on red
deer antlers. J. Wildl. Manag. 2016, 80, 978–989. [CrossRef]

59. Bhandari, P.; Stedman, R.C.; Luloff, A.E.; Finley, J.C.; Diefenbach, D.R. Effort versus Motivation: Factors Affecting Antlered and
Antlerless Deer Harvest Success in Pennsylvania. Hum. Dimens. Wildl. 2006, 11, 423–436. [CrossRef]

60. Kramer, D.B.; Mitterling, A.; Frank, K.A. Understanding Peer Influence in Hunter Harvest Decisions Using Social Network
Theory and Analysis. Hum. Dimens. Wildl. 2016, 21, 414–426. [CrossRef]

61. Mitterling, A.M.; Rudolph, B.A.; Kramer, D.B. The Influence of Private Land Deer Management Cooperatives on Harvest
Outcomes and Hunter Satisfaction. Wildl. Soc. Bull. 2021, 45, 456–464. [CrossRef]

62. Fattorini, N.; Lovari, S.; Watson, P.; Putman, R. The scale-dependent effectiveness of wildlife management: A case study on
British deer. J. Environ. Manag. 2020, 276, 111303. [CrossRef]

63. Swihart, R.K.; Caudell, J.N.; Brooke, J.M.; Ma, Z. A Flexible Model-based Approach to Delineate Wildlife Management Units.
Wildl. Soc. Bull. 2020, 44, 77–85. [CrossRef]

64. Suzuki, M.; Karukome, T.; Fujihira, K.; Mitsugi, M.; Hisamoto, Y. Clear-cutting triggers regeneration of abandoned secondary
forests but risks alternative successional trajectories with high deer density. Appl. Veg. Sci. 2021, 24. [CrossRef]

http://doi.org/10.3832/ifor3387-013
http://doi.org/10.1007/s11676-021-01405-w
http://doi.org/10.3390/f13050760
https://www.data.jma.go.jp/obd/stats/etrn/index.php
https://www.data.jma.go.jp/obd/stats/etrn/index.php
http://doi.org/10.1016/j.tree.2021.10.009
http://doi.org/10.1016/j.jeem.2006.04.002
http://doi.org/10.1073/pnas.0800375105
http://doi.org/10.1016/j.tree.2020.10.018
http://www.ncbi.nlm.nih.gov/pubmed/33229137
http://doi.org/10.3389/fevo.2015.00155
http://doi.org/10.1146/annurev.ecolsys.28.1.467
http://doi.org/10.1111/j.1461-0248.2008.01192.x
http://www.ncbi.nlm.nih.gov/pubmed/18445030
http://doi.org/10.1126/science.275.5298.384
http://www.ncbi.nlm.nih.gov/pubmed/8994034
http://doi.org/10.1007/s11284-005-0111-4
http://doi.org/10.1002/ece3.6026
http://www.ncbi.nlm.nih.gov/pubmed/32076542
http://doi.org/10.2307/3803136
http://doi.org/10.2193/0022-541X(2005)069&lt;0311:MDSAAP&gt;2.0.CO;2
http://doi.org/10.1098/rsbl.2006.0533
http://doi.org/10.1002/jwmg.21089
http://doi.org/10.1080/10871200600984422
http://doi.org/10.1080/10871209.2016.1183243
http://doi.org/10.1002/wsb.1209
http://doi.org/10.1016/j.jenvman.2020.111303
http://doi.org/10.1002/wsb.1037
http://doi.org/10.1111/avsc.12596


Biology 2022, 11, 1607 11 of 11

65. Brown, T.L.; Decker, D.J.; Riley, S.J.; Enck, J.W.; Lauber, T.B.; Curtis, P.D.; Mattfeld, G.F. The Future of Hunting as a Mechanism to
Control White-Tailed Deer Populations. Wildl. Soc. Bull. 2000, 28, 797–807.

66. Miller, B.F.; Campbell, T.A.; Laseter, B.R.; Ford, W.M.; Miller, K.V. Test of Localized Management for Reducing Deer Browsing in
Forest Regeneration Areas. J. Wildl. Manag. 2010, 74, 370–378. [CrossRef]

http://doi.org/10.2193/2009-221

	Introduction 
	Materials and Methods 
	Study Areas 
	Sika Deer Culling Data 
	Sika Deer Density Data 
	Effect of Antlerless Culling on Deer Density 

	Results 
	Discussion 
	Conclusions 
	References

