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Large-scale spatial distribution of deer browsing damage to young tree
plantations
The economic loss caused by herbivore browsing in forest plantations is a concerning problem in many areas around the world. Information on the spatial
distribution of browsing damage is important for forest owners when selecting
locations for new plantations, because planting trees in areas of high browsing
pressure increases economic losses. Although it is difficult to survey browsing
damage across large areas, sporadic sampling data on browsing damage are often collected by foresters, governments, and researchers. Thus, in this study,
we applied a generalized additive model (GAM) for analysis of sporadic data to
reveal large-scale spatial variation in deer (Cervus nippon) browsing damage. A
map of browsing pressure produced by a GAM that used years after planting
(plantation age) and location as independent factors showed a few areas of
high browsing pressure. In addition, browsing damage increased with increasing plantation age, and plantation stands aged 2+ years showed more browsing
damage. Areas with high browsing damage estimated based on plantation
stands aged 2+ years generally coincided with areas of high deer abundance,
with some exceptions. Thus, this model reflects large-scale browsing damage
relatively well and will help forest owners to avoid locating new plantations in
areas of high browsing pressure.
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Introduction

Damage to forest plantations due to herbivore browsing causes economic losses
(Conover 1997, Reimoser 2003) and is a
problem in many areas (Gill 1992, Côté et
al. 2004, Brousseau et al. 2017). In particular, tree seedlings in clearcuts face high
browsing pressure by terrestrial animals
(Tremblay et al. 2007), and, when browsing
pressure is high, forest plantations can fail
to reach maturity (Takatsuki & Gorai 1994,
Bergström & Bergqvist 1997, Borkowski et
al. 2017, Uno et al. 2019). This means that
planting trees in areas with a potential high

risk of browsing damage might increase
economic losses. Thus, it is important to
determine the spatial distribution of
browsing pressure to identify the most
suitable areas for tree planting taking into
account that damages show a spatially heterogeneous distribution (Bergquist & Orlander 1998, Bulinski & McArthur 2000).
Nonetheless, as it is often difficult to survey the damages across large areas, the
large-scale spatial distribution (e.g., at the
landscape level) of the damages remains
poorly understood. However, it has often
been surveyed in sporadic sampling sites
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by foresters, governments, and researchers. We hypothesized that the largescale spatial distribution of the damage, as
estimated by using these sporadic sampling data, could help in siting new plantations in areas where damages would be
minimized.
Large-scale spatial distributions are often
estimated from sporadic data in studies on
marine animals. For example, Yano et al.
(2017) estimated the spatial distribution of
the North Pacific spiny dogfish (Squalus
suckleyi) across the North Pacific region
from catch records. Also, Suzuki et al.
(2018) and Furuichi et al. (2020) estimated
the location of spawning grounds of small
pelagic fishes in the East China Sea and the
Sea of Japan from fixed-point observation
data. Yamamoto et al. (2015) clarified the
density distribution pattern of streaked
shearwaters (Calonectris leucomelas) in the
Pacific Ocean based on observations collected by vessel surveys and individual
tracking. In these studies, distributions
were estimated in a single plane by
smoothing sporadic data using a habitatbased additive model (Forney et al. 2012)
and producing a distribution map (Grüss et
al. 2014).
In Japan, the sika deer (Cervus nippon)
population increased rapidly in recent decades (Kaji et al. 2000) and deer damage to
forests is a serious problem (Takatsuki
2009). On Kyushu Island in southwestern
Japan, deer browsing of forest plantations
rapidly increased after 1990, and recent
iForest 14: 34-40
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2011), though Sasamorpha borealis (Hack.)
Nakai (evergreen bamboo) can also prevent tree seedling establishment. However, heavy browsing of the bamboo
caused its decline (Saruki et al. 2004) and
currently it is not a major factor inhibiting
tree growth in plantations.
Sika deer inhabit six of the seven prefectures on Kyushu Island (Fukuoka, Kumamoto, Oita, Miyazaki, Kagoshima, and Nagasaki, but not Saga). Nagasaki Prefecture
was excluded from the analysis in this
study because its sika deer population is totally isolated from the other populations
on Kyushu.

Fig. 1 - Locations of
surveyed plantations
on Kyushu Island. (F):
Fukuoka; (O): Oita;
(Ku): Kumamoto;
(M): Miyazaki; (Ka):
Kagoshima; (S): Saga;
(N): Nagasaki.

Browsing damage

years’ economic losses in forest plantations reached the equivalent of approximately US$6 million per year (Yabe & Yayota 2012). To understand local economic
losses, data on browsing damage have
been collected sporadically from many areas of Kyushu Island. We produced a map
of browsing damage distribution based on
this dataset by using a generalized additive
model (GAM), with the aim of identifying
areas of low browsing damage on Kyushu
Island.
In addition, deer density is considered
to be an essential factor in determining
browsing pressure, because removal of
deer decreases browsing damage in smallscale (few square kilometers) experimental
sites (Enoki et al. 2016). However, it remains unclear whether deer density affects
browsing pressure at a larger scale. On
Kyushu Island, deer density at the prefectural scale has been surveyed sporadically
for wildlife management by prefectural
governments where sika deer are abundant. We produced a map of deer distribution from available density data by using
GAM and performed a preliminary analysis
of the relationship between browsing pressure and deer density at the large scale.

Material and methods
Study area

In 2018, browsing damage was surveyed
in 338 recently planted forest stands (Tab.
1) in the five focal prefectures on Kyushu Island by the Forest Management Center
(Fig. 1). The plantation stands were composed of Japanese cedar and/or Japanese
cypress, and the size of the plantation
stands was 4.9 ± 4.1 ha (mean ± standard
deviation). In each plantation, the area
damaged (ha) by sika deer and damage levels were recorded. The damage levels, averaged among the trees within each selected site, were ranked into four main categories (<25%, ≥25% to <50%, ≥50% to <75%,
and ≥75%). As years after planting (plantation age) varied from 1 to 5 years, the damage is cumulated from planting to the survey day.
To clarify the distribution of browsing
damage, we constructed a GAM with a binomial distribution with a logit-link function. The proportion of damaged area to
plantation size, produced by using the
cbind function in R ver. 3.5.2 (R Core Team
2018), was used as the dependent variable.
Spatial effect, the tensor product of latitude and longitude, was used as an independent variable. In addition, we used a
smoothed term for plantation age and the
interaction between location and plantation age as independent variables, because
we considered that browsing damage accumulates over time. We used the following GAM formula (eqn. 1):
logit( y )=a+s (age)+te (lat , lon)
(1)
+ti (lat ,lon ,by=age)

Kyushu Island (Fig. 1) is the third largest
(approximately 36,750 km2) of the four
main islands of Japan. Forest vegetation on
Kyushu Island is divided into two zones:
the evergreen broad-leaf forest zone at
low altitude and the deciduous broad-leaf
forest zone at high altitude. The border between the two vegetation zones is at approximately 800-1000 m a.s.l. Fifty-six percent of forests on Kyushu Island are plantations comprised of Japanese cedar (Cryptomeria japonica D.Don) and Japanese cypress (Chamaecyparis obtusa Endl.). In recent years, harvest of these plantations
has increased, and Japanese cedar cuttings
and/or Japanese cypress seedlings have
been planted in clearcuts.
On Kyushu Island, deer browsing is a major factor that inhibits regeneration of
plantations. On Hokkaido Island, with its
cooler temperatures, not only deer but
also Sasa senanensis (Fr. & Sav.) Rehd.
(dwarf bamboo) prevent the establishment of young trees (Uno et al. 2019). In
contrast, on the warmer Kyushu Island its
distribution was limited (Tsuyama et al. where y is the proportion of damaged area
produced by cbind (damage area, planted
area - damage area), s is the smoothed
term, age is the plantation age, te is the
Tab. 1 - Summary of surveyed plantations. (SD): standard deviation.
tensor product, lat is the latitude, lon is the
longitude, ti is the interaction including
Year planted
Parameter
tensor production, and a is intercept. We
2017
2016
2015
2014
2013
evaluated the significance of the indepenPlantation age (years)
1
2
3
4
5
dent variables using a χ2 goodness-of-fit
No. of plantations
47
78
78
64
71
test. In addition, to produce the browsing
distribution map, we extrapolated browsNo. of damaged plantations
3
13
20
15
25
ing pressure 100 km2 around each surveyed
Mean size of plantation (ha)
4.12
4.04
4.49
6.07
5.52
plantation stand based on the results of
SD of plantation size
2.67
3.76
3.06
5.95
4.08
the GAM. The extrapolation area was limited to forested areas only. The accuracy of
Mean size of damaged area (ha)
0.24
0.61
0.8
1.51
1.49
the model was evaluated using a four-fold
SD of damaged area
1.27
1.72
1.83
4.8
3.01
cross-validation (Picard & Cook 1984) and a
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Spearman’s correlation test.
In addition, we clarified the relationship
between the proportion of damaged area
and the damage level, by using a generalized linear model (GLM) with a binomial
distribution. We used the following GLM
formula (eqn. 2):
y=a+DL

(2)

where y is the proportion of damaged area
produced by cbind (damage area, planted
area - damage area), a is the intercept, and
DL are the damage levels. All calculations
were run in R ver. 3.5.2 (R Core Team 2018).

Deer density

To estimate deer density, we used the fecal pellet count method (Iwamoto et al.
2000, Kondoh et al. 2007). Pellet surveys
were performed in Fukuoka, Kumamoto,
and Miyazaki prefectures by each prefecture’s forestry experimental station. Pellets were counted a total of 1880 times at
480 sites from 1995 to 2018 (Tab. 2). Based
on the pellet counts and average temperature in the survey month, deer density per
square kilometer was estimated by using
the FUNRYU software (Iwamoto et al.
2000) in Microsoft Excel® (Microsoft Inc.,
Redmond, WA, USA). By using this method, however, deer densities in a few sites
were estimated to be > 700 deer km -2. In
Japan, even in areas with the highest deer
density, such as Kinkazan (Ito 1986) and
Nakanoshima Islands (Kaji et al. 1988), deer
density ranged from approximately 30 to
60 deer km-2. Such outliers can increase dispersion. Thus, to avoid large dispersion due
to a few outliers, we transformed the deer
density (D) to a density index by using the
following formula (eqn. 3):

Tab. 2 - Summary of fecal pellet count surveys.
Number of
survey plots

Number of
surveys

1995-2018

105

878

Kumamoto

2002, 2003, 2006, 2009, 2010, 2014

247

627

Miyazaki

2015, 2017

128

375

Prefecture

Survey years

Fukuoka

Tab. 3 - Summary of the generalized additive model used to examine browsing damage to plantations. (age): plantation age; (lat): latitude; (lon): longitude.
Independent variables

edf

χ2

P value

s(age)

3.35

48.38

<0.001

te(lat, lon)

8.69

40.59

<0.001

33.97

191.38

<0.001

ti(lat, lon, by = age)

te is the tensor product, ti is the interaction
including tensor production, and a is the intercept. We evaluated the significance of
the independent variables using an F test.
The accuracy of the model was evaluated
using a four-fold cross validation (Picard &
Cook 1984) and a Spearman’s correlation
test. In addition, to produce the deer density distribution map, we extrapolated the
density index 100 km2 around each surveyed plot based on the results of the GAM.
The extrapolation area was limited to forested areas only.

Results
Browsing damage

Deer browsing was recorded at 76 of the
338 plantation stands, and deer browsing
damage by plantation age is shown in Tab.
1. The results of the GAM for browsing
damage (r2 = 0.555, deviance explained =
(3) 60.5%) demonstrated significant effects of
y= log(D +1)
plantation age and location as well as interwhere y is the density index. The deer density data contained many zeros. In these
cases, addition of a small value such as 10%
of the mean or 1 is traditionally used (ICCAT
1997). Because mean deer density in this
study was 20.5, we considered that adding
1 in the transformation was acceptable.
To estimate deer density distribution, we
constructed a GAM; because approximately 17% of the survey area showed no deer,
we resolved the zero-data problem with a
Tweedie distribution (Candy 2004, Shono
2008). The density index was treated as a
dependent variable. Location, the tensor
product of latitude and longitude, was
used as the independent variable. Also, because deer density fluctuates year by year,
we included the survey year and the interaction between location and year in the
model. We used the following GAM formula (eqn. 4):

y=a+s ( year)+te (lat ,lon)
+ti (lat ,lon ,by = year)

actions between these variables on browsing damage (Tab. 3). Plantation age was
shown to have a positive effect on browsing damage, with the damaged area increasing with age, and the relationship was
relatively linear (Fig. 2).
We compared actual damage areas with
damage areas estimated using by four-fold
cross validation of the GAM. Spearman’s
correlation test showed a significant positive correlation (ρ = 0.479, P < 0.001). Thus,
the estimation accuracy of the model was
relatively high.
We produced damage distribution maps
(Fig. 3) based on the model. A few core areas showed high browsing damage, and
those locations differed in plantation age,
as the effect of the interaction showed. In
the northern part of the study area (>33.0°
N), one core area containing plantation
stands aged 2+ years showed serious damage. In contrast, plantation stands with an
age of 1 year showed slight damage. In the
central (>32.5 to ≤33.0° N) and southern
Fig. 2 - Effect of
plantation age on
browsing damage.
The continuous
line is the best-fit
curve generated
by the generalized
additive model;
dashed lines show
80% confidence
intervals.

(4)

where y is the density index, s is the
smoothed term, year is the surveyed year,
iForest 14: 34-40
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Fig. 3 - Distribution
map of areas of
browsing damage on
Kyushu Island, Japan.
Browsing damage
measured at each
plantation was
extrapolated to the
surrounding 100 km2.
Grey and colored
areas indicate forest;
white areas are not
forested. Age in each
panel indicates the
plantation age.

(≤32.5° N) parts of the survey area, even 1year-old plantation stands faced relatively
high damage, and plantation stands with
trees aged 3 or 4 years suffered extensive
damage.
The GLM showed a strong positive correlation between the proportion of damaged
area and the damage level (n = 76, χ2 =
88.59, p < 0.001). We layered damage level
plots on the map showing mean proportion of damage area across all plantation
ages produced by the GAM (Fig. 4). Plantations with higher damage levels tended to
be concentrated around the extensive damaged areas. In contrast, some plantations
with a low damage level were located in areas with a high proportion of damaged
area.

Relationship between browsing
damage and deer density

Fig. 4 - Comparison of
proportion of damaged area (contour)
estimated by generalize additive model
and damage levels in
each site (circle).
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Results of the GAM for sika deer density
index (r2 = 0.363, deviance explained =
30.3%) showed that survey year and location as well as the interaction between the
two variables affected deer density (Tab.
4). We compared actual deer index with
deer index estimated by using four-fold
cross validation of the GAM. Spearman’s
correlation test showed a significant positive correlation (ρ = 0.548, P < 0.001). Thus,
the estimation accuracy of this model was
relatively high. Although density index
tended to increase gradually on Kyushu Island (Fig. 5), the increase rates differed
among locations (Fig. 6). In the northern
area, deer density gradually increased year
by year, and density index exceeded 3.5.
The central to southern areas had a few
core areas of high deer density. During the
study period, the high-density area around
32.5° N expanded and the density increased. In the other core areas, deer density did not change markedly, but the size
of the core area expanded slightly.
Locations of core areas with high browsing damage appeared to be a relatively
good fit with areas of high deer abundance
(Fig. 3 and Fig. 6). For example, the highest
browsing pressure occurred in the north,
where deer density indexes were consistently ≥3.5. In the central area, very high
browsing pressure occurred around the
core area with highest deer density. In the
south, density indexes ≥3.5 were observed
in two of the three areas with high browsing pressure. However, when we viewed
the data at a finer scale, few discrepancies
between damage and deer density became
apparent. For example, in the north, although deer density was relatively high in
2017, browsing damage was low in plantation stands aged 1 year, planted in 2017. In
addition, although deer densities in the
north were lower than those in the central
area or the south during the study period,
damage was higher in the north than in the
southern part of the central area. In addition, in the southwest deer density was
low but browsing pressure was high.

iForest 14: 34-40

Tab. 4 - Summary of the generalized additive model of density of sika deer. (year): survey year; (lat): latitude; (lon): longitude.
Independent variables

edf

F

s(year)

4.32

3.32

0.001

te(lat, lon)

2.00

18.17

<0.001

58.77

10.22

<0.001

ti(lat, lon, by = year)

Discussion

Because the estimation accuracy of this
model in four-fold cross validation was relatively high, we consider that the GAM represents large-scale browsing damage relatively well. In addition, areas of high browsing damage generally coincided with areas
of high deer abundance. This means that
damage can actually occur.
We identified a few core areas with high
browsing pressure. Also, areas with high
damage level matched areas with a high
proportion of damaged area relatively well.
Thus, we suggest that planting should be
avoided in these areas, because it will likely
meet with low success. However, there is a
caveat. The model showed that browsing
damage increases as plantation age increases, which indicates that browsing
damage accumulates year on year and/or
the amount of forage increases with plantation age. Thus, low browsing pressure in
the first year of planting may not be a recommendation to plant more trees in the
area. As in the northern part of our study
area, browsing pressure may markedly increase in plantations aged 2 years and
older even if browsing pressure is low in
the first year. Thus, plantation stands aged
at least 2 years may be better indicators of
where browsing pressure will be high.
A few studies have predicted the distribution of forest damage by using additive
models (Schmidt et al. 2010). These studies
predicted damage from physical factors
such as storms and wind. In contrast, this
study indicates that a GAM can be used to
predict the damage caused by biological
factors. In this study, we considered the association between browsing damage and
sika deer density. However, deer species
other than sika deer also damage forests
(Partl et al. 2002, Balazy et al. 2016). We
consider that this model could also be used
to predict browsing damages by other
deer species.
We studied the patterns of browsing
damage caused by sika deer in tree plantations on Kyushu Island, Japan. Our comparison of the distribution of browsing damage with deer density at the landscape
level is novel, because many previous studies examining the effect of deer density on
browsing were performed at a small scale,
in single plantations or site unit level (Daubenmire 1940, Horsley et al. 2003, Verheyden et al. 2006, Koda & Fujita 2011, Iijima &
Nagaike 2015, Enoki et al. 2016). We used
data from 1995 to 2018 in the model and
estimate deer density from 2013 to 2017,
iForest 14: 34-40

P value

because estimate accuracy usually increases as the size of the dataset increase.
Although core areas of browsing damage
and high deer density generally coincided,
there were discrepancies between browsing pressure and deer density in some areas. Browsing pressure by deer is determined not only by density but also by the
habitat, especially food abundance (Moore
et al. 1999, Partl et al. 2002, Iijima & Na-

Fig. 5 - Temporal change of estimate
deer density index. The continuous line
is the best-fit curve generated by the
generalized additive model, dashed
lines show 80% confidence intervals.
Fig. 6 - Estimated
deer density on
Kyushu Island,
Japan, from 2013
to 2017. Deer density was extrapolated to the 100
km2 surrounding
density survey
points. Grey and
colored areas indicate forest; white
areas are not
forested.
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gaike 2017, Takarabe & Iijima 2019). We did plications to forest management. Forest Ecol- 203. - doi: 10.1080/13416979.2017.1305262
not evaluate the effect of the local environ- ogy and Management 405: 360-366. - doi: Iijima H, Nagaike T (2017). Appropriate vegetament because we wanted to focus on the 10.1016/j.foreco.2017.09.024
tion indices for measuring the impacts of deer
large-scale comparison between deer den- Bulinski J, McArthur C (2000). Spatial distribu- on forest ecosystems. Ecological Indicators 48:
sity and browsing pressure. To clarify the tion of browsing damage and mammalian her- 457-463. - doi: 10.1016/j.ecolind.2014.09.009
factors causing the discrepancies, the envi- bivores in Tasmanian eucalypt plantations. Aus- Ito T (1986). Population trend of Sika deer on
ronmental factors affecting browsing tralian Forestry 63: 27-33. - doi: 10.1080/00049 Kinkazan Island. Mammalian Science 26: 29-31.
should be studied at a smaller scale.
158.2000.10674810
[in Japanese]

Conclusion

Reducing browsing damage is an important factor for sustainable forestry management. In this study, we modelled a
large-scale spatial variation in deer browsing damage by using a GAM. Because high
browsing pressure on young trees is an important factor that reduces the success of
mature trees, using this model to predict
browsing pressure could help to reduce
economic losses caused by deer browsing.
In addition, because our model is very simple, consisting of only two independent
factors (plantation age and location) it can
easily be reproduced in other areas. We expect that the model will help to select locations for new plantations in deer habitats.
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