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Abstract Habitat structure in Oku-Nikko, Japan, has
been substantially modified by the overabundance of sika
deer (Cervus nippon). A deer-proof fence (15.0 km and
900 ha) was constructed in 2001 to conserve vegetation.
Although the understory inside the fence is dominated by
Sasa nipponica (hereafter, Sasa), an important forage plant
for deer, that outside the fence is dominated by Aster
ageratoides leiophyllus (hereafter, Aster), an unpalatable
plant to deer, and, partly, by bare floor. In this study, we
examined the effects of deer on ground-dwelling insects
and earthworms, the primary food resources of raccoon
dogs (Nyctereutes procyonoides), and, thus, the bottom-up
cascading effects of the herbivore on the omnivorous car-
nivore. Between July and September 2008, we examined
the abundance of insects and earthworms by pitfall trap-
ping and hand-sorting methods, respectively, both inside
and outside the fence. The abundance of earthworms and
insects (Scarabaeidae and Rhaphidophoridae) was higher
on forest floors with Aster and/or bare floors outside the
fence than on those with Sasa inside the fence. These
results indicate that the increasing deer population in this
area probably increased the number of these invertebrates
outside the fence by modifying understory vegetation and/
or depositing dung. Furthermore, the sighting rates of
raccoon dogs obtained by spotlight counts were greater
outside than inside the fence, suggesting that deer probably

Y. Seki (<)

United Graduate School of Agricultural Science,

Tokyo University of Agriculture and Technology,
3-5-8 Saiwai-cho, Fuchu, Tokyo 183-8509, Japan
e-mail: yoshikazuseki @hotmail.com

M. Koganezawa
Utsunomiya University Forests, Faculty of Agriculture,
Utsunomiya University, Shioya, Tochigi, Japan

exert bottom-up cascading effects on raccoon dogs, at least
during May to November, when the invertebrates are pre-
dominantly fed on by the omnivorous carnivore.
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Introduction

Indirect effects occur when the effect of one species, the
donor, is transmitted through a second species, the trans-
mitter, to a third species, the receiver (Morin 1999). Trophic
cascades, defined as reciprocal predator—prey effects that
alter the abundance, biomass, or productivity of a popula-
tion, community, or trophic level across more than one link
in a food web, are indirect effects of one trophic level
on lower levels (i.e., top-down cascade) or upper levels
(i.e., bottom-up cascade; Hunter and Price 1992; Dyer and
Letourneau 1999; Pace et al. 1999). Although trophic cas-
cades are predominantly discussed in aquatic ecology
studies, use of the term in terrestrial ecology studies has
increased in recent years (Persson 1999; Schmitz et al.
2000). However, studies on bottom-up cascades still focus
on invertebrates, and studies focusing on mammals on
higher trophic levels are few (Strong 1992; Pace et al. 1999;
Schmitz et al. 2000; Kagata and Ohgushi 2006).

In recent decades, deer have expanded their range and
dramatically increased in abundance worldwide (Cote et al.
2004). The overabundance of deer has affected forest
ecosystems in various ways; for example, the effects of
deer on vegetation are particularly well known (Rooney
and Waller 2003; Cote et al. 2004; Takatsuki 2009).
Moreover, it has been shown that deer exert cascading
effects on other animals both by directly competing for
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resources with other herbivores and by indirectly modify-
ing the composition and physical structure of habitats; for
example, browsing by deer affects the population and
community composition of many invertebrates, birds, and
small mammals (Flowerdew and Ellwood 2001; Rooney
and Waller 2003; Cote et al. 2004; Shibata and Hino 2009).
The effects of deer on other animals at lower trophic levels
are expected to exert bottom-up cascading effects on pre-
dators feeding on the animals. For example, it has been
demonstrated that in an African savanna, removal of large
herbivorous mammals causes an increase in the density of
small mammals, which probably contribute to a pronounced
increase in the number of snakes belonging to the higher
trophic levels (McCauley et al. 2006). Therefore, one would
expect that deer also exert indirect effects on the mammals
at higher trophic levels through such bottom-up cascades.

In this study, as a first step in investigating the inter-
action between deer and other mammals, we examined the
bottom-up cascading effects of sika deer (Cervus nippon)
on raccoon dogs (Nyctereutes procyonoides) in Oku-Nikko,
Japan, for the following reasons. The raccoon dog is an
omnivorous carnivore belonging to the higher trophic
levels in Japan. Previous studies on the composition of the
diet of raccoon dogs in the mountainous areas of Japan
have shown that they feed on fruit, insects, earthworms,
and small mammals (Sasaki and Kawabata 1994; Yama-
moto 1994). In Oku-Nikko, raccoon dogs have been shown
to feed primarily on ground-dwelling insects and earth-
worms from spring to autumn (Seki 2011). It has recently
been demonstrated that deer overabundance affects the
abundance and/or the numbers of ground-dwelling bee-
tles and soil biota by modification of habitat structure
(Suominen et al. 1999a, b, 2003; Wardle et al. 2001;
Bardgett and Wardle 2003; Melis et al. 2006, 2007).
Because habitat structure in Oku-Nikko has been substan-
tially modified by deer overabundance (Koganezawa and
Satake 1996; Hasegawa 2008), the abundance of ground-
dwelling insects and earthworms could change, potentially
exerting bottom-up cascading effects on raccoon dogs.

In this paper, we discuss the effects of deer on ground-
dwelling insects and earthworms, which are the primary
food resources of raccoon dogs from spring to autumn, and
thus, the bottom-up cascading effects of deer on raccoon
dogs.

Materials and methods
Study area
The study was conducted around Odashirohara and Sen-

jugahara in Nikko National Park, Tochigi Prefecture,
Central Honshu, Japan, which is located in the cool
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temperate zone (36°45'N, 139°25'E; 1,290-1,410 m ele-
vation). In this area, a deer-proof fence was constructed by
the Prefecture in 1998 (ca. 3.0 km and 50 ha) and another
by the Ministry of the Environment in 2001 (ca. 15.0 km
and 900 ha); we used the latter fence in this study. As the
size of the home range of raccoon dogs in this area has
been shown to range from 45 to 386 ha (Seki and Koga-
nezawa 2011), the area enclosed by the fence is considered
large enough for raccoon dogs. In addition, we observed
that medium-sized carnivores such as raccoon dogs and red
foxes (Vulpes vulpes) moved freely through several points
of the fence. Therefore, we believe the fence is no barrier
to movement of medium-sized carnivores. Spotlight counts
of sika deer conducted from April to November 2008 in
this area (Wildlife Management Laboratory of Utsunomiya
University, unpublished results; details of the method are
given by Koganezawa and Li 2002) gave mean numbers of
deer observed per kilometer of 0.01 £ 0.05 (SD) inside the
fence and 5.78 + 4.11 (SD) outside the fence (n = 33).
Thus, we consider the inside of the fence as the low-deer-
density area and the outside of the fence as the high-deer-
density area. The vegetative canopy of the study area is
dominated by deciduous broad-leaved trees, for example
Quercus crispula, Ulmus davidiana, and Betula platyphy-
lla, and by the conifer Lalix kaempferi. The understory
inside the fence is dominated by dwarf bamboo (Sasa
nipponica), an important forage plant for sika deer
(Takatsuki 1983, 1986; Yokoyama and Shibata 1998), and
that outside the fence is dominated by plants unpalatable to
deer, for example Aster ageratoides leiophyllus, and,
partly, by bare floor (Koganezawa and Satake 1996;
Hasegawa 2008). The Nikko Weather Station (1,292 m)
reported that from 1971 to 2000 the mean annual temper-
ature and the mean annual precipitation in this area were
6.7°C and 2,103 mm, respectively.

Sampling of insects and earthworms

Insect and earthworm sampling plots were established in
sites of 6 forest types: forest floors with Sasa nipponica
(hereafter, Sasa; inside the fence), forest floors with Aster
ageratoides leiophyllus (hereafter, Aster; outside the fence)
and bare floors (outside the fence) in the forest dominated
by Quercus crispula (hereafter, Quercus) and Lalix
kaempferi (hereafter, Lalix). The inclination of each plot
was flat, and the percentage of canopy closure of each plot
was >80%.

Insect sampling was conducted by pitfall trapping with
transparent plastic cups (volume 224 ml, height 90 mm,
top diameter 65 mm, and bottom diameter 45 mm) from
July to September in 2008. Each trap was covered with a
wooden board (10 x 10 cm, approximately 3 cm above
the trap) to minimize capture of non-target species, provide
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cover from rain, and prevent predation from larger animals.
We established a 10 x 10-m plot in each site and installed 16
traps at 2-m intervals, in a square pattern, in each plot.
Trapping was conducted 6 times during the study period,
each time for 3 days. The trapped insects were stored in vials
containing 70% ethanol and classified according to family.
The insects were dried for 72 h at 80°C, and their weight was
measured. We focused our analysis on trapped insects
belonging to Coleoptera and Orthoptera, which are pre-
dominantly fed on by raccoon dogs from spring to autumn in
mountainous areas (Sasaki and Kawabata 1994; Seki 2011).

For earthworm sampling, we established a 5 x 5-m plot
in each site and set up 16 quadrates of 25 x 25 cm at 1-m
intervals, in a square pattern, in each plot. Sampling was
conducted by the hand-sorting method, by digging the soil
to a depth of 10 cm at each quadrate in September 2008.
The wet weight of the collected earthworms was measured.

Density of raccoon dogs

To compare the relative densities of raccoon dogs inside
and outside the fence, we analyzed data from spotlight
counts (n = 260) conducted from May to November dur-
ing 2002-2010 by the Wildlife Management Laboratory of
Utsunomiya University. Although the spotlight counts
were conducted for monitoring of deer, other mammals
were also recorded in the survey. The spotlight surveys
were conducted by 1 driver and at least 2 observers from a
vehicle driven at a speed of 10~14 km h™' over a fixed
9.0 km route (3.4 km inside the fence and 5.6 km outside
the fence). The observers scanned the fields with a 12 V
100 W hand-held spotlight from approximately 1.5 m
above ground level. The car was stopped when shining
eyes were seen and then placed perpendicular to the initial
position of the animal to measure the distance. The per-
pendicular distance of each animal from the center of the
road was then measured by use of a laser range finder
(Yardage Pro Sport 450 Laser Rangefinder; Bushnell, USA).

Statistical analysis

In each plot, the abundance of insects was defined as the
mean dry weight (g) from the 6 trapping periods; that of
earthworms as the mean wet weight (g) from 16 quadrates.
We used the Steel-Dwass test (Nagata and Yoshida 1997)
to determine the significance of differences in the abun-
dance of insects and earthworms among 3 forest floor types
in both Quercus and Lalix sites. We computed sighting
rates as the number of raccoon dogs observed per 10 km in
each survey. We determined the significance of differences
of the sighting rates between inside and outside the fence
by use of the Wilcoxon signed-rank test. Because when
animals are located >70 m from the census route it is

difficult to accurately measure distance, because of the
limited line of sight (Koganezawa and Li 2002), we only
analyzed data for raccoon dogs observed <70 m from the
road. Because the perpendicular distance for a raccoon dog
observed outside the fence was not recorded, we excluded
the data from the analysis. In addition, the probability of
detection of raccoon dogs might be different inside and
outside the fence because of the different height of Sasa
and Aster. Therefore, to minimize the bias of oversight, we
also examined the significant differences of the sighting
rates of raccoon dogs observed <10 m between inside and
outside the fence, by use of the Wilcoxon signed-rank test.

All statistical analysis was performed using R ver. 2.8.1
software (R Development Core Team 2009). Significance
was set at P < 0.05 for all statistical analysis.

Results

The trapped insects belonged to Scarabaeidae, Carabidae
and Silphidae (Coleoptera) and Rhaphidophoridae (Ortho-
ptera). The abundance of these insects is shown in Fig. 1.
Although the abundance of Carabidae and Silphidae was not
significantly different between forest types (Steel-Dwass
test, all, P > 0.05), that of Scarabaeidae was higher for bare
floor than for Sasa in Quercus (Quercus, Sasa vs. bare floor,
P = 0.020; others, P > 0.05), and that of Rhaphidophoridae
was higher for Aster and bare floor than for Sasa in Lalix
(Lalix, Sasa vs. Aster, P = 0.006; Sasa vs. bare floor,
P = 0.006; others, P > 0.05).

The abundance of earthworms was higher for Asfer than
for Sasa in Quercus (Quercus, Sasa vs. Aster, P = 0.006;
others, P > 0.05) (Fig. 2).

We recorded observations of 3 and 64 raccoon dogs
within the 0-70 m transect inside and outside the fence,
respectively. Of these observations, 2 and 18 raccoon dogs
were observed within the 0—10 m transect inside and out-
side the fence, respectively. The sighting rates of raccoon
dogs were greater outside than inside the fence within both
the 0-70 and 0-10 m transects (Wilcoxon signed-rank test,
0-70 m transect: V=78, P < 0.001; 0-10 m transect:
V =23, P = 0.018) (Fig. 3).

Discussion

In Oku-Nikko, the population of sika deer has been
increasing since 1984, and bamboo undergrowth outside
the fence has been eliminated by heavy grazing of deer
(Koganezawa and Satake 1996; Hasegawa 2008). The
forest understory outside the fence, particularly around
Senjugahara, is now almost dominated by Aster and, partly,
by bare floor (Hasegawa 2008). Although the abundance of
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Fig. 1 Abundance of insects on forest floors with Sasa nipponica
(Sasa; inside the deer-proof fence) and on those with Aster
ageratoides leiophyllus (Aster; outside the fence) and bare floors
(outside the fence) in the forest dominated by Quercus crispula and
Lalix kaempferi in Oku-Nikko, Japan. Values are means (4SE) from
6 trapping periods in each forest type

Carabidae and Silphidae was not different significantly
between forest types, that of the earthworms and the other
insects (Scarabaeidae and Rhaphidophoridae) was higher
for Aster and/or bare floor outside the fence than for Sasa
inside the fence (Figs. 1, 2). Because there was only 1 plot
for each of the 3 types of vegetation in each forest in this
study, it is difficult to use our results as a representative of
each forest type in this area. Nevertheless, several possible,
non-mutually exclusive, explanations can be proposed for
the greater number of these invertebrates outside the fence.

It has been pointed out that changes in vegetation caused
by deer contribute most to be the different invertebrate
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assemblage and/or abundance (Rambo and Faeth 1999;
Suominen et al. 1999a, b; Stewart 2001; Melis et al. 2006,
2007). By modifying vegetation, deer may affect inverte-
brates in several ways:

— by directly competing with herbivorous invertebrates
for plant food;

— by changing the abundance of the prey of omnivorous
and carnivorous invertebrates; and

— by altering elements of the microclimate, for example
temperature and humidity (Stewart 2001; Suominen
et al. 2003).

Seki and Koganezawa (2010) demonstrated that Aster but
not Sasa is probably a good resource for earthworms,
which is probably the reason for the greater abundance of
earthworms outside the fence in this study area. Although
changes in understory vegetation are also believed to
contribute to the greater abundance of Rhaphidophoridae
outside the fence in the Lalix forest, the exact factors
remain unclear. Reasons for the different abundance of
Rhaphidophoridae between the Quercus and Lalix forests
outside the fence also remain unclear. To elucidate these
factors, further studies on aspects such as food habits and
microhabitat selection of Rhaphidophoridae are needed.

In addition to direct modification of vegetation by deer,
the copious quantities of feces produced by deer will attract
a diverse community of dung-associated invertebrates
(Stewart 2001). In this study, the Scarabaeidae captured
outside the fence consisted of dung beetles (mainly the
genus Geotrupes), but these were not captured inside the
fence (Fig. 1). Because it has been demonstrated that these
dung beetles utilize the feces of sika deer (Koike et al.
2006), the amount of deer dung might contribute to the
greater abundance of dung beetles outside the fence in the
Quercus forest. The different abundances of the dung
beetles in the Quercus and Lalix forests outside the fence
could be because in Nikko deer preferentially barked the
Quercus trees and avoided the Lalix trees (Kanzaki et al.
1998). This could affect the extent of utilization of Quercus
and Lalix forests by deer, which might have contributed to
the different abundances of the dung beetles in these
forests.

Another possible factor which could cause the greater
abundance of the invertebrate population outside the fence
is lower predation pressure. Although it has been reported
that these invertebrates are frequently eaten not only by
raccoon dogs, but also by red foxes, Japanese martens
(Martes melampus), and Japanese badgers (Meles ana-
kuma) (Kondo 1980; Yamamoto 1991, 1994; Kaneko et al.
2006), the density of these predators tends to be higher
outside the fence than inside (Seki 2011). This suggests
that predation pressure is probably higher outside the fence
than inside. Therefore, we infer that the major variable
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Fig. 2 Abundance of
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Lalix kaempferi

earthworms on forest floors with
Sasa nipponica (Sasa; inside the
deer-proof fence) and on those
with Aster ageratoides
leiophyllus (Aster; outside the
fence) and bare floors (outside
the fence) in the forest
dominated by Quercus crispula
and Lalix kaempferi in Oku-
Nikko, Japan. Values are means
(4+SE) for 16 quadrates of
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Fig. 3 Number of raccoon dogs
observed per 10 km (10-m
interval grouping) at different
distances from the transect
centerline inside and outside the
deer-proof fence in Oku-Nikko,
Japan
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driving the greater abundance of invertebrates outside the
fence is not the low predation pressure but, rather, modifi-
cation of the understory vegetation by sika deer and the
different abundance of deer dung. These results also indicate
that the abundance of invertebrates outside the fence was
probably underestimated, because we did not consider the
higher predation pressure outside the fence. Therefore, the
abundance of Carabidae could actually be higher outside
the fence than inside, because raccoon dogs frequently eat
Carabidae in this area (Seki 2011). The abundance of Cara-
bidae has been shown to be increased by the grazing of deer
in some areas (Suominen et al. 1999b, 2003; Melis et al.
2006, 2007). In Japan, however, it has been shown that the
reduction of bamboo volume because of browsing by deer did
not affect the diversity of ground-carabid-beetle assemblage
but did affect its structure (Ueda et al. 2009). Thus, in further
studies, we should extend our analysis to the species level to
assess the effects of deer on Carabidae in more detail.

In Oku-Nikko, insects (particularly Carabidae, Scara-
baeidae, and Rhaphidophoridae) and earthworms are the
primary food resources of raccoon dogs from May to
November: the mean relative frequency of occurrence
(RFO) of the invertebrates in fecal samples from raccoon

40

60 70 0 10 30 70

Perpendicular distance (m)

50 20 40 50 60

dogs in this period was 61% (SE 5, range 44—78%) (Seki
2011). Therefore, we infer that deer overabundance
increased the abundance of the primary food resources of
raccoon dogs from May to November outside the fence in
the area studied. However, in October—November, raccoon
dogs also frequently feed on fruit (particularly, Actinidia
arguta, Vitis coignetiae, and Malus toringo; RFO =
32-37%) in this area (Seki 2011). Sika deer could nega-
tively affect the consumption of fruit by raccoon dogs by
causing tree death by bark stripping and by competing for
fallen fruit. However, the effects of sika deer on fruit
consumed by raccoon dogs are believed to be low, for two
reasons. First, of the tree species of which raccoon dogs
consume fruits, Malus toringo was confirmed to be barked
by sika deer in Oku-Nikko, but the tree has been shown not
to be one of their preferred foods (Kanzaki et al. 1998).
Second, many studies have shown that sika deer feed pri-
marily on graminoids, forbs, browses, barks, and twigs, but
rarely on fruit, even in autumn (Takatsuki 1983, 1986;
Asada and Ochiai 1996; Yokoyama et al. 1996, 2000;
Jayasekara and Takatsuki 2000; Takahashi and Kaji 2001;
Campos-Arceiz and Takatsuki 2005). Furthermore, even on
the few occasions when these deer feed on fruit, its
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composition is dominated by acorns (Asada and Ochiai
1996; Jayasekara and Takatsuki 2000; Takahashi and Kaji
2001). The effects of the sika deer on animals that feed on
acorns (e.g., Asiatic black bears (Ursus thibetanus); Koike
et al. 2008) might be significant when there are only a few
acorns in the area. However, because acorns are not a food
resource for raccoon dogs in mountainous areas, including
Oku-Nikko (Sasaki and Kawabata 1994; Koike et al. 2008;
Seki 2011), we believe the effects of the competition between
the sika deer and raccoon dogs for fallen fruit are not sig-
nificant. In conclusion, the overall effect of sika deer on the
primary food resources of raccoon dogs during the period
between May and November is positive in Oku-Nikko.

Our results also indicate that the greater abundance of
the primary food resources of raccoon dogs outside the
fence caused by deer probably contributed to the greater
density of raccoon dogs. Several possible explanations for
this, which are not mutually exclusive, can be proposed.
First, the sighting rates of raccoon dogs by spotlight counts
were greater outside than inside the fence (Fig. 3). Second,
in spotlight counts (n = 18), conducted along the same
route as that in this study, from July to October 1979, when
the density of deer was still low (Koganezawa and Satake
1996), no raccoon dogs was observed (M. Koganezawa,
unpublished results). This suggests that the density of
raccoon dogs was probably low before the deer population
increased. Koganezawa (1983) and Koganezawa and
Kurokawa (1983) indicated that only a few raccoon dogs
inhabited this area in 1979-1980. Because only 3 raccoon
dogs were observed inside the fence in this study, their
current density is regarded as low, which is the same as
their density before the deer density increased. However,
the greater sighting rates of raccoon dogs outside the fence
(Fig. 3) and the fact that the probability of detection of
latrines created by raccoon dogs outside the fence was 11
times greater than that inside the fence (Seki 2011) indicate
that the population of raccoon dogs probably increased
after the density of deer increased. We conclude that sika
deer exert bottom-up cascading effects on raccoon dogs, at
least during the period between May and November, in
Oku-Nikko.

In this study, we have demonstrated the positive effects
of sika deer on the populations of ground-dwelling insects
and earthworms, the primary food resources of raccoon
dogs, particularly from May to November, exerting bot-
tom-up cascading effects on raccoon dogs, at least during
this period. Although Stewart (2001) has drawn attention to
possible effects on birds and bats at higher trophic levels,
as a result of the increase in their prey brought about by
deer, there is little evidence of cascading effects on ver-
tebrates, particularly on mammals at higher trophic levels.
Future research on the effects of deer should, therefore,
focus on whether changes in the abundance of such prey

@ Springer

because of the presence of deer alter the population of
vertebrates at higher trophic levels.
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