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特集 ニホンジカの森林生態系へのインパクト 芦生研究林

論文

Impacts of deer overabundance on soil macro主lvertebrates

in a cool temperate forest in J apan: a long-term study 

S. SAITOH*， H. MrZUTA*， T. HrSHI**， ]. TSUK品ilOTO'紳，N.KANEKO叩 U¥andH. TAKEDA* 

日本列島の冷温帯林における 30年間の土壌動物相の変化とシカ類の影響の可能性
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斎藤星耕*・水田瞳*・菱拓雄** .塚本次郎** * .金子信博****・武田博清*

Deer overabundance affects many taxa and ecosystem functions in both aboveground and belowground systems. We 

investigated changes in soil macrofauna along a ridge and at the bottom of a slope in Ashiu Experimental Forest， a cool 

temperate natural forest in central }apan， in which the flora， fauna， microflora， and ecosystem functions were studied before 

the Sika-deer (Cervus niPpon) population increased. The abundance and biomass of soil macrofaunal detritivores 

(earthworms， isopods， amphipods， and diplopods) and predators (opilionids， Araneae， and chilopods) were adversely 

affected both along the ridge and at the slope bottom. These results are consistent with prior studies conducted with deer 

exclosures or natural experiments.τ'he soil organic matter distribution， the carbon-nitrogen ratio in the litter and mineral 

layers， and soil hardness along the slope also changed. These results suggest that deer overabundance affects ecosystem 

functions along the slope. The movement of litter and soil along the slope， and the reduction of soil macrofauna associated 

withd巴compositionpossibly contributed to these changes 

Key words: cool temperate forest， overabundance， Sika-deer， soil macrofauna 

j鼠荷におけるシカ類の草野皮の増大が、広範な植物相と動物相、生態系プロセスに影響することが示されてきた。我々

はニホンジカ (Cervusni戸pon)の増加1以前の土壌動物相の知見が蓄積されている京都大学芦生演習林(下1"音[1日本)にお
いて、斜面の尾根音11と谷音11において大型土機動物相を調資して過去のデータと比較した。過去と現在の問の変化は尾根

と谷とで類似しており、腐桔食者のミミズ類、等脚類、端脚類、倍!拘i類と、主Ii食者であるイシムカデ類、ジムカデ類、

クモ類、ザトウムシ類が個体数や現存設に負の彩堅手を受けていた。尾根部で地表。1'1同性中虫の密度が増加lしていた。我々
の大型土主義動物に関する結果は排除柵やiヨ然の実験を用いた、有Jfii1類が土壌動物に及ぼす彩響に隠する先行研究の結果

によく一致するものであった。同じ期間に斜聞における有機物土壌の分布と、表層リターおよびゴ二壊における C/N比、

土壌硬皮が顕著に変化しており、シカが生態系機能に影響を与えていることが示唆された。斜面上の有機物の移動や分

解者としての土壌動物相の減少がこの変化に寄与した可能性がある。

キ ワード:土壊動物，ニホンジカ，食害

Introduction 

In the past several decades， changes in land use， lack of 

predators， declining hunting pressure， and low mortality 

in moderate winters have resu1ted in overabundance of 

cervid populations in boreal and temperate forests in 

developed countries (reviewed by Cote et al.， 2004; 

Stewart， 2001; Latham et al.， 2005). A rapid increase of 

Sika-deer (Cervus niPpon) populations is a problem in 
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]apan (Hino et al.， 2003). Deer overabundance degrades 

horizontal and vertical diversity in plant communities， and 

thereby has negative effects on bird， small mammal， and 

inverte brate diversity (Latham et al.， 2005). 

Aboveground herbivores can indirectly affect 

belowground systems by affecting plant physiology or the 

community， or both (Wardle， 2002). As “keystone 

herbivores，" ungulates often change the flora in a forest 

(reviewed by Cote et al.， 2004). Selective grazing by 

overabundant ungulates clearly a1ters the biomass and 
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species composition of plant communities (e.g.， Molvar et 

a1.， 1993; Pastor et a1.， 1993). Plant species that are 

unpalatable to ungulates often have high concentrations 

of secondary metabolites or indigestible polymers such as 

lignin in their tissues (Cote et a1.， 2004). Therefore， a 

plant community exposed to high ungulate grazing 

pressure provides the belowground system with less 

labile carbon and nutrient sources. On the other hand， 

ungulates provide dung and urine as labile carbon and 

nitrogen sources for the soil surface， and contribute to 

soil processes (Frank and Groffman， 1988; Pastor et a1.， 

1993; Haynes and Williams， 1999; Williams et a1.， 2000). 

Furthermore， intensive grazing reduces understory 

foliage and inhibits regeneration of canopy trees 

σ'akatsuki and Gorai， 1994)， resulting in changes to the 

forest floor microclimate， i.e.， wind speed， the diurnal 

amplitude in temperature， and dry-wet frequency 

(Stewart， 2001).百lesechanges affect the soil microflora 

and fauna that are responsible for decomposition. Thus， 

ungulates affect ecosystem functions via multiple 

mechanisms (Bardgett and Wardle， 2003). 

The effects of ungulates on soil biota vary depending 

on the size class of soil organisms. While the microbe-

protozoa-nematode system responds differently based on 

nutrient conditions or trophic structure (reviewed by 

Wardle， 2002)， the abundance and biomass of larger soil 

animals， including meso-and macrofauna， are largely 

negatively affected in heavily grazed forests (Suominen， 

1999; Wardle et a1.， 2001; Allombert et a1.， 2005; Ito， 

(a) 
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unpublished data) and grasslands (e.g.， Clapperton et a1.， 

2002; Petersen et a1.， 2004)， except for some ground-

dwelling insects (Suominen et a1.， 1999a， 1999b， 2003; 

Allombert et a1.， 2005). 

Prior studies were conducted using exclosure 

experiments， in which large herbivorous mammals were 

excluded from plots， or natural experiments， in which 

faunal communities under different grazing intensities or 

with different histories were compared. To determine 

wheilier predictions based on these prior studies can be 

applied to a cool temperate forest in ]apan， we investigated 

ilie soil macrofauna and compared it with that of 30 years 

ago on a slope in Ashiu Experimental Forest， a cool 

temperate natural forest in central ] apan， in which the 

flora， soil fauna (Tsukamoto， 1977， 1985， 1986a， 1986b， 

1996; Takeda， 1981; Kaneko and Takeda， 1984; Kaneko， 

1985， 1988， 1989)， and ecosystem functions (Katagiri and 

Tsu tsumi， 1973， 1974， 1975， 1976， 1978; Sakai and 

Tsutsumi， 1986， 1987) were studied before仕leC. niPpon 

population increased and ilie flora was severely damaged. 

We focused on the abundance and biomass of soil 

macro-invertebrates to examine the impact of deer 

overabundance on soil fauna and soil ecosystem in a cool 

temperate forest with a long-term study. 

Materials and methods 

Study site and sampling dates 

This study was conducted in Ashiu Experimental 

A
W
 

Figure 1 Deer impacts on understory foliage in Ashiu Experimental Forest. Photographs were taken by Dr. Etsuko Katori at the same 
location in Iwatani Valley in (a) 1999 and (b) 2006. 
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Forest (350 3' N， l350 8' E)， Field Science Education 

and Research Center， Kyoto University， located in central 

Honshu Island， Japan. The estimated density of C. niPpon 

in the forest from 2001 to present was up to 10 individuals 

km2 (Takayanagi et a1.， unpublished data)， equivalent or 

higher than the density measured at sites in earlier 

studies (e.g.， Suominen et a1.， 1999a). Although no 

information about the abundance of deer in the 1970s was 

available， their density was not problematic until the late 

1990s. Understory foliage in the forest has dec1ined 

drastically， both in coverage and diversity (Kato and 

Okuyama， 2004). Figure 1 shows understory foliage at 

the same location in the forest in 1999 and 2006. 

A1most a11 forests in Japan develop on slopes (Iwatsubo， 

1996). The flora， distribution of organic matter， 

decomposition pattern， and， thus， carbon and nutrient 

dynamics differ along the slope (reviewed by Katagiri， 

1996). Soil faunas also vary along the slope σsukamoto 

1977，1985，1996; Takeda， 1981; Kaneko， 1985). Therefore， 

surveys both along ridges and at the bottom of slopes are 

needed for a detailed picture of the soil fauna in Japan. We 

selected a slope on the north side of a ridge in Nodahata 

Valley and investigated the soi1 macrofauna. The slope 

was 70 m in length and ranged from 695 to 735 m above 

sea level (ASL). The study site was covered with snow 

from December to April. Table 1 gives the cumulative 

precipitation and mean temperature for each month and 

year， measured at the Ashiu Experimental Forest office， 

10 km south of the study site and 355 m ASL. On the 

studied slope， moder and mull soi1s deve10ped along the 

ridge and bottom， respectivelyσsukamoto， 1977; Takeda 

Table 1 Climate data for Ashiu Experimental Forest during the 
study period. 

(a) Mean temperature (0C) 
Jun ~ annual 

1976 19.9 18.5 11.2 
1977 20.1 19.9 11.3 
2007 20.2 21.1 12.2 

(b) Cumulative precipitation (mm) 
Jun ~ annual 

1976 213.0 367.0 2294.0 
1977 106.0 213.0 1591.0 
2007 280.5 120.5 1946.0 

(a) Mean temperature and (b) cumulative precipitation by 
month and year measured at the Ashiu Experimental Forest 
office， located about 10 km south ofthe study site and 355 m 
above sea level. 
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and Kaneko， 1988). Both the ridge and the bottom ofthe 

slope support broad-leaved deciduous forest. Quercus 

mongolica crispula and Lyonia ovalifolia were dominant 

on the ridge and Cornus controversa， Pterocarya rhoifolia， 

and Fagus crenαta were dominant at the bottom. On the 

forest f1oor， dwarf bamboo (Sasa kutぜlensis)was dominant 

unti1 the late 1990s but disappeared no later than 2007 

due to deer browsing. 

Soil macrofauna 

The soi1 macrofauna was investigated before deer 

overabundance， from 1974 to 1978 (Tsukamoto， 1977， 

1985， 1986a， 1986b， 1996)， and after deer overabundance， 

in June and September 2007. Soi1 invertebrates were 

sampled monthly from May or June to November with 

quadrats both along the ridge and at the bottom of 

studied slope in the investigation conducted in 1970s. For 

detailed methods of prior studies， see Tsukamoto (1977， 

1985， 1986a， 1986b， 1996).官lemethods used in 2007 are 

detailed below. 

In 2007， the hand-sorting method was used for soi1 

macrofauna. Samples were collected in ear1y June and 

ear1y September 2007. We established plots with six 20-m2 

subplots on the ridge and slope bottom. We sampled one 

point randomly in each subplot with a 25 x 25 cm 

quadrat. Three layers， the litter layer (L layer) and two 

10心mthick layers of soil beneath the L layer， were 

sampled. A11 macro-invertebrates found in hand sorting 

were preserved in 70% ethanol.官leanimals were sorted 

into the following taxa or groups: large Oligochaeta 

(earthworms)， Amphipoda， Isopoda， Diplopoda， Diptera 

larvae， Coleoptera larvae， Coleoptera imagoes， Chilopoda 

(three orders)， Araneae， Opi1iones， Turbellaria， and 

Hirudinea. Alcohol wet weight for each individual was 

used as the biomass indicator and was determined to 10-5 

g with an electric balance. 

The litter of the L layer was oven dried and weighed. 

τne thickness of the FH layer (in the Ao layer) for each pit 

was determined as the mean value of four replicates 

measured on internal aspects in the square pit after we 

sampled the soil. Soil hardness was measured at depths of 

5， 10， and 15 cm with Yamanaka' s soil hardness tester. 

Two soi1 samples taken from each pit with 100-cm3 cores 

at depths of 5 and 15 cm， representing the two soillayers 

sampled， were brought to the laboratory. We oven回dried

the soil samples and sieved them with a 2-mm mesh to 
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remove roots and rocks. We determined total carbon and 

nitrogen contents of the soil and leaf litter with an NC 

analyzer (NC-22A， Sumigraph). 

Statistical analyses 

We analyzed the data obtained in 2007 and corresponding 

data from Tsukamoto (1977， 1985， 1986a， 1986b， 1996). 

τne following data were used for comparison of the soil 

fauna before and after deer overabundance: the 

abundance and biomass of soil macrofauna (large 

Oligochaeta， Amphipoda， Isopoda， Diplopoda， Diptera 

larvae， Coleoptera larvae， Coleoptera imago， Chilopoda 

(three orders)， Araneae， Opiliones， Turbellaria， and 

Hirudinea) in June and September 1976，1977， and 2007. 

Here， macrofauna contained in the soil organic layer 

(ん layer，containing the L and FH layers) and mineral 

layer (to 10 cm below the organic layer) were compared 

at the ridge site. At the bottom site， the macrofauna of the 

L layer and from below 10 cm were compared among 

sample dates. Note that macrofauna at the ridge site in 

2007 may be overestimated by up to 15.6% for abundance 

and 6.4% for biomass due to a difference in sampling 

methods for macrofauna at the ridge site between 

1976/1977 and 2007; the L layer， FH layers (ca. 3.6 cm)， 

and below lO-cm thick mineral layer were separately 

sampled in 1976 and 1977， whereas the L layer and below 

two 10-cm thick layers， with the upper 10-cm layer 

containing both FH and mineral layers， were sampled in 

2007 (Fig. 2). The methods used at the bottom site were 

the same for all sample dates. Thus， the macrofauna at 

the ridge site was investigated deeper in 2007 than in 

1976 and 1977. In the analysis， we compared the 

macrofauna collected in 1976 and 1977 with all the 

1976 and 1977 2007 

Litter Li杭er

ca. 3.6 cm 

IOcm 

10cm 1 Mine 互宝司
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macrofauna sampled in 2007 at the ridge site; thus， 

animals from an extra 6.4 cm of soil were included in the 

2007 data. Although the degree of overestimation caused 

by this was not negligible， it did not affect our 

conclusions， as mentioned in the discussion. Also note 

that examination to depths of 40 cm or deeper in soil is 

needed for a proper understanding of earthworms in 

natural forests， because many earthworms are found in 

deeper soil (Watanabe， 1968， 1973; Tsukamoto， 1985). 

We examined whether the time elapsed from the 1970s 

to 2007， in which deer abundance increased， explains 

variation in the abundance of each taxon. We conducted a 

two-way analysis of variance (郎OVA)in which elapsed 

years and season (June or September) were the main 

effects. The ridge and bottom sites were analyzed 

separately. For taxa in which the effect of the season-time 

interaction was significant， the difference among samples 

in each season was examined by one-way ANOVA and a 

pair-wise test with a Bonferroni correction. 

We used principal components analysis (PCA) based on 

faunal biomass to demonstrate changes in the 

macrofaunal communi匂T.抗eanvalues of taxa or groups 

among replications were used in this analysis. The data 

were transformed by log (alcohol wet weight (mg) + 1). In 

accordance with the recommendation of Hasegawa 

(2006)， detrended correspondence analysis (DCA) was 

run first. No gradient length in the DCA was larger than 

4. Thus， we used PCA. 

The following soil properties before and after deer 

overabundance were compared. Note that available soil 

property data before deer overabundance were not 

obtained on the same dates. 

. The litter mass in the L layer in June 1976 and June 

2007 

. The thickness of the FH layer in June and September 

1975 and June and September 2007 

. The carbon and nitrogen content and C/N ratio in 

August 1978 and June and September 2007 

. The soil hardness in August 1983 and June and 

September 2007 

A Welch test was used to test for differences in the 

IO cm amount of litter， FH layer thickness， and carbon and 

nitrogen content. When comparing data sampled more 

Figure 2 Sampling methods at the ridge site in 1970s and 2007. 
Soil stra匂，from which soil fauna were analyzed in present paper， 
are expressed with solid line on each side. 

than three times at one place and depth， a one-way 

ANOVA and pair-wise test with a Bonferroni correction 

were used. To examine changes in FH layer thickness at 
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the bottom site， where the FH layer was very thin in出e

1970s but no thickness data for that time are available， a 

one sample t-test was used to determine whether the 

mean values in 2007 were different from zero. The 

correlation between soil hardness and depth in the 

mineral layer was tested. After that， the difference 

between sample dates was examined with analysis of 

covariance (ANCOVA)， in which the data for soil 

hardness in June and September 2007 were pooled and 

compared with data from 1983. 

All statistical analyses were conducted in R 2.6.1 (R 

Development Core Team， 2007). 

Results 

1 . Soil properties 

The amount of litter in the L layer， the thickness of the 

FH layer， the C/N ratio in the litter and mineral layers， 

and soil hardness are given in Table 2. The amount of 

litter accumulated in the L layer at the bottom site in 2007 

was twice the level from the 1970s (P < 0.001); this 

difference was not significant at the ridge site (P = 0.260; 

Table 2.1). The thickness of the FH layer did not change 

significantly at the ridge site (one-way ANOVA， P = 0.18) 

T'able 2.1 Accumulated litter mass (g m勺inthe L layer. 

Ridge Bottom 
Mean土SE n Mean土SE n 
366土8.2 5 456土58 5 
604士187出 6 1040土 141"* 6 

.lune 1976 
June 2007 
Values are mel¥ns土 1SE. Significallt differences between June 

とD

J 976 l¥lld .lune 2007 were examined.ネPく0.05;** P < 0.01; *** 
P < 0.001; ns‘not significl¥nt. 

Table 2.3τbe CjN ratio ill leaf litter and the soillayer by sample 
date， site， and depth 

Ridge Bollol1l 
Mcall"，SF n Mcan土器E

Leaflil.er Au華.1978 30.}ヱ1.1" 4 24.} ，と 0.70~

JUIlc2骨07 22.2土仏61" 時 2L1土0.59諮
Sept. 2007 18.曹三:羽58" b 19.3土1.43為

ふ10cm Aug.1978 2L21ニ仏80" 4 13.5乙{).70'
Jllla2007 13.3，土0.57[; 6 l骨.6てと0.25争
Sept. 2007 13.5ェ0.33" tう 10.6二上時57為

10.2むcm Aug.1978 j8.1ぉLO' 4 13.0，，，j民9日夜 4 
Junc 20tJ7 12，6"， 0，83" 品 仏44土払41' 6 
kpL 2007 12.9 0.50" 6 守.26士45ムJ

Va¥ucs J¥fC mCJ¥f¥S土1汚.E，Diffe聞社1副総持indica秘話引きiJk開!difte問ncな$
剖nongぉnmplcdmcs. 
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but was substantially thicker at the bottom site in 2007， 

where the FH layer was very thin in 1975ぐrable2.2). The 

C/N ratio of leaf litter in the L layer decreased at both the 

ridge and bottom sites， and that in the minerallayer also 

decreasedσable 2.3). The low li社erC/N was caused by 

the considerably higher nitrogen concentration in litter， 

which was ca. 2.5-2.6% in June 2007 and 2.9-3.0% in 

September 2007. 

At al1 sample dates and sites， soil hardness was 

positively correlated with soil depth (Pearson's product幅

moment coefficient test， Pく 0.001).The ANCOVA 

detected no change in the slope of the regression 

function， where the dependent and independent variables 

were soil hardness and depth， respectively， at neither the 

ridge site (P = 0.466) nor the bottom site (P = 0.814). The 

adjusted mean soil hardness did not change at the ridge 

site (P = 0.624) but increased at the bottom site (P < 

0.001). Soil hardness at a depth of 10 cm， extrapolated 

from the regressions， is listed in Table 2.4. 

2. Soil macrofauna 

Soil macrofauna abundance (P = 0.0454) and biomass 

(P = 0.00786) changed with time at the ridge site， and also 

at the bottom site (abundance， Pく 0.001;biomass， P < 

Table 2.2 Thickness ofthe FH layer (cm). 

Ride.e Bottom 
恥1ean土SE n Mean土SE n 

June 1975 3.4土0.57" 5 <<1 
Sept. J 975 3.1ま0.85" 5 <くl
June 2007 4.6 ，b. 0.64" 6 1.2 J， 0.26' 6 
Scpt. 2007 2.7土0.92" 6 3.0土0，78叫 6
Values arc means土1SE. Difterent Ictters indicate significant 
diJlerences among sample dates at the ridge site. A one smnple t-
test was used 10 deterrni自己ifmeanvalues in 2007 difTeJ官dt示。111
zero for the bottom site. * Pく0.05:料 Pく0.01;料 *P <O.OOl‘ 

Table 2.4 Soil hardness (kg cm3) at 10 cm depth. 

n 
主~主
0.237 

Bott0111 
0.077 1983 

必
嶋
守
ぷ
り
〆
。

2007 O，21Sn， 0.217''' 
Values were extrapolated by linear regression， where the dependent 
and independent variables were soil har寸nessand depth‘ 
respectivcly， ANCOVA was llsedωdetennillc jfadjusted mean 
values dilTe才edbetween sample dates. * P < 0.05;ネネ P<0.01; **ネ
P < O.OO!; n払notsignificant 

-冶鴫

V
A
v
-
n
v
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both sites (P < 0.001). An effect of the season-time 

interaction on isopod abundance was detected at both the 

ridge (P = 0.0215) and bottom (P = 0.0241) sites. The 

abundance of Diplopoda decreased at the ridge (P = 

0.0365) and bottom (P = 0.0241) sites， but biomass did not 

decrease at either the ridge (P = 0.301) or bottom (P = 

0.237) sites. The abundance of Coleoptera imagoes 

increased (P = 0.0118) but their biomass did not increase 

(P = 0.967) at the ridge site. 

Figure 4 shows the abundance and biomass of 

predaceous macrofauna in 1976， 1977， and 2007. Opilionid 

abundance marginally decreased at the ridge (P = 0.050η 

and bottom (P = 0.0890) sites. Their biomass marginally 

decreased at the ridge site (P = 0.0516) but did not 

decrease at the bottom site (P = 0.191). In fact， no 

Opiliones individuals were collected in 2007. Araneae 

decreased in abundance and biomass at both the ridge 

(abundance， Pく 0.001;biomass， P = 0.0221) and bottom 

(abundance， P = 0.00906; biomass， P = 0.0130) sites. In 

Chilopoda， Lithobiomorpha decreased in abundance and 

biomass at both the ridge and bottom sites (Pく 0.001).

68 

0.001). The mean total abundance (土 SE)for the pooled 

data from the two sample months decreased from 854.4 

:t: 228.5 (n = 10) in 1976 and 968.0土 103.9(n = 12) in 

1977 to 560.0土 135.4(n = 12) individuals m:2 in 2007 at 

the ridge site， and from 1720.0土 252.0(n = 12) in 1976 

and 1720 :t: 238.6 (n巴 12)in 1977 to 512.0土 97.6(n = 12) 

individuals m2 in 2007 at the bottom site.τbe mean total 

biomass (土 SE)for data pooled between the two sample 

months decreased from 10.7 :t: 4.55 (n = 10) in 1976 and 

12.4 :t: 2.55 (n = 12) in 1977 to 2.22土 0.529(n = 12) g m2 

in 2007 at the ridge site， and from 13.9 :t: 2.48 (ロ=12) in 

1976 and 10.4土1.54(n = 12) in 1977 to 4.59 :t: 2.28 (n = 

12) g m2 in 2007 at the bottom site. 

Figure 3 shows the abundance and biomass of 

detritivorous macrofauna in 1976， 1977， and 2007. 

Earthworms decreased in abundance (P = 0.0230) and 

biomass (P = 0.0458) at the ridge site， and decreased in 

abundance (P < 0.001) but not biomass (P = 0.187) at the 

bottom site. Amphipoda decreased in abundance (Pく

0.001) and biomass (P = 0.00152) at the bottom site. 

Isopoda decreased in both abundance and biomass at 

(b) Macrofaunal detriti刊 reabundance in the bottom site 
10000 

(a) Macrofaunal detritivore abundance in the ridgesite 
100001 
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Figure 3 Abundance and biomass of macrofaunal dehitivores at the ridge and botlom sites. Open， gray， and filled columns indicate abundancel 
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1976， n = 10). Bars indicate 1 SE. Symbols for包xa:1 and L represent imago and larva， respectively. Note仕latthe category “Coleoptera lmago" 
contains predators， herbivores， and detritivores.百lefol1owing symbols indicate a statistically significant effect of time on macrofaunal abundance 
or biomass in the two明ayANOVA where sample month and elapsed years are the main effects. + Pく0.10;* Pく0.05;付 Pく0.01;付 *Pく0.001.
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Geophilomorpha abundance and biomass decreased at 

both the ridge (P = 0.0040 and 0.00129， respectively) and 

bottom (P < 0.001 and P = 0.0486， respectively) sites. An 

effect of the season-time interaction on Geophilomorpha 

abundance was detected at the ridge site (P = 0.0215). 

Figure 5 shows the abundance of Isopoda and 

Geophilomorpha in June and September， when the 

season-time interaction was significant， except for 

Geophilomorpha at the ridge site (P = 0.131). The 

difference in abundance was larger in September than in 

June. 

Figure 6 shows the results of PCA of macrofaunal 

communities based on biomass. The first and second axes 

explained 38.7% and 22.6% of the variance among 

communities. Communities were divided into three 

groups， ridge communities in the 1970s， bottom 

communities in the 1970s， and all communities in 2007. 

-5 
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Most arrows for taxa or faunal groups are orientated in 

the opposite direction of arrows for 2007 communities， 

reflecting their reduced biomass. Coleoptera larvae and 

Hirudinea at the ridge site and Amphipoda at the bottom 

site characterized the difference between ridge and 

bottom communities in the 1970s. 

Discussion 

Impacts of deer browsing on the macrofaunal community 

The total biomass of soil macrofauna decreased within 

30 years at our study site. Our results show that the 

abundance or biomass， or both， of earthworms， Isopoda， 

Diplopoda， Opiliones， Araneae， and two orders of 

Chilopoda (Geophilomorpha and Litho biomorpha) 

decreased at both the ridge and bottom sites. Amphipoda， 

which was abundant at the bottom site in the 1970s， 
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drastically declined. Ground-dwelling Co1eoptera imago 

was the only group that increased in abundance at the 

ridge site. 

As mentioned in the methods， the data for fauna at the 

ridge site in 2007 were like1y overestimated due to 

differences in sampling procedures between the 1970s 

and 2007. Thus， our resu1ts shou1d be interpreted 

carefully. However， our resu1ts indicate that most of the 

taxa investigated had declined or did not change in 

abundance or biomass. The abundance and biomass of 

ground-dwelling Co1eoptera imagoes， the on1y group that 

increased in abundance at the ridge site， are unlike1y to 

have been estimated imprecise1y， because they are 

surface dwellers. Therefore， the possib1e overestimation 

of macrofauna at the ridge site in 2007 does not affect the 

discussion herein. 

Tab1e 3 compares the resu1ts of previous studies of the 

impacts of ungu1ates on soil macrofauna in forests with 

our resu1ts. Our findings are consistent with prior studies， 

in that ungu1ate browsing 1arge1y negative1y influenced 

soil macrofauna， over severa1 trophic 1eve1s (Suominen， 

1999; Ward1e et aし2001)， and positive1y influenced some 

groups， such as ground-dwelling Co1eoptera (Suominen 

et al.， 1999a， 2003; Al10mbert et al.， 2005). 

With deer overabundance， 10ss of p1ants that provide 

food and she1ter for soil fauna and the resu1ting changes 

in wind speed， temperature， and moisture in the forest 

floor environment negative1y affect anima1s that inhabit 

the forest floor (Stewart， 2001). Some of these 

mechanisms may app1y to Ashiu Experimenta1 Forest. 

Deer overabundance resulted in a drastic decline in 

understory coverage and f10ra richness in Ashiu 

Experimenta1 Forest (Kato and Okuyama， 2004). We 

found no dwarf bamboo and the understory foliage was 

scarce at our study site in 2007， whereas dwarf bamboo 

was dominant in the 1970s. A dep1eted understory may 

have changed the forest floor microclimate and adverse1y 

affected the soil fauna. In fact， 1arge detritivorous 

arthropods， such as Isopoda， Amphipoda， and Dip1opoda， 

were drastically reduced at our study site. These 

arthropods are found primari1y in the organic 1ayer， feed 

on dead p1ant materia1， and are susceptib1e to desiccation 

(reviewed by Co1eman et al.， 2004). 

At our study site， however， the amount of litter and the 

thickness of the organic 1ayer， which provide food and 

habitat for such detritivores， did not decrease， and 
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actual1y increased at the bottom site. Thus， it is unlike1y 

that food dep1etion or desiccation occurred. This resu1t 

implies that mechanisms other than those mentioned by 

Stewart (2001) are responsib1e for the fauna1 reduction. 

Tsukamoto (1977) found that two dominant species of 

Isopoda depend on different microhabitats within the 

organic 1ayer. Although we did not eva1uate the structure 

of microhabitats in detai1， a decline in detritivorous 

macrofauna despite an increase in litter may indicate a 

change in the quality of microhabitats. Further， the 

difference in the abundance of Isopoda was more 

pronounced in September than in J une (Fig. 5a， b). At the 

study site， isopods reproduce from June to September， 

and increase in abundance during that period 

(fsukamoto， 1977).τ1ms， an impact on their recruitment 

processes is suggested. 

The abundance and/or biomass of some macrofauna1 

predators (Opi1iones， Araneae， and Chilopoda) a1so 

dropped. A cascade effect via detritivores may have 

contributed to this change (Ward1e et al.， 2001). The 

increase in Geophilomorpha， an order of Chi1opoda， and 

Isopoda during summer was not as notab1e in 2007 as in 

the 1970s (Fig. 5c， d). Although their 1ife histories remain 

to be studied， a similar mechanism may be depressing 

both the predatory and detritivorous soil macrofauna. 

Suominen et al. (1999a， 2003) found that the abundance 

of some taxa increases depending on forest conditions. 

When deer browsing modifies the forest floor 

environment and enhances foliage suitab1e for some 

fauna1 groups， those groups can increase in abundance. 

In this study， on1y Co1eoptera increased in abundance at 

the ridge site. At our study site， the canopy trees did not 

change and vegetation unpa1atab1e to deer did not 

increase in the understory p1ant community. Future 

changes in p1ant composition may resu1t in increases in 

other taxa in addition to the ground-dwelling Co1eoptera. 

Changes in the macrofauna over the past 30 years were 

similar at the ridge and bottom sites despite differences 

in soi1s. Furthermore， PCA revea1ed that macrofaunal 

communities could be classified into three groups: ridge 

communities in the 1970s， bottom communities in the 

1970s， and all communities in 2007. These findings 

suggest that deer browsing dep1eted and homogenized 

the macrofauna1 communities at the ridge and bottom 

sites. This resu1t indicates that deer overabundance 

diminished beta 
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Impact on ecosystem processes 

The amount of 1itter in the L layer increased at the 

bottom site of the study slope. Furthermore， an FH layer， 

which is usually found on the ridge part of a slope and not 

at the bottom， was newly developed at the bottom site. 

The amount of organic material on slopes should be a 

function of litter fall， decomposition rate， and in-and 

ou凶owalong the slope. Complicated mechanisms may be 

responsible for changes in the distribution of organic 

material on the forest floor as follows. 

First， the movement of litter and soil along the slope 

may be one mechanism involved in the shift in organic 

material distribution. Furusawa et al. (2003) demonstrated 

that deer browsing enhances the movement of litter and 

soil. On a slope， degradation of the understory loosens 

the soil surface and exposes it to wind. As a result， the 

movement of litter from the ridge and middle part of the 

slope to the bottom could be considerable. In fact， we 

observed an easily breakable soil surface， but the extent 

seemed to vary with microtopography. 

Second， the decline of large detritivores (earthworms， 

Amphipoda， Isopoda， and Diplopoda) that have important 

roles in soil processes as ecosystem engineers or litter 

transformers (Lavelle， 1997; Kaneko and Itoh， 2004) may 

contribute to the increased amount of organic material at 

the bottom site. Tsukamoto (1986a， 1986b， 1996) 

evaluated the contribution of soil macrofauna to 1itter 

disappearance at this site， and concluded that Isopoda and 

earthworms were responsible for more than 30% of litter 

disappearance in the late 1970s. Therefore， the 

disappearance of litter should have been slower in 2007 

due to the depleted detritivorous macrofauna. 

Third， annual litter fall and decomposition rate， which. 

basically determine the quantity of organic material that 

accumulates on the forest floor， may have changed. 

Although these parameters were not measured in the 

present study， the soil property results imply changes in 

them. The litter and soil C/N ratios were significantly 

lower in 2007 than in 1978 at both the ridge and bottom 

sites. The low litter C/N ratio in 2007 was due to an 

increased litter nitrogen concentration， which increased 

from 1.5-1.9% in 1978 to 2.5-3.0% in 2007. Studies 

conducted before deer overabundance showed that the 

nitrogen concentration of litter in the L layer at this site 

ranged from 1% in newly fallen leaves to at most 2% in the 

decomposition pr 
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Tsukamoto， 1985; Osono and Takeda， 2001). A nitrogen-

rich litter may promote decomposition in early stages and 

retard decomposition in later stages because of inhibition 

of lignin decomposition by nitrogen (reviewed by Berg 

and McClaugherty， 2003). This might have contributed to 

humus accumulation， resulting in the formation of an FH 

layer at the bottom site. On the other hand， the low soil 

C/N ratio in 2007 should have promoted nitrification 

(Murakami et al.， 1990). Therefore， NPP and， in turn， 

litter fall might have been enhanced (Wardle， 2002). 

Excessive mineralization of nitrogen caused by 

ungulate overabundance could result in nutrient losses 

from the system (reviewed by Wardle， 2002) and thereby 

cause eutrophication of streams in the forest (Fujimaki et 

al.， unpublished data). 

Soil hardness increased at the bottom site， but did not 

change significantly at the ridge site. Physical traits of soil 

such as soil hardness are functions of water content， 

organic content， bulk density， porosity， and the extent of 

aggregation as a result of biological activity (Katagiri， 

1996). Hence， the increased soil hardness indicates that 

such factors might have changed. 

Our results suggest substantial changes in the material 

dynamics of the forest between the 1970s and 2007. 

However， the exact nature of these changes is not yet 

clear. Future studies comparing with prior data from this 

forest (Katagiri and Tsutsumi， 1974， 1975， 1976， 1978; 

Sakai and Tsutsumi， 1986， 1987) should reveal ungulate 

effects on ecosystem functions in cool temperate forests. 
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