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Summary

0[ In nature\ various mechanisms that provide some refuges for inferior species to
escape from competition act together to promote the species coexistence in a local
community[ We propose a method to evaluate simultaneously the relative importance
of di}erent mechanisms for the species coexistence\ focusing on a mycophagous
drosophilid community depending on a multispecies fungal host system\ where two
mechanisms Ð aggregation over patches of single fungal species and resource par!
titioning at the fungal species level Ð can act together[ The data are based on the
numbers of adult insects emerging from naturally occurring fungi collected from a
temperate forest in northern Japan[
1[ We con_rm the _nding of Sevenster + van Alphen "0885# that large patches are
low!density refuges despite the large absolute numbers of competitors on them\ and
therefore adopt new measures for intra! and interspeci_c aggregations and the species!
persistence criterion\ which were developed by Sevenster "0885# to take account of
variable patch sizes in calculating the aggregation measures[
2[ The calculated measures are compared among three analyses for fungal resources]
AR!analysis "the original data!set from multispecies fungal patches# in which both aggre!
gation and resource partitioning can act together^ R!analysis "combining the data for all
patches of each fungal species# in which only resource partitioning at the fungal species
level can act^ and A!analysis "calculating the measures independently for each fungal
species# in which only aggregation process can act as a coexistence mechanism[
3[ Intraspeci_c aggregation over multispecies fungal patches is strengthened by both
aggregation and resource partitioning processes[
4[ We recon_rm the _nding of Sevenster + van Alphen "0885# that interspeci_c
associations are consistent over years\ and support their claim that such consistent
associations should be taken as real aspects of the community structure[
5[ Measures for the persistence criterion "T#\ the {relative e}ect of competitor aggregation|\
are less than unity\ satisfying the necessary and su.cient condition for the species persist!
ence\ in most drosophilid species concerned^ these tend to be smaller in AR!analysis than
in R! or A!analysis\ suggesting facilitation of the species coexistence by both aggregation
and resource partitioning in the mycophagous drosophilid community studied[
6[ Di}erences in T!value between AR! and R!analyses and between AR! and A!
analyses may indicate relative contributions of aggregation and resource partitioning\
respectively\ to the species coexistence[ We propose a method to compare various
communities in a multi!dimensional space with regard to the relative importance of
di}erent coexistence mechanisms[
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Introduction

Small\ discrete\ and ephemeral resources\ such as
dung\ carrion\ fruits or fungi\ often support large
numbers of species "Elton 0855^ Heed 0857^ Kimura
et al[ 0866^ Shorrocks 0871#[ Atkinson + Shorrocks
"0870# and Shorrocks + Rosewell "0875# proposed a
model whereby competitors coexist on such resources
without resource partitioning] if the competitively
superior species is aggregated over resource patches\
independently of the inferior species\ it by chance
leaves refuges in low!density patches where the
inferior species is safe from competition "Shorrocks
0889#[ Ives + May "0874# and Ives "0877a\ 0877b\
0880# developed an analytical version of the aggre!
gation model[ Hanski "0870# and de Jong "0871# each
independently developed equivalent models descri!
bing how spatial aggregation facilitates coexistence
of ecologically similar forms in patchy environments[
Increasing evidence supports this {aggregation model|
"Atkinson + Shorrocks 0873^ Kneidel 0874^ Hanski
0876^ Rosewell\ Shorrocks + Edwards 0889^ Shor!
rocks\ Rosewell + Edwards 0889^ Ives 0880^ Jaenike +
James 0880^ Shorrocks 0880^ Sevenster + van Alphen
0885#[ Most studies that brought such evidence
focused on a single type or species of food resource to
exclude another factor\ resource partitioning\ from
the analyses or experiments[ As Shorrocks "0889\ 0885#
mentioned\ however\ in nature any mechanisms that
provide refuges for inferior competitors act together
to make the coexistence easier^ there are many possible
mechanisms that may help to explain the local coexist!
ence "diversity# of species[ Shorrocks "0885# called it
{a problem with too many solutions|[ It remains to be
investigated in natural communities to what extents
di}erent mechanisms promote the coexistence sep!
arately and in combination "Sevenster + van Alphen
0885#[

Mycophagous drosophilids seem to be prime can!
didates to study multiple mechanisms\ especially
aggregation and resource partitioning\ that act to!
gether to promote the species coexistence in a com!
munity[ Rosewell et al[ "0889# documented on the
basis of data of adult emergence from naturally occur!
ring fungi that the distribution of each drosophilid
species over patches of single fungal species was sig!
ni_cantly aggregated in 47 out of 51 cases examined[
Jaenike + James "0880# also obtained similar results
in _eld experiments using fruiting bodies of Agaricus
bisporus Lange as breeding sites[ On the other hand\ it
is known that members of a mycophagous drosophilid
community as a whole breed on a wide range of fungal
species\ with various degrees of resource partitioning
among them "Lacy 0873^ Kimura + Toda 0878^
Courtney\ Kibota + Singleton 0889^ Toda + Kimura
0886#[ These two processes\ aggregation and resource
partitioning\ which enhance the coexistence of com!
munity members\ have never been investigated at the
same time covering the whole range of host fungi[

Although Shorrocks + Sevenster "0884# and Shor!
rocks "0885# attempted to evaluate the relative import!
ance of aggregation and resource partitioning by com!
parable measures of intra! and interspeci_c
aggregations\ respectively\ there has been no appro!
priate method in the aggregation model to analyse
data taken from a wide range of resources variable in
patch size[ Recently\ Sevenster "0885# improved this
point\ substituting the density for the number in mea!
sures of intra! and interspeci_c aggregations to take
account of variable patches[

In this study\ the new measures and criterion
developed by Sevenster "0885# are adopted to compare
aggregations\ associations\ and conditions for coexist!
ence of mycophagous drosophilids among the fol!
lowing three systems of fungal resources] "i# single!
type "corresponding here to fungal species# system
with discrete patches^ "ii# multi!type system without
discrete patches in each type^ and "iii# multi!type sys!
tem with discrete patches in each type[ Each system is
based on di}erent assumptions] in the _rst system only
the aggregation can act as a mechanism for coexist!
ence^ in the second only the resource partitioning at
the fungal species level can do so^ and in the third
both mechanisms can act together[

The data were based on the numbers of drosophilid
and non!drosophilid adults emerging from naturally
occurring fungi[ Two data!sets were taken in suc!
cessive years 0884 and 0885\ to compare interspeci_c
associations over resource patches between the two
years[

Methods

SAMPLING OF FUNGI AND EMERGENT

INSECTS

Collection of fungi was carried out during a limited
period within a rather small\ isolated area\ the Botanic
Garden of Hokkaido University\ to avoid over!
estimates of aggregation due to temporal and spatial
variations in population density and:or host uti!
lization "cf[ Sevenster + van Alphen 0885#[ The Bot!
anic Garden covers 02=4 ha and contains some natural
groves but is located in the centre of Sapporo City\
surrounded by the urban area and therefore isolated\ if
not completely\ from other mycophagous drosophilid
habitats[ Fungal samples were collected twice a week
during June\ when most mycophagous drosophilid
species are synchronously in their _rst breeding season
because the generation has overwintered as adults
"Kimura et al[ 0867^ Watabe et al[ 0874^ Toda et al[
0875^ Kimura + Toda 0878#[

All fruiting bodies were collected from each fungal
patch[ A separate patch was de_ned as the fruiting
body or bodies within a small area that might be
reached by larvae during their development[ Con!
sidering the temporal variation of host use in the pro!
cess of decay among di}erent drosophilid species
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"Kimura 0865\ 0879^ Kimura + Toda 0878#\ we sam!
pled fungi at an appropriate stage when larvae of all
the consumer species were likely to be present[ Each
sample was weighed and placed on damp sand "in
0884# or vermiculite "in 0885# and leaf litter in a 0!
litre plastic container with a cotton!plugged ven!
tilation hole in the lid[ The sand and leaf litter were
sterilized by drying at 094>C for 13 h before use[ The
containers were kept in an outdoor insectary and
emerging adult insects were collected every 0 or 1
days for almost 4 months until early November[ All
drosophilids were identi_ed to species\ but other
insects to family[

ANALYSIS

Measures for a``re`ation model

The following three measures for intraspeci_c aggre!
gation\ interspeci_c aggregation "association#\ and
coexistence criterion\ which were improved by Sev!
enster "0885# to incorporate the density\ not the
number\ of potential competitors on each patch into
the {aggregation model|\ were calculated only for dro!
sophilids[

Intraspeci_c aggregation was quanti_ed by J\ the
increase in the average density of competitors en!
countered relative to a random distribution]

J � "Sei:N1#="Sni"ni Ð 0#:ei# Ð 0 eqn 0

where ni is the number of adult individuals having
emerged from patch i\ ei is the size of patch i\ quant!
i_ed by the wet weight "in g# of fungal sample\ and N
is the total number of individuals[ J � 9 indicates a
random distribution\ J × 9 an aggregated distri!
bution\ and J ³ 9 the tendency of a uniform dis!
tribution[

Association between species was quanti_ed by C as
a measure of interspeci_c aggregation\ i[e[ the increase
in the average density of heterospeci_c competitors
encountered relative to a random distribution]

Cxy � "Sei:NxNy#"Snxinyi:ei# Ð 0 eqn 1

where subscripts x and y indicate species[ Cxy ³ 9
indicates that the two species encounter each other\ on
average\ less frequently than at random\ and Cxy × 9
indicates more frequent encounters than at random[

Sevenster "0885# proposed Txy\ the {relative e}ect of
competitor aggregation|\ as a new criterion for the
persistence of species x]

Txy � "0 ¦Cxy#:"0 ¦ Jy#[ eqn 2

Txy ³ 0 is a necessary and su.cient condition for the
persistence of species x in the presence of species y[
However\ species do not compete in pairs[ We there!
fore calculated the relative e}ect of aggregation of all
potential competitors\ Tx\Ðx\ on the persistence of each
species\ combining the data of all other drosophilids
"Tdro# or of all other dipterans "Tall#[

Data analysis

First\ the above three measures were calculated for
each of the original data!sets in 0884 and 0885\ which
consisted of the data of emergent insects from multiple
patches of multiple fungal species[ In such a situation
the intra! and interspeci_c aggregation measures\ J
and C\ are very likely to be a}ected by two factors\
aggregation over patches of single fungal species and
resource partitioning among multiple fungal species[
Usually\ the combined e}ects of both mechanisms are
expected to reduce the T!value\ i[e[ to promote the
coexistence of the species[ This analysis is henceforth
called {AR!analysis|\ since aggregation and resource
partitioning can contribute together[

Next\ to evaluate the relative importance of the two
mechanisms for coexistence\ the analyses were made
based on the following two assumptions[ In the _rst
analysis we summed up the data for all patches of each
fungal species to exclude the e}ect of aggregation\
assuming that each fungal species produces only a
single\ very large fruiting body or {superpatch|[ This
analysis is called {R!analysis|\ since only resource par!
titioning can contribute to the aggregation measures[
The second analysis was made independently for each
fungal species[ Since the e}ect of resource partitioning
at the fungal species level is excluded and only aggre!
gation over patches of single fungal species can con!
tribute to the aggregation measures\ this is called {A!
analysis|[

In all the three analyses only drosophilid species
with N −09 were subjected to the analyses[ In AR!
and R!analyses\ fungal samples "patches# that pro!
duced no drosophilids were excluded from the analy!
ses\ and in A!analysis only fungal species with seven
or more samples were subjected to the analysis[ In
consequence\ the values of J\ C\ and T were compared
between AR! and R!analyses and between AR! and
A!analyses only for the species or species pairs of
which the corresponding values were calculated in all
the three analyses[ For example\ a total of 32 indi!
viduals of Drosophila makinoi Okada emerged in 0885\
but from Oudemansiella brunneomarginata L[ Vas!
silieva and Flammulina velutipes "Fr[# Sing[ of which
samples were six and two\ respectively[Therefore\ D[
makinoi was excluded from A!analysis and eventually
from the comparisons[

Results

In total\ 092 fungal patches of 12 species from 8 fam!
ilies and 84 patches of 05 species from 7 families were
sampled in 0884 and 0885\ respectively[ Of these\ 86
and 89 fungal samples yielded insects\ and the total
numbers of reared insects were 07 530 and 20 905\
respectively[ Diptera comprised 88=2) and 87=5) of
these totals\ including 06 and 08 families\ respectively
"Table 0#[ The Drosophilidae was the top!ranked
among them\ 8733 individuals "41=7) of the total#
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Table 0[ Insects reared from fungal samples in 0884 and 0885

0884 0885

DROSOPHILIDAE
Leucophenga maculata "Dufour# 49 222
Le[ quinquemaculipennis Okada 38 17
Mycodrosophila poecilogastra "Loew# Ð 2
Hirtodrosophila quadrivittata "Okada# Ð 11
H[ ussurica "Duda# 002 Ð
H[ trivittata "Strobl# 078 2
H[ trilineata "Chung# 045 41
H[ sexvittata "Okada# 2558 1053
H[ alboralis "Momma + Takada# 565 221
H[ histrioides "Okada + Kurokawa# 1432 1044
Drosophila makinoi Okada 05 32
D[ orientacea Grimaldi\ James + Jaenike 459 2952
D[ histrio Meigen 26 Ð
D[ brachynephros Okada 0041 0067
D[ curvispina Watabe + Toda 403 002
D[ unispina Okada 098 03
D[ nigromaculata Kikkawa + Peng Ð 026
D[ auraria Peng 00 01
Scaptomyza pallida "Zetterstedt# Ð 06
Lordiphosa collinella "Okada# Ð 0
Total 8733 8569

Other DIPTERA
Anisopodidae 0133 740
Cecidomyiidae 0 39
Chironomidae 3 Ð
Chloropidae 6 23
Culicidae Ð 0
Dolichopodidae Ð 0
Empididae Ð 4
Fanniidae 3 3
Heleomyzidae 011 194
Limnobiidae 339 0309
Lonchaeidae 3 336
Muscidae 46 65
Mycetophilidae 0127 0504
Phoridae 2494 6532
Platypezidae 7 10
Psychodidae 0609 086
Scatopsidae 051 6701
Sciaridae 038 251
Sphaeroceridae 19 199
Total 7564 19813

COLEOPTERA 0 46
COLLEMBORA Ð 1
DERMAPTERA 0 Ð
HYMENOPTERA 019 246
LEPIDOPTERA Ð 5
Total 07530 20905

of 04 species and 8569 "20=1)# of 07 species having
emerged from 85 fungal samples "12 species\ 8 fam!
ilies# and 74 samples "04 species\ 7 families# in 0884
and 0885\ respectively "Table 0#[

DENSITY OF DROSOPHILIDS PER FUNGAL

PATCH

Sevenster + van Alphen "0885# revealed\ based on the
data of insects having emerged from fallen fruits of

Spondias mombin L[ in a tropical forest of the Barro
Colorado Island "BCI#\ that the number and the den!
sity of competitors in a patch had opposite cor!
relations with patch size] while large patches seemed
to be aggregated when numbers were considered\ they
in fact tended to be low!density refuges[ To con_rm
whether the same tendency is also present in the fungal
system of a temperate forest\ we plotted the number
and the density of drosophilid emergents per fungal
patch against patch size on log!log scales\ based on
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the data from the whole data!sets of 0884 and 0885 but
separately for each year "Fig[ 0#[ Log!log regression
analyses revealed that within both years\ the number
of drosophilid emergents had a signi_cantly positive
relationship with fungal patch size\ whereas the den!
sity declined signi_cantly with increasing patch size
"Fig[ 0\ Table 1#[ Furthermore\ we examined these
relationships separately for each fungal species with
seven or more patches sampled in each year^ 01 data!
subsets were subjected to the regression analysis
"Table 1#[ Log!log regressions of the number of dro!
sophilids on fungal patch size were positive in all the
cases except for Pleurotus ostreatus "Fr[# Que�l[ in 0885\
though signi_cant only in two cases\ Coprinus mica!
ceus "Fr[# Fr[ in 0885 and Pluteus cervinus "Secr[# Que�l[
in 0884[ On the other hand\ the density showed a
negative regression coe.cient on patch size in all the
cases\ though signi_cant only in three cases\ P[ cer!
vinus in 0885\ Coprinus atramentarius "Fr[# Fr[ in 0884\
and P[ ostreatus in 0885[ In addition\ the amounts of
variance in the number and the density of individuals
per patch explained by patch size were much more in
the present fungal multi!type system "15=8 or 20=8)
for the number and 07=0 or 18=4) for the density\
Table 1# than in S[ mombin fruit single!type system
"4=6 or 5=9) and 5=3 or 5=5)\ respectively^ Sevenster
+ van Alphen 0885#[

Fig[ 0[ Log!log regressions of the number and the density of drosophilid emergents per fungal patch on patch size "in g# for
the two years 0884 and 0885[

Thus\ we recon_rmed Sevenster + van Alphen|s
"0885# _nding that large patches are low!density ref!
uges despite the large absolute numbers of com!
petitors on them[ This may be applicable to various
systems consisting of patchy resources\ probably as a
general rule[ We therefore support their claim of the
general need to take patch size into account when
quantifying aggregation[

MEASURES FOR AGGREGATION MODEL

Intraspeci_c a``re`ation

Table 2 shows the degrees of intraspeci_c aggregation\
quanti_ed by J\ in the three "AR\ R\ and A# analyses
separately for each year[ J!values were calculated for
09 and 8 drosophilid species in AR! and R!analyses
and 29 and 20 drosophilidÐfungal species com!
binations in A!analysis in 0884 and 0885\ respectively[
All the calculated J!values were positive\ indicating
more or less aggregated distributions[ Within both
years\ as expected\ J!values were larger in AR!analysis
than in R! or A!analysis[ The di}erences were sig!
ni_cant in comparisons of AR vs[ R "MannÐWhitney
"MW# U!test\ P � 9=9232# and AR vs[ A "P � 9=9903#
in 0884 and AR vs[ A "P � 9=9256# in 0885 but non!
signi_cant in AR vs[ R "P � 9=0600# in 0885[ This
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Table 1[ Regressions of log "drosophilid number# and log "drosophilid density# on log "fungal sample size#[ Fungal sample size
in g

Number Density

Data n Slope r1 ")# P Slope r1 ")# P

ALL |84 85 9=453 15=8 ³ 9=990�� Ð 9=325 07=0 ³ 9=990��
ALL |85 74 9=403 20=8 ³ 9=990�� Ð 9=375 18=4 ³ 9=990��
COM |84 04 9=346 00=8 9=198 Ð 9=432 04=8 9=030
COM |85 06 9=647 17=6 9=916� Ð 9=131 2=8 9=335
PLC |84 8 9=663 34=8 9=934� Ð 9=115 5=6 9=499
PLC |85 04 9=051 1=2 9=478 Ð 9=727 27=6 9=902�
POS |84 6 9=656 36=1 9=977 Ð 9=122 6=5 9=449
POS |85 6 9=615 36=5 9=975 Ð 9=163 00=3 9=347
PEV |84 8 9=986 9=3 9=764 Ð 9=892 13=6 9=063
OUB |84 8 9=718 06=7 9=147 Ð 9=060 9=8 9=796
COA |84 6 9=095 4=1 9=512 Ð 9=783 68=6 9=996��
PLO |85 00 Ð 9=492 7=1 9=282 Ð 0=492 33=2 9=914�
POT |85 6 9=577 27=4 9=026 Ð 9=201 00=3 9=348
MYH |85 6 9=538 29=6 9=086 Ð 9=240 00=4 9=346

�P ³ 9=94\ ��P ³ 9=90[
Code of fungal species name] COM\ Coprinus micaceus "Fr[# Fr[^ PLC\ Pluteus cervinus "Secr[# Que�l[^ POS\ Polyporellus
squamosus "Fr[# Karst[^ PEV\ Peziza vesiculosa Fr[^ OUB\ Oudemansiella brunneomarginata L[ Vassilieva^ COA\ Coprinus
atramentarius "Fr[# Fr[^ PLO\ Pleurotus ostreatus "Fr[# Que�l[^ POT\ Polyporus tuberaster Fr[^ MYH\ Mycena haematopus "Fr[#
Que�l[

Table 2[ Intra!and interspeci_c aggregations of drosophilid emergents in the three analyses for fungal resources

Year] 0884 0885

Analysis] AR R A AR R A

Intraspeci_c aggregation "J#
n 09 09 29 8 8 20
Median 09=14 4=39 1=64 8=86 3=27 1=28
Maximum 127=49 40=23 004=69 192=99 05=95 32=36
Minimum 1=70 9=34 9=18 0=14 9=21 9=06

Interspeci_c aggregation "C#
n 20 20 54 29 29 57
Positive association 10� 06 44�� 03 05 24
Negative association 09� 03 09�� 05 03 22
Median 9=75 9=96 0=06 Ð9=04 9=04 9=00
Maximum 19=02 6=01 06=23 05=49 00=40 04=70
Minimum Ð9=84 Ð9=86 Ð0=99 Ð0=99 Ð9=81 Ð0=99

x1 test] �P ³ 9=94\ ��P ³ 9=90[

means that both aggregation and resource par!
titioning act together to strengthen more or less intra!
speci_c aggregations over multitype fungal patches[

Association

The degree of association was quanti_ed by Cxy\ a
pairwise interspeci_c aggregation measure\ for 20 and
29 drosophilid pairs in AR! and R!analyses and 54
and 57 pairs in A!analysis in 0884 and 0885\ respec!
tively "Table 2#[ C!values di}ered signi_cantly neither
between AR! and R!analyses nor between AR! and
A!analyses "MW\ P × 9=94#[ The numbers of positive

and negative associations are also shown in Table 2[
The proportion was signi_cantly deviated from 0]0
toward positive association in AR! and A!analyses in
0884 "x1!test\ P � 9=9371 and P ³ 9=9990\ respec!
tively#[

Sevenster + van Alphen "0885# found that associ!
ations between competitor species on S[ mombin fruit
patches were consistent over years[ We also examined
correlations between corresponding C!values of 0884
and 0885 in the three analyses[ Kendall rank cor!
relation coe.cients were signi_cantly positive for 44
pairs in AR! and R!analyses "t � 9=23 and 9=39\
respectively\ P ³ 9=990 in both^ Table 3#[ For A!analy!
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Table 3[ Kendall rank correlations between corresponding
C!values of 0884 and 0885 for drosophilid species

System Data n t P

AR ALL 44 9=23 ³ 9=990��
R ALL 44 9=39 ³ 9=990��
A COM 5 9=76 9=904�

PLC 5 9=19 9=462
POS 5 9=22 9=237

�P ³ 9=94\ ��P ³ 9=90[

sis only three fungal species\ C[ micaceus\ P[ cervinus\
and Polyporellus squamosus "Fr[# Karst[\ provided the
data\ C!values of six pairs in each fungal species\ appli!
cable to this analysis[ Kendall rank correlation was
signi_cantly positive "t � 9=76\ P � 9=904# for C[
micaceus but non!signi_cant for P[ cervinus and P[
squamosus[ These results recon_rm Sevenster + van
Alphen|s "0885# _nding and claim that interspeci_c
associations are consistent between years\ and should
be taken as real aspects of the community structure\
although Shorrocks et al[ "0889# suggested that associ!
ations are essentially random[ Furthermore\ the con!
sistent associations in our fungal multitype system are
attributed mostly to similarities and di}erences in host
preference for fungal species between drosophilid
species[ The consistent associations observed on a sin!
gle fungal species\ C[ micaceus\ suggests the possibility
of resource partitioning on a _ner scale than at the
fungal species level\ probably due to di}erences in
microhabitats of drosophilids and:or conditions of
the fungal fruiting bodies[

Coexistence criterion

Relative e}ects of aggregation of all potential dro!
sophilid or dipterous competitors\ Tdro and Tall\ on
persistence were calculated and compared among the
three "AR\ R\ and A# analyses for 09 and 8 drosophilid
species in 0884 and 0885\ respectively "Table 4#[
Although both Tdro and Tall values tended to be smaller
in AR!analysis than in R! or A!analysis\ the di}er!
ences were not signi_cant in the MW test for the
combined T!values "P × 9=94\ Table 5#[ However\ in
pairwise comparisons by Wilcoxon signed rank test
after log!transformation of T!values\ where mean T!
value "weighted by the number of emergents from each
fungal species# were used for A!analysis\ signi_cant
di}erences were detected for Tall between AR and R
in 0884 "P � 9=9940#\ Tall between AR and A in 0884
"P � 9=9256#\ Tdro between AR and R in 0885
"P � 9=9098#\ and Tall between AR and R in 0885
"P � 9=9966#[

Di}erences in T!value between AR! and R!analyses
and between AR! and A!analyses may indicate rela!
tive contributions of aggregation and resource par!
titioning\ respectively\ to the species coexistence[ In
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Table 5[ P values in MannÐWhitney U "MW# and Wilcoxon
signed rank "WR# tests for the di}erences in Tdro and Tall

between AR! and R!analyses and between AR! and A!analy!
ses

MW WR

Tdro Tall Tdro Tall

0884
AR vs[ R 9=7386 9=1154 9=3302 9=9940��
AR vs[ A 9=9778 9=1788 9=9495 9=9256�

0885
AR vs[ R 9=3416 9=0007 9=9098� 9=9966��
AR vs[ A 9=2425 9=1581 9=1024 9=0620

�P³9=94\ ��P³9=90[

Fig[ 1\ four points for Tdro and Tall of the two years
are plotted in a two!dimensional space with regard to
the degrees of importance of aggregation and resource
partitioning as coexistence mechanisms] the two
dimensions of this space are T"R#ÐT"AR# and
T"A#ÐT"AR#\ respectively\ since the coexistence
becomes easier with decreasing T!value[ The plot for
Tdro in 0884 indicates a negative e}ect of aggregation
on the species coexistence\ probably due to somewhat
larger "positive# interspeci_c aggregations over pat!
ches of each fungal species\ i[e[ C!values in A!analysis
"Table 2#[ In addition\ the _gure suggests a yearly vari!
ation in the relative importance of the two coexistence
mechanisms] resource partitioning tended to be more
important in 0884 than in 0885\ but aggregation was
vice versa[

Discussion

Most of the calculated Tdro and Tall values were less
than unity even in the R! and A!analyses "Table 4#]

Fig[ 1[ Relative contributions of aggregation and resource
partitioning as mechanisms for the species coexistence in a
mycophagous drosophilid community in the two years 0884
and 0885\ evaluated by T"R#!T"AR# and T"A#!T"AR#\
respectively[

the necessary and su.cient condition for persistence
of those species was satis_ed only by resource par!
titioning at the fungal species level or aggregation over
patches of single fungal species[ There were\ however\
a few species whose Tdro and Tall values exceeded unity
in R! and:or A!analyses[ This does not necessarily
mean their extinction[ Some of them can persist on
natural fungal multispecies patches "AR!analysis#\
due to the combined e}ects of resource partitioning
and aggregation\ as seen in Leucophenga maculata
"Dufour# and Hirtodrosophila sexvittata "Okada# in
0884 and Hirtodrosophila alboralis "Momma + Tak!
ada# and Drosophila brachynephros Okada in 0885
"Table 4#[ Thus\ the species coexistence "diversity# in
the studied mycophagous drosophilid community was
regarded as being promoted\ on average\ by both
resource partitioning and aggregation\ although the
relative importance of the two mechanisms varied
more or less between years[

In spite of the combined e}ects of these two mech!
anisms\ T!values of a very few species\ e[g[ Tdro and
Tall of Hirtodrosophila trilineata "Chung# in 0884 and
Tdro of H[ sexvittata in 0885\ exceeded unity in the
AR!analysis[ However\ their T!values were less than
unity in the other year\ respectively[ This means that
the criterion conditions for persistence of these species
~uctuate between years[ The long!term\ averaged
e}ect of such an annual variation in T may allow
their persistence\ although their populations would
~uctuate yearly to a larger extent than those of other
species[

On the other hand\ Drosophila curvispina Watabe
+ Toda constantly showed T!values more than unity
in both years[ Is the species going extinct from the
Botanic Garden< This does not seem to be the case[
This species has been constantly recorded from the
Garden for at least 09 years "M[J[ Toda\ unpublished#[
In addition\ this species is almost specialized to breed
on fungi\ and it therefore rarely\ if ever\ utilizes
materials other than fungi as breeding sites[ If the
population of this species sinks in the season studied
at the Botanic Garden\ its persistence should be sus!
tained by recovery in other seasons or by immigration
from other habitats[ This implies that seasonal
resource partitioning and:or habitat segregation may
play a role in the persistence of this species[

Although the present study was consciously quite
limited in space and time\ the species coexistence and
diversity in a community should be understood on a
larger spatio!temporal scale where various mech!
anisms would act together to ensure the persistence
of inferior competitors by providing many kinds of
refuges[ It was impossible\ however\ to evaluate the
relative importance of such concurrent mechanisms
until Sevenster "0885# improved the aggregation mea!
sures and coexistence criterion to incorporate the den!
sity\ not the number\ of competitors into the aggre!
gation model[ In this study\ by manipulating the
original data!set\ we present a technique to exclude
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the e}ects of aggregation and resource partitioning by
combining the data\ not only the number of insects
but also patch size\ for each fungal species and then
dividing the data!set into subsets of individual fungal
species[ This technique would be applicable to wider
spatio!temporal situations to evaluate the relative
importance of more coexistence mechanisms at the
same time[ Such an extended analysis will be anal!
ogous to the {niche dimensionality analysis| "Levins
0857^ Shorrocks 0864^ Atkinson + Shorrocks 0866#\
whereby the relative importance of multiple niche
components is evaluated by partitioning the total
community diversity into subsets of diversity ex!
plained along each niche dimension[

Such an analysis\ which makes it possible to evalu!
ate simultaneously the relative importance of various
kinds of species!coexistence mechanisms\ will open a
door for comparison of communities over a wider
range[ To understand the mechanisms of global pat!
terns of biodiversity on the earth\ we have to compare
the relative importance of coexistence mechanisms
among di}erent communities[ The method proposed
in this study will be e}ective for such a comparison]
each community is placed in a space comprising mul!
tiple dimensions of coexistence mechanisms\ as shown
in Fig[ 1[ It is expected that di}erent mechanisms con!
tribute in di}erent proportions to the species coexist!
ence and diversity among di}erent communities[ For
example\ principal mechanisms may be di}erent
between species!poor and species!rich communities[
Studying a species!rich\ frugivorous Drosophila com!
munity in a tropical forest of BCI\ Sevenster "0881#
and Sevenster + van Alphen "0885# revealed that the
process of aggregation over S[ mombin fruit patches
enhanced the species coexistence and diversity\ but
that the degree of aggregation was weaker in that
community than in temperate communities studied
previously[ Furthermore\ they pointed out at the same
time that other mechanisms\ such as resource par!
titioning between seasons or at the fruit species level\
acted together to stabilize the species coexistence and
to increase the diversity in the whole frugivorous Dro!
sophila community of BCI[

Refuges provided by the aggregation process are
probabilistic in principle for inferior competitors[
Genetic changes in a population that cause niche
di}erentiation in any dimension should stabilize the
species coexistence and become _xed in the popu!
lation\ if environmental conditions allow[ Analysing
a simple genetic model of ecological character dis!
placement\ Gotelli + Bossert "0880# showed that
where there is more than one resource type\ coexist!
ence due to resource partitioning may be an evolved
state resulting from interspeci_c competition[ Other!
wise\ invading species occupying very di}erent niches
from those of the residents can establish their popu!
lations more easily[ Thus\ it is expected that\ during
the process of community development and satu!
ration\ the probability refuge provided by the aggre!

gation process will decrease in relative importance as
a mechanism for species coexistence[ This prediction
can be tested by comparing communities with di}er!
ent histories of interspeci_c interactions\ e[g[ tropical
vs[ temperate\ or continental vs[ insular communities[
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