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Summary

1. Widespread and rapid losses of tropical rain forests have made understanding the
responses of species to rain forest fragmentation an area of major concern. In this study
we examined the impacts of habitat fragmentation on the species richness and faunal
composition of butterflies in tropical rain forests in Sabah, Borneo. We analysed pat-
terns of both o- and B-diversity to assess the relative importance of differences in patch
size, isolation and vegetation structure on the diversity and similarity of species assem-
blages. We used additive partitioning to assess the relative contributions of intact forest
and forest remnants to overall species richness at a landscape scale and we examined
which traits of species best predicted their responses to fragmentation.

2. Species richness and diversity in rain forest remnants was significantly positively
related to remnant size and significantly negatively related to isolation, in keeping with
theories of island biogeography. Species assemblages at different sites were significantly
nested, with those species most adversely affected by forest fragmentation having a
narrow range of larval host-plantsand, to a lesser extent, being large-bodied. No species
endemic to Borneo was recorded in forest remnants smaller than 4000 ha, but even the
smallest remnant (120 ha) supported species with geographical distributions confined
within Sundaland (West Malaysia and the islands of the Sunda Shelf).

3. Although assemblages were significantly nested, they departed substantially from
perfect nestedness, with some species recorded only or predominantly in small, rela-
tively depauperate remnants. As a result there was substantial $-diversity among sites,
which was related to variation in both fragment size and vegetation structure. At the
landscape scale, diversity within sites was less than that between sites, and the majority
of the diversity between sites was related to variation in fragment size.

4. Synthesis and applications. Substantial diversity was added to the assemblage of but-
terflies in Bornean rain forests by virtue of species differences among fragments, which were
related mainly to differences in patch size and vegetation structure. The data reported
indicate that, despite having lower species richness, relatively small and isolated remnants
of rain forest make a substantial contribution to regional diversity. Small isolated forest
remnants are generally accorded low conservation status and given little protection, with the
result that they often disappear over time because of continued anthropogenic disturbance.
The results of this study indicate that the conservation value of small remnants of forest,
in particular their contribution to environmental heterogeneity, should not be overlooked.

Key-words: beta-diversity, biodiversity, extinction risk, landscape ecology, larval host-
plants, nested subsets, species—area relationships

Journal of Applied Ecology (2006) 43, 967-977

© 2006 The Authors. doi: 10.1111/5.1365-2664.2006.01209.x

Journal compilation

© 2006 British Correspondence: Dr Keith C. Hamer, Institute of Integrative and Comparative Biology, Miall Building, University of Leeds,
Ecological Society Leeds LS2 9JT, UK (e-mail k.c.hamer@leeds.ac.uk).



968
S. Benedick et al.

© 2006 The Authors.

Journal compilation
© 2006 British
Ecological Society,
Journal of Applied
Ecology, 43,
967-977

Introduction

Throughout the world, previously extensive tracts of
natural habitat now exist as isolated fragments scat-
tered across inhospitable landscapes (Groombridge &
Jenkins 2000). This is evident in tropical regions, where
remnants of forest exist within agricultural and urban
landscapes, resulting in the remaining forest patches
supporting increasingly isolated populations of forest-
dependent species (Brook, Sodhi & Ng 2003). Tropical
rain forests support the majority of global biodiversity
and contain large numbers of endemic species, and so
understanding the impacts of forest fragmentation in
these areas is crucial for the conservation of biodiversity
(Turner 1996; Laurance & Bierregard 1997).

Species richness and persistence in forest remnants
has primarily been related to patch size and isolation
(Lovejoy et al. 1986; Soulé et al. 1988), echoing the classic
equilibrium theory of island biogeography (MacArthur
& Wilson 1967). Following fragmentation, however,
forest remnants are almost invariably exposed to different
scales of continuing human-induced disturbance, such as
timber harvesting and removal of firewood (Hamer e al.
1997). Such habitat disturbance may have population-
and community-level effects beyond the influences of
patch area and isolation (Michalski & Peres 2005;
Ewers & Didham 2006) but there are insufficient data
to address this question.

Species in habitat patches frequently have nested
distributions, in which those species present at depau-
perate sites are subsets of the species present at sites
that are richer in species (Bolger, Alberts & Soulé 1991;
Fleishman & MacNally 2002). This pattern may have
important implications for the conservation value of
forest remnants because, in a fragmented system perfectly
nested by patch size, all species occur together in the
largest patch and smaller patches make no additional
contribution to total species richness (Patterson 1987
Berglund & Jonsson 2003). However, while statistically
significant nestedness is common for species assemblages
throughout the world (Atmar & Patterson 1995; Wright
et al. 1998), perfect nestedness is very rare, and even the
most depauperate sites may support species that do not
occur elsewhere. Thus conservation management tools
need to consider complementarity in addition to nested-
ness (Boecklen 1997). There are, however, currently few
data to comparelevels of nestedness and complementarity
of species assemblages within fragmented landscapes
(Peitinger, Bergamini & Schmid 2003; Fischer & Linden-
mayer 2005). The widespread occurrence of nested species
distributions highlights the fact that individual species
differ in their responses to habitat fragmentation.
Distinguishing the biological attributes of vulnerable
and resistant species has been an important theme in
conservation biology, and such traits are well-recorded
for vertebrate species (Karr 1982; Laurance 1990;
Kattan 1992; Lens et al. 2002). Few studies, however,
have provided such information for invertebrates (Koh,
Sodhi & Brook 2004a; Shahabuddin & Ponte 2005).

The Malaysian state of Sabah was originally almost
entirely covered by rain forest, of which only 58% was
remaining in 2001 (McMorrow & Talip 2001). Mech-
anization of timber extraction was developed in the 1950s,
leading to rapid conversion of forest to other land uses,
and many forest fragments probably became isolated at
this time. These remnants now exist as differently sized
patches surrounded by large areas of oil palm Elais guinen-
sis Jacq. plantation and other forms of agriculture. Butter-
flies on Borneo are diverse (¢. 1000 species; Otsuka 1988),
with many endemic and restricted-range species that are
dependent on closed-canopy forest and do not occur in
oil palm or other crops. Fragmentation of rain forests may
thus be a particular threat to butterflies on Borneo.

In this study we examined the impacts of habitat frag-
mentation on the species richness and faunal composition
of butterflies in tropical rain forests in Sabah. We analysed
patterns of both o- and B-diversity to assess the relative
importance of differences in patch size, isolation and
vegetation structure on the diversity and similarity of
species assemblages. We quantified the nestedness of
species assemblages in different fragments; we used
additive partitioning (Lande 1996; Veech et al. 2002) to
assess the relative contributions of intact forest and forest
remnants to overall species richness at a landscape scale;
and we examined which traits of species best predict
their responses to fragmentation.

Materials and methods

Butterflies were sampled between November 2001 and
August 2003 at 10 sites in Sabah, comprising two widely
separated control sites within a single large area (c. 1
million ha) of contiguous forest and eight sites within
forest remnants varying in size from 120 ha to 120 000 ha
(Fig. 1). Sites all comprised lowland rain forest in eastern
Sabah, to reduce any residual effects of B-diversity prior
to fragmentation. Sites were chosen to span the entire
range of sizes of remaining forest fragments across
Sabah and, at the time of sampling, these were sur-
rounded by an agricultural landscape containing
mainly oil palm. Isolation of each fragment, measured
in terms of the minimum distance to contiguous forest
using a regional map of Sabah, varied from 6 kmto 69 km
(Fig. 1; area and isolation of each site are also given in
Table 1).

We sampled fruit-feeding nymphalid butterflies with
traps baited with rotting banana (for details of trap design
see DeVries 1987). This guild comprises approximately
75% of all nymphalid butterflies recorded on Borneo
(Hill ez al. 2001). We hung 20 traps at 100-m intervals
along 2 km of transects at each site, and sampled but-
terflies for 12 consecutive days on two occasions, covering
both wet and dry seasons (to account for seasonal vari-
ation in species abundance; Hamer et al. 2005) at each
site (4800 trap days in total). All traps were >200 m
within forest and so data were unlikely to have been
influenced by edge effects, which do not extend beyond
100 m from the margins of rain forest fragments for
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Fig. 1. Map of Sabah, Borneo, showing locations of study sites. Sizes of forest remnants: Tabin, 122 540 ha; Tawau, 91 590 ha; Sepilok, 4290 ha;
Lungmannis, 3390 ha; Ulu Sapa Payau, 720 ha; Keruak, 640 ha; Sungai Sapi, 500 ha; Labuk, 120 ha.
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plants or invertebrates (Didham 1997; Kapos et al. 1997).
Bait was placed in traps on the day prior to the first
sampling day, and was left in the trap for the rest of the
sampling period. Fresh bait was added to each trap

every second day, thus ensuring that all traps contained

a mixture ranging from fresh to well-rotted bait.
During each sampling period, traps were emptied

daily and all trapped butterflies were identified where

Table 1. Area, isolation, vegetation characteristics and principal component of variation in vegetation structure in different-
sized patches of lowland rain forest in Sabah, Borneo. Sites are listed in order of decreasing size: 1, Maliau; 2, Danum; 3, Tabin;
4, Tawau; 5, Sepilok; 6, Lungmannis; 7, Ulu Sapa Payau; 8, Keruak; 9, Sungai Sapi; 10, Labuk. See Fig. 1 for locations of sites

within Sabah

Trees Vegetation cover (%)
Height Density Ground Canopy PRINI
Log, Isolation

Site area (ha) (km) Mean SD Mean SD Mean SD Mean SD Mean SD
1 6-00 - 42-5 85 4-00 0-00 363 19-4 77-5 14-8 2-09 0-54
2 6-00 - 32-8 93 4-00 0-00 40-0 21-8 366 180 0-86 0-71
3 5-09 56 211 6-4 2:45 1-15 67-8 21-0 42-5 17-9 —0-68 0-75
4 496 44 27-1 63 3:30 0-80 661 17-6 571 17-5 0-17 0-47
5 3-63 63 32:5 57 4-00 0-00 60-2 20-5 621 272 0-89 0-63
6 3-53 38 22-4 62 2-50 1-15 519 11-4 41-4 21-0 -0-28 0-77
7 2-86 6 21-7 64 3-05 1-05 750 19-6 40-0 19-8 —-0-65 0-81
8 2-81 28 17-7 47 1-80 1-01 60-7 257 353 219 -1-02 0-76
9 2-70 25 17-9 69 2-35 1-23 633 267 60-2 267 -0-44 0-78
10 2-08 69 157 57 2-70 1-30 68-8 27-2 355 26-8 -0-94 092
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possible in the field (following Otsuka 1988), marked
with a felt-tipped pen and released. Individuals of the
genera Tunaecia and Euthalia cannot be identified
reliably in the field and were collected and identified
in the laboratory using keys and figures in Corbet &
Pendlebury (1992) and Otsuka (1988); where necessary,
this included dissection of male genitalia. Data for
each of the two sampling periods at each site were
combined for analysis.

VEGETATION STRUCTURE

To characterize the structure of the vegetation at each
site, the following data were collected at each of the 200
stations where traps were placed along transects: height
of the two nearest trees (circumference > 0-6 m) within
30 min each of four quadrats centred at the station (maxi-
mum of eight trees per station); number of quadrats with
one or more trees within 30 m (maximum of four); esti-
mated vegetation cover (%) at ground and canopy levels.
Tree heights, to the nearest 2 m, were recorded as the
means of at least two estimates taken by experienced
recorders (Hamer et al. 2003) and calibrated against
actual heights of a sample of trees measured with a
clinometer. Vegetation cover, to the nearest 5%, was
recorded as the mean of at least two independent esti-
mates; these values generally varied among recorders
by no more than 10%.

Vegetation measurements at the 200 sampling stations
were normalized where necessary (i.e. arcsine trans-
formation of percentages) and analysed by a principal
components analysis (PCA; Pearman 2002; Hamer et al.
2003). This allowed ordination of differences among
sites in vegetation structure, by generating a number
of independent factors comprising sums of weighted
variables, with each variable standardized (i.e. mean
across all stations =0, SD = 1).

SPECIES RICHNESS AND TURNOVER

Obtaining complete inventories of species at each site
was not possible and so, following Koh et al. (2002), we
used a standardized sampling technique to determine
species richness in terms of the number of species in a
uniform sampling area. Species richness is highly sen-
sitive to sample size and, even though sampling effort
was standardized, sampling efficiency or total butterfly
abundance may have varied across sites (Connor,
Courtney & Yoder 2000). The numbers of species
recorded at different sites could therefore have reflected
the numbers of individuals sampled rather than the
numbers of species inhabiting different patches. Hence
as well as comparing species richness, we also examined
species diversity using Margalef’s index to account for
variation in numbers of individuals sampled, following
recommendations and formula in Magurran (1988);
this index is largely independent of the underlying
species abundance distributions. In addition we used
a jack-knife estimate to assess the likely species pool

at each site, S,,,, * 1 SE, from the number of species
observed, S, using the formula S,,,, = Sy, + a(n — 1/n)
where 7 is the number of samples and «a is the number
of species in only one sample (Heltshe & Forrester 1983;
Smith & van Belle 1984). To determine the stability of
these estimates, we examined how S,,,, changed with
increasing sampling effort from 1 to 20 traps; each
estimate of S,,,, was the mean of 20 random selections
from among the 20 traps sampled at each site, to remove
sample order effects. We used stepwise multiple regression
to relate each of our three estimates of species richness
to patch area, isolation and vegetation structure.

To examine turnover of species, we calculated pairwise
B-diversity between fragments, using Whittaker’s index,
By = (S/o) — 1, where S'is the total number of species at
two sites and o is the average number of species per site.
We then simultaneously related B-diversity to differences
in patch size, distances between sites (measured from a
regional map of Sabah) and differences in vegetation
structure, using partial Mantel tests with 10 000 per-
mutations (Manly 1997; Bonnet & Van de Peer 2002).

NESTEDNESS OF SPECIES ASSEMBLAGES AND
PARTITIONING OF DIVERSITY

To determine whether or not species persistence and
colonization patterns created nested species assemblages,
we constructed a presence—absence matrix (1 = present,
0 = absent), where columns and rows represented species
and sites, respectively. To reduce sampling error, we
restricted this analysis to 48 species where the total
number of individuals sampled > 5, following Hamer
et al. (2003). This was more conservative than Davis
et al. (2001) and Ribera et al. (2001), who each considered
that n > 2 was sufficient for inclusion. We then used a
nestedness calculator (Atmar & Patterson 1995) to rank
sites according to their species richness and species
according to their ubiquity, and to quantify the nest-
edness of the resulting maximally packed matrix. The
metric is described as a measure of heat disorder, cal-
culated from the distribution of ‘unexpected’ species
presences and absences within the matrix, and ranging
from 0° (maximum order) to 100° (disorder).

To examine the contributions of different fragments
to overall butterfly diversity, we used additive partition-
ing (Crist et al. 2003; Gering, Crist & Veech 2003) in
which observed species richness and diversity were par-
titioned into positive, additive components within sites
(01,), between sites of similar sizes (B;) and between sites
of different sizes (B,). This resulted in oe and B diversity
being expressed in the same units, allowing a direct
assessment of their relative contributions to overall ()
diversity.

DETERMINANTS OF SPECIES’ RESPONSES TO
FRAGMENTATION

To assess the importance of different traits in deter-
mining the responses of species to forest fragmentation, we



971
Butterflies in forest
fragments

© 2006 The Authors.
Journal compilation
© 2006 British
Ecological Society,
Journal of Applied
Ecology, 43,
967-977

compared the population densities of species in contigu-
ous forest and large forest remnants (> 90 000 ha; four
sites in total, hereafter termed large sites) with those in
small fragments (six sites < 5000 ha). Sampling effort
was constant across sites and so we used the number of
butterflies of a species sampled at each site as an index
of population density. The percentage difference in density
between large sites and small fragments was calculated
for each of the 48 species with n > 5, as [(mean density
in small fragments — mean density in large sites)/mean
(density in small fragments + density in large sites)] x
50 (modified from Shahabuddin & Ponte 2005). The
resulting fragmentation response index (FRI) was neg-
ative for species with lower densities in small fragments
and positive for species with lower densities in large
sites, with a maximum range of —100 (species only in
large sites) to +100 (species only in small fragments).

We used generalized linear models (GLMs) to examine
how FRI of each species was related to the following
traits, chosen a priori as potential correlates of responses
to habitat fragmentation (Koh, Sodhi & Brook 2004a;
Shahabuddin & Ponte 2005): (i) adult body size (forew-
ing length measured to the nearest 0-1 mm with vernier
callipers); (ii) larval host-plant specificity (narrow, all
host-plants in single family; broad, exploits two or
more families of host-plants; data for 38 species from
Robinson et al. 2001); (iii) geographical distribution
[endemic, occurs only Borneo; narrow, restricted to
Sundaland (West Malaysia and islands of Sunda
Shelf, comprising Borneo, Sumatra, Java, Bali and
Palawan); moderate, restricted to Oriental region
(bounded by Ethiopean region in west, Palaearctic
region in north and Australasian region in east);
wide, occurs beyond the Oriental region; from Tsukada
1982]. Larval host-plant specificity and geographical
distribution were included in the model as fixed effects,
with wing length as a covariate.

The lack of phylogenetic information for south-east
Asian butterflies precluded the use of phylogenetic
contrasts or related statistical techniques (Harvey &
Pagel 1991) to control for phylogenetic non-independence.
As an alternative, following Koh, Sodhi & Brook
(2004a), we included subfamily as a fixed effect in our
analysis. A single genus of Satyrinae (Mycalesis) was
represented by 11 species (two endemic, seven with narrow
distributions and two with moderate distributions; see
Appendix S1 in the supplementary material). To avoid
any phylogenetic bias at the level of genus, these species
were conservatively condensed into three cases (one each
with endemic, narrow and moderate distributions),
using mean values for wing length and FRI (no species
of Mycalesisexploited > 1 family of larval host-plants).
The resulting data set contained 30 species from 23 genera
(mean 1-3 species genus™') and so any phylogenetic non-
independence at the level of genus was unlikely to have
influenced our analysis. Results are presented for the
condensed set of 30 species with n > 5; retaining separ-
ate information for all 11 species of Mycalesis did not
qualitatively affect the results.

Results

VEGETATION STRUCTURE

PCA extracted a single component of variation (PRINT)
that accounted for 71% of variation in the vegetation
data (Table 1). This factor increased with (in order from
greatest to least importance) increasing canopy height,
increasing density of trees, decreasing ground cover and
increasing canopy cover (weightings of standardized
variables were 0-98, 0-87, —0-76 and 0-75, respectively).
A high PRINT score thus represented tall dense forest
with a closed canopy and little ground vegetation. PRIN1
was significantly higher in contiguous protected forest
(mean = 1-47,n=2,SD + 0-87) than in forest remnants
(mean =-0-37,n=8, SD % 0-63; t-test using equal var-
iance estimate; g = 3-5, P < 0-01) but was not related to
remnant size (Pearson correlation with log,, area; r =
041,n=8, P=0-3).

SPECIES RICHNESS AND TURNOVER

Excluding recaptures, we sampled 6833 individuals
of 84 species of butterfly across 10 forest sites. The
number of species in forest remnants was significantly
positively related to log,, area and significantly nega-
tively related to isolation (minimum distance to intact
forest; stepwise multiple regression; F,s=24-0, P
<0-01, R*=0-91) according to the following equation:
species richness = 4-86 (SE £0-79) log,, area — 0-17
(SE + 0:04) isolation + 19-38 (SE + 2:96).

Patch area accounted for 54% of the variation in species
richness, and isolation for an additional 37%. There
was no relationship with vegetation structure (PRINT1).

Estimated total species richness, S,,,,, increased with
the number of traps sampled and was reasonably stable
as final sampling effort was approached (Fig. 2). Com-
parison of final estimates of S,,,, with numbers of species
observed indicated that on average we detected 77% of
the species present at each site (range = 69—-84%). S,
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Fig. 2. Species accumulation curves showing changes in
estimated size of species pool S,,,, with increasing sampling

effort for fruit-feeding butterflies in rain forest patches in
Sabah, Borneo.
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Fig. 4. Margalef’s index of species richness for fruit-feeding
butterflies in rain forest patches in Sabah, Borneo, in relation
to log,, patch area.

was significantly positively related to log,, area and
negatively related to isolation (F,s=35-9, P=0-001,
R?>=0-94; Fig. 3) according to the following equation:
Simax = 861 (SE + 1:04) log,, area — 0-18 (SE £ 0-05)
isolation + 15-68 (SE + 3-89).

Patch area accounted for 78% of the variationin S,
and isolation for an additional 16%.

Table 2. Pairwise B-diversity of butterflies (below diagonal) and linear distances (km,
above diagonal) between patches of lowland rain forest in Sabah, Borneo. Sites are
listed in order of decreasing size: 1, Maliau; 2, Danum Valley; 3, Tabin; 4, Tawau; 5,
Sepilok; 6, Lungmannis; 7, Ulu Sapa Payau; 8, Keruak; 9, Sungai Sapi; 10, Labuk. See
Fig. 1 for locations of sites

Site 1 2 4 5 6 7 8 9 10
1 100 213 131 178 134 88 138 106 166
2 0-50 113 78 97 78 82 53 88 103
3 0-49  0-46 116 116 141 181 103 172 125
4 047 041 049 166 150 156 119 159 166
5 0-60 048 051 049 38 91 38 78 10
6 0-58 053 052 059 047 56 38 41 34
7 0-63 061 057 060 040 0-54 81 20 84
8 0-66 054 047 051 036 046 043 69 44
9 0-58 057 046 053 041 0-35 0-28 0-33 72
10 065 058 057 064 057 063 0-52 0-51 0-41

Margalef’s index of species diversity increased sig-
nificantly with log,, area (Fig. 4; F, 4= 11-0, P=0-02,
R*=0-65) but was not related to isolation or vegetation
structure. Species richness and diversity in the largest
forest remnants were no different to those in intact
forest (¢,=2:0, P =0-2; t,=27, P=01; t,=1:3, P=
0-3; for number of species, S,,,, and Margalef’s index,
respectively).

Excluding species with < 5 individuals sampled, two
species were recorded only in contiguous forest and 16
species only in forest remnants (see Appendix S1 in the
supplementary material). B-diversity between sites,
including contiguous forest, was positively correlated
with difference in size (Table 2; partial Mantel test; r =
0-52, P<0-01) and in PRIN1 score (r=0-39, P =0-03)
but not with distance apart (r =0-20, P =0-18).

NESTEDNESS AND COMPLEMENTARITY OF
SPECIES ASSEMBLAGES

The species occupancy data, excluding species withn< 5,
filled 44% of the overall species-by-site matrix. Species
assemblages were significantly nested: the mean tem-
perature of 500 matrices drawn at random (57°, SD £ 95)
was significantly greater than that observed (P = 0-01),
indicating that local extinction and colonization events
were to some extent predictable across different species,
from the most species-rich to the most depauperate
site. None the less, the observed matrix temperature
was high (46:0°), indicating a substantial departure
from perfect nestedness (Fig. 5).

Additive partitioning of diversity data indicated that
a-diversity within sites comprised 34% of total species
richness and 47% of total species diversity (Margalef’s
index) across all sites. B-diversity between sites of similar
size comprised 20% of species richness and diversity.
B-diversity between sites of different size comprised 46%
of species richness and 33% of species diversity (Fig. 6).
Hence diversity within sites was less than that between
sites, and the majority of the diversity between sites was
related to variation in fragment size.

ECOLOGICAL DETERMINANTS OF RESPONSES
TO FRAGMENTATION

There was a significant relationship between FRI and
larval host-plant specificity (GLM; F) ;5= 6-0, P = 0-02),
indicating that species with a single host-plant family
were less abundant on average in small fragments (mean
FRI=-24, n=19, SD * 73) whereas species with two
or more families of host-plant were more abundant in
small fragments (mean =46, n= 11, SD £ 52). There was
also a marginally significant effect of wing length (F; ;s =
3-8, P=0-06), with a positive relationship, indicating a
tendency for smaller species to be more abundant and
larger species to be less abundant in small fragments.
No other variables or interactions were significant (P >
0-5 in all cases). However, across all species with n > 5,
there was a significant positive relationship between



973
Butterflies in forest
fragments

© 2006 The Authors.
Journal compilation
© 2006 British
Ecological Society,
Journal of Applied
Ecology, 43,
967-977

Species

Sites

Fig. 5. Maximally ordered species presence—absence matrix for fruit-feeding butterflies in rain forest patches in Sabah, Borneo.
Filled squares indicate presences, white squares indicate absences; five species present at all 10 sites have been compressed into a
single column. In a perfectly nested matrix, all occupied sites would be above the diagonal line. Despite highly significant
nestedness, there were a number of unexpected presences and absences, especially for uncommon species.
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Fig. 6. Partitioning of species richness and diversity into
separate components. o, (black bars), diversity within sites; 3,
(pale bars), diversity between sites of similar size; B, (grey
bars), diversity between sites of different sizes.

geographical distribution and larval host-plant speci-
ficity (Spearman correlation; rg = 0-37,n =48, P=0-01),
suggesting that these two variables may have covaried
in their relationship with FRI.

Discussion

COLLECTION OF DATA

During the study we caught a total of 6833 individuals
from 84 species (see Appendix S1 in the supplementary
material). This included 30 species in contiguous primary
forest at Danum, which is 50% of the total number of
fruit-feeding species recorded at this site from extensive
sampling at both ground and canopy levels over a
period of > 5 years (see appendices in Hill ez al. 2001;
Hamer et al. 2003; Dumbrell & Hill 2005; Hamer et al.
2006). These data suggest that about half the species
present within intact forest were recorded in our study.
Estimates of total species richness S,,,, suggested that
about three-quarters of the species present were observed
during the study in both intact forest and forest remnants.
Thus S,,,, probably underestimated true species richness
but did not appear to have been biased with respect to

fragment size. The probability of being sampled increases
with population density, and so our data provide an
assessment of variation in population densities in addi-
tion to permitting a comparison of species richness
and turnover among sites. Analyses of nestedness and
responses to fragmentation could have been affected by
stochastic variation in sampling success but this pro-
blem was greatly reduced by restricting these analyses to
species with n > 5 (Hamer et al. 2003). Although traps
caught only one guild of butterflies, they avoided the
problems of species identification that can be encoun-
tered using walk-and-count transect techniques in highly
diverse regions (Walpole & Sheldon 1999).

ALPHA- AND BETA-DIVERSITY

Larger forest remnants had greater species richness in
terms of the observed number of species, the estimated
species pool S, and Margalef’s index (Figs 3 and 4).
More than half the individuals recorded at some sites
were of a single species, Amathusia phiddipus (see
Appendix S1 in the supplementary material). However,
this did not bias our analysis; there was no relationship
between log,, fragment area and either the number of
individuals recorded or the proportion of individuals
comprising A. phiddipus (Pearson correlations follow-
ing arcsine transformation of proportions, r = —0-25,
n=8,P=06andr=-015,n= 8, P=0-7, respectively).
Several authors have suggested that species—area
relationships could be primarily a reflection of habitat
diversity (Ricklefs & Lovette 1999; Fox & Fox 2000).
Although all sites in our study comprised a single habitat,
there could none the less have been greater variation in
vegetation characteristics in larger remnants of forest.
However, vegetation factor scores were equally variable
in different remnants and there was no relationship
between vegetation structure and species richness. Thus
the observed pattern probably reflected patch size per se
more than habitat diversity, as also found in other recent
studies of tropical insects (Davies & Smith 1997; Peck,
Wigfull & Nishida 1999; Koh et al. 2002).
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Slopes of species—area relationships for habitat islands
are generally lower than those for true islands, and this
difference has been ascribed to the occasional immigra-
tion of individuals from source populations rescuing
those at marginal ‘sink’ sites from extinction (Connor
& McCoy 1979; Hanski 1999). In our study, there was
a significant negative effect of isolation on the species
richness of forest remnants, which suggests that there
may have been occasional immigration into fragments
across the surrounding matrix of oil palm and other
crops. Several recent studies have stressed how variation
in matrix characteristics can alter the effective isolation
of habitat fragments for different species (Ricketts 2001;
Dunford & Freemark 2005), and four of the species that
we recorded in fragments were also recorded regularly in
oil palm (Elymnias esaea, Melanitis leda, Mycalesis mineus
and Amathusia phiddipus; Benedick 2005). However, most
of the species that we sampled in remnants are confined
to closed-canopy rain forest and do not normally occur
in oil palm or other crops.

We recorded 45 species in forest remnants that were
not sampled in contiguous forest. Of these, 31 species
(marked with an asterisk in Appendix S1 in the supple-
mentary material) have been recorded occasionally in
small numbers during > 5 years of intensive sampling
in contiguous forest at Danum. These species presum-
ably occur only at low density in contiguous forest, and
increased in density following fragmentation probably
because they were able to exploit altered conditions
(e.g. lower density of trees, lower, more open canopy
and greater ground vegetation) in forest remnants. This
notion is supported by the finding that B-diversity
between sites was significantly related to the difference
in vegetation structure. B-diversity could also to some
extent have reflected differences in assemblages prior to
fragmentation, although any such effect was probably
small because all sites comprised lowland rain forest and
B-diversity between sites was not related to distance apart.

Species assemblages were significantly nested but
they none the less departed substantially from perfect
nestedness, with some species found only or predomin-
antly in small depauperate remnants (Fig. 5), as also
found for forest butterflies on tropical islands
(Shahabuddin & Terborgh 1999; Davidar, Yogananad &
Ganesh 2002). As a result, diversity between sites was
greater than that within sites. Moreover, the majority
of the diversity between sites was related to variation in
fragment size (Fig. 6). Thus fragments of different sizes
made a valuable contribution to the landscape-scale
species richness of tropical forest butterflies. We estimate
that ¢. 25-50% of species present at each site were not
detected during the study and, while these may have
included some common species that seldom feed on
fruit (Hamer et al. 2006), the majority of undetected
species probably occurred at low density. Apparent
departures from perfect nestedness can result from
sampling error if species that occur at low density are
recorded by chance at one site but not another. However,
this problem was reduced by restricting the nestedness

analysis to species with n > 5. Moreover, species that
occur at low density are also the least likely to be present
at two or more locations (Cam et a/. 2000) and so the true
departure from perfect nestedness was probably greater
than we recorded.

DETERMINANTS OF RESPONSES TO
FRAGMENTATION

Responses of individual species to fragmentation were
to some extent predictable from species’ traits, which is
consistent with the finding that species assemblages
were significantly nested. The most important determi-
nant of FRI in our study was larval host-plant specificity.
This supports a similar finding for extinction-proneness
of butterflies on tropical islands (Koh, Sodhi & Brook
2004a) and is consistent with the notion that species
with narrow ecological niches are less able to adapt to
rapid changes in environmental conditions, such as those
associated with habitat loss and degradation (Purvis
et al. 2000a; Koh, Sodhi & Brook 2004a). Species with
a narrow range of host-plants are presumably more
vulnerable to co-extinctions (Koh, Sodhi & Brook 2004b)
in addition to being less able to exploit new opportunities
arising from changes in plant assemblages following
forest fragmentation.

In addition to host-plant specificity, there was also a
weak, marginally significant effect of body size on FRI
in our study, with larger species more adversely affected
by rain forest fragmentation. Some previous studies have
similarly found that increases in body size are associated
with an increase in extinction risk in vertebrates (Bennett
& Owens 1997; Purvis et al. 2000b) and in butterflies
(Shahabuddin & Ponte 2005), possibly associated with
greater resource requirements or a greater tendency to
disperse away from habitat fragments in larger species.
However, other studies found no relationship (for ver-
tebrates, Foufopoulos & Ives 1999; Munoz-Duran 2002;
for butterflies, Koh, Sodhi & Brook 2004a). Moreover,
because body size is strongly correlated with a wide
range of life-history traits, any relationship with body
size is difficult to interpret.

We found no relationship between species’ geographical
distributions and FRI. However, a number of previous
authors have suggested that species with narrow geo-
graphical distributions may be less able to adapt to
changing environmental conditions within rain forests
(Hill et al. 1995; Hamer et al. 1997; Hamer et al. 2003;
Koh, Sodhi & Brook 2004a) and the absence of any
additional effect of geographical distribution on FRI in
our study was probably because of a significant positive
relationship between geographical distribution and
host-plant specificity.

IMPLICATIONS FOR CONSERVATION
MANAGEMENT

Smallisolated forest remnants were relatively species poor
and showed the least similarity to intact forest. Moreover,
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no endemic species were recorded in any remnants smaller
than 4000 ha. These findings lend support to the common
practice of targeting conservation strategies primarily
around patch size and isolation. On the other hand,
forest remnants supported relatively large populations
of species found only at low density in intact forest, and
diversity between sites of different size was up to half
the total diversity across all sites. While there were no
endemic species in small fragments, even the smallest
remnants supported species with geographical distri-
butions restricted within Sundaland. This may not have
been true of fragments smaller than the ones we analysed,
but our study encompassed the range of sizes of remain-
ing forest fragments in Sabah and the smallest fragment
we studied (120 ha) was not atypical of non-experimental
forest fragment sizes elsewhere in the tropics. Small
isolated forest remnants are generally accorded low
conservation status and given little protection, with
the result that they often disappear over time because
of continued anthropogenic disturbance. The results of
this study indicate that the importance of small remnants
of forest, in particular their contribution to environmental
heterogeneity (Benton, Vickery & Wilson 2003; Hamer
et al. 2003; Fischer & Lindenmayer 2005), should not be
overlooked.
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