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Patch isolation only matters for specialist butterflies but patch
area affects both specialist and generalist species
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Abstract Over the past four decades, many researchers

have applied the theory of island biogeography (IBT) to

predict and understand species loss and distribution in

fragmented landscapes. Recent studies found that specialist

species were more affected by fragment size and isolation

than generalists. However, the mechanisms underlying

different effects of area and isolation among specialists and

generalists are unknown. We tested the predictions of IBT

on butterfly assemblages in Tokyo, Japan, and hypothe-

sized that the effects of fragment size and isolation would

be stronger for specialists than for generalists. We classi-

fied butterfly species into specialists and generalists for

each of two dimensions (food range and voltinism) and

according to tolerance to the matrix. We recorded 26

feeding specialists and 27 generalists, 24 seasonal spe-

cialists and 29 generalists, 32 low matrix-tolerant species

and 21 high matrix-tolerant species in 20 forest fragments.

We used generalized linear models to relate the number of

species in a fragment to fragment size and isolation (dis-

tance to the mainland). The averaged models based on

AICc showed that fragment size had positive and signifi-

cant effects on both specialist and generalist and high

matrix-tolerant butterfly species richness. However, the

negative effects of isolation on species richness were only

found in specialist and low matrix-tolerant species. Our

results demonstrate that patch isolation only affects

specialist species. This suggests that when applying IBT to

terrestrial fragmented landscapes, researchers should be

careful not to overlook patch area and isolation effects on

specialists.

Keywords Butterfly assemblages �Habitat fragmentation �
Island biogeography theory � Landscape matrix �
Species–area relationship

Introduction

Human domination of the Earth’s ecosystems has led to a

severe loss of natural habitat and isolation of habitat rem-

nants. Habitat loss and fragmentation are the most likely

major causes of the increased rate of species extinction

observed in recent decades (Fahrig 2003; Foley et al.

2005). Fragmentation has resulted in many habitat rem-

nants (‘‘islands’’) becoming isolated from continuous

habitat (‘‘mainland’’). By considering habitat fragments as

islands embedded in an ocean, many researchers have

applied the theory of island biogeography (IBT, MacArthur

and Wilson 1967) to predict and understand species loss

and distribution in fragmented ecosystems (Zschokke et al.

2000; Magura et al. 2001; Brose 2003). Many of these

studies have found species richness to decrease with

decreasing habitat area and increasing habitat isolation

(Lomolino et al. 1989; Davies and Margules 1998; Magura

et al. 2001). Over the past four decades, IBT has been used

to highlight the importance of patch size and isolation for

maintaining species diversity in fragmented ecosystems.

However, many previous studies applying IBT to frag-

mented landscapes have so far failed to recognize one

crucial fact: the matrix is not usually completely inhospi-

table to movement. For oceanic islands, the surrounding
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marine environment is completely inhospitable; however,

for terrestrial habitat fragments, the effect of the sur-

rounding matrix environment on the reproduction and

dispersal of organisms is less well understood (e.g., Gus-

tafson and Gardner 1996). Recently, many empirical

studies have reported strong influences of the matrix

composition on species distribution and colonization–

extinction dynamics in fragmented landscapes (Ricketts

2001; Tischendorf et al. 2003; Kupfer et al. 2006; Dormann

et al. 2007; Prugh et al. 2008; Umetsu et al. 2008; Watling

et al. 2011). In a meta-analysis, Watling et al. (2011)

compared the effects of matrix composition (composition

of surrounding land cover) with those of habitat connec-

tivity (based only on the most suitable, original ‘‘habitat’’)

on the occurrence and abundance of animals in fragmented

habitats across 184 taxa. They concluded that the matrix

composition has comparable effects to (and sometimes

stronger effects than) habitat connectivity in fragmented

landscapes. Recently, fragmentation research has changed

focus from patch-based study (i.e., measuring only patch-

level factors such as patch size and isolation) to landscape

mosaic-based study (Kupfer et al. 2006).

In general, the definition of a ‘‘patch’’ becomes less

obvious if species are able to use the matrix as a feeding or

nesting habitat (Sisk et al. 1997). Recent empirical and

modeling studies (Cook et al. 2002; Bender and Fahrig

2005; Guldemond and van Aarde 2010) demonstrated that

the effects of forest patch size and isolation affect only

forest-dependent species, suggesting that IBT predictions

were a better fit to the data when matrix-dwelling species

were removed from the analysis. Cook et al. (2002) pointed

out that spillover of generalist species from matrix into

patches may obscure patch size and distance effects on

specialists. Therefore, it is difficult to predict community

and population dynamics in fragmented landscapes without

understanding the different effects of patch area and iso-

lation on species diversity between specialists and gener-

alists. However, the mechanisms underlying such different

area and isolation effects between specialists and general-

ists are mostly unknown.

Butterflies can be classified into generalists or specialists

based on their resource use pattern in two fundamental

niche dimensions: niche width (range of host plant species

used by larvae) and voltinism (number of generations per

year) (Kitahara and Fujii 1994). Using this approach, we

can regard species with feeding specialization as ‘‘feeding

specialists’’ and uni- and bivoltine species as ‘‘seasonal

specialists.’’ In addition to these species’ traits, tolerance to

the matrix strongly affects species dispersal ability (Kupfer

et al. 2006). Therefore, for butterflies, tolerance to the

matrix may be another important criteria of habitat

occurrence in fragmented landscapes. The availability of

resources in the matrix is a key factor determining the

presence of fragment-dependent species in fragmented

landscapes (e.g., Jokimäki and Huhta 1996). Thus, we can

assume that species whose larval host plants are cultivated

by humans in the matrix (e.g., in gardens, on roadsides, and

in agricultural areas) are species with high tolerance to the

matrix. In contrast, species whose larval host plants are not

cultivated in the matrix are species with low tolerance to

the matrix. Ries and Debinski (2001) found a high matrix

permeability for generalist butterfly species, whereas spe-

cialists were unlikely to emigrate from a fragment. Con-

sidering their low dispersal and matrix tolerance

capabilities, the effects of fragment size and isolation may

be stronger for species with a low tolerance to the matrix

than those with a high tolerance to the matrix.

In the present study, we tested the classical predictions

of IBT for the butterfly assemblages of Tama, central

Japan. The Tama area lies at the foot of Mount Takao in

Tokyo, and was covered by deciduous secondary forests

until the 1950s. Because of intense housing construction,

the former large forest was replaced by many small, iso-

lated urban forest fragments. In 1970, 56.6 % of the forest

fragments exceeded 100 ha, and 5.2 % were smaller than

20 ha. After 1970, the number of small forests gradually

increased and by 2000, 60.9 % of the forests were smaller

than 20 ha (Kataoka and Tamura 2005). This particular

situation provides an excellent model system to test IBT. In

this study, we tested the following hypotheses: (1) total

butterfly species richness increases with increasing habitat

area and decreasing isolation (distance to the mainland),

and (2) specialist and low matrix-tolerant species are more

affected by fragment size and isolation than generalists and

low matrix-tolerant species. As mentioned previously, we

classified butterfly species into specialists and generalists

based on two classifications (i.e., feeding and seasonal) and

according to the tolerance to the matrix, and tested IBT for

each group.

Methods

Study area and sampling sites

The forests were all located in a 10 9 15 km area in

southwestern Tokyo, central Japan (N35.61 and E139.38)

(Fig. 1). The western boundary of the study area is a

mountain range dominated by Mount Takao (599 m a.s.l.),

and contains a forest referred to as the ‘‘mainland’’ in this

study. In this study area, the mainland forest was more

diverse in terms of both plant and animal species than the

urban forest fragments, and all 53 species recorded in this

study also occur in this mainland forest (Nagase 2004). As

mentioned previously, we can assume that the mainland is

the source area from which species disperse and colonize
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islands—the forest fragments in our case. The forest frag-

ments were dominated by secondary forests of two decid-

uous oaks, Quercus serrata Thunb. ex Murray and

Q. acutissima Carruthers with Pinus densiflora Sieb. et Zucc.,

Abies firma Sieb.et Zucc, and evergreen oaks, Q. glauca

Thunb. ex Murray and Q. acuta Thunb. ex Murray also

present (Kataoka and Tamura 2005). A forest fragment was

considered to be any forest area containing any of these

tree species. The border of a forest fragment was defined as

any treeless belt with an open canopy of more than 10 m,

following Kurosawa and Askin (2003).

A total of 20 forest fragments that ranged in area from 1.1

to 121.6 ha were selected. Forest fragments were separated

from each other by varying distances (Fig. 1). To avoid

pseudoreplication, forest fragments separated by at least

800 m were selected. To minimize the effects of the matrix

type on the butterfly community, forest fragments that were

mostly surrounded by residential areas were selected. Arc-

View geographic information system software (ver. 3.2,

ESRI, CA, USA) was used with aerial photographs

(1:25,000) to quantitatively assess the forest fragment area

and isolation (nearest distance to the mainland). Other

authors have stressed the strong influence of other patch

factors such as shape (Laurance 1991) and connectivity (Vos

and Stumpel 1995) on the number of species. Therefore, we

also measured the shape index (Laurance and Yensen 1991)

and connectivity (Hanski, 1994). In this study, however,

these two factors had no significant effect on butterfly species

richness, so we removed these two factors from the analysis.

Butterfly survey and classification

Butterfly communities were monitored using the line

transect method (Pollard 1977). Transect counts were

conducted once a month between 0930 and 1430 hours

during the adult flight season (early April–early October

2009) if the weather was suitable. No butterfly surveys

were conducted in August because several butterfly species

have been reported to aestivate at this time (Fukuda et al.

1983). Butterflies within a 10 m radius of a position along

the transect were recorded while walking at a steady pace

(10 m/min). We randomly set a 500 m long transects (from

edge to interior) and spent 50 min at each transect. In every

six observations, we surveyed the same transect routes.

Individuals that could not be identified by sight were

caught, identified, and released (e.g., skippers and lycae-

nids). Since it is impossible to distinguish between Pieris

metele and P. rapae in the field, these two species were

treated as Pieris spp. for the analysis.

We classified all 53 butterflies that were observed into

specialist or generalist species based on the following two

dimensions. First, we used a seasonal dimension to define

uni- and bivoltine (B2 brood/generations per year) as

‘‘seasonal specialists’’ and multivoltine species (C3 brood/

generations per year) as ‘‘seasonal generalists.’’ Second, we

used a feeding dimension to define mono- and oligopha-

gous species (larvae feeding on a maximum of ten plant

species from the same family) as ‘‘feeding specialists’’ and

polyphagous species (larvae feeding on more than ten plant

species from the same family or more than two families) as

‘‘feeding generalists,’’ following Kitahara and Fujii (1994).

In the present study, I applied these classifications fol-

lowing Kitahara and Fujii (1994) with minor modifications.

Third, we used the ‘‘tolerance to the matrix’’ dimension to

classify species whose larval host plants (at least one

species) were found in gardens, on roadsides, and in agri-

cultural areas in the matrix as ‘‘high matrix-tolerant spe-

cies’’ (i.e., matrix-dwelling species). On the other hand,

species whose larval host plants were not found in gardens,

on roadsides, or in agricultural areas in the matrix were

Fig. 1 Map of forest cover

(gray) and study sites (black) in

the southwestern region of

Tokyo, central Japan
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classified as ‘‘low matrix-tolerant species’’ (i.e., fragment-

dependent species). These classifications were based on

data from Fukuda et al. (1982, 1983, 1984a, b), the Tokyo

Metropolitan Government (2000), and the Ministry of

Agriculture, Forestry and Fisheries (2010).

Statistical analysis

We used an information theoretic approach for model selec-

tion and to assess model performance. This involved the use of

generalized linear models with a Poisson distribution and a

log-link function. Species richness was used as the dependent

variable, and fragment size (ha, log-transformed) and isolation

were used as explanatory variables. To select the best models

among the candidate models, we used the small-sample cor-

rected version of Akaike’s information criterion (AICc,

Burnham and Anderson 2002). The AICc value for each

model quantifies its parsimony (based on a trade-off between

the model’s goodness of fit and the number of parameters

included) relative to the other models considered. We used the

‘‘dredge’’ function from the MuMIn package (ver. 1.0.0)

(Barton 2009) to test models defined by all possible variable

combinations and rank them by their AICc-based model

weights (DAICcj = AICci - AICcmin, where AICcmin and

AICci represent the AICc of the best model and that of the ith

supported model in the model subsets, respectively). The

plausibility of each model was quantified by its relative like-

lihood, which was proportional to the exponent of

-0.5 9 DAICc given our data. Then, for each candidate

model, the normalized Akaike weights were compiled as

evidence that the model is the best of the set (Burnham and

Anderson 2002). Because the DAICc values were less than 2

in our models, indicating that the other candidate models had

substantial support as explanations of butterfly species rich-

ness (Burnham and Anderson 2002), we performed model

averaging with the ‘‘model.avg’’ function. Model averaging

provides unconditional model variances and more reliable

parameter estimates for each predictor. To determine the

reliability of the predictor estimates from averaging, we

calculated the weighted unconditional standard error along

with its associated confidence interval (95 % CI). To assess the

relative importance of each predictor, we also used the relative

importance value (RIV) for each. To calculate the RIV, the

calculated Akaike weights for each model that contained

the parameter of interest were summed. Generalized linear

models and AICc values were calculated using the R software

package (v.2.12.0, R Development Core Team 2010).

Results

In total, we found 1,625 butterfly individuals belonging to

53 species [mean of 24 species per site (SD = 7.3)]

(Table 1). Twenty-four species were classified into sea-

sonal specialists and 29 were seasonal generalists, 26

species were feeding specialists and 27 were feeding gen-

eralists, and 32 were low matrix-tolerant species and 21

were high matrix-tolerant species (Table 1).

Island biogeography theory of total butterfly species

There was a strong support for an increase in species

richness with increasing fragment size. Fragment size had

the highest RIV (1.00) and a high, positive parameter

estimate that did not include 0 within the 95 % CI

(Table 2A). Compared with fragment size, isolation had

relatively weak, negative effects on butterfly species rich-

ness. The parameter estimate for isolation overlapped with

0 within the 95 % CI and had a low RIV (0.49).

Island biogeography theory for specialists

versus generalists

For all three butterfly groups (feeding, seasonal, and tol-

erance to the matrix groups), there was a strong relation-

ship between fragment size and species richness for both

the specialist and generalist species and for both the high

and low matrix-tolerant species (Table 2B, C, D; Fig. 2).

In addition, for all groups, fragment size had a high,

positive parameter estimate that did not include 0 within

the 95 % CI. However, the effect of fragment size on

species richness did not differ between specialists and

generalists or between high and low matrix-tolerant spe-

cies, because the 95 % CIs overlapped within each group

(Table 2B, C, D; Fig. 2).

For the two specialist groups and the low matrix-tolerant

species, there was a negative relationship between isolation

and species richness (Table 2B, C, D; Fig. 2). The negative

effects of isolation on generalist species and high matrix-

tolerant species were weaker than those on specialists and

low matrix-tolerant species (Table 2B, C, D), because the

RIVs for isolation in generalists and high matrix-tolerant

species were smaller than those for specialists and low

matrix-tolerant species (feeding 0.74 [ 0.20, seasonal

0.70 [ 0.23, matrix 0.87 [ 0.20).

Discussion

Species–area relationships

As predicted by MacArthur and Wilson (1967), we found a

significant positive relationship between fragment size and

the total number of butterfly species. This result was con-

sistent with those of previous studies that examined the

effects of patch size on species assemblages (e.g., birds,
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Bellamy et al. 1996; butterflies, Öckinger and Smith 2006;

plants, Kohn and Walsh 1994). The significant and positive

relationship observed between forest size and butterfly

species richness is considered to be due to large areas

typically having lower extinction rates and higher immi-

gration rates than small areas. Both of these mechanisms

have been described by the theories of IBT (MacArthur and

Wilson 1967) and metapopulations (Hanski and Gyllenberg

1997). Another reason for the higher species richness in

large fragments is the higher habitat heterogeneity in large

areas compared with small areas (Connor and McCoy

1979; Forman and Godron 1986).

In this study, we did not find any difference in the

effects of size on species richness between specialists and

generalists or between high and low matrix-tolerant species

(Table 2). Cook et al. (2002) and Guldemond and van

Aarde (2010) reported that the effects of patch size on

matrix-dwelling species (i.e., high matrix-tolerant species)

were weaker than those on fragment-dependent species

(i.e., low matrix-tolerant species). In their study, the matrix

was a good-quality environment where many generalist

bird and plant species persisted, meaning that the bound-

aries between patch and matrix were obscure for high

matrix-tolerant species. On the contrary, the matrix of our

study area was completely urbanized, which means that

even high matrix-tolerant species cannot live in the matrix

due to habitat degradation and increased air and soil pol-

lution (e.g., Bastin and Thomas 1999; McKinney 2002).

Therefore, we found a positive and significant relationship

between fragment size and species richness even for gen-

eralists and high matrix-tolerant species. In general, the

Table 1 List of 53 butterfly species observed in this study and their

life-history traits

Species Life-history traitsa

HT HR V T

Papilionoidea

Parnassius glacialis glacialis h o s l

Atrophaneura alcinous h o g l

Graphium sarpedon nipponum w o g h

Papilio machaon hippocrates h p g h

Papilio xuthus w p g h

Papilio helenus nicconicolens w p g h

Papilio protenor w p g h

Papilio memunon thunbergii w o g h

Papilio bianor w p s h

Pieridae

Colias erate poliographys h p g h

Eurema hecabe w p g h

Pieris spp. h p g h

Arthocharis scolymus h p s h

Nymphalidae

Argyreus hyperbius hyperbius h o g h

Limenitis camilla japonica w o g l

Neptis sappho intermedia w p g h

Neptis philyra excellens w o s l

Polygonia c-aureum h o g l

Nymphalis xanthomelas japonica w p s l

Cynthia cardui h p g l

Vanessa indica indica h p g l

Kaniska canace h o g l

Dichorragia nesimachus w o s l

Hestina persimilis japonica w o s l

Hestina assimilis w o s l

Parantica sita niphonica h o s l

Libythea celtis w o s l

Ypthima argus argus h p g l

Minois dryas bipunctata h p s l

Lethe diana w p g l

Lethe sicelis w p s l

Neope goschkevitsuchii w p s l

Lycaenidae

Narathura japonica japonica w o g h

Narathura bazalus w o g h

Artopoetes pryeri w o s l

Japonica lutea lutea w o s l

Japonica saepestriata w o s l

Anrigius attilia attilia w o s l

Favonius orientalis w o s l

Rapala arata w p s h

Callophrys ferrea w p s l

Lycaena phlaeas daimio h o g l

Table 1 continued

Species Life-history traitsa

HT HR V T

Lampides boetieus h p g h

Psudozizeeria maha h o g l

Celastrina argiolus ladonides w p g h

Everes argiades argiades w p g h

Curetis acuta paracuta w o g h

Hesperiidae

Erynnis montanus montanus h o s l

Daimio tethys tethys h o g l

Choaspes benjaminii japonica w o s l

Thoressa varia w p s l

Potanthus flavus flavus w p s l

Parnara guttata guttata h p g h

a Life-history traits: HT host plant type (w wood, h herb); HR host

plant range (o oligophagous, p polyphagous); V voltinism (s 1 or 2, g
3 or more generations); A adaptability to the matrix (l less, h highly

adaptive)
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functional notion of fragments and matrix is dependent on

the landscape type, scale, and organism (Kupfer et al.

2006). Our approach should be expanded to analyze a

broader range of organisms and ecosystems.

Species–isolation relationships

One of the most important findings of the present study is

that a negative relationship between isolation and butterfly

species richness was only found in specialists and low

matrix-tolerant species (Table 2; Fig. 2). There are possi-

ble reasons why responses to isolation differed between

specialists and generalists or between high and low matrix-

tolerant species in our study area. Generally, the host plant

resources of feeding generalists are distributed over a wide

range of cover types, so they may be able to move between

patches regardless of the underlying environmental heter-

ogeneity. In contrast, monophagous and oligophagous

species are less likely to move across the boundary of one

habitat patch to another patch like stepping stones.

Therefore, the negative relationship between feeding spe-

cialist diversity and isolation may reflect their limited

dispersal ability. In general, we can expect that species

with multiple host plants will be more successful in frag-

mented landscapes than monophagous species (e.g.,

Zimmerman et al. 2005). Phenological parameters may

also be associated with dispersal ability (Kotze and O’Hara

2003). The intrinsic rate of natural increase (r) is positively

correlated with voltinism, so multivoltinism and univol-

tinism are associated with higher and lower values of r,

respectively (e.g., Shapiro 1975). In general, species with

high intrinsic rates of natural increase (r strategy) have

greater ability to disperse offspring widely because they are

‘‘early successional species’’ (Pianka 1978). This indicates

that seasonal specialist species could be less likely to move

from the mainland and successfully establish in fragments,

which may explain the negative relationship between spe-

cies richness and distance to the mainland. The response of

species richness to isolation was slightly clearer in low

matrix-tolerant species than in high matrix-tolerant species

(Fig. 2f; Table 2d). Since the resources of high matrix-

tolerant species existed in both the fragments and the

matrix, they may have been able to easily disperse from the

mainland and colonize fragments.

Management implications

Based on the findings of our study, we are able to draw two

important conclusions. First, we showed that, in addition to

fragment size and isolation, the availability of resources in

Table 2 Model-averaged

estimates of parameters (b),

unconditional standard errors

(SE), 95 % CIs, and the RIVs

for the variables associated with

total species richness, feeding

group, seasonal group, and

matrix group

Variables b SE Lower CI Upper CI RIV

(A) Total species richness

Log (area) 0.36 0.08 0.21 0.52 1.00

Distance -0.01 0.01 -0.03 0.01 0.49

(B) Food range

Feeding specialists

Log (area) 0.43 0.13 0.18 0.68 1.00

Distance -0.02 0.02 -0.06 0.01 0.74

Feeding generalists

Log (area) 0.32 0.10 0.12 0.53 1.00

Distance 0.00 0.00 -0.01 0.01 0.20

(C) Voltinism

Seasonal specialists

Log (area) 0.61 0.15 0.31 0.91 1.00

Distance -0.03 0.02 -0.07 0.02 0.70

Seasonal generalists

Log (area) 0.27 0.09 0.08 0.45 1.00

Distance 0.00 0.00 -0.01 0.01 0.23

(D) Tolerance to the matrix

Low matrix-tolerant species

Log (area) 0.38 0.12 0.15 0.61 1.00

Distance -0.03 0.02 -0.06 0.00 0.87

High matrix-tolerant species

Log (area) 0.37 0.11 0.15 0.59 1.00

Distance 0.00 0.00 -0.01 0.01 0.20
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the matrix is a particularly important influence on the

butterfly species distribution. Over the past four decades,

IBT has had an enormous impact on conservation biology

in fragmented landscapes. As a result, the value of large

and well-connected forest fragments has been emphasized.

Recent empirical studies reported that some species may be

able to compensate for a loss of their natural forest habitat

by moving into other habitat types (e.g., plantations or

other modified habitats) (Norton et al. 2000; Cook et al.

2002). Gascon et al. (1999) also suggested that species that

avoid the matrix tend to decline or disappear in fragmented

landscapes, while those that can move within and use the

matrix often remain stable or increase. Therefore, charac-

teristics of the matrix may reduce the effect of habitat loss

and fragmentation. In the present study, patch area had a

stronger effect on butterfly diversity than patch isolation,

which means that larger nature reserves are of greater value

for the conservation of butterflies. However, the mainte-

nance of large nature reserves incurs great costs in highly

fragmented urban ecosystems (Franklin 1993), and so

managing the matrix environment may be an effective and

important approach for conservation. Although some nat-

ural life-history traits of the butterfly are likely to be fixed

(e.g., voltinism and food range), tolerance to the matrix

could easily be changed by human activities.

Second, our results suggest that patch isolation only

affects specialist species and low matrix-tolerant species.

This suggests that the distribution and population dynamics

of butterfly species will vary among different functional

groups in our study area. It has also led to a concern that if

fragments distant from the mainland have high species

diversity, this will mostly comprise generalist or high

matrix-tolerant species. However, in general, species prone

to extinction in fragmented landscapes are specialist spe-

cies (Koh et al. 2004; Soga and Koike 2012). Therefore,

when preserving biodiversity, conservation managers

should prioritize action for specialist and low matrix-tol-

erant species and not only focus on all of the species. To do

this, it is important to understand which local and land-

scape factors are necessary for the conservation of habitat

specialists. Based on our results, fragment size and isola-

tion may be important for species persistence, so we rec-

ommend conserving large and well-connected fragments

for butterfly specialists. This will be particularly important

for the long-term survival of habitat specialists in highly

fragmented urban forests. In conclusion, we argue that

when applying IBT to terrestrial fragmented landscapes,

researchers should be careful not to overlook patch area

and isolation effects on specialists.
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