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The conversion of natural forests into plantations changes 
various forest characteristics. Plantations are often planted 
with a single species of coniferous tree in the temperate 
northern hemisphere (Brockerhoff et al., 2008; Yamaura 
et al., 2012). In addition, the removal of understory veg-
etation reduces not only tree diversity but also decreases 
the structural complexity of plantations (Hartley, 2002; 
Lindenmayer & Hobbs, 2004). Understory vegetation, 
woody debris and light conditions can also differ greatly 
from those in natural forests, depending on the age of a 
plantation, species of tree planted and management (Na-
gaike, 2000; Bremer & Farley, 2010). Several studies have 
revealed a high sensitivity of herbivorous and saproxylic 
insects to the changes associated with converting natural 
forests into plantations in both temperate and boreal areas. 
For example, the diversity of longicorn beetles (Ceramby-
cidae) is lower in plantations than in natural forests, and 
positively correlated with tree diversity, forest matureness 
and light conditions (Martikainen et al., 2000; Maeto et 
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Abstract. Increasing the biodiversity in plantations of trees is an important issue because plantations have replaced many natural 
and semi-natural ecosystems worldwide. Therefore, identifying appropriate management techniques and key factors for enhanc-
ing biodiversity in plantations is required. We surveyed butterfl y assemblages along forest trails in both plantations and natural 
forests and measured various environmental variables, including canopy, sub canopy and shrub stem densities, percentage of 
deciduous trees, fl ower plant richness, host plant richness, canopy openness and distance to forest edge. We hypothesized that 
(1) fl ower and host plant richness increase with an increase in the percentage of deciduous trees and canopy openness; (2) but-
terfl y richness and abundance increase with an increase in forest structural complexity, butterfl y resources, canopy openness and 
distance to forest edge; (3) the responses of plants and butterfl ies to canopy openness differ in plantations and natural forests; 
and (4) in plantations, tree-feeding butterfl ies respond to canopy openness less strongly than herbaceous plant feeding butterfl ies 
do because of the low diversity of trees in plantations. Our results generally support these hypotheses. Butterfl y resources and 
butterfl y richness and abundance all increase with increasing canopy openness; however, the increases were usually more dra-
matic in natural forests than in plantations and other factors are less important. In plantations, herbaceous plant feeding butterfl ies 
responded to increasing canopy openness more strongly than tree-feeding butterfl ies. The results of the present study indicate 
the importance of sunlit forest trails in enhancing butterfl y resources, butterfl y richness and abundance in plantations. Because at 
the stand-level management is labour- and cost-intensive, labour- and cost-saving trail management options need to be explored 
further in terms their effectiveness in increasing biodiversity in plantations.

INTRODUCTION

The increase in biodiversity in plantations of trees is an 
important issue because plantations have replaced many 
natural and semi-natural forests and grasslands world-
wide and the area covered by these plantations continues 
to increase (Brockerhoff et al., 2008; Payn et al., 2015). 
Because the conversion of natural forests into plantations 
has a great effect on the native fauna and fl ora (plants: 
Barlow et al., 2007a; Bremer & Farley, 2008; vertebrates: 
Barlow et al., 2007a; du Bus de Warnaffe & Deconchat, 
2008; Yamaura et al., 2009; insects: Robertson et al., 1995; 
Magura et al., 2000; Barlow et al., 2007a, b; reviewed in 
Lindenmayer & Hobbs, 2004; Brockerhoff et al., 2008), 
identifi cation of the appropriate management techniques 
and key factors that enhance biodiversity within planta-
tions is required. This is particularly important in countries 
where plantations occupy a large percentage of the forest 
area or where the area under plantations is rapidly increas-
ing.
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al., 2010; Verdasca et al., 2012). These features, therefore, 
should be taken into consideration.

In Japan, the increase in biodiversity in plantations is a 
critical issue because many natural and secondary forests 
have been converted into coniferous plantations. In 2012, 
it was estimated that plantations occupied approximately 
10.3 million ha of land, which amounted to 41% of the total 
forested area and 27% of the national land surface (For-
estry Agency Japan, 2016). The majority of plantations and 
secondary forests are increasingly shady because both are 
often unmanaged. In plantations, thinning and harvesting 
of wood now rarely occurs because forestry is declining as 
an industry in Japan (Yamaura et al., 2012). Coppicing has 
also ceased in secondary forests for several decades (Fuka-
machi et al., 2001). Forest trails are thus valuable habitats 
for butterfl ies because they are often well sun-lit areas in 
otherwise rather shady habitats.

We surveyed butterfl ies mainly along forest trails, not in 
forest interiors, for the following reasons. First, forest trails 
and edge habitats are richer in butterfl ies than the interior of 
plantations (van Halder et al., 2011). Second, in the region 
studied, butterfl ies are rare on the fl oor of natural forests 
with closed canopies (Kitahara, 2004) and the light condi-
tions along some trails are low, almost equal to those in the 
interior of forests. Finally, because management aimed at 
increasing biodiversity at the stand-level in plantations is 
labour- and cost-intensive (Cummings & Reid, 2008), con-
centrating on the management of trails saves time, labour 
and money. In the present study, we examined the effects 
of conversion of natural forests into coniferous planta-
tions, canopy openness and various forest characteristics 
(e.g., tree stem density, diameter at breast height [DBH] of 
canopy trees and percentage of deciduous trees) on butter-
fl y resources and butterfl y assemblages and whether the re-
sponses of plants and butterfl ies to canopy openness differ 
between plantations and natural forests. We hypothesized 
that (1) numbers of nectariferous fl owers and host plant 
diversity increase with increasing percentage of deciduous 
trees and canopy openness mainly due to improved light 
conditions resulting in the development of an herbaceous 
plant layer; (2) butterfl y richness and abundance increase 
with increasing forest structural complexity (increasing 
sub canopy and shrub densities), butterfl y resources and 
canopy openness; (3) the responses of plants and butter-
fl ies to canopy openness differ in plantations and natu-
ral forests (the interaction between canopy openness and 
plantation / natural forest) because management of planta-
tions only slightly infl uences the local fauna and fl ora in 
areas where the canopy is opened up; and (4) tree-feeding 
species respond to light conditions less strongly than her-
baceous plant feeding species in plantations because the 
recovery of trees may be slower than that of herbaceous 
plants / grass even if light conditions are improved.

MATERIALS AND METHODS
Sites studied

The sites studied were located on the northern foot of Mt. Fuji 
(138° 35´59˝–54´26˝E, 35°23´44˝–29´31˝ N; 30 km from the east 

al., 2002; Ohsawa, 2004). By contrast, the diversity of leaf 
beetles is higher in larch plantations than in natural forests 
because there is a greater understory plant diversity and 
a more open canopy in larch plantations (Ohsawa & Na-
gaike, 2006).

Most of the studies on the effects of plantations and log-
ging on butterfl ies are for the tropics and report that planta-
tions have a lower butterfl y diversity and fewer endemic 
species than natural forests (Barlow et al., 2007b, 2008). 
By contrast, the effects of logging on butterfl ies are incon-
sistent, e.g., the effects of logging on butterfl y diversity can 
be positive (Hamer et al., 1997; Willott et al., 2000), nega-
tive (Hill et al., 1995; Hamer et al., 2003; Dumbrell & Hill, 
2005) or change between seasons or spatial scales (Hamer 
& Hill, 2000; Hamer et al., 2005); however, the majority of 
these studies indicate a decline in endemics due to logging. 
These studies show that canopy openness, understory veg-
etation and forest structure are important factors in shaping 
butterfl y assemblages in plantations and disturbed forests. 
Butterfl ies function as herbivores and pollinators and are 
suitable model insects for determining the effects of the 
conversion of natural forests into plantations and the rel-
evant environmental changes because their identifi cation is 
easy and they respond to subtle changes in the environment 
and can refl ect the diversities and communities of other 
taxa (Dennis, 2004; Barlow et al., 2007a; Winfree et al., 
2011; Ohwaki et al., 2017). However, in temperate areas, 
few studies have compared butterfl y assemblages in plan-
tations and natural forests with the aim of identifying the 
factors necessary for increasing butterfl y diversity in plan-
tations. This is possibly because plantations are regarded as 
“green deserts” (see van Halder et al., 2008).

Several studies report the importance of open spaces in 
increasing plant and butterfl y diversity in both temperate 
natural forests and plantations. Large, open spaces, such as 
wide rides, large glades and fi rebreaks (wider than 15–20 
m) are colonized by many species of plants and the re-
sultant high plant richness supports endangered grassland 
butterfl ies (Warren, 1985; Greatorex-Davies et al., 1993; 
Sparks et al., 1996; Smith et al., 2007; van Halder et al., 
2008; Berg et al., 2011; Fartmann et al., 2013). However, 
such large open spaces are rare and narrow forest trails 
are more common in many regions. Even though forest 
trails may not be suitable for grassland species, they can 
provide valuable sun-lit areas for forest species or forest 
edge species. This is particularly important in temperate 
East Asia, which has a rich forest butterfl y fauna (Ohwaki 
et al., 2007; Kim & Seo, 2012). However, there is vari-
ability in light conditions, from shady trails below closed 
canopies to sun-lit trails with open canopies or canopies 
with some gaps. This variability provides the opportunity 
to test whether improving light conditions along trails can 
result in an increase in butterfl y diversity in plantations, as 
well as in natural forests. In addition, butterfl y assemblages 
can be affected by forest structure and tree composition in 
temperate areas, which differs between natural forests and 
plantations and can be controlled via management (Taki et 
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to the west, 10 km from the north to the south) in a cool temperate 
area. In this area, three types of coniferous plantations dominate, 
namely evergreen red pine (Pinus densifl ora) at low altitudes, 
deciduous larch (Larix kaempferi) at a wide range of altitudes 
and evergreen Veitch’s silver fi r (Abies veitchii) at high altitudes; 
whereas, natural forests, including secondary deciduous forests 
and naturally regenerated red pine forests, are patchily distrib-
uted. We selected 16 sites between the altitudes 910 and 1550 
m, consisting of 8 plantations and 8 natural forests (including 
secondary forests). The plantations included two Veitch’s silver 
fi r plantations (PAB 1–2), four larch plantations (PLA 1–4) and 
two red pine forests in which the understory was managed and 
the shrubs removed (PRP 1–2), whereas the eight natural for-
ests included four broadleaved deciduous forests dominated by 
Carpinus tschonoskii, Quercus crispula and/or Q. serrata (NDE 
1–4), two natural conifer-broadleaved mixed forests dominated 
by Chamaecyparis obtusa and Tsuga sieboldii with some broad-
leaved trees (NMI 1–2), and two unmanaged natural red pine 
forests in which red pine trees were naturally regenerating (NRP 
1–2). All forests at the study sites were older than 30 years and 
were larger than 3 ha (Table S1). They were often adjacent to 
other types of forest and were not surrounded completely by open 
areas (therefore, the size of the forests studied was much larger 
than 3 ha, if the adjacent forests were included). To avoid con-
founding spatial autocorrelations and forest type, the same types 
of forests were at least 4 km distant from each other and the dif-
ferent types of forests were separated by at least 1 km.

Butterfl y counts
At each site, one 200-m transect was established. The tran-

sects were located along forest trails at the majority of the sites 
(13 sites) and all transects were at least 20 m distant from other 
types of forests, roads and open areas. The forest trails surveyed 
were approximately 2–6 m wide. Although the branches in the 
canopy of the trees growing alongside the trails usually extended 
across the trails regardless of their width, canopy openness var-
ied between transects depending on tree density and existence of 
natural or artifi cial gaps. At three sites where there were no trails 
(PLA 1, PLA 4, and PRP 2), one 200-m transect was established 
in the interior of the forest. Walking along the transects at a steady 
pace, all the butterfl ies observed within 2.5 m on either side and 
5 m at the front were identifi ed and counted (Pollard & Yates, 
1993). Butterfl y behaviour was also recorded as either; feeding, 
mating, ovipositing, fl ying (including searching behaviour), and 
resting (including basking and territorial behaviour). Butterfl y 
surveys were carried out six times from June to October in 2015 
and twice from April to May in 2016 (a total of eight surveys) 
between 09:30 and 16:00 h when the weather was suitable: wind 
speeds of three or less on the Beaufort scale. During June to early 
September, surveys (fi ve times per site) were carried out when air 
temperature was always 23°C or higher, and during early spring 
(April – May) and late autumn (late September – early October), 
surveys were always carried out in sunny weather if the air tem-
perature was 19–20°C. Such weather conditions are suitable for 
monitoring butterfl ies (Wikström et al., 2009). The sites at high 
altitudes were surveyed later in the year except in late autumn 
because seasons occur later at these altitudes. During June – Au-
gust, when adult hairstreak butterfl ies were active, the branches 
of trees below 7.5 m above the ground were beaten in order to 
detect them. Pieris melete and P. nesis were recorded as a single 
species, Pieris m/n, because it is diffi cult to distinguish between 
them in the fi eld.

The butterfl y species recorded were classifi ed into herbaceous 
plant feeders (including grass feeders) or tree feeders based on 
their larval host plants (Table S2). Species whose larvae feed on 

both herbaceous plants and trees or feed on bamboo were not 
classifi ed into either group.

Vegetation survey, canopy openness and other variables
At each site, three different types of surveys of the vegetation 

were carried out. First, four 20 m × 5 m quadrats were established 
on both sides of the transects (two quadrats in the fi rst 100 m and 
two in the second 100 m along the transects). The longer side (20 
m) of the quadrat was set parallel to the edge of the trail. The trails 
themselves were not included in the quadrats because we were 
only interested in the characteristics of the forest surrounding the 
trails and because the width of the treeless trails would affect the 
tree density recorded in the forests if trails were included. All 
woody stems ≥ 2 cm in diameter at breast height (DBH) were 
identifi ed to species and their DBH and height determined be-
tween June 29 to October 1, 2015. Tree stems of 12 m or taller 
were included in the canopy, stems of 6.5 –11 m height in the sub 
canopy, and stems of 6 m or less in the shrub layer. All sites, ex-
cept for one Veitch’s silver fi r site (PAB 1: 10 m in canopy height), 
had a canopy layer. From the quadrat survey, forest structural var-
iables (canopy stem density, sub canopy stem density, shrub stem 
density, and mean canopy DBH) and tree diversity / composition-
al variables (tree species richness, percentage of coniferous trees 
and percentage of deciduous trees) were calculated. The canopy, 
sub canopy and shrub stem densities were expressed as the sum 
of stems from the four quadrats in each stratum. The mean canopy 
DBH was the average of the DBHs of the canopy stems recorded 
in the four quadrats. Because PAB 1 lacked a canopy layer, cano-
py DBH at this site was calculated from the average of the DBH 
of the stems with a 10-m height. Tree species richness was the 
number of tree species recorded in the four quadrats. The percent-
ages of the coniferous and deciduous trees were the percentages 
of stems of coniferous and deciduous trees in the canopy and sub 
canopy layers, respectively. The percentage of coniferous trees 
was measured because no butterfl ies in this region feed on conif-
erous trees and we expected this to be negatively associated with 
butterfl y richness. The percentage of deciduous trees was meas-
ured because deciduous trees affect light conditions on the forest 
fl oor and in understory vegetation, which in turn affect butterfl y 
resources and butterfl y distributions (van Halder et al., 2008).

Second, all the fl owering species of plants, excluding the 
graminoids (Poaceae, Cyperaceae and Juncaceae), and their 
abundances were recorded within 1.5 m on both sides of the 
whole transect on the same date as the butterfl y surveys, except 
in June (that is a total of six times). The abundance of fl owers of 
each species was scored in three ranks: 1: 1–9 occurrences of a 
species of plant growing singly or occupying less than 10 m2; 2: 
10–99 occurrences or occupying 10–99 m2; and 3: greater than 
100 occurrences or occupying more than 100 m2. The species of 
fl owering plants utilized by adult butterfl ies were selected based 
on the fi eld experience of the fi rst author and primary literature 
(Fukuda et al., 1982–1984). In this survey, the richness of fl ower-
ing plants and fl ower abundance were calculated for each tran-
sect (site). The richness of fl owering plants was expressed as the 
number of species of fl owering plants utilized by adult butterfl ies 
throughout the survey. The abundance of fl owers was expressed 
as the sum of the abundance scores for each species throughout 
the survey.

Third, all the species of seed plants along the transects were 
recorded once in the period between June 30 to September 15, 
2015. Species of shrubs less than 2 m in height and herbaceous 
plants growing within 1.5 m of the transects and species of trees 
taller than 2 m growing within 5 m of the transects were recorded. 
Because of the limitations on identifying graminoids, the records 
for species of graminoid were restricted to seven species. By 
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combining the species of plants recorded in the three types of 
vegetation surveys, the number of species host plants (host plant 
richness) was obtained from the host plant list of Japanese but-
terfl ies (Saito et al., 2016).

Another environmental variable that might infl uence the dis-
tribution of butterfl ies is light intensity, which was measured 
in terms of canopy openness. Hemispherical photographs were 
taken along the transects at 10 points, every 20 m after the fi rst 10 
m of the transect, at a height of 130 cm during the growing sea-
son (June 30 – July 28, 2016), using a fi sheye lens (camera: Sty-
lus TG-4 Tough, Olympus Corporation, Tokyo, JP; fi sheye lens: 
UWC-0195, FIT Co., Nagano, JP). The canopy openness was 
then calculated from the hemispherical photographs using Ca-
nopOn 2 software (http://takenaka-akio.org/etc/canopon2/index.
html). Along each transect, light conditions varied and butterfl ies 
were not evenly distributed (i.e., more butterfl ies were observed 
in areas where the light intensity was highest). Therefore, we used 
the average value recorded at the fi ve points where canopy open-
ness was greatest, instead of the average value for all ten points. 
We also measured two landscape variables, altitude and distance 
to forest edge from the centre of each transect. Distance to forest 
edge was measured because forest edge can be a source of but-
terfl ies (Ohwaki et al., 2007; van Halder et al., 2011). Forest edge 
was defi ned as a boundary between a forest and open vegetation 
of ≥ 0.1 ha or between a forest and strips of herbaceous roadside 
vegetation, 2–3 m wide along local roads.

Data analysis
The following 14 variables were recorded in the surveys men-

tioned above: canopy stem density, sub canopy stem density, 
shrub stem density, mean canopy DBH, tree species richness, per-
centage of coniferous trees, percentage of deciduous trees, fl ower 
plant richness, fl ower abundance, host plant richness, canopy 
openness, forest type (plantation or natural forest), altitude and 
distance to forest edge. We fi rst checked for correlations among 
the explanatory variables using a Pearson’s correlation matrix and 
a principal component analysis, which indicated that many ex-
planatory variables were correlated with each other (Table S3 and 
Fig. S1). Therefore, we removed several explanatory variables 
before using generalized linear models (GLMs) by calculating 
the variance infl ation factor (VIF), which helped determine the 
severity of multicollinearity by indicating which variables were 
highly correlated (VIF > 5–10), and therefore, were not included 
in the GLMs (Zuur et al., 2007). In the present study, because we 
focused on forest type and canopy openness, these variables were 
always included, whereas other variables with VIFs > 6 were re-
moved. Consequently, for the GLMs of butterfl y resources (e.g., 

fl ower plant richness, fl ower abundance and host plant richness), 
the following nine explanatory variables were tested: canopy 
stem density, canopy DBH, tree species richness, percentage of 
deciduous trees, canopy openness, forest type (natural or planta-
tion), altitude, distance to forest edge and the interaction between 
canopy openness and forest type (Tables 1–2), and for the GLMs 
of butterfl y richness and abundance, the following nine explana-
tory variables were tested; canopy stem density, shrub stem den-
sity, canopy DBH, percentage of deciduous trees, total host plant 
richness, canopy openness, forest type (natural or plantation), dis-
tance to forest edge, and the interaction between canopy openness 
and forest type (Tables 3–4).

We developed GLMs, assuming a Poisson error distribution, 
in order to identify how butterfl y resources (e.g., fl ower plant 
richness, fl ower abundance and host plant richness) and butter-
fl y richness and abundance were associated with the above nine 
environmental variables. Host plant richness was also analyzed 
separately for tree and herbaceous plants. Butterfl y richness and 
abundance were analyzed separately for tree-feeding and herba-
ceous plant feeding species. In the GLMs of tree- and herbaceous 
plant feeding species, tree and herbaceous host plant richness 
were utilized as the host plant richness variables. The model se-
lection process was backward stepwise and the models with the 
lowest Akaike Information Criterion (AIC) were selected. Then, 
we checked the dispersion parameter of the models. If the disper-
sion parameter φ (residual deviance divided by residual degree of 

Table 1. Results of the GLMs with a Poisson error distribution that 
were used to analyse fl ower plant richness and fl ower abundance. The 
explanatory variables are standardized. The coeffi cients for forest type 
and the interaction between canopy openness*forest type are shown 
as differences from the values recorded in the natural forests.

Flower plant richness Flower abundance
Coeff. (SE) P Coeff. (SE) P

Explanatory variables
Canopy stem density – –
Canopy DBH – –
Tree species richness – –
% deciduous trees – 0.263 (0.101) 0.024
Canopy openness 2.229 (0.706) 0.008 1.985 (0.657) 0.012
Forest type (plantation) –0.537 (0.369) 0.171 –0.117 (0.324) 0.725
Openness*forest type –1.835 (0.716) 0.025 –1.503 (0.663) 0.045
Altitude – –
Distance to forest edge – –

Degree of freedom 3, 12 4, 11
Pseudo R2 * 0.676 0.856
Model Quasi-GLM Quasi-GLM
φ 3.124 3.249
* Pseudo R2: (null deviance – residual deviance) / null deviance.

Table 2. Results of the GLMs with a Poisson error distribution used to analyse species richness of all host plants, tree host plants and 
herbaceous host plants. The explanatory variables are standardized. The coeffi cients for forest type and the interaction between canopy 
openness*forest type are shown as differences from the values recorded in the natural forests.

Total host plant Tree host plant Herbaceous host plant
Coeff. (SE) P Coeff. (SE) P Coeff. (SE) P

Explanatory variables
Canopy stem density – – –
Canopy DBH 0.170 (0.062) 0.060 – 0.492 (0.206) 0.036
Tree species richness 0.302 (0.068) <0.001 0.156 (0.061) 0.010 –
% deciduous trees – – –
Canopy openness 0.354 (0.082) <0.001 – 2.966 (0.649) <0.001
Forest type (plantation) – – –1.137 (0.382) 0.012
Openness*forest type – – –2.373 (0.656) 0.004
Altitude – – –
Distance to forest edge – –0.104 0.118 –

Degree of freedom 3,12 2,13 4,11
Pseudo R2 * 0.617 0.596 0.689
Model Poisson GLM Poisson GLM Quasi-GLM
φ 1.204 0.524 2.145
* Pseudo R2: (null deviance – residual deviance) / null deviance.
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freedom) is larger than 1.5, over dispersion needs to be corrected 
(Zuur et al., 2009). Therefore, in such cases, standard errors were 
corrected using a quasi-GLM model where the variance was 
given by φ × μ where μ is the mean and we continued to delete 
variables with Ps > 0.1. We set α = 0.1 instead of 0.05 because 
variables with P < 0.1 were always included in the model during 
the AIC-based model selection process. Meanwhile, for the her-
baceous plant feeding butterfl ies, no individuals were recorded at 
six of the eight natural forest sites and only one individual at one 
natural forest site. As a result, the remaining one natural forest 
site was an outlier. Therefore, for the herbaceous plant feeding 
butterfl ies, a Poisson GLM was used only for the plantation sites. 
In the GLMs, the number of explanatory variables was seven 
(i.e., forest type and the interaction between openness and for-
est type were excluded), whereas the number of sites was eight, 
which indicated that it is impossible to include all seven variables 
simultaneously (the maximum is six variables). Consequently, we 
combined seven of the six variables and carried out a backward 
model selection for each combination. Then, we selected the 
models with the lowest AIC from among all the combinations as 
being the most parsimonious and checked the dispersion param-
eters of these models. None of these models were over dispersed. 

For all GLMs, the explanatory variables were standardized in 
order to evaluate the relative contribution of each variable.

The relationship between the number of fl ower-feeding indi-
viduals and fl ower plant richness was tested using Spearman’s 
rank correlation.

All statistical analyses were done using R 3.1.3 (R Core Team, 
2015).

RESULTS

Ninety-two species of fl owering plants were recorded 
as potential sources of nectar; however, only fi ve of these 
species were observed to be fed on by butterfl ies. Of the 
92 species, 4 species were non native and only recorded 
in plantations. In total, 187 individuals belonging to 33 
species of butterfl y were recorded during the entire sur-
vey. Species richness ranged from 0 to 14, and butterfl y 
counts ranged from 0 to 47 per site. A total of 59 individu-
als belonging to 15 species were tree feeders, whereas 117 
individuals belonging to 12 species were herbaceous plant 
feeders. The majority of individuals were recorded resting 
(105 individuals, 56%), followed by fl ying (62 individuals, 
33%). Only 14 individuals (7.5%) were recorded feeding 
on fl owers. The number of fl ower-feeding individuals was 
positively correlated with fl ower plant richness (Spear-
man’s rho = 0.529, n = 16, P = 0.034).

Flower plant richness and fl ower abundance were most 
strongly associated with canopy openness and the interac-
tion between canopy openness and forest type (Table 1). 
Both of these fl ower variables increased with increasing 
canopy openness; however, the slopes of the regression 
lines were steeper for natural forests than for plantations 
(Fig. 1a). Flower abundance was also positively associated 
with the percentage of deciduous trees (Table 1). Herba-
ceous host plant richness increased with increasing canopy 
openness, and with steeper regression slopes for natural 
forests than for plantations (Fig. 1b, Table 2). By contrast, 
tree host plant richness was only signifi cantly correlated 
with tree species richness (Fig. 1c, Table 2). Total host 
plant richness looked similar to the average of the tree and 
herbaceous host plant richness, with positive associations 

Table 3. Results of the GLMs with a Poisson error distributions used to 
analyse the total butterfl y richness and abundance, respectively. The 
explanatory variables are standardized. The coeffi cients and SE of the 
environmental variables for the most parsimonious models are shown. 
The coeffi cients for forest type and the interaction between canopy 
openness*forest type are shown as differences from the values record-
ed in the natural forests.

Butterfl y richness Butterfl y abundance
Coeff. (SE)  P Coeff. (SE)  P

Explanatory variables
Canopy stem density – –
Shrub stem density – –
Canopy DBH – –
% deciduous trees – 0.335 (0.114) 0.013
Total host plant richness 0.350 (0.179) 0.051 –
Canopy openness 1.824 (0.838) 0.030 3.599 (0.585) <0.001
Forest type (plantation) –0.237 (0.458) 0.605 –1.064 (0.269) 0.002
Openness*forest type –1.589 (0.815) 0.051 –3.043 (0.593) <0.001
Distance to forest edge – –

Degree of freedom 4,11 4,11
Pseudo R2 * 0.787 0.895
Model Poisson GLM Quasi-GLM
φ 1.016 2.049
* Pseudo R2: (null deviance – residual deviance) / null deviance.

Table 4. Results of the GLMs with a Poisson error distribution used to analyse the species richness and abundances of tree feeders 
and herbaceous plant feeders. The explanatory variables are standardized. The coeffi cients and SE of the environmental variables for 
the most parsimonious models are shown. The coeffi cients for forest type and the interaction between canopy openness*forest type are 
shown as differences from the values recorded in the natural forests.

Tree feeders Herbaceous plant feeders
Richness Abundance Richness Abundance

Coeff. (SE) P Coeff. (SE) P Coeff. (SE) P Coeff. (SE) P
Explanatory variables

Canopy stem density – – – –
Shrub stem density – – – –
Canopy DBH – – – 1.478 (0.729) 0.043
% deciduous trees – – 0.753 (0.309) 0.015 2.082 (0.861) 0.016
Host plant richness – – – –1.261 (0.683) 0.065
Canopy openness 2.086 (0.773) 0.007 2.415 (0.713) 0.005 0.707 (0.246) 0.004 3.489 (1.270) 0.006
Forest type (plantation) –1.423 (0.491) 0.004 –1.582 (0.455) 0.005 not tested not tested
Openness*forest type –1.747 (0.802) 0.029 –2.070 (0.742) 0.016 not tested not tested
Distance to forest edge – – 0.547 (0.326) 0.093 1.066 (0.537) 0.047

Degree of freedom 3,12 3,12 3,4 5,2
Pseudo R2 * 0.425 0.483 0.873 0.995
Model Poisson GLM Quasi-GLM Poisson GLM Poisson GLM
φ 1.082 2.144 0.481 0.225
* Pseudo R2: (null deviance – residual deviance) / null deviance.
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with tree species richness and canopy openness. However, 
the interaction was not signifi cant for total host plant rich-
ness. Total and herbaceous host plant richness were also 
positively correlated with canopy DBH even though the 
correlations were insignifi cant for total host plants (Table 
2).

Total and tree-feeding butterfl y species richness and 
abundances were also most strongly associated with can-
opy openness and the interaction between canopy open-
ness and forest type, with steeper positive slopes recorded 
in natural forests than in plantations, although the signifi -
cance of the interaction was marginal for total butterfl y 
richness (Fig 2a–d, Tables 3–4). Total host plant richness 
and the percentage of deciduous trees were slightly posi-
tively associated with total butterfl y richness and abun-
dance, respectively (Table 3). For herbaceous plant feeding 
butterfl y richness and abundance, canopy openness was 
the most important positively associated factor, followed 
by the percentage of deciduous trees (Fig. 2e, f, Table 
4). In plantations, the herbaceous plant feeders showed a 
stronger association with increasing canopy openness than 
tree feeders (Fig. 2c–f). Because all explanatory variables 
were standardized, we can evaluate the importance of the 
variables by comparing the coeffi cients of each variable 
(higher absolute values indicate greater associations with 
butterfl y resources, butterfl y richness and abundance). 
Overall, forest structural variables (i.e., stem density and 
canopy DBH), host plant richness and distance to forest 
edge were little associated with butterfl y resources and but-
terfl y richness and abundances, whereas canopy openness 
was almost always the most strongly associated, with the 
interaction between canopy openness and forest type also 
important in many cases (Tables 1–4).

DISCUSSION

The results of the present study generally support our 
hypotheses, and indicate strong associations with canopy 
openness, forest type (plantations or natural forests) and 
their great importance in the interaction between both 
plants and butterfl ies. The relationships between the per-
centage of deciduous trees and fl ower abundance, total 
butterfl y abundance and herbaceous plant feeding butterfl y 
richness and abundance may also indicate the positive ef-
fects of improving light conditions in forests. The greater 
butterfl y richness and abundance recorded at more sunny 
sites may be due to an increase in detectability associated 
with increasing canopy openness. However, such an ef-
fect is likely to have been negligible because we beat the 
branches of shrubs and in the sub canopy during the peak 
butterfl y season (June – August) in order to detect butter-
fl ies and the visibility at even some sites with closed cano-
pies was excellent because of the scarcity of understory 
vegetation. Red Listed species of butterfl ies were not re-
corded during the present study and very few species (only 
four individuals of Parnara guttata and one of Fabriciana 
addipe) that prefer open areas were recorded. Therefore, 
it was mainly forest and edge species that were recorded 
along sunny forest trails.

Fig. 1. The relationships between (a) canopy openness and fl ower 
plant richness, (b) canopy openness and herbaceous host plant 
richness, and (c) tree species richness and tree host plant rich-
ness. PRP – red pine plantation, PLA – larch plantation, PAB – 
silver fi r plantation, NRP – natural red pine forest, NMI – natural 
mixed forest, NDE – natural broadleaved deciduous forest. When 
signifi cant differences were detected between forest types, natural 
forests (empty symbols) and plantation forests (solid symbols) are 
shown with dashed and solid lines, respectively. The three sites 
where transects were not established along the trails are shown 
with grey borders.
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Fig. 2. The relationships between canopy openness and (a) the total butterfl y species richness, (b) the total butterfl y abundance, (c) 
species richness of tree feeders, (d) abundance of tree feeders, (e) species richness of herbaceous plant feeders, (f) abundance of her-
baceous plant feeders. PRP – red pine plantation, PLA – larch plantation, PAB – silver fi r plantation, NRP – natural red pine forest, NMI 
– natural mixed forest, NDE – natural broadleaved deciduous forest. When signifi cant differences were detected between forest types, 
natural forests (empty symbols) and plantation forests (solid symbols) are shown with dashed and solid lines, respectively. The three sites 
where transects were not established along the trails are shown with grey borders.
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In the present study, the total number of individuals re-
corded was low (only 187 individuals). This could be due 
to bad weather or the site characteristics specifi c to the re-
gion. We simultaneously surveyed butterfl y assemblages 
in three clear cut areas and four grasslands sites using the 
same research protocol (same transect length of 200 m over 
the same interval of time during the same period). At these 
7 sites, 454 butterfl ies were recorded (on average, the but-
terfl y densities at these open sites were approximately 5.5 
times greater than those recorded at the forest sites). In the 
region studied, many forested areas are composed of conif-
erous plantations, and even natural forests are sometimes 
dominated by coniferous trees, which are not palatable to 
butterfl ies. In addition, bamboo grasses are quite rare in this 
region. Therefore, butterfl ies that feed on bamboo grasses 
were a minor component of those recorded in the present 
study (only fi ve individuals), although they are often domi-
nant in forested areas in Japan (Nishinaka & Ishii, 2006; 
Ohwaki et al., 2007). Butterfl y surveys were carried out 
when the weather conditions were appropriate for monitor-
ing butterfl ies as outlined in the “Butterfl y counts” section; 
therefore, the low butterfl y total abundance recorded in the 
present study is much more likely to be due site character-
istics specifi c to the region than bad weather.

We discovered that plant responses to canopy openness 
differed in plantations and natural forests. Because the ma-
jority of the fl owering plants were native species, the extent 
of the canopy openings recorded in the present study did 
not favour colonization by non native plants. In shady con-
ditions the fl ower plant richness and herbaceous host plant 
richness were higher in plantations than in natural forests; 
however, this relationship was reversed if canopy open-
ness exceeded 7–8% (Fig. 1a, b). Management by thinning 
removes non-target species of trees as well as unhealthy 
planted trees, which results in lower tree stem densities in 
plantations (Fig. S2). In shaded conditions in plantations 
where there are few stems per unit area some herbaceous 
plants are able to grow, whereas where there are many tree 
stems per unit area, as in natural forests, there is less her-
baceous vegetation and fewer nectariferous fl owers and 
herbaceous host plants (Paillet et al., 2010). However, the 
initial preparation of a site for afforestation may damage 
the original herbaceous fl ora and the resulting undeveloped 
vertical forest structure with few species of trees does not 
favour the area being colonized by animal and bird seed 
dispersers from the plantations (Hartley, 2002; Nagaike, 
2002). Therefore, these features might result in a slower 
recovery of nectariferous fl owers and host plants in plan-
tations than in natural forests where light conditions are 
more favourable. In addition, as was expected, tree host 
plant richness was related solely to tree species richness. 
Because tree species richness was lower in plantations than 
in natural forests (Fig. 1c, Fig. S2), monoculture and man-
agement by thinning in plantations have attributed more to 
the reduction in tree richness than anything else.

Richness and abundance of all butterfl ies, tree-feeding 
and herbaceous plant feeding butterfl ies are most strongly 
associated with canopy openness, forest type (plantations 

or natural forests), or the interaction between the two (Fig. 
2a–d, Tables 3–4). Because many previous studies re-
port a positive association between nectariferous fl owers 
and host plant richness, and the abundance of butterfl ies 
(Clausen et al., 2001; Pywell et al., 2004; van Halder et al., 
2011; Soga et al., 2015), the greater increase in butterfl y 
richness and abundance with increasing canopy openness 
in natural forests than in plantations might be explained, 
at least partially, by the associated greater increase in nec-
tariferous fl owers and host plants recorded in natural for-
ests. Although we could not include fl ower plant richness 
and abundance in the GLMs of butterfl ies due to the high 
VIF values and host plant richness was usually insignifi -
cant, we discovered a positive association between fl ower 
plant richness and the number of butterfl ies that were ob-
served feeding on fl owers. This indicates that the positive 
effects of canopy openness on butterfl ies could be partially 
explained by the increase in fl ower plant richness. How-
ever, the low percentage of individuals feeding on fl ow-
ers (7.5%) and the high percentage of individuals resting 
(56%) indicates that only improving light conditions can 
attract butterfl ies. Butterfl ies require not only sources of 
nectar and larval host plants, but also roosting and mat-
ing sites (Dennis et al., 2003). Open spaces in forests, such 
as forest gaps are often defended as territories and used 
for mating and thermoregulation by forest butterfl ies (Ide, 
2001; Dennis, 2010). Thus, increased canopy openness 
not only leads to an increase in the numbers of nectarif-
erous fl owers and nectar-feeding butterfl ies but also at-
tracts butterfl ies that use them as territory markers and for 
thermoregulation. In addition, although the infl uences of 
landscape structure on butterfl ies are well known (Weibull 
et al., 2000; Bergman et al., 2004; Rossi & van Halder, 
2010), the effects of the distance to the edge of the forest 
are mostly negligible. There may be several reasons for the 
lack of landscape effects. First, if the species of butterfl ies 
are mobile enough to disperse from source populations to 
more suitable sites within forests in a landscape, which is 
likely to be the case for some species, any effect of the 
distance to the edge of the forest is unlikely to be detected. 
Some previous studies have shown that local factors appear 
to be more signifi cant than landscape factors (Bergman et 
al., 2008; van Halder et al., 2008; Pöyry et al., 2009; Berg 
et al., 2011). Second, because the infl uence of landscape 
factors was not included in the present study (the selected 
forests were at least > 3 ha and were separated from other 
types of forest / forest edges by at least 20 m), this might 
have prevented the detection of the effect of landscape 
factors. Third, the distance to the edge of the forest might 
not be a suitable measure of sources of butterfl ies and thus 
landscape effects. Other landscape variables, such as dis-
tance to the nearest deciduous forest, might better explain 
butterfl y richness and abundance. However, some decidu-
ous forests are butterfl y-poor (e.g., NDE 1 and NDE 3), 
which indicates that local factors are more important than 
landscape factors in the area studied.

The results of the present study indicate a clear difference 
in the response to canopy openness of tree and herbaceous 
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plant feeders. When canopy openness increases from 5% to 
28% in the plantations, tree feeders, on average, increase 
from one to three species and from two to six individuals, 
whereas herbaceous plant feeders increase from on aver-
age two to seven species and from four to approximately 
thirty individuals (Fig. 2c–f). Therefore, although it is dif-
fi cult to increase the number of tree feeders by increasing 
canopy openness once natural forests are converted into 
plantations, herbaceous plant feeders, including fritillaries, 
satyrids and skippers feeding on violas, grasses, and sedges 
benefi t greatly from increased canopy openness in planta-
tions and refl ect the increases recorded in both nectarifer-
ous fl owers and herbaceous host plants.

The present study leaves several issues unresolved. First, 
we could not test some forest structural and compositional 
variables because many explanatory variables are corre-
lated with each other. To evaluate the importance of these 
variables, forests of the same type and same age, but which 
differ in the density and composition of sub canopy, shrub 
and herbaceous layers, should be investigated. Second, al-
though we adopted the dichotomy “plantation or natural 
forest,” both plantations and natural forests contain several 
different types of forests. In plantations, larch is decidu-
ous, whereas the silver fi r and red pine are evergreen. The 
difference deciduous or evergreen affects a wide range of 
organisms, including plants, birds and insects (Smith et 
al., 2008; Bremer& Farley, 2010; Yamaura et al., 2012). 
Butterfl y richness and abundances in red pine plantations 
were always lower than expected (below the regression 
lines, Fig. 2). Because there were several types of planta-
tions in the area studied, the effects of trees planted need 
to be examined in greater detail in the future. Third, within 
the three sites, the transects were established in the inte-
rior of plantations, not along trails. Because butterfl y rich-
ness and abundances were usually lower than expected at 
the three sites (Fig. 2), it is possible that this difference 
in the location of the transects may have affected our re-
sults. One possible explanation of this phenomena is that 
the light conditions in the interior of forests is relatively 
uniform along the transects; whereas, the light conditions 
along the trails were much brighter, and were, therefore, in 
sharp contrast to the surroundings in the shady forest inte-
rior. If canopy openness is at a similar level, butterfl ies may 
be more attracted to the brighter forest trails that contrast 
strongly with the light conditions in shady forest interiors. 
Finally, herbaceous plant feeding butterfl ies were not re-
corded at the majority of the natural forest sites. Canopy 
openness at these sites was lower than at the six plantation 
sites (Figs 1–2, Table S1). It is likely that canopy openness 
in these shady natural forests were lower than the thresh-
old value for observing butterfl ies. Therefore, to examine 
the effects of canopy openness in natural forests, it is nec-
essary to sample natural forests with a large variation in 
canopy openness, such as in plantations.

The importance of canopy openness recorded in the pre-
sent study makes it important to consider open forest man-
agement in other temperate regions. Vera (2000) proposes 
a much debated theory that prehistoric European temperate 

forests, particularly oak forests, were rather open, which 
is contrary to the view that closed forests were the natu-
ral state. Until the recent past, temperate forests in both 
Europe and East Asia were kept open as coppice or wood-
pasture for millennia (Kato, 2001; Fartmann et al., 2013). 
If temperate forests were originally open, many species 
would have evolved in open forests and open forests would 
support a high biodiversity and many forest specialists. 
Several studies from Europe have revealed that open for-
est management, such as coppicing, increases biodiversity 
and even forest specialists of vascular plants, butterfl ies, 
saproxylic beetles, carabid beetles, arachnids and reptiles 
(Benes et al., 2006; Spitzer et al., 2008; Fartmann et al., 
2013; Sebek et al., 2015). In temperate Japan, clearing cop-
pice woods increases the abundance of not only butterfl ies 
that prefer open spaces, but also forest butterfl ies (Inoue, 
2003). In addition, sunny forest stands, rides, tracks and 
glades in woodlands and plantations harbour a higher rich-
ness of herbaceous plants (Sparks et al., 1993; Buckley et 
al., 1997; Smith et al., 2007), butterfl ies (Warren, 1985; 
Greatorex-Davies, 1993; van Halder et al., 2011) and cer-
ambycid and chrysomelid beetles (Ohsawa, 2004; Ohsawa 
& Nagaike, 2006) than shady stands, rides, tracks and 
glades. Large wind throw gaps also contribute to enhanc-
ing insect diversity in forest ecosystems (Bouget & Duelli, 
2004). Therefore, although we should note that widening 
trails can sometimes lead to an increase in the numbers 
of non native plants (Buckley et al., 1997), creating sun-
lit spaces seem to be essential for enhancing biodiversity 
in temperate forests. Because stand-level plantation man-
agement is labour intensive (Cumming & Reid, 2008), 
labour and cost saving trail management options need to 
be explored in greater detail as a means of creating open 
areas and increase biodiversity in plantations in temperate 
regions.
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Table S1. Characteristics of the study sites.

Site Dominant canopy
tree (%) a

Elevation 
(m)

Size 
(ha) Age

Canopy 
height 

(m)

Stem density Mean dbh 
of canopy 
stems cm)

Percentage 
of dedicuous 

tree b

Flower 
plant

richness

Host 
plant

richness

Canopy 
openness c

Distance 
to forest
edge (m)Canopy Sub-

canopy Shrub

Plantation forests
PAB1 Abies veitchii (97.6) 1555 3.75 32 10 25 13 2 20.1 0.068 21 23 26.22 470

Alnus hirsuta (2.4)
PAB2 Abies veitchii (55.0) 1390 12.3 48 16 40 7 12 29.4 0.489 10 30 8.56 596

Larix kaempferi (37.5)
PLA1 Larix kaempferi (79.2) 1029 >10 46–57 24 24 2 1 29.2 0.923 13 22 10.84 101

Carpinus tschonoskii (8.3)
PLA2 Larix kaempferi (81.8) 1372 3.5 32 12 22 34 1 21.1 0.982 39 36 28.18 27

Carpinus tschonoskii (4.5)
PLA3 Larix kaempferi (80.0) 1089 9.2 80 23 20 17 37 35.7 1 14 31 8.32 430

Quercus serrata (10.0)
PLA4 Larix kaempferi (73.7) 1194 11.7 65 20 19 7 26 29.3 1 9 22 4.02 206

Carpinus tschonoskii (10.5)
PRP1 Pinus densifl ora (79.4) 959 29.5 62 17 34 1 6 32.5 0.229 10 28 11.24 479

Larix kaempferi (14.7)
PRP2 Pinus densifl ora (72.7) 965 3.72 >65 24 33 11 32 29.9 0.318 10 27 4.54 96

Carpinus tschonoskii (12.1)
Natural forests
NDE1 Carpinus tschonoskii (34.8) 1052 3.51 >57 16 23 20 94 28.9 0.977 11 33 5.18 135

Castanea crenata (17.4)
NDE2 Quercus serrata (52.4) 1030 >60 46–56 20 21 16 39 30.1 0.838 20 43 6.20 142

Pinus densifl ora (19.0)
NDE3 Carpinus tschonoskii (26.7) 1128 3.35 >200 18 45 40 46 21.4 0.894 5 25 5.00 635

Quercus mongolica (15.6)
NDE4 Quercus mongolica (27.3) 973 >30 40 15 22 31 84 26.4 0.925 21 48 9.78 215

Pinus densifl ora (18.2)
NMI1 Chamaecyparis obtusa 

(32.4) 928 318 >200 17 34 29 37 25.8 0.302 0 22 4.48 106
Tsuga sieboldii (26.5)

NMI2 Chamaecyparis obtusa 
(50.0) 1070 >540 >200 17 44 21 53 26.7 0.369 1 12 3.58 1270

Tsuga sieboldii (9.1)
NRP1 Pinus densifl ora (87.5) 1036 146 >100 24 40 41 82 28.2 0.333 3 20 5.80 200

Carpinus tschonoskii (5.0)
NRP2 Pinus densifl ora (55.2) 916 18.7 >120 18 29 31 72 29.8 0.583 5 31 4.84 201

Quercus serrata (10.3)
a Only the two most dominant tree species are shown. The percentages of each species are calculated based on the number of stems. For two or more 
species that had the same number of stems, the species with larger basal area are shown. b The percentage of the deciduous species is calculated based 
on the number of stems of the canopy and subcanopy trees. c Canopy openness is the average of the lightest fi ve values among the ten values per site.

Table S2. List of butterfl y species observed in each site with reference to the host plants.
Family / Species Host plant PAB1 PAB2 PLA1 PLA2 PLA3 PLA4 PRP1 PRP2 NDE1 NDE2 NDE3 NDE4 NMI1 NMI2 NRP1 NRP2
Papilionidae

Parnassius citrinarius Herb 0 0 2 0 0 0 0 0 0 0 0 1 0 0 0 0
Papilio dehaanii Tree 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

Pieridae
Pieris m/n Herb 3 1 5 4 3 1 0 0 1 0 0 8 0 0 0 0
Eurema mandarina Herb (shrub) 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
Gonepteryx aspasia Tree 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

Lycaenidae
Curetis acuta Tree 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Narathura japonica Tree 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
Artopoetes pryeri Tree 1 1 0 0 0 0 0 0 0 0 0 4 0 0 0 0
Antigius attilia Tree 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0
Araragi enthea Tree 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Chrysozephyrus smaragdinus Tree 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0
Favonius jezoensis Tree 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Favonius orientalis Tree 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Strymonidia mera Tree 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0
Celastrina argiolus Tree/herb 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Celastrina sugitanii Tree 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0

Nymphalidae
Parantica sita Herb 0 1 1 2 1 2 0 0 0 0 0 1 0 0 0 0
Argynnis paphia Herb 9 0 0 7 2 0 2 0 0 0 0 10 0 0 0 0
Argyronome ruslana Herb 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
Damora sagana Herb 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0
Fabriciana adippe Herb 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
Nephargynnis anadyomene Herb 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Ladoga camilla Tree 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
Neptis sappho Tree/herb 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Nymphalis xanthomelas Tree 1 0 0 1 1 0 0 0 0 1 0 0 0 0 0 0
Libythea lepita Tree 2 4 0 5 3 2 0 0 2 1 2 5 2 0 3 0
Lethe diana Bamboo grass 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Neope niphonica Bamboo grass 0 1 0 0 1 0 0 0 0 0 1 0 0 0 0 0
Ypthima argus Grass 1 1 0 14 8 0 0 0 0 0 0 3 0 0 0 0
Zophoessa callipteris Bamboo grass 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Hesperiidae
Erynnis montanus Tree 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Ochlodes ochraceus Grass 0 1 2 8 1 0 1 0 0 0 0 3 0 0 0 0
Parnara guttata Grass 2 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0
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Table S3. Pearson's correlation coeffi cients among the environmental variables. The signifi cant relationships (P < 0.05) were shown in bold.

Canopy 
stem 

density

Subcanopy 
stem 

density

Shrub 
stem 

density

Canopy 
DBH

Tree 
species 
richness

Flower 
abundance

Flower 
plant 

richness

Total 
host 
plant 

richness

Percentage 
of 

deciduous 
trees

Percentage 
of 

coniferous 
trees

Canopy 
openness Altitude

Distance 
to forest 

edge

Canopy stem density 1 –0.112 0.264 0.161 0.355 –0.592 –0.615 –0.337 –0.185 –0.145 –0.598 –0.436 0.371
Subcanopy stem density 1 0.338 –0.740 0.220 0.140 0.127 0.028 –0.125 –0.353 0.335 0.261 0.030
Shrub stem density 1 0.134 0.800 –0.438 –0.368 0.199 0.173 –0.799 –0.559 –0.523 –0.027
Canopy DBH 1 0.169 –0.383 –0.304 0.102 0.126 0.012 –0.538 –0.529 –0.076
Tree species richness 1 –0.430 –0.322 0.345 0.381 –0.843 –0.651 –0.531 –0.087
Flower abundance 1 0.967 0.466 0.326 0.253 0.866 0.497 –0.361
Flower plant richness 1 0.614 0.370 0.144 0.809 0.499 –0.369
Total host plant richness 1 0.473 –0.411 0.180 –0.082 –0.478
Percentage of deciduous trees 1 –0.525 –0.071 –0.068 –0.301
Percentage of coniferous trees 1 0.486 0.458 0.113
Canopy openness 1 0.712 –0.147
Altitude 1 0.184
Distance to forest edge 1

Fig. S2. Comparison of 15 environmental variables between plantations and natural forests. The signifi cant differences between plantations and 
natural forests were tested using the generalized linear models. For the variables with count data (number of stems or number of species), a Pois-
son error distribution was assumed, whereas for the other variables, a Gaussian error was assumed.

Fig. S1 (left). A biplot of Principal Component Analysis (PCA) showing 
the relationships among the environmetal variables. The environmen-
tal variables and sites were shown in red and black, respectively. For 
the environmental variables, plantations or natural forests (a categori-
cal variable) are shown as solid circels, whereas continuous variables 
were shown as arrows.
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