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Abstract

Aim: It is generally assumed that the degree of resource specialization in herbivorous
insects increases towards lower latitudes. However, latitudinal patterns in herbivore
diet breadth at large spatial scales remain poorly understood. In this work, we in-
vestigated the drivers of latitudinal variation in lepidopteran ‘fundamental’ resource
specialization, which we defined as the host breadth when not limited by interspecific
interactions at the same trophic level.

Location: The Japanese archipelago (22°N-45°N), including hemiboreal, temperate
and subtropical zones.

Taxon: Herbivorous butterflies.

Methods: Species-specific fundamental host breadth was calculated based on pooled
host-use records. We investigated the latitudinal pattern and significant drivers of
the degree of specialization in regional species pools at a 10-km grid level. As po-
tential drivers, we focused on geography, current climate and diversity and body size
of butterflies. Through Bayesian structural equation modelling, we investigated the
complicated relationships between these variables and community-level resource
specialization represented by three different indices of host breadth.

Results: We found that the fundamental resource specialization of butterfly com-
munities increases towards higher latitudes. This pattern is contrary to the presumed
general trend found in studies based on realized resource specialization within local
communities. We found that the observed pattern is driven mainly by factors related
to climate, butterfly diversity and body size in each community. Above all, annual
mean temperature most strongly drove community-level fundamental host breadth
of herbivorous butterflies.

Main conclusions: Our findings suggest that the fundamental resource specialization
may show different latitudinal patterns from the conventional prediction based on
knowledge of realized resource specialization. Our results emphasize the importance
of the current climate as a major factor regulating butterfly morphology and funda-

mental host breadth, regardless of whether the impact is direct or indirect.
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1 | INTRODUCTION

Understanding the processes structuring communities across space
and time is a central subject of ecological research (Cavender-Bares
et al., 2009). Resource specialization is a major factor shaping inter-
specific interactions and, therefore, community composition (Dyer
& Forister, 2019; Nylin et al., 2017; Volf et al., 2017). The drivers of
variation in the degree of specialization have been intensively inves-
tigated in the context of community ecology (Forister et al., 2015;
Novotny & Basset, 2005). Such studies have generally reported
that species tend to be more specialized in the tropics than in the
temperate zone (MacArthur's latitude-niche breadth hypothesis;
Dyer et al., 2007; MacArthur, 1972; Vazquez & Stevens, 2004; re-
viewed by Dyer & Forister, 2019). Using a global dataset, Forister
et al. (2015) addressed variation in resource specialization of her-
bivorous insects along a geographical gradient, and showed that the
mean and variance of diet breadth in local communities decrease
towards the equator.

Resource specialization is driven not only by geographical and
climatic gradients, but also by many other factors. Specifically, the
higher number of species in the tropics (Dyer & Forister, 2019; Loder
et al., 1998) may intensify interspecific competition, thereby favour-
ing ‘species packing’ (Dobzhansky, 1950; MacArthur, 1972) via spe-
cialization (Coley & Kursar, 2014). The importance of body size and
physiological constraints imposed by climatic conditions has long
been recognized (Bergmann's rule; Bergmann, 1847). For example,
average consumer body size and its variation increase towards lower
latitudes (Loder et al., 1998), although body size is generally pos-
itively correlated with host breadth (Lindstrom et al., 1994; Poyry
et al., 2017). The identification of the drivers of specialization is fur-
ther complicated by the fact that numerous potentially important
factors change in parallel along latitudinal and climatic gradients
(Loder et al., 1998).

On the other hand, some studies have found no differences in
the degree of specialization between temperate and tropical regions
(e.g. Novotny et al., 2006), and the hypothesis remains highly contro-
versial (Moles & Ollerton, 2016). To date, most studies on variation
in resource specialization have relied on data on local communities.
However, resource use within local communities can be shaped by
direct or indirect interspecific interactions (Connell, 1980), and local
processes of community assembly can produce ‘realized’ resource
specialization, which may mask underlying fundamental resource
specialization. Shifting the focus to the fundamental resource spe-
cialization can therefore facilitate understanding the processes
driving variation in the degree of resource specialization without
considering the complicated effects of local interspecific interac-
tions. In this work, we investigated the processes driving spatial
variation in ‘fundamental’ resource specialization, which we define

as host breadth when not limited by interspecific interactions at the
same trophic level. More specifically, we aimed to reveal the drivers
of geographical variation in the fundamental resource specialization
using macroecological approaches.

We focus on angiosperm-feeding butterflies across the Japanese
archipelago to reveal the drivers of spatial variation in resource
specialization. We calculated species-specific fundamental host
breadths based on pooled geographical occurrence data and host-
use records. The latitudinal range of the archipelago (22°N-45°N)
includes hemiboreal, temperate and subtropical zones, which makes
it a useful system for assessing spatially continuous changes in re-
source specialization, rather than a comparison between discon-
nected areas. In fact, most previous studies have simply compared
resource specialization between tropical and temperate regions,
which Dyer and Forister (2019) highlighted as a major methodolog-
ical problem. We focused on the latitudinal pattern and aimed to
reveal significant drivers of the degree of specialization in regional
species pools. As potential drivers, we focused on geography, cur-
rent climate, diversity and body size of butterflies and their changes
along geographical gradients (Table 1). We identified the drivers of
resource specialization using Bayesian structural equation modelling
(Bayesian SEM), which has received increasing attention in ecol-
ogy and evolution (e.g. Arhonditsis et al., 2007; Read et al., 2018;
reviewed in Grace et al., 2012). Specifically, we investigated the
complicated relationships between the explanatory variables and
resource specialization using a comprehensive model fitted with
a single index reflecting the distribution of host breadth, and the
mean and divergence of phylogenetic host breadth within each

community.

2 | MATERIALS AND METHODS

2.1 | Studyarea

The Japanese archipelago is a long chain of continental islands lo-
cated off the eastern coast of Asia, and is recognized as a hotspot
of biodiversity (Mittermeier et al., 2011). The mean temperature of
the coldest month ranges from -18.4 to 22.3°C, while that of the
warmest month ranges from 6.2 to 29.2°C, and annual precipitation
is 700.4-4477.2 mm (Figures S1a,b and Séa,b: Japan Meteorological
1981-2010;
Northern Japan, particularly Hokkaido, receives heavy snowfall dur-

Agency, http://www.jma.go.jp/jma/indexe.html).
ing the winter. By contrast, the Ryukyu Islands, a subtropical region
in the southern part of the archipelago, are characterized by warm
temperatures year-round, with little seasonal variation. The west-
ern (Sea of Japan) side of the archipelago typically receives more
snow than the eastern (Pacific Ocean) side (Figures S1c and Séc).
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TABLE 1 Hypothetical trends observed in previous studies and considered in this study

Temperature, precipitation and depth
of snow cover vary with latitude and
elevational gradients (+/-)

Butterfly diversity varies with latitude (+/-)
and elevation (+/-)

Butterfly diversity varies with climatic
conditions (+/-)
Butterfly body size varies with latitude and

elevation (+/-)

Butterfly body size and divergence vary with
climatic conditions (+/-)

Body size is larger in regions with lower
butterfly diversity (+)

Mean and divergence of host breadth
decrease towards lower latitudes (-)

Mean and divergence of host breadth are
lower in higher energy regions (+)

Higher butterfly diversity intensifies
competition, and host breadths therefore
become narrower (-)

Variable Predictor Prediction
Climate Geography (a)
Butterfly diversity Geography (b)
Butterfly diversity Climate (c)
Butterfly body size Geography (d)
Butterfly body size Climate (e)
Butterfly body size Butterfly (f)
diversity
Host breadth Geography (g)
Host breadth Climate (h)
Host breadth Butterfly (i)
diversity
Host breadth Butterfly body a ()

size

There is a positive correlation between host
breadth and butterfly body size (possibly
related to the effectiveness of resource
exploitation) (+)

References

Romero et al. (2018)¢

Sutton and Collins (1991);
Gutiérrez (2009)R; Owens
etal. (2017)°

Currie et al. (2004)%; Owens
etal. (2017)°

Park (1949)R; Fischer (1960)°
Park (1949)%; Zeuss et al. (2017)R
Hutchinson and MacArthur (1959)"

Schemske et al. (2009)°; Forister
etal. (2015)°

Schemske et al. (2009)°; Read
etal. (2018)R

Dobzhansky (1950)°;
MacArthur (1972)°; Coley and
Kursar (2014)°

Brown and Maurer (1989)%;
Lindstrém et al. (1994)R: Davis
etal. (2013)R

Note: Letters in superscript represent the focal scale or study type—L: Local, R: Regional, G: Global, S: Synthesis and T: Theoretical study.

We also hypothesized correlations within each factor (e.g. mean and divergence of body size).

?Correlative relationship.

The Japanese archipelago belongs to a transitional region between
the Palaeotropical or Indo-Pacific and Holarctic regions (Cox, 2001),
and harbours relict plants that were distributed throughout a large
portion of the Northern Hemisphere during the Tertiary (Milne &
Abbott, 2002; Kubota et al., 2017). More than 280 species of but-
terflies in five families are found in the region (Shirézu, 2006). With
the exception of three lycaenid species, larvae of Japanese butterfly
species feed exclusively on plants (Honda, 2005). Their host plants
are diverse and include both dicot and monocot angiosperms, as well

as gymnosperms (Saito et al., 2016).

2.2 | Evaluation of butterfly host breadth and
body size

Our analyses were based on butterfly census data, including records
of 273 species or subspecies of butterflies throughout the entire
Japanese archipelago, available from the website of the Biodiversity
Center of Japan, Ministry of the Environment (http://www.biodic.
go.jp/index_e.html), in grid cells of 5 min latitude and 7.5 min longi-
tude (about 10 km x 10 km; the Japanese Standard Second Mesh).
We used the results of the fourth and fifth censuses (1988-1991
and 1997-1998 respectively) of the National Survey of the Natural
Environment in Japan (http://www.biodic.go.jp/kiso/15/do_kiso4.

html). This database includes records from 273 species or subspe-
cies of butterflies in grid cells throughout the Japanese archipelago.
We aggregated data at the species level and converted all records to
the presence versus absence (1/0) of each species in each grid cell.
Following aggregation, 93,449 records, across all targeted species,
were used in the study. For each species, records were used in com-
bination with relevant climate data to predict potential distributions
throughout Japan using Maxent ver. 3.3.3e (Phillips et al., 2006; ana-
lysed in Nakadai et al., 2018). To compensate for incomplete distri-
butional data, distribution probabilities were converted to potential
distributions (0/1) using maximum training sensitivity plus specificity
logistic thresholds. Due to difficulties in estimating the potential dis-
tributions of rare species using Maxent (Breiner et al., 2015; Vaughan
& Ormerod, 2005), the presence records of 18 butterfly species with
four or fewer records each were used directly in subsequent analyses.

Information on the host plants of each studied butterfly species
was compiled for evaluation of diet breadth. The host plants of 278
butterfly species or subspecies (3573 records in total, after exclud-
ing duplicates) were obtained from the study by Saito et al., (2016).
We used adult forewing length as a proxy for the body size of
each butterfly species. The forewing lengths of 284 species were
derived from the study by Shirézu (2006) (published in Nakadai
et al., 2020). For a total of 247 butterfly species, we assembled
data on predicted distribution, host plants and body size. However,
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nine species were excluded from the analyses for various reasons
(see Table S1). After the non-target species (those with taxonomic
changes or non-angiosperm hosts) were removed, the remaining
3377 host plant records were converted into plant-genus resolu-
tion for further analyses.

To describe the overall degree to which species are specialized
in their host use, we estimated the alpha parameter of the discrete
truncated Pareto distribution fitted to numbers of host genera for all
butterfly species occurring within each grid cell (Forister et al., 2015;
Kozubowski et al., 2015). For highly non-symmetrical distributions,
the shape parameter («) of the discrete truncated Pareto distribution
is more informative than measures of central tendency such as the
mean (Forister et al., 2015). Higher values of the Pareto alpha pa-
rameter indicate increased specialization in the community, that is,
a higher proportion of species with relatively narrow host breadth.

For each cell, we also calculated the grid-level community mean
and divergence (based on Rao's quadratic entropy; RaoQ) of both
phylogenetic host breadth and butterfly body size using the ade4
package (Chessel et al., 2018) in R (R Development Core Team, 2017).
The community mean indicates the dominant trait value within an
assemblage (Violle et al., 2007), while community divergence rep-
resents the degree of dissimilarity between all possible pairs of spe-
cies within the assemblage (Mouchet et al., 2010). To describe the
genus-level phylogenetic host breadth of butterfly species, we ap-
plied Faith's phylogenetic diversity index (cf., Davis et al., 2013). We
calculated this index with the R package picante (Kembel et al., 2010)
based on a genus-level angiosperm phylogeny derived from Zanne
et al. (2014) using Phylomatic (Webb & Donoghue, 2005). The meth-
ods for estimating phylogenetic host breadth and the distribution of
host breadth followed those of Forister et al. (2015), which provides
detailed descriptions and statistical background information.

To determine whether the observed mean and divergence of
each trait in each grid were greater or less than the values obtained
by drawing butterfly species at random from the regional species
pool, we calculated the standardized effect size (SES) using two
types of null models (i.e. null models 1 and 2). ‘Null model 1’ was
generated by sampling the grid cell-specific number of species,
without replacement, from the pool of all 247 focal species. This
null model standardizes the values of the indices by removing bias
resulting from differences in the number of species within grid cells
(Mason et al., 2007). ‘Null model 2’ was generated by randomization
of the grid cell-species matrix using an independent swap algorithm
(Gotelli, 2000), thereby retaining the original number of species in
each grid cell, as well as the frequency of occurrence of each spe-
cies across all grid cells. The randomization procedures for both null
models were repeated 1000 times to generate simulated datasets,
which were then used to compute cell-specific expected values for
the mean and divergence of host breadth and body size. We cal-
culated SES values for each grid cell as the observed value minus
the mean of the null distribution, and the result was divided by the
standard deviation of the null distribution. Therefore, a negative
RaoQ value indicates that trait values within the cell are more similar
than expected based on the null model (i.e. convergence within the
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community), whereas a positive value indicates that species in the
assemblage are more dissimilar than expected (i.e. divergence within
the community). For our main analyses, we used datasets based on
the simpler null model 1, and then re-fitted the final model using null
model 2 to explore the robustness of our results.

2.3 | Climatic variables

We used annual mean temperature and precipitation at the 1-km grid
scale from Mesh Climate Data 2010 (Japan Meteorological Agency,
http://niftp.mlit.go.jp/ksj/gml/datalist/KsjTmplt-GO2.html). We
also included annual maximum depth of snow cover (Mesh Climate
Data 2010) and elevation data from the National Land Numerical
Information database (Geospatial Information Authority of Japan).
All of these variables were downloaded at the 1-km grid scale.
Finally, for all variables, we calculated average values at the 10-
km grid scale using ArcGIS Pro ver. 2.3.3 software (Environmental

Systems Resource Institute).

2.4 | Driver analyses for host breadth and
body size

To reveal the drivers of resource specialization, we compiled a
Bayesian SEM in which the alpha parameter of the discrete trun-
cated Pareto distribution and the two indices (i.e. mean and diver-
gence) of phylogenetic host breadth were explained by butterfly
species richness, two indices of body size (i.e. mean and divergence)
and five environmental factors. The environmental factors included
as explanatory variables were latitude and elevation as geographi-
cal factors, and annual precipitation, mean temperature and annual
maximum depth of snow cover as climatic factors. Although climatic
and geographical factors are correlated (Table S2), including both
types of correlated variables may be informative. For example, a
strong negative correlation exists between latitude and annual mean
temperature, but other effects of latitude may include ecological
factors that were not considered in this study, such as variation in
day length and the length of the active season.

Values of fit were calculated by the average least-squares differ-
ences between the values of observed and predicted host breadth as

N X _B. 2
fit= 21 Bions ~ B 1(8“;‘5‘ Biped) ,where B. ., and B,

obs i pred A€ the relative numbers

of species with host breadth i and N is the maximum host breadth in
a community. Specifically, B; ;. and Bi‘pred are calculated as the num-
ber of species with host breadth i divided by total species richness in
a community. If the total values of observed and predicted species
richness are almost the same, a fit > 0.01 indicates that the devia-
tion between the observed and predicted number of species of each
host breadth is more than 10% on average. Prior to analyses, two
types of grid cells were excluded from the dataset following Ulrich
et al. (2016): cells with fewer than 10 butterfly species and cells with
fit 2 0.01. These cells (N = 378 and N = 695 respectively: N = 759
in total) were excluded because their values were considered less
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reliable or due to difficulty in correctly estimating the alpha param-
eter of the discrete truncated Pareto distribution. For the first crite-
rion, we repeated the analyses with the minimum number of species
set to 15 or 20 to validate the robustness of the main results.

We fitted the full Bayesian structural equation model in Mplus ver-
sion 8.4 (Muthén & Muthén, 2017). Starting parameters were selected
using the maximum likelihood method (Muthén & Muthén, 2017). We
ran three Markov chain Monte Carlo analyses with 1,000,000 itera-
tions from the posterior distribution, using the Metropolis-Hastings
algorithm. Every 100th iteration was sampled from each chain, and the
first half of the sample set was discarded as burn-in, which is the de-
fault setting of Mplus. We visually assessed the status of the posterior
distributions and assessed convergence based on the potential scale
reduction factor (PSRF) for each parameter using a threshold of 1.05
(Gelman & Rubin, 1992), whichis also the default setting of Mplus; PSRF
should be close to 1 if the Markov chains have converged to the target
posterior distribution (Gelman & Rubin, 1992). We evaluated model
fit based on the Bayesian variant of the root mean square error of ap-
proximation (BRMSEA), the Bayesian comparative fit index (BCFI) and
the Bayesian Tucker-Lewis index (BTLI) (Asparouhov & Muthén, 2019;
Garnier-Villarreal & Jorgensen, 2019; Hoofs et al., 2018). For BCFl and
BTLI, Asparouhov and Muthén (2019) suggested criteria that required
values above 0.95 for adequate fit. For BRMSEA, Asparouhov and
Muthén (2019) proposed three possible outcomes: the fit index is in-
conclusive (lower limit < 0.06 < upper limit), the index suggests that
the model fits reasonably well (both lower and upper limits <0.06) and
the index suggests a poor fit between model and data (both lower and
upper limits >0.06).

After fitting the full model, we trimmed non-significant paths
from the model until only significant paths remained (Kline, 2011).
We explored the robustness of the main analysis results by re-fitting
the final model for each response variable using datasets of ob-
served distributions rather than the fundamental distributions es-
timated by Maxent, null model 2 and the two minimum numbers of
butterfly species noted above (i.e. 15 and 20) within each grid cell.

3 | RESULTS

Throughout the Japanese archipelago, butterfly species richness
increased towards lower latitudes (south) and higher elevations
(Figures 1a and 2a), and both the mean (Figures 1b and 2b) and
divergence (Figures 1c and 2c) of butterfly body size increased to-
wards lower latitudes. The Pareto alpha parameter, which indicates
the proportion of species with narrower host breadths, increased
towards higher latitudes (north) (Figures 1d and 2d), while the mean
(Figures 1e and 2e) and divergence (Figures 1f and 2f) of phyloge-
netic host breadth decreased towards higher latitudes (Table S2).
Of the 4668 total grid cells covering the Japanese archipelago,
3909 passed our filtering criteria and were included in the Bayesian
SEM (Table 2 and Table S7). The final model satisfied the criteria
of good fit, as measured using BCFI, BTLI and BRMSEA (Table 3).
Only two of the 52 paths in the full model were non-significant,

and therefore were removed during the process of model simpli-
fication (Table 2).

Of the many factors affecting host breadth, annual mean tem-
perature was most strongly associated with host breadth in the SEM
(Table 2; Figure 3). Specifically, communities containing low con-
centrations of species with narrow host ranges (i.e. those with low
Pareto alpha values) increased with annual mean temperature, as did
the mean and divergence for phylogenetic host breadth at the com-
munity level (Table 2; Figure 3). Negative correlations were found
between Pareto alpha and the mean and divergence of body size
(Table 2; Figure 3). In addition, positive correlations were identified
between the mean and divergence of phylogenetic host breadth and
the mean and divergence of body size (Table 2; Figure 3). Conversely,
no significant correlation was found between body size and host
breadth at the species level (Figure S2).

Butterfly species richness was driven by annual mean tempera-
ture, annual precipitation, annual maximum depth of snow cover, lat-
itude and elevation. Based on standardized estimates, latitude was
the strongest (negative) driver of butterfly species richness, while
annual mean temperature was the second most effective (negative)
predictor (Table 2; Figure 3).

The mean of butterfly body size was strongly driven by annual
mean temperature (positively) and latitude (negatively), while the ef-
fects of annual precipitation, annual maximum depth of snow cover
and butterfly species richness were relatively weak (Table 2; Figure 3).
Butterfly body size divergence was driven by latitude, annual mean
temperature, annual precipitation, annual maximum depth of snow
cover, elevation and butterfly species richness. Of these factors, lat-
itude strongly negatively influenced body size divergence (Table 2;
Figure 3). Furthermore, a positive correlation was found between the
mean and divergence of butterfly body size (Table 2; Figure 3).

The significance and the strength of the major relationships of
both host breadth and butterfly body size with the environmental
predictors were consistent when the final models were re-run with
datasets of the observed distributions (Table S4) or null model 2
(Table S5), and with two alternative criteria for the minimum number
of butterfly species per grid cell (Table S6).

4 | DISCUSSION

4.1 | The latitudinal pattern of fundamental host
breadth is different from predicted patterns of
realized host breadth

One of the most widespread assumptions in ecology is that the de-
gree of resource specialization increases towards lower latitudes (i.e.
towards the tropics) (Dyer & Forister, 2019; Moles & Ollerton, 2016).
By contrast, our results show that the host breadth of butterfly com-
munities becomes more specialized at higher latitudes (i.e. towards
the north) across the Japanese archipelago. Thus, our finding appar-
ently contradicts the widespread assumption of how species com-
bine to form local communities. According to our results, the host
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FIGURE 1 Patterns of (a) butterfly species richness based on stacked predicted species distribution data (Nakadai et al., 2018), (b) mean
body size of the butterflies, (c) body size divergence, (d) alpha parameter of the discrete truncated Pareto distribution, (€) mean phylogenetic
host breadth and (f) phylogenetic host breadth divergence across the Japanese archipelago. Only grids that satisfied the criteria (see

text) are shown in (d), (e) and (f). Values in all panels except (a) represent standardized effect size (SES) estimates based on null model 1. A

dichromatic version of this figure is shown in Figure S5

breadth of butterfly communities was most strongly associated with
climatic factors (i.e. annual mean temperature, annual precipitation
and annual maximum depth of snow cover), a geographic factor
(latitude) and butterfly species richness. Specifically, both mean and
divergence of host breadth of butterfly communities were higher
where temperatures were higher. Furthermore, grid cells with high
butterfly diversity showed broader and more divergent host ranges.

The trend of broader and more divergent host ranges within
communities at lower latitudes may be produced due to relax-
ing of physiological constraints with increased energy availability,
thereby reducing the relative importance of abiotic environmen-
tal filters and allowing for wider variation in niches (Fischer, 1960;
Park, 1949). Read et al. (2018) suggested that relaxing of physi-
ological constraints combined with stronger biotic interactions
among species towards the tropics leads to increased resource
specialization, which is the opposite trend to our findings. As men-
tioned in the Introduction, this study focused on fundamental host
breadth, which was defined as the host breadth when not limited by

interspecific interactions within a trophic level. Evidently, without
considering interspecific interactions, the relaxation of abiotic regu-
lation towards lower latitudes allows for the occurrence of butterfly
species with broader host ranges. Thus, our results appear contrary
to the conventional assumption of latitudinal gradients in resource
specialization. However, previous studies have failed to clarify the
constraints of interspecific interactions on resource specialization
among herbivorous insects. In fact, the existence of strong interspe-
cific resource competition among herbivorous insects, which would
cause niche partitioning, has repeatedly been questioned (Condon
et al.,, 2014; Lawton & Strong, 1981; Nakadai & Kawakita, 2017;
Strong et al., 1984). Furthermore, Nakadai et al. (2018) even showed
that butterfly species pairs that use similar host plant taxa tend to
have overlapping distributions in the Japanese archipelago. Thus,
the relevance of interspecific competition to the latitudinal gradi-
ent in the diet breadth of herbivorous insects is not clear. Also, the
southern part of the Japanese archipelago is more fragmented into
small islands than are the northern and middle parts, and resource
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FIGURE 2 Pairwise associations between latitude and (a) butterfly species richness, (b) mean body size of the butterflies, (c) body size
divergence, (d) alpha parameter of the discrete truncated Pareto distribution, (e) mean phylogenetic host breadth and (f) phylogenetic host
breadth divergence across the Japanese archipelago. Values in all panels except (a) represent standardized effect size (SES) estimates based
on null model 1. Note that the order of panels in this figure corresponds to that of Figure 1

specialization in the southern part showed lower values than at the
southern edge of the Kyusyu Island and Honshu. While island size
might influence resource specialization via resource availability and
effects on body size (reviewed in Palkovacs, 2003), assessing such
effects was not possible with the present data.

Along the focal latitudinal and climatic gradients, many variables
other than host breadth may change together or independently,
including both the body size and diversity of butterflies. Teasing
apart the directionality of causalities among these patterns is a long-
standing research subject in ecology (Loder et al., 1998; Wasserman
& Mitter, 1978). Consistent with previous studies on plant-feeding
insects (Brown & Maurer, 1989; Poyry et al., 2017), we identified a
strong positive relationship between the mean body size and mean
host breadth at the grid community level. Lindstrom et al. (1994) ar-
gued that larger body size in lepidopterans allows for a larger ‘home
range’, and thereby increases encounters with a wide range of host
plants, but also requires more energy, which is more easily acquired
if the species is a broad generalist. In our dataset, both the mean
and divergence of body size increased towards lower latitudes and
higher temperatures (Table 2). This pattern of diminishing body sizes
towards higher latitudes is referred to as a converse Bergmann cline
(although most interspecific studies on insects have found no clines;
Shelomi, 2012). The southward increases in both the mean and di-
vergence of body size are consistent with the hypothesis based on

relaxed physiological constraints (Table 1). Furthermore, mean body
size is positively correlated with mean phylogenetic host breadth.
Increasing mean body size within a community may therefore be
one of the factors enhancing diet generalization in communities
of herbivorous insects (Table 1). At higher latitudes or elevations,
shorter growing seasons also limit the duration of the larval stage,
restricting the distributions of large-bodied or slow-developing in-
sects (Blanckenhorn & Demont, 2004; Shelomi, 2012). For example,
Zeuss et al. (2017) reported that, among European lepidopteran spe-
cies, average body size and the average number of generations per
year decrease with latitude. However, we did not detect significant
correlations between body size and host breadth at the species level
(Figure S2). Therefore, the relationship between mean body size and
mean phylogenetic host breadth at the grid level may simply reflect
correlations driven by the responses of both variables to the same

underlying environmental predictors (e.g. annual mean temperature).

4.2 | Potential drivers of contrasting patterns
between fundamental and realized resource
specialization

The largest difference between our analytical approach and those of
previous studies concerns the properties in the herbivore community
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TABLE 2 Results of the final Bayesian SEM focusing on the alpha
parameter of the discrete truncated Pareto distribution fitted to
butterfly host breadth

95% Cl

Lower Upper

Response Explanatory Estimate 2.5% 2.5%

Causal effect

AMT LAT -0.866 -0.872  -0.859
ELV -0.477 -0.489 -0.465
AP LAT -0.566 -0.586 -0.545
ELV 0.274 0.249 0.297
SNW LAT 0.504 0.481 0.527
ELV 0.313 0.288 0.337
BSR AMT -0.489 -0.638 -0.341
AP -0.135 -0.166  -0.103
SNW -0.197 -0.227 -0.166
LAT -0.771 -0.906  -0.637
ELV 0.401 0.326 0.476
BSM AMT 0.381 0.335 0.428
AP 0.204 0.180 0.226
SNW -0.133 -0.155 -0.110
LAT -0.322 -0.375 -0.268
ELV = = =
BSR -0.129 -0.152 -0.106
BSD AMT 0.118 0.042 0.193
AP 0.251 0.230 0.272
SNW -0.200 -0.220 -0.179
LAT -0.486 -0.559  -0.413
ELV -0.183 -0.219  -0.148
BSR -0.290 -0.312  -0.269
PAL AMT -0.866 -0919 -0.814
AP -0.234 -0.261 -0.207
SNW 0.091 0.065 0.118
LAT -0.407 -0.470 -0.345
ELV = = =
BSR -0.408 -0.435 -0.381
PHBM AMT 0.971 0.869 1.075
AP 0.235 0.207 0.262
SNW -0.226 -0.253  -0.200
LAT 0.647 0.549 0.747
ELV 0.069 0.020 0.119
BSR 0.470 0.443 0.498
PHBD AMT 1.030 0.911 1.15
AP 0.293 0.264 0.323
SNW -0.078 -0.107 -0.048
LAT 0.824 0.711 0.936
ELV 0.105 0.046 0.163
BSR 0.641 0.613 0.669

(Continues)
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TABLE 2 (Continued)

95% ClI
Lower Upper
Response Explanatory Estimate 2.5% 2.5%
Covariance
PAL BSM -0.172 -0.202 -0.141
BSD -0.233 -0.262 -0.204
PHBM -0.656 -0.673  -0.638
PHBD -0.589 -0.609 -0.568
PHBM BSM 0.288 0.259 0.317
BSD 0.363 0.335 0.390
PHBD 0.862 0.853 0.869
PHBD BSM 0.176 0.145 0.206
BSD 0.234 0.205 0.264
BSM BSD 0.712 0.697 0.727
AP SNW 0.329 0.300 0.356

Note: ‘Response’ and ‘Explanatory’ columns indicate response and
explanatory variables respectively. Parameter estimates with upper
and lower limits of their 95% confidence intervals are shown in the
next columns (estimates are omitted (-) for statistically non-significant
parameters for which the 95% Cl overlaps with zero).

Abbreviations: AMT, annual mean temperature; AP, annual
precipitation; BSD, body size divergence; BSM, body size mean; BSR,
butterfly species richness; ELV, elevation; LAT, latitude; PAL, alpha
parameter of the discrete truncated Pareto distribution; PHBD,
phylogenetic host breadth divergence; PHBM, phylogenetic host
breadth mean; SNW, annual maximum depth of snow cover.

dataset. The analyses of Forister et al. (2015) and many others (e.g.
Novotny et al., 2006) were based on direct observations of insect-
plant associations in local communities. By contrast, our ‘species-
pool’ approach based on modelled distributions may combine the
distributions of some species pairs that would typically not occur
at the same site at the same time, for reasons such as phenological
niche division. Our analyses did not focus on phenological patterns
along the latitudinal gradient, as our main focus was on ‘fundamen-
tal’ patterns at a large spatial scale. If the difference between our
results and those of other studies (e.g. Forister et al., 2015) is due
to differences in the approach between fundamental and realized
resource specialization, biotic filtering across trophic levels (i.e. tri-
trophic interactions; reviewed in Schemske et al., 2009) may be an
important local-scale factor (Cavender-Bares et al., 2009). For ex-
ample, narrow and overlapping host breadths may be strongly pro-
moted by host-specific natural enemies (e.g. Condon et al., 2014),
and enemy pressure is thought to be greater in the tropics (Romero
et al., 2018; Roslin et al., 2017). Local adaptation of herbivorous but-
terflies is a frequent phenomenon (e.g. Singer & Parmesan, 1993;
reviewed in Gandon & Van Zandt, 1998), and locally specialized en-
emies associated with host plants and variation in plant resistance
to herbivory (i.e. co-evolutionary interactions) may result in large
variations in host plants among local sites, in turn leading to wider
host breadths in focal species at the regional level. It seems possi-
ble for a species to have high local specialization in a lower latitude
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FIGURE 3 Path diagram of Bayesian SEM explaining host breadth parameters. Parameter estimates are shown in Table 2 and Table S3.
Red arrows indicate significant positive effects or correlations, and blue arrows indicate significant negative ones. Line weights indicate
the strength of the standardized estimates (see legend). Black dashed lines indicate the paths removed during the modification process.
Abbreviations: AMT, annual mean temperature; AP, annual precipitation; BSD, body size divergence; BSM, body size mean; BSR, butterfly
species richness; ELV, elevation; LAT, latitude; PAL, alpha parameter of the discrete truncated Pareto distribution; PHBD, phylogenetic host
breadth divergence; PHBM, phylogenetic host breadth mean; SNW, annual maximum depth of snow cover

TABLE 3 Estimates of the fit of our Bayesian SEM according to
different criteria

Model fit (N = 3909)

Lower 5.0% Upper 5.0%
BCFI 0.998 0.999?
BTLI 0.982 0.990°
BRMSEA 0.051 0.068°
BIC 171233.876

2Satisfied the criteria for good model fit for BCFl and BTLI (both
lower 5.0% and upper 5.0% >0.95; Asparouhov & Muthén, 2019),
and BRMSEA (both lower 5.0% and upper 5.0% <0.06; Asparouhov &
Muthén, 2019).

bSatisfied only the criteria for inconclusive model fit for BRMSEA (lower
limit < 0.06 < upper limit; Asparouhov & Muthén, 2019).

community, even if its members tend to have a relatively broad
host breadths throughout their range. Over time, this should trans-
late into diversification among these specialized local populations,
creating the expected positive latitudinal gradient in host breadth.
However, because the Japanese archipelago does not include stable
tropical regions, it is unclear whether there has been enough time
for local plant species to adapt to the full butterfly fauna, or a subset
thereof. In the Japanese archipelago, geographic patterns of real-
ized resource specialization of herbivorous butterflies have never
been investigated, so we unfortunately could not evaluate the ex-
istence of differences between fundamental and realized resource

specialization. However, in the future work, comparisons between
fundamental and realized resource specialization through standard-
ized sampling methods in the same systems would be highly benefi-
cial to understanding the specific mechanisms that drive differences
in specialization across taxa and regions.

4.3 | Methodological considerations

To elucidate the detailed drivers of host breadth in Japanese but-
terflies, we attempted to include as many factors as possible in our
analyses. However, our results also reveal several important limi-
tations of current methods that must be addressed in the future
studies. Unfortunately, we could not directly evaluate the effects
of regional plant diversity on the geographic distribution of re-
source specialization. Plant diversity is highest near the centre (at
circa N 35°) of the Japanese archipelago (e.g. Kubota et al., 2015).
In fact, Kubota et al. (2015) demonstrated that overall vascular
plant richness and endemism are highest in central Japan, and that
elevation and annual mean temperature are major drivers of the
pattern, indicating that the trend is driven by more than just lati-
tude. Central Japan is characterized by mountainous regions, and
elevation may be an indirect predictor of plant diversity. In fact,
the patterns of the simple correlations in our study indicated that
elevation is strongly correlated with butterfly species richness but
is less correlated with host breadth (Table S2). Therefore, plant di-
versity in itself does not appear to be a strong driver of fundamen-
tal host breadth.
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In general, the proportion of rare plant species increases towards
the tropics (e.g. Ulrich et al., 2016), possibly due to negative density-
dependent survival effects (Janzen-Connell hypothesis; Janzen, 1970).
Such processes were suggested as a fundamental explanation for the
contrasting latitudinal pattern (i.e. more generalists towards lower
latitudes) of resource specialization found in the simulation results
of Forister and Jenkins (2017). Specifically, a high proportion of rare
plants would favour the evolution of greater host breadth in insects,
causing the mean and divergence of host breadth to increase towards
lower latitudes (Ghazoul & Sheil, 2010). The evenness of the biomass of
plant species is a potential driver of resource specialization, although
the evenness of plant abundance (e.g. number of individuals) was used
as an explanatory variable in previous simulation studies (Forister
& Jenkins, 2017). In any case, data on both plant biomass and abun-
dance were not available for use in our study or in previous studies.
Therefore, investigations focusing on the available biomass of resources
are needed to further explore the effects of plant community composi-
tion on herbivore host breadth. Furthermore, we were unable to include
phylogenetic information on butterfly species in our analysis. Both life-
history traits and distributions may be affected by evolutionary history
(i.e. phylogenetic conservatism). This is a limitation of both our study
and previous investigations and may have introduced bias. Phylogenetic
information hopefully can be incorporated into models in the future,
when the lepidopteran tree of life becomes better resolved.

In addition, we focused mainly on the transitional region be-
tween the hemiboreal and subtropical zones, and the patterns ob-
served may not be generalizable to the global scale. Regional studies
focusing on narrower latitudinal gradients should consider geohis-
torical effects (e.g. when the region was colonized by particular
species or where hotspots of endemism are located). Our findings
also may differ from the patterns observed in previous studies (e.g.
Forister et al., 2015) because of our more limited geographic scope,
that is, the absence of large tropical regions, which have significant
in situ diversification rates. The effects of co-evolutionary interac-
tions may be absent as there has been relatively little in situ diversi-
fication within our study area. In fact, most butterfly species on the
Japanese archipelago are not endemic but rather are widely distrib-
uted across the Eurasian continent. This pattern is largely explained
by the fact that the Japanese archipelago was repeatedly connected
to the continent with land bridges throughout glacial stages of the
Pliocene and Pleistocene epochs, allowing for butterfly dispersal
(details reviewed in Tojo et al., 2017). On the other hand, detailed
regional studies have the advantage of providing extensive and ac-
curate information on host use. Previous studies have suggested
that sampling effort directly affects the inferred degree of host spe-
cialization (Dixon et al., 1987), but such effects are difficult, if not
impossible, to address in a large-scale meta-analysis (Figure S4).

4.4 | Historical and evolutionary perspectives

We did not address evolutionary processes in this study, as phy-
logenetic information was not available for all of the studied
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butterfly species. However, our findings should be generalizable
to other regions and broader spatial patterns, as they are based
on evolutionary processes. For example, we could expand on the
evolutionary concept of species association dynamics recently pro-
posed by Nylin et al. (2017) and the oscillation hypothesis proposed
by Janz et al. (2001, 2006), which focus on speciation and species
distributions, by integrating spatial perspectives by adding a latitu-
dinal direction of oscillation dynamics. The oscillation hypothesis
proposed by Janz et al. (2001, 2006) postulates that, over time,
herbivorous insect lineages oscillate between a generalist state,
during which they may expand their geographical ranges, and vari-
ous specialist states, which present the outcomes of local adapta-
tion of individual populations. In this model, speciation occurs after
host specialization. To explore this issue further, we plotted mini-
mum and maximum values of phylogenetic host breadth and body
size within butterfly communities against latitude (Figures S3 and
S7), and confirmed that the ranges of these trait values become in-
creasingly narrow towards higher latitudes. If physical constraints
on host breadth or body size in insect herbivores exist (Figures S3
and S7), very large or very small butterfly species should have dif-
ficulty extending their distribution ranges from the south to the
north, and therefore such extreme species would be filtered out.
Our findings are consistent with the proposal of Fischer (1960),
who argued that the stable climate in the tropics allows for a
wider range of morphological and physiological adaptations than
can occur in temperate regions. On the other hand, the spread of
butterfly species with broader host ranges from south to north
might be hindered by biogeographic limitations (Hirao et al., 2015;
Kimura, 2004). Therefore, we propose a novel prediction: butterfly
species with large host breadths are more likely to have expanded
their distributions to the south or to have originated in the south
and then specialized and diversified there via oscillation processes,
and only descendant species with narrower host ranges could mi-
grate northward. Although biogeographic limitations and abiotic
factors (e.g. temperature, precipitation and snow) are important
determinants of butterfly distributions (Luoto et al., 2006; Quinn
et al., 1998), our predictions provide further insights into the im-
portance of geographical and morphological constraints to species
association dynamics and the oscillation hypothesis. These predic-
tions may also be combined with general ecological principles such
as Rapoport's rule (Rapoport, 1982), which is related to latitudinal
distribution range and global climate history and their dramatic
effects on species distributions (Nyman et al., 2012). Specifically,
Rapoport's rule would alter the distributional range of each species,
which may affect the possibility of local resource specialization via
northward migration. In addition, climatically driven distributional
changes along a north-south axis, as well as associated changes in
the abundance of different plant groups, have been proposed as
factors influencing the patterns and processes of herbivore diver-
sification (Nyman et al., 2012). Therefore, the inclusion of dynamic
distributional changes along a latitudinal gradient may generalize
the oscillation hypothesis for understanding the mechanisms that
drive biodiversity.
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5 | CONCLUSIONS

Butterfly communities become more specialized in their host use to-
wards higher latitudes (i.e. towards the north) across the Japanese
archipelago, a pattern that is opposite of the predictions arising from
classic hypotheses. Our analyses clearly revealed how the varia-
tion in resource specialization is distributed, as well as the poten-
tial influence of physiological constraints resulting from variation
in body size along the same geographical gradient. Since the work
of Ehrlich and Raven (1964), co-evolutionary interactions between
plants and herbivores have been considered the main determinant
of host breadth. Furthermore, our results highlight the importance
of the current climate as a factor regulating butterfly host breadth
and morphology (Fischer, 1960), regardless of whether the impact is
direct or indirect. Future studies should explore how latitudinal gra-
dients in the phylodiversity and evenness of herbivores and plant re-
sources influence community-level host breadth. We emphasize that
the approach used here is applicable to many other areas and taxa
for which reliable information on species occurrences and niches is
available. The continuous improvement in public databases on spe-
cies distributions and host use (e.g. Global Biodiversity Information
Facility and HOSTs: Robinson et al., 2010) will hopefully eventually
allow the testing of patterns of fundamental resource specialization
on a global scale. Importantly, the comparative analyses of funda-
mental and realized resource specialization in communities can allow
important insights into factors that determine the assembly and
local realizations of eco-evolutionary interaction networks across

the globe.
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