
1232  |     Journal of Biogeography. 2020;47:1232–1245.wileyonlinelibrary.com/journal/jbi

 

Received: 12 June 2019  |  Revised: 15 December 2019  |  Accepted: 14 January 2020

DOI: 10.1111/jbi.13816  

R E S E A R C H  P A P E R

High correlation of species diversity patterns between 
specialist herbivorous insects and their specific hosts

Congcong Du1,2  |   Jing Chen1 |   Liyun Jiang1 |   Gexia Qiao1,2

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2020 The Authors. Journal of Biogeography published by John Wiley & Sons Ltd

1Key Laboratory of Zoological Systematics 
and Evolution, Institute of Zoology, Chinese 
Academy of Sciences, Beijing, P.R. China
2College of Life Sciences, University of 
Chinese Academy of Sciences, Beijing, P.R. 
China

Correspondence
Gexia Qiao, Key Laboratory of Zoological 
Systematics and Evolution, Institute of 
Zoology, Chinese Academy of Sciences, 
Beijing 100101, P.R. China.
Email: qiaogx@ioz.ac.cn

Funding information
Ministry of Science and Technology of the 
People’s Republic of China, Grant/Award 
Number: 2016YFE0203100; National 
Natural Science Foundation of China, Grant/
Award Number: 31572307, 31620103916 
and 31772492

Handling Editor: Werner Ulrich

Abstract
Aim: The relative importance of biotic and abiotic factors in shaping the species di-
versity of temperate organisms has been debated for a long time. Here, we used 
drepanosiphine aphids as a model group to validate the ‘resource-dependent hypoth-
esis’ based on the biotic interactions for specialist herbivorous insects, a hypothesis 
stating that their intricate relationship with host plants for resources might constrain 
their species diversity from being positively correlated with the species diversity of 
their hosts, and to assess the role of biotic and abiotic factors in shaping the global 
species diversity pattern of temperate organisms.
Location: Global and regional.
Time period: Current.
Taxon: Drepanosiphine aphids (Insecta: Hemiptera: Aphidoidea).
Methods: We first investigated the global species diversity pattern of drepanosiph-
ine aphids. Then we used ordinary least squares (OLS) and spatial simultaneous au-
toregressive (SAR) models to conduct regression analyses to test for the relationships 
of global and regional species richness between drepanosiphine aphids and their host 
plants, and other predictor variables describing entire woody plants, environmental 
energy, water availability, climate seasonality, topographical heterogeneity and land 
cover. Finally, structural equation models (SEMs) were further used to test for direct 
and indirect effects of key ecological variables.
Results: The distribution hotspots of species richness and endemism were both lo-
cated in temperate zones, supporting the notion that drepanosiphine aphids were 
representative of temperate organisms. The specific host plant was the most im-
portant ecological variable in explaining global and regional drepanosiphine species 
richness, showing a strong positive relationship. The climatic variables mainly showed 
an indirect effect on global and regional drepanosiphine species richness via specific 
hosts.
Main Conclusions: The global and regional drepanosiphine species richness was pri-
marily shaped by specific host plants as opposed to all woody trees, with indirect 
effects of climatic factors via host plants, which supported the ‘resource-dependent 
hypothesis’ based on the biotic interactions for specialist herbivorous insects. This 
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1  | INTRODUC TION

Biotic interactions can affect species’ spatial diversity patterns 
via different mechanisms, predation, competition, resource–con-
sumer interactions, host–parasite interactions, mutualism and 
facilitation (Bascompte, 2009; van Dam, 2009; Wisz et al., 2013). 
The long-standing ‘biotic interactions hypothesis’ predicted that 
the strength of biotic interactions increased closer to the equator 
(Baskett & Schemske, 2018; Schemske, Mittelbach, Cornell, Sobel, 
& Roy, 2009), and was proposed to explain the striking latitudinal 
diversity gradient. Compared with temperate environments, the 
relatively stable and frost-free climate in the tropics could lead to 
a higher degree of coevolution of biotic interactions (Lim, Fine, & 
Mittelbach, 2015), thus driving higher diversification rates (Althoff, 
Segraves, & Johnson, 2014; Mittelbach et al., 2007) and prevent-
ing competitive exclusion (Janzen, 1970), and finally giving rise to 
a greater diversity of species. Based on this hypothesis, it has long 
been argued that biotic selective agents drive adaptation in tropical 
organisms, while abiotic selection pressures more strongly influence 
temperate organisms (Anstett, Nunes, Baskett, & Kotanen, 2016; 
Dobzhansky, 1950; MacArthur, 1972; Schemske, 2009; Schemske 
et al., 2009). The relative importance of biotic and abiotic factors for 
tropical or temperate organisms in shaping species diversity has long 
been debated and needs to be further validated.

Particularly, plant–herbivorous insect interactions are one of the 
most important types of biotic interactions because these two dom-
inant taxa account for the largest portion of biodiversity (Futuyma 
& Agrawal, 2009; Price, 2002; Stork & Habel, 2014), involve a large 
proportion of energy flow in terrestrial ecosystems (Price, 2002), 
and have been hypothesized to play a major role in the origin and 
maintenance of biodiversity (Connell, 1971; Ehrlich & Raven, 1964; 
Janzen, 1970). Currently, ecological studies on plant–herbivorous in-
sect interactions have found some of the best-supported evidence 
for stronger or more prevalent biotic interactions in the tropics for 
frequent mutualism, occasional antagonism (Schemske et al., 2009) 
and herbivory (Baskett & Schemske, 2018; Coley & Barone, 1996; 
Schemske et al., 2009). Although a recent meta-analysis of 38 lati-
tudinal comparisons of herbivory found no latitude pattern (Moles, 
Bonser, Poore, Wallis, & Foley, 2011), Lim et al. (2015) pointed out 
that 35 of the above empirical studies assessed by Moles et al. (2011) 
were extratropical and hypothesized that freezing temperatures 
might present a significant challenge on herbivory instead of biotic 

interactions. Nevertheless, to date, whether the harsher physical cli-
matic conditions or biotic interactions in northern latitudes favour 
more adaptation and speciation for temperate organisms has been a 
largely under explored question.

Quantifying the geographical variation of herbivory in plant–
herbivorous insect interaction strength is not straightforward 
(Schemske et al., 2009). From the view of plants, herbivore pres-
sure is usually quantified by herbivory rates (Coley & Barone, 1996), 
which is estimated as standing damage on mature leaves in the ma-
jority of studies (Anstett et al., 2016). However, the appeal of leaves 
in different growth stages may be different; young leaves could re-
ceive more damage (Baskett & Schemske, 2018; Filip, Dirzo, Maass, 
& Sarukhan, 1995; Lowman, 1984), thus restricting the estimates to 
mature leaves, which may underestimate herbivory and obscure its 
geographical patterns. Turcotte et al. (2014) indicated that the evolu-
tionary history of plants could also influence herbivory rates across 
latitudes. Lim et al. (2015) argued that the impact of herbivory was 
dependent upon many factors, such as the construction cost of the 
leaf, the growth and replacement rates and leaf life span. Finally, Lim 
concluded that a measure of percentage leaf damage alone did not 
directly reflect the cost of herbivory to the plant and, on its own, did 
not constitute an appropriate test of the biotic interactions hypoth-
esis. In contrast, too little work has been done to test the latitudinal 
pattern of the ‘biotic interactions hypothesis’ based on herbivorous 
insects. However, if the harsher physical conditions of the environ-
ment in northern latitudes favour more adaptation and speciation to 
abiotic factors (Anstett et al., 2016; Dobzhansky, 1950; MacArthur, 
1972; Schemske, 2009; Schemske et al., 2009), it is reasonable to 
further hypothesize that temperate organism species diversity is 
mainly decided by abiotic factors. Considering that species diversity 
is the ultimate product influenced by multiple factors involving ecol-
ogy and evolution, we focus on the correlation of species diversity 
between herbivorous insects and plants or climatic factors to test 
their relative importance for temperate organisms.

Recent evidence suggests that plants do play a key role in deter-
mining arthropod species diversity (Crutsinger et al., 2006; Haddad, 
Crutsinger, Gross, Haarstad, & Tilman, 2011; Moreira & Mooney, 
2013; Parker, Salminen, & Agrawal, 2010). However, in regard to 
herbivorous insects, the factors related to their species diversity 
become complicated. Basset et al. (2012) noted that models based 
on plant diversity fit the accumulated species richness of herbi-
vores exceptionally well in tropical forests and concluded that these 

finding sheds new light on the ‘biotic interactions hypothesis’ that states biotic inter-
actions can primarily affect the distributions and diversity patterns of both tropical 
and temperate organisms not only at the local scale but also at the regional to global 
scales.
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models lent credence to global estimates of arthropod biodiversity 
developed from plant models. In contrast, in temperate regions, the 
strength of the correlation with plants varied among different inver-
tebrate groups, and as a surrogate for temperate herbivorous insects, 
aphid species diversity did not seem to be related to plants (Schuldt 
& Assmann, 2010), which seemed to support the assumption that bi-
otic interactions did not drive adaptation and speciation for temper-
ate organisms. Nevertheless, given the key ecological character of 
host specificity of herbivorous insects, specialist insects may inter-
act with plants in distinct ways compared with generalist insects (Ali 
& Agrawal, 2012). Considering that specialist herbivorous insects 
parasitized one or only a few host plants for resources (Mullen & 
Durden, 2019), their intricate relationship could constrain the spe-
cies diversity of specialist herbivorous insects from being positively 
correlated with their hosts’ species diversity (‘resource-dependent 
hypothesis’), even for temperate organisms.

The drepanosiphine aphids are the second largest and most di-
verse group in the family Aphididae (Lee et al., 2017), comprised of 
13 subfamilies (Remaudière & Remaudière, 1997; Qiao, Zhang, & 
Zhong, 2005). Many drepanosiphine species are agricultural, horti-
cultural and forest pests (Blackman & Eastop, 2000; Huang & Qiao, 
2014). This group has therefore attracted much interest from nu-
merous entomologists and offers a good taxonomic background. 
Currently, the drepanosiphine aphids include 96 genera and approx-
imately 600 recognized species (Favret, 2019). This group is widely 
distributed throughout the world, across almost all zoogeographical 
regions except for Antarctica (Favret, 2019); the north temperate 
faunas are more diverse than those of other distribution regions, 
making them typical temperate herbivorous insects. Furthermore, 
every species of this group shows extreme host specificity, being 
restricted to specific host plants in a single family or even to a few 
closely related species (Schoonhoven, van Loon, & Dicke, 2005; 
Strong, Lawton, & Southwood, 1984).

In this study, to validate the ‘resource-dependent hypothe-
sis’ based on biotic interactions for specialist herbivorous insects, 
which states that their intricate relationship with host plants for 
resources might constrain their species diversity from being posi-
tively correlated with the species diversity of their hosts, we mainly 
addressed the following important issues based on drepanosiphine 
aphids–host plants: (a) revealing the global species diversity pattern 
of drepanosiphine aphids; (b) testing whether and to what extent 
the close association between drepanosiphine aphids and their host 
plant or climatic factors influenced global drepanosiphine species 
richness and (c) assessing the role of plants and climate in shaping 
global drepanosiphine species richness. Meanwhile, in order to more 
fairly compare the outcome of analyses, we also conducted mac-
roecological analyses on two of the best sampled regions: parts of 
Northeastern East Asia (E: 112°–130°, N: 34°–44°) and Eastern North 
America (W: 70°–98°, N: 34°–44°). This study may shed new light 
on the importance of biotic interactions for a better understanding 
of the ‘biotic interactions hypothesis’, and advance our knowledge 
of the diversity and distribution of specialist herbivorous insects to 
better understand the overall biodiversity in a stable ecosystem.

2  | MATERIAL S AND METHODS

2.1 | Drepanosiphine species data

Based on the online database of the aphid species catalogue (http://
Aphid  Speci esFile.org; Favret, 2019) and our own sampling infor-
mation, a dataset of all drepanosiphine species around the world 
was compiled for recording the coarse distribution and host plants 
of every species according to Blackman and Eastop (2019) and 
Quednau (1999, 2003, 2010). In total, 96 genera and 604 species 
were included in the database.

We updated a mostly comprehensive distribution database for 
drepanosiphine species by searching the georeferenced sites of every 
species in the Global Biodiversity Information Facility (GBIF, https ://
www.gbif.org) and Barcode of Life Data System (BOLD, http://www.
barco dingl ife.org/) (Ratnasingham & Hebert, 2007), consulting the 
related literature and checklists of each country, and collecting distri-
bution data that were obtained by our group over the past decades. 
Only the records with a clear, recognized location were used in the 
analyses. The rough information from large zones (at the country, 
state or province level) was excluded, whereas the information from 
small zones (at the city, district or county levels) was represented by 
the locations of the local administration. After cleaning the data by 
removing duplicate records, points in the sea and occurrences with 
inverted latitude and longitude coordinates, as well as restricting 
them to the coarse native ranges of each species, we obtained a total 
of 4,148 occurrence points for 524 species (Appendix S1).

2.2 | Drepanosiphine species diversity pattern

To assess of sample completeness of our sampling efforts, the grid-
level sampling coverage was calculated using the ‘iNEXT’ package in 
R (Chao et al., 2014; Uchida & Ushimaru, 2015), which represented a 
unified standardization method integrated with sample-size- and cov-
erage-based rarefaction and extrapolation of Hill numbers for quanti-
fying the species/taxonomic diversity (Hsieh, Ma, & Chao, 2016).

To identify the geographical distribution pattern of drepanosiphine 
species diversity, we mapped their richness and endemism patterns 
using Behrmann equal-area cylindrical projection. For the richness 
pattern, by using ArcGIS 10.2 (ESRI, Inc.), we divided the global map 
into grids with 5° latitude × 5° longitude and the two best sampled 
regional zones into grids with 1° latitude × 1° longitude. Then, the total 
number of species within each grid cell was counted and ranked; ranks 
were shown in different colours on the global and regional map.

Many different methods have been proposed to analyse the areas 
of endemism (AoEs). Here, three commonly used methods based on 
different algorithms were used together to confirm the results. At 
the global scale, the heuristic algorithm of NDM/VNDM (Szumik & 
Goloboff, 2004) and the weighted endemism (Crisp, Laffan, Linder, 
& Monro, 2001) were applied to identify AoEs. The NDM/VNDM 
method considered both the locations of taxa in space and the spa-
tial information regarding the delimitation of areas. Moreover, this 
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method also took into account the potential scale effect (grid sizes). 
The high degrees of overlap and the proximity of the consensus 
areas among the different grid sizes provided consistent evidence 
for a high degree of endemicity (do Prado et al., 2015). Therefore, 
using the NDM/VNDM v. 3.1 software (Goloboff, 2016), three dif-
ferent grains with latitude–longitude grid sizes of 2° (220 × 220 km), 
3° (330 × 330 km) and 4° (440 × 440 km) were set to perform en-
demicity analyses; the results were mapped together to obtain the 
final AoEs. As a secondary method, the weighted endemism (Crisp 
et al., 2001) was also a useful means for identifying the concentra-
tions of range-restricted taxa (Guerin, Ruokolainen, & Lowe, 2015). 
The endemism was measured by weighting the species richness in 
each cell by the inverse of the range size of each species that was 
calculated as the number of grid cells occupied; as a result, the spe-
cies that occurred over smaller ranges were given higher scores. 
The calculations of weighted endemism were conducted using a 
self-contained R function developed by Guerin et al. (2015). At the 
regional scale, the parsimony analysis of endemicity (PAE), based on 
the principle of maximum parsimony, was used as the third method 
to identify AoEs. First, the distribution zone of drepanosiphine 
aphids was divided into five regions (Palaearctic, Sino–Japanese and 
Oriental; Nearctic and Panamanian; Neotropical; Saharo–Arabian 
and Afrotropical; and Australian and Oceanian) according to their 
species diversity pattern and the terrestrial zoogeographical regions 
defined by Holt et al. (2013). Then, after identifying the endemic 
species in each region, a matrix of total endemic species x total grids 
(3°) was constructed, in which ‘1’ indicated the corresponding en-
demic species distributed in the corresponding grid, while ‘0’ meant 
the corresponding endemic species not distributed in the corre-
sponding grid. Finally, the PAE analysis was conducted with PAUP 
4.0a147 following the approach used by Huang, Lei, and Qiao (2008) 
in the five defined regions.

2.3 | Predictive factors

2.3.1 | Host plants

Based on the obtained host plant information, drepanosiphine 
aphids feed on a wide range of host plants, including at least 24 fami-
lies and 44 genera (Blackman & Eastop, 2019). Among them, more 
than 12 families and 23 genera are regarded as representative of all 
drepanosiphine-specific hosts because they correspond to the rich-
est groups of drepanosiphine aphids (Appendix S2). Similar to drepa-
nosiphine aphids, the sampled occurrence points of specific hosts 
were downloaded from the GBIF using the R package ‘rgbif’ 1.4.0 
(1,535,617 occurrence points) (Appendix S2), and their global spe-
cies richness in a 5° latitude × 5° longitude grid size and regional spe-
cies richness in a 1° latitude × 1° longitude grid size were obtained by 
ArcGIS 10.2 to conduct the following statistical analyses.

To verify that drepanosiphine aphids only correlated with their 
specific host plants, the percentage of global tree coverage represent-
ing all woody plants, developed by the secretariat of the International 

Steering Committee for Global Mapping (ISCGM) in collaboration with 
the Geospatial Information Authority of Japan and Chiba University 
and downloaded at a spatial resolution of 30 arc seconds from the 
Global Map data archives (https ://globa lmaps.github.io/), was also 
used for statistical analyses (Appendix S3) since most drepanosiphine 
species mainly fed on woody angiosperms (Lee et al., 2017). If our 
hypothesis was correct, the percentage of tree coverage should not 
be associated with drepanosiphine species richness.

2.3.2 | Climatic and other factors

At broad spatial scales, species diversity patterns are generally 
thought to be closely associated with abiotic variables (Hawkins 
et al., 2003). Thus, seven of the most important and widely used 
climatic variables representing various averages and extremes of 
temperature and precipitation were preselected and classified into 
three commonly used categories: (a) environmental energy: the 
mean annual temperature (MAT) and maximum temperature of the 
warmest month (MTWM); (b) water availability: the annual precipi-
tation (AP) and precipitation of the warmest quarter (PWQ) and (c) 
climate seasonality: the temperature seasonality (TSN), temperature 
annual range (TAR) and precipitation seasonality (PSN). The climatic 
data were downloaded at a spatial resolution of 30 arc seconds from 
the WorldClim dataset (Global Climate Data, http://www.world clim.
org/) (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005).

In addition, global elevation data representing topographical 
heterogeneity (TOPO) and global land cover characterization (GLC) 
were also used to identify the ecological factors that most compre-
hensively influenced the species diversity pattern (Appendix S3). 
These two variables were also downloaded at a spatial resolution 
of 30 arc seconds from the Global Map data archives (https ://globa 
lmaps.github.io/).

2.4 | Statistical analyses

The key ecological variables related to drepanosiphine species diver-
sity were identified by macroecological statistical analyses of species 
richness and the selected predictive factors to validate the ‘resource-
dependent hypothesis’ based on the biotic interactions for specialist 
herbivorous insects. Because the resolution of the downloaded lay-
ers of ecological variables was not the same as that of drepanosiphine 
species richness, the selected ecological variables were resampled 
and extracted based on a grid size with 5° latitude × 5° longitude at 
the global scale and 1° latitude × 1° longitude at the regional scale by 
ArcGIS 10.2. Then, data conversions were conducted for all analysed 
variables to improve the normality and linearity (Rangel, Diniz–Filho, 
& Bini, 2010). Because the climatic variables under each environmen-
tal category were usually highly correlated, this caused their multicol-
linearity. Therefore, for the three categories of climatic factors with 
two or more predictive variables, we conducted a principal component 
analysis (PCA) separately and extracted the first principal component 
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using the R package ‘psych’ 1.8.12, which was then used as the predic-
tor in the following analyses.

First, based on multiple regression models, we conducted ordinary 
least squares (OLS) analyses between the species richness and pre-
dictive variables with and without specific host plants to explain vari-
ations in richness (Bystriakova, Griswold, Ascher, & Kuhlmann, 2018; 
Ilsøe, Kissling, Fjeldså, Sandel, & Svenning, 2017). However, when the 
values of variables sampled at nearby locations are not independent 
from each other, the phenomenon of spatial autocorrelation (SAC) 
might exist (Tobler, 1970), which could result in serious shortcomings 
in subsequent hypothesis testing and prediction (Dormann, 2007; 
Lennon, 2000). To test for SAC, Moran's I value was calculated for the 
residuals of the OLS models (Ilsøe et al., 2017). When the Moran's I 
value for the model residuals was statistically significant, the spatial 
simultaneous autoregressive (SAR) models were fitted to account for 
the residual autocorrelation (Ilsøe et al., 2017). The OLS and SAR anal-
yses were both conducted using the R package ‘spdep’ 1.1-3.

Given that the predictive variables might also be correlated, 
structural equation models (SEMs) were further used to test for di-
rect and indirect effects of the key ecological variables for drepano-
siphine species richness using the R package ‘lavaan’ 0.6-2 (Grace, 
2006). We excluded the topographical heterogeneity and land cover 
because they had no significant effects on the geographical pat-
terns of species richness in the OLS and SAR analyses. Climate can 
influence aphids directly and indirectly via plants. Thus, SEMs with 
a pathway from environmental energy, water availability and climate 
seasonality to plant variables (including the percentage of tree cover-
age and specific host plants) and with a pathway between plants and 
drepanosiphine species richness were constructed. If environmental 
energy, water availability or climate seasonality was also significantly 
correlated with drepanosiphine species richness, their pathway was 
also constructed. Direct effects were reflected by the standardized 
partial regression coefficients of the paths between key predictive 
variables and drepanosiphine species richness, whereas indirect ef-
fects corresponded to paths from an abiotic variable through plants 
to drepanosiphine species richness.

All R analyses were carried out with R software 3.5.1 (The R 
Foundation for Statistical Computing, https ://www.r–proje ct.org/) 
and R Studio 1.1.453 (RStudio Inc., https ://www.rstud io.com/).

3  | RESULTS

3.1 | Global drepanosiphine species diversity 
pattern

The grid-level sampling coverage curve showed that our sampled 
species numbers had reached a saturated condition and accounted 
for 97.36% of the reference sample, which supported the complete-
ness of our data collection (Appendix S4).

High species richness occurred in the temperate regions of the 
Northern Hemisphere, and low richness was occasionally found on 
other continents (Figure 1a), indicating the drepanosiphine aphids 

were typical temperate organisms. Three main distribution hotspots 
of species richness were identified: Northern East Asia (including 
Northeast China, the Korean Peninsula and Japan), Central China 
and the Eastern North America, as well as three secondary hotspots: 
the Southwest China mountains, the Southern plains of the Baltic 
Sea in Europe and the Central Rocky Mountains in North America.

The endemicity analyses all presented that AoEs were mainly distrib-
uted in the temperate regions of the Northern Hemisphere which showed 
similar pattern with species richness (Figure 1, Appendix S5), while the 
PAE at the regional scale achieved more precise results (Figure 1c). Three 
more AoEs were also identified in the southern hemisphere (Figure 1c). 
Seen from a similar scale, five main AoEs were uncovered: Northern 
East Asia (including Northeast China, the Korean Peninsula and Japan), 
Central China, the Southwest Himalayas, the Eastern North America 
and New Zealand; as well as three secondary AoEs: the Central Rocky 
Mountains, the Coastal Mountains of the Western United States and the 
Southern edge of the Andes Mountains (Figure 1b).

Comparing the drepanosiphine species diversity hotspots be-
tween richness and endemism based on NDM/VNDM method 
because their spatial scale is more similar, more than 80% of the 
species richness hotspots were located in endemic centres in the 
Northern Hemisphere (Appendix S6), which indicated their spatial 
congruence. Therefore, the drepanosiphine species richness was 
used in the statistical analyses.

3.2 | Macroecological analyses

The Moran's I value for the SAR model residuals was not statistically 
significant (p > .05), indicating the SAR model eliminated the influ-
ence of SAC. The AIC value of the SAR model was lower than that of 
the OLS model, making the results of the SAR model more reliable 
(Table 1). In the OLS and SAR analyses, host plants and part of the 
climatic variables significantly influenced the drepanosiphine spe-
cies richness (p < .05) (Table 1), implying the importance of climate 
and host plants in shaping drepanosiphine species diversity.

3.2.1 | Direct and indirect effects of climate

Although the OLS analysis indicated that some climatic variables were 
significantly correlated with drepanosiphine species richness (p < .05), 
the SAR analysis, which took account of the SAC, showed the influ-
ence of climatic variables was reduced (Table 1). On a global scale, 
the significance level of the effect of water availability and climate 
seasonality decreased. On a regional scale, in Northeastern East Asia, 
the environmental energy and water availability were not significantly 
related to drepanosiphine species richness anymore (p > .05). In addi-
tion, although the climate seasonality was still significantly correlated 
with drepanosiphine species richness (p < .05) (Table 1), its effect in 
the SEM analysis was not statistically significant (Figure 2b). From the 
global scale to regional scale, the influence of climatic variables on 
drepanosiphine species richness seems to be reduced. Moreover, all 
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F I G U R E  1   Global diversity hotspots of drepanosiphine aphids. (a) The global species richness of all species (5°×5°, 550 × 550 km); (b) the 
global areas of endemism (AoEs) of all species based on the NDM/VNDM method; (c) the AoEs of five regional endemic species based on the 
PAE method. PAE, parsimony analysis of endemicity
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SEM analyses on global and regional scales indicated that climatic var-
iables significantly influenced the specific host plant species richness 
and the percentage of tree coverage representing all woody plants, 
and only the specific host plant species richness significantly influ-
enced drepanosiphine species richness (p < .05) (Figure 2). Therefore, 
it is reasonable to hypothesize that the climate mainly affects drepa-
nosiphine species diversity indirectly via specific host plants.

3.2.2 | Effects of host plants

Although two selected plant variables were both influenced greatly 
by the climatic variable (Figure 2), only the drepanosiphine-specific 
host plants were highly correlated with their global and regional 
species richness in all analyses (Table 1, Figure 2), whereas the per-
centage of tree coverage representing entire woody plants was not 
correlated. Although the OLS and SAR analyses in the Eastern North 
America indicated that the mean percentage of tree canopy cover 
also significantly affected drepanosiphine species richness, its sig-
nificance level was relatively low in comparison to that of specific 

host plants. Additionally, in the corresponding SEM ananlyses, drepa-
nosiphine species richness was no longer significantly influenced by 
the mean percentage of tree canopy cover. Furthermore, the species 
richness between specific host plants and drepanosiphine aphids 
showed a positive relationship, indicating that more drepanosiphine 
species would be found in areas with high species richness of drepa-
nosiphine-specific host plants. In the OLS analyses, the percentage 
of total deviance explained by all of the predictive variables increased 
distinctly from that of the same model without the variable of drepa-
nosiphine-specific host plant species richness (Table 1), which also 
supported the importance of specific host plants. The SEM analyses 
strongly supported that specific host plants affect drepanosiphine 
species richness directly on a global and regional scale. Overall, the 
results supported the ‘resource-dependent hypothesis’ due to the 
biotic interactions between drepanosiphine aphids and their spe-
cific host plants, indicating that the selection for specific host plants 
could lead to congruent diversity patterns between specialist herbi-
vores and their hosts on a global and regional scale, and implying that 
biotic interactions favoured more adaptation and speciation to biotic 
factors for specialist temperate herbivorous insects.

TA B L E  1   Coefficients from the ordinary least squares (OLS) and subsampled spatial autoregressive (SAR) error models to explain global 
and regional species richness of drepanosiphine aphids

Predictor 
variables

Global

Regional

Northeastern East Asia Eastern North America

OLS–1 OLS–2 SAR OLS–1 OLS–2 SAR OLS–1 OLS–2 SAR

Intercept 2.329*** 1.468*** 0.515 0.310 0.177 0.425 0.913** 0.724* 0.662*

Environmental 
energy (PC1)

0.134 0.074 0.002 0.207 0.238* 0.221 −0.063 −0.021 −0.029

Water 
availability 
(PC1)

0.666*** 0.503*** 0.262* 0.142 0.210* 0.226 0.059 0.055 0.073

Climate 
seasonality 
(PC1)

0.607*** 0.656*** 0.303* −0.095 −0.228** −0.267*** 0.011 0.031 0.036

PTC 0.067 0.041 −0.013 0.003 −0.001 0.0007 −0.002 −0.003** −0.002*

HP — 0.226*** 0.173*** — 0.067*** 0.067*** — 0.940*** 1.022***

TOPO −0.00004 −0.00006 −0.00003 0.0003 0.0004 0.0003 −0.015* −0.013 −0.002

GLC 0.591 −0.374 0.840 −0.001 −0.001 −0.001 −0.108 −0.107 −0.049

AIC 660.320 631.511 596.05 71.77 46.44 45.79 196.130 186.30 147.90

Moran's I — 0.263*** 0.004 — 0.108 0.054 — 0.344*** −0.001

R2 22.91% 35.10% — 16.22% 47.28% — 9.34% 15.58% —

Note: OLS–1 indicates the multiple regression analyses without specific host plants (HP), while OLS–2 indicates the multiple regression analyses with 
HP. The most important ecological variables (with the highest coefficients at the significant level) in the best model are highlighted with boldface 
type. AIC indicates the Akaike information criterion values of corresponding model, the lower the value, the better the model; R2 indicates the 
variance explained by the selected environmental variables; Moran's I value indicates residual spatial autocorrelation. ‘—’ indicates no data (not 
included or calculated). Significance levels: ***p < .001, **p < .01, *p < .05.
Abbreviations: GLC, global land cover characterization; PTC, percentage of global tree coverage; TOPO, topographical heterogeneity.

F I G U R E  2   Results of structural equation modeling showing the relative effects of environmental energy, water availability, climate 
seasonality, specific host plants (HP) and all woody plants (PTC) on global (a) and regional (b, c) drepanosiphine species richness. Numbers 
along the arrows (gray, positive; red, negative) represent standardized path coefficients, with line thickness being proportional to coefficient 
strength. Dashed arrows represent nonsignificant path coefficients (p > .05), while solid arrows represent significant path coefficients 
(p < .05). ***p < .001, **p < .01, *p < .05. PTC, percentage of global tree coverage
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4  | DISCUSSION

4.1 | Global patterns of drepanosiphine species 
richness and endemism

Knowledge of the broad-scale patterns of spatial variation in spe-
cies distributions is central to answering many fundamental ques-
tions in macroecology and conservation biology (Collen et al., 2014), 
especially at the global scale. Compared with vertebrates (Ceballos 
& Ehrlich, 2006; Collen et al., 2014; Jenkins, Pimm, & Joppa, 2013; 
Orme et al., 2005), the global investigation of invertebrates remains 
more incomplete (Lovell, Hamer, Slotow, & Herbert, 2007; Stork, 
2007). Therefore, the investigation of global species richness and 
the endemism pattern of drepanosiphine aphids, one representative 
of typical specialist herbivorous insects, can enhance our knowledge 
of the diversity and distribution of specialist herbivorous insects to 
better understand the overall biodiversity in a stable ecosystem.

The species richness pattern showed that the distribution 
hotspots were mainly located in the temperate regions of the 
Northern Hemisphere, whereas the AoEs were not entirely dis-
tributed in the same regions as they were also in the Southern 
Hemisphere. Mountain areas, islands and peninsulas and some 
areas near the sea harboured the highest levels of species richness 
and endemism, serving as diversity hotspots, which shared the 
same distribution characteristics with the hotspots of many other 
organisms. For the endemism analyses, from large scales (extent 
and grid size) to small ones, some of the same and smaller AoEs as 
well as several new AoEs were identified, such as Taiwan Island and 
the southwest mountains in China. Indeed, Taiwan Island also acted 
as an AoE for other aphid taxa (Hormaphidinae, Li, Chen, Jiang, & 
Qiao, 2017; Greenideinae, Gao, Chen, Li, Jiang, & Qiao, 2017). In 
general, AoEs are thought to be a result of the conservation of re-
fugia from past extinctions or high rates of speciation (Orme et al., 
2005). Many studies have shown that the southwest mountains 
were important refugia during the Quaternary glaciations (He, Hu, 
Chen, Li, & Jiang, 2016; Lei, Qu, Song, Alstrom, & Fjeldsa, 2015), 
and this AoE might have formed due to the Quaternary glacial im-
pacts. Terborgh (1992) proposed that AoEs could also have acted 
as centres of speciation in the past, which supports our results that 
the spatial distribution patterns of species richness and endemism 
are roughly congruent in the Northern Hemisphere. However, the 
southern plains of the Baltic Sea in Europe were not as important 
in the endemism analyses, which might be due to the large num-
ber of species in common with Central and East Asia, similar to the 
patterns between species richness and endemism in Colletinae 
(Bystriakova et al., 2018).

In the southern hemisphere, three AoEs were identified with no 
corresponding species richness hotspots. Even though drepanosi-
phine aphids can be found around the world, their distribution is ex-
tremely heterogeneous. Because the aphids are mainly distributed 
in the temperate regions of the Northern Hemisphere, the density 
there is higher than that in the Southern Hemisphere, causing their 
species richness hotspots to be entirely distributed in the Northern 

Hemisphere. However, the groups with small distribution areas in the 
Southern Hemisphere were all endemic taxa, such as the subfamilies 
of Neophyllaphidinae, Lizeriinae, Spicaphidinae and Pterastheniinae, 
thus forming three AoEs.

4.2 | Key ecological variables correlated with 
drepanosiphine species diversity

It has long been hypothesized that climatic factors and the avail-
ability of host plants may work in combination to influence the spe-
cies diversity pattern of aphids (Gao et al., 2017; Huang et al., 2008; 
Huang, Qiao, & Lei, 2006; Li et al., 2017). However, there are no sup-
porting statistical analyses. Here, we used drepanosiphine aphids as 
a model group to conclude that the species richness of specific host 
plants was always the most important ecological variable for drepa-
nosiphine species diversity both on a global and regional scale, while 
the climatic variables mainly showed a pronounced effect on a global 
scale. Moreover, climatic variables showed significant influence on 
both global and regional specific host plants, indicating indirect 
effects on drepanosiphine species diversity via host plants. Thus, 
drepanosiphine species diversity is primarily shaped by their spe-
cific host plants, with indirect effects of climate via its interaction 
with the host plants. The results supported the ‘resource-dependent 
hypothesis’ based on biotic interactions for specialist herbivorous 
insects, exemplifying how biotic interactions shaped the species di-
versity of specialist herbivorous insects more directly.

4.2.1 | Climatic factors

From the global to regional scale, the influence of climatic variables 
on drepanosiphine species richness seems to be reduced, support-
ing the common notion that abiotic variables generally influence 
the species diversity pattern more at a broad spatial scale (Hawkins 
et al., 2003). The global drepanosiphine species diversity was influ-
enced by water availability and climate seasonality, both of which 
showed a positive relationship. Water variables were usually the 
strongest predictors in the tropics, subtropics and warm temper-
ate zones compared to other climatic and non-climatic variables 
(Hawkins et al., 2003). Although some studies reported that short-
term climate stability was sometimes negatively related to species 
diversity (Shrestha et al., 2018), our results revealed an opposite 
relationship, which seemed to contrast with the ‘climate stability 
hypothesis’ that regions with more climatic stability had greater 
species diversity (Stevens, 1989). Actually, the ‘climate stability hy-
pothesis’ was mainly proposed based on the relationship between 
species diversity and long-term climate stability (Kissling et al., 2012; 
Svenning & Skov, 2007).

Moreover, the abiotic limitation of climate on species diversity is 
complex, including not only the direct effect of water-energy avail-
ability but also the indirect effect on their food and habitat (Kissling, 
Field, & Böhning-Gaese, 2008; Zhang et al., 2013). Therefore, our 
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results suggested that climatic factors could also affect the global 
and regional drepanosiphine species richness indirectly through host 
plants. On the global scale, the host plant was mainly influenced by 
water availability. The precipitation, especially in the warmest quar-
ter, promotes plant germination, sprouting and growth, providing re-
sources for aphids and thus indirectly influencing the distribution and 
diversity of aphids, thereby showing a positive relationship with global 
drepanosiphine species diversity. On a smaller scale, when it came to 
different regions, the influence of climate on host plants differed. For 
instance, environmental energy significantly influenced host plants in 
Northeastern East Asia, while in Eastern North America or the entire 
world, its effect was weak; climate seasonality was highly related to 
host plants in these two regional zones, but their correlation showed 
an inverse relationship. These differences on different spatial scales 
indicate the impact of the scale effect, and might also be caused by 
the difference in associated vegetation and climate types.

4.2.2 | Specific host plants

In contrast to the indirect effect of climate, specific host plants af-
fected the global and regional drepanosiphine species richness di-
rectly, which supported that biotic factors were more important 
than abiotic factors for drepanosiphine aphids. Therefore, our re-
sults do not support the assumption that abiotic selection pressures 
more strongly influence temperate organisms (Anstett et al., 2016; 
Dobzhansky, 1950; MacArthur, 1972; Schemske, 2009; Schemske 
et al., 2009) based on the ‘biotic interactions hypothesis’. This find-
ing also supports that biotic interactions can affect distributions and 
diversity patterns of both tropical and temperate organisms not only 
at local scales but also at regional to global scales (Heikkinen, Luoto, 
Virkkala, Pearson, & Korber, 2007; Ilsøe et al., 2017; Wisz et al., 2013). 
Furthermore, both the global and regional drepanosiphine species di-
versity showed a positive relationship with specific host plants, which 
also matched our current knowledge on their intimate associations. 
The specific host plants not only provide food for herbivorous insects 
but also represent a way of life, involving locations for escape from 
predators, overwintering and mating (Berenbaum, 1990). Therefore, 
areas with higher species richness of host plants provide more re-
sources for drepanosiphine aphids, making their species diversity 
highly correlated based on the hypothesis of adaptive radiation.

Bell, Taylor, Shortall, Welham, and Harrington (2012) noted 
that the abundance of aphids in the United Kingdom was mono-
tonically correlated with the geographical range size of their 
winter hosts. Brändle, Kühn, Klotz, Belle, and Brandl (2008) also 
indicated that the species richness of herbivores on exotic host 
plants increased with time since the introduction of hosts. The 
above examples both support our finding that drepanosiphine 
species diversity was highly correlated with specific host plants 
as opposed to the percentage of tree coverage representing en-
tire woody plants, implying specialist herbivorous insects may 
interact with plants in distinct ways compared with generalist in-
sects (Ali & Agrawal, 2012). This observation seemed to explain 

why Schuldt and Assmann (2010) found that the species diversity 
pattern of aphids was clearly not correlated with vascular plants 
across Europe, whereas 11 other invertebrate taxa were associ-
ated with vascular plants to some extent. Unlike other inverte-
brate taxa, aphids are typical specialist herbivorous insects, and, 
especially for groups such as drepanosiphine aphids that lack the 
ability of host conversion, they generally only show intricate rela-
tionships with their specific host plants (Goggin, 2007; Meseguer, 
Coeur d'acier, Genson, & Jousselin, 2015; Züst & Agrawal, 2016). 
Therefore, these kinds of constrained properties of biotic inter-
actions, such as at the trophic level (Haerter, Mitarai, & Sneppen, 
2014; James et al., 2015), can lead to aphids being closely associ-
ated with their specific host plants instead of all vascular plants.

However, it is worth noting that the percentage of the vari-
ance of drepanosiphine species richness accounting for the eco-
logical variables (R2) is very low in both the OLS and SAR analyses, 
which is not in accord with our expectation that selected eco-
logical variables should explain the variance of drepanosiphine 
species diversity well if key variables are included. There may be 
several potential reasons for this unexpected phenomenon. First, 
the widely used ecological variables were preselected according 
to our knowledge of aphids. However, the ecological processes 
of nature are usually complex. Therefore, in the process of as-
sessing ecological variables, we might have omitted potentially 
important variables. Second, in order to avoid correlations and 
multicollinearity of climatic variables under each environmental 
category, the first principal component was extracted based on 
PCA and used in the statistical analyses. Although all first principal 
components accounted for high variance of each environmental 
category, its interpretation ability was still weakened to some ex-
tent. Third, geographical isolation could have hindered the disper-
sal of aphid populations to new suitable habitats that host plants 
occupied in other regions, thereby decreasing the correlation of 
species richness between aphids and their host plants. A typical 
example is the distribution of the Tamaliinae and their host plants 
of the Arctostaphylos genus (Appendix S7). In the Neotropics, the 
species richness patterns of these two taxa are completely con-
gruent, whereas Tamaliinae cannot disperse to Europe despite the 
existence of suitable host plants because the North Atlantic is an 
impassable obstacle. In this context, the limited dispersal ability of 
aphids could also be partly responsible for the deviation from the 
species richness of their host plants (Schuldt & Assmann, 2010).

4.3 | Insight into the biodiversity of 
herbivorous insects

Although the ‘biotic interactions hypothesis’ predicted that the 
strength of biotic interactions increased closer to the equator 
(Schemske et al., 2009; Baskett & Schemske, 2018), for herbivorous 
insects, the strength of host specificity might exhibit an inverse pat-
tern. Novotny et al. (2002) and Holm et al. (2019) both suggested her-
bivorous insects in a tropical forest might have lower host specificity 
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than in temperate regions. Therefore, for generalist herbivorous in-
sects, they have a wide range of hosts, so high tropical plant diversity 
can buffer high insect diversity based on the ‘resource specialization 
hypothesis’ (Keddy, 1984) and the hypothesis of ‘species–energy 
relationships’ (Wright, 1983). In contrast, specialist herbivorous in-
sects restricted to one or only a few plants, whose species diversity 
is mainly correlated with their hosts, might show unexpected species 
diversity pattern, just like drepanosiphine aphids which are mainly 
distributed in the north temperate zone (Figure 1). On the other 
hand, the ‘resource concentration hypothesis’ (Root, 1973) suggests 
that herbivores frequently forage in a density-dependent manner 
and that increasing plant species or genotype numbers while keep-
ing plant density constant reduces the likelihood of finding a pre-
ferred host plant species (or genotype), ultimately leading to lower 
herbivore abundance. Dixon, Kindlmann, Leps, and Holman (1987) 
validated this hypothesis using tropical aphids and pointed out the 
high degree of host specificity was one important reason of their low 
species diversity. It was also supported by our results that the per-
centage of tree coverage representing whole woody plants showed 
a negative relationship with drepanosiphine species richness in most 
occasions.

5  | CONCLUSIONS

Although drepanosiphine aphids are distributed worldwide, their 
distribution hotspots of species richness and endemism are both 
mainly located in temperate zones, supporting them as being repre-
sentative of temperate organisms. From a global scale to a regional 
scale, the influence of climatic variables on drepanosiphine species 
diversity seems to be reduced, supporting the common notion that 
abiotic variables generally influence the species diversity pattern 
more at a broad spatial scale, while the host plant is always the most 
important ecological variable in shaping drepanosiphine species di-
versity. Moreover, climate shows indirect effects on global and re-
gional drepanosiphine species diversity via host plants. Therefore, 
as typical specialist herbivorous insects, the global and regional 
drepanosiphine species diversity is primarily shaped by specific 
host plants, with indirect effects of climate via host plants, verify-
ing the ‘resource-dependent hypothesis’ caused by biotic interac-
tions. For specialist herbivorous insects, their intricate interactions 
with host plants for resources may constrain their species diversity 
from being positively correlated with the species diversity of their 
hosts, although geographical isolation and the limited dispersal abil-
ity of aphids might decrease the strength of their correlation at a 
broad scale. Our results shed new light on the ‘biotic interactions 
hypothesis’ stating that biotic interactions can primarily affect the 
distributions and diversity patterns of both tropical and temperate 
organisms not only at local scales but also at regional to global scale.
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