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Potentially suitable areas for
Ricania speculum (Hemiptera:
Ricaniidae) in China under
climate change

Xueli Feng, Zhengxue Zhao, Yingjian Wang and Yubo Zhang*

Key Laboratory of High-efficiency Agricultural Plant Protection Informatization in Central Guizhou,
College of Agriculture, Anshun University, Anshun, China

Determining the suitable areas for pests and the dynamic shift of these areas
under climate change is crucial for their management and control. The black
planthopper (Ricania speculum) is an economically important pest in China, but
knowledge about the suitable areas for its habitation is limited. Therefore, in this
study, a Maxent model was constructed using 111 occurrence records and
related environmental variables to predict the suitable areas for it to inhabit
now and in the future (2041-2060, 2061-2080, and 2081-2100) in China,
following by exploration of their dynamic shift. The model results showed that
the currently suitable areas are predominantly in central and southern provinces
such as Henan, Anhui, Hubei, and Guizhou, while the areas that are highly
suitable are the most abundant among the three levels of suitability.
Furthermore, the number of suitable areas for R. speculum in the three future
periods was predicted to increase compared with that in the current period; the
results also revealed that the suitable areas for R. speculum will consistently
expand northward. The results of this study deepen our understanding of the
impacts of climate change on the distribution of R. speculum and should also be
beneficial for farmers and government departments to develop appropriate and
cost-effective pest management strategies to reduce economic damage to
China’s agricultural systems.
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Introduction

Although the survival and development of human society is dependent on agriculture,
thousands of insect pests seriously threaten it (Ali et al., 2023). These pests reduce yields
and cause huge economic losses (Oliveira et al., 2013; 2014; Tonnang et al., 2022). As such,
a major task in global agricultural production is to reduce the harm inflicted by insect pests.

Climate change is one of the gravest concerns globally. This term refers to the
phenomenon of changes in environmental parameters such as temperature, humidity,
and precipitation over a long period of time (Skendzic et al., 2021a). There is considerable
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evidence that climate change has significantly altered the
distribution patterns of insect pests (Santana et al, 2019; Wang
et al., 2020; Zhang et al., 2023; Chen et al., 2024). This has in turn
raised numerous challenges for the management and control of
such pests. For example, in newly invaded regions, there is a need to
establish special monitoring and prevention measures.
Unfortunately, given that ongoing climate change increasingly
seems inevitable, new and growing challenges may be on the
horizon in the fight against insect pests. In this context, the
current priority is to use scientific methods to predict in advance
the trends in the distribution of insect pests under future climate
change conditions. This would facilitate the establishment of more
cost-effective monitoring and prevention strategies.

Ricania speculum (Walker, 1851), commonly known as the
black planthopper, belongs to the family Ricaniidae (Hemiptera:
Fulgoroidea). This pest feeds on more than 60 plant species (Gao
et al,, 2022), including some of the most economically important
crops, such as apples, coffee trees, oil palm, and tea trees (Li et al.,
20115 Xu et al., 2013; Rossi and Lucchi, 2015). The plant damage
caused by R. speculum is mainly due to its direct feeding. This pest
often gathers on young branches, pierces the host tissue, and
absorbs sap, which weakens the growth of the plant, induces leaf
curvature and chlorosis, and in severe cases causes the branches to
die (Yang, 1989; Yu, 2007; Mifsud et al., 2010; Wilson et al., 2016).
China is one of the main regions of R. speculum infestation. In the
20th century, work began to document the damage caused by this
pest to various plants in China (Xu and Zhong, 1988; Yang, 1989;
Zhong, 1989), and subsequent studies reported pest outbreaks in
regions with environmental conditions that are favorable to it (Li
et al,, 2015). Not only do such favorable conditions aggravate the
damage to crops, but the fact that these conditions may change also
complicates pest management efforts. There is thus an urgent need
to understand the distribution of R. speculum. Determining its
current distribution and predicting its future ones should aid in the
development of scientific and effective pest management strategies,
thereby reducing harm to agricultural production.

At present, the monitoring and management of R. speculum rely
on traditional field surveys combined with chemical, biological, and
cultural control methods. Field surveys typically involve visual
inspections, trapping, and manual specimen collection to assess
population distribution and density. Chemical control, such as
insecticide applications, is commonly used to reduce pest
populations in affected areas (Yu, 2007; Zhang and Xie, 2008; Xu
etal,, 2013). In some regions, biological control measures, including
the introduction of natural predators, have been implemented to
suppress R. speculum populations (Zhang and Xie, 2008; Xu et al.,
2013). Additionally, cultural practices, such as habitat modification,
are employed to limit its establishment and spread (Zhang and Xie,
2008). Although field surveys method provides information on the
distribution of R. speculum populations, it has three major
limitations. First, manual monitoring and investigations require
substantial resources and usually rely on field sampling and manual
records, which is laborious and prone to omissions or errors.
Second, conventional methods can often only provide distribution
data on a limited spatial scale, with it being difficult to cover large
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regions such as the whole of China. Finally, the changing
distribution of R. speculum in the context of climate change
cannot be obtained. Given these limitations of conventional
methods, there is an urgent need to find a feasible alternative.
Species distribution models predict suitable areas for particular
species based on the association between occurrence records and
environmental predictors and have been broadly applied to insect
pests (Kumar et al, 2016; de Paula et al., 2020; Xu et al., 2020;
Hwang et al., 2022). These models can predict the suitable areas for
insect pests at present and in the future at a macroscale and reduce
monitoring costs and workload. Data on such areas constitute a key
reference for the formulation of pest management strategies. To
analyze the data, ecologists have developed a large number of
species distribution models ranging from simple regression
models to complex machine learning algorithms. Among these
models, the maximum entropy (Maxent) model, a machine
learning algorithm, is the most widely used. Its popularity is
related to many factors, especially outstanding predictive accuracy
and ease of use (Merow et al., 2013). Given this background, a
Maxent model was here applied to the insect pest R. speculum. The
objectives of this study are as follows: 1) to predict the suitable areas
for R. speculum in China at present and in the future and 2) to
investigate the dynamics of suitable areas under climate change.

Materials and methods
Species occurrence records

We compiled 183 occurrence records of R. speculum in China
from the literature, specimen collection records from Anshun and
Guizhou Universities, and the Global Biodiversity Information
Facility (GBIF; https://www.gbif.org/). For the GBIF data, we
removed the occurrence records with common biological
collection errors and high coordinate uncertainty (>20 km) based
on the CoordinateCleaner Package in R 4.2.1 (Zizka et al., 2019).
The occurrence records from the literature were georeferenced via
Google Earth if information on the latitude and longitude was
missing. Furthermore, to improve the performance of the species
distribution model, we needed to resolve the potential issue of
uneven sampling, such as due to field accessibility and collector
preference, which often results in sampling bias in species
occurrence records within a given area (Boria et al,, 2014). Thus,
we used the spThin package in R 4.2.1 to perform spatial thinning at
a distance of 20 km (Aiello-Lammens et al, 2015). We finally
obtained 111 occurrence records (Figure 1; Supplementary Table
51), which were mainly distributed in the central and southern
provinces of China, such as Hubei, Guizhou, and Yunnan.

Environmental variables
The current environmental variables included 19 bioclimatic

variables (Biol-Biol9) and 2 topographic variables (altitude and
terrain roughness). Taking into account the collinearity between
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FIGURE 1

Occurrence records of R. speculum in China.

environmental variables is also a key step in building species
distribution models. Therefore, we calculated the pairwise
Pearson correlation coefficients (r) among the values of all pairs
of the environmental variables obtained from the occurrence
records using the sjPlot packages in R 4.2.1 (Liidecke, 2024). We
selected only one of a pair of variables if r between them was >0.8.
Then, the variance inflation factor (VIF) of the selected
environmental variables was also computed via usdm packages in
R 4.2.1 (Naimi et al., 2014), and the environmental variables with
the highest VIF values were subsequently removed in sequence until
the remaining environmental variables had a VIF value of <5.
Typically, VIF values of <5 among environmental variables
indicate negligible collinearity. Finally, we selected six
environmental variables: mean diurnal range (Bio2), mean
temperature of the wettest quarter (Bio8), precipitation of the
driest month (Biol4), precipitation seasonality (Biol5),
precipitation of the warmest quarter (Bio18), and terrain roughness.
To predict suitable areas for habitation by the pest in the future,
we accessed the future bioclimatic variables for the periods 2041-
2060, 2061-2080, and 2081-2100 in the Coupled Model
Intercomparison Project Phase 6. We used only future climate
data provided by Shared Socioeconomic Pathways 245 (SSP245),
a moderate-emissions scenario, to avoid extreme predictions
(Hwang et al., 2022). Future bioclimatic variables in SSP245 are
the means of the three Global Climate Models: CanESM5, IPSL-
CM6A-LR, and MIROCS6. These models have been widely used in
previous studies (Zhao et al., 2024a; 2024b). Future data on terrain
roughness are expressed as current terrain roughness because this
should not change significantly over a period of several decades.

Frontiers in Ecology and Evolution

Bioclimatic variables and altitude were obtained from the
WorldClim data website (https://www.worldclim.org), and terrain
roughness was derived from the ENVIREM dataset created by Title
and Bemmels (2018). The spatial resolution of these environmental
variables is 2.5 arc-min.

Maxent model fitting

As the parameter feature class (FC) and regularization multiplier
(RM) in Maxent models are highly correlated with model complexity,
previous research suggests they should be optimized (Phillips and
Dudik, 2008; Muscarella et al., 2014; Radosavljevic et al., 2014). FC is
an expanded set of transformations of the original environmental
variables. Linear (L), quadratic (Q), product (P), threshold (T), and
hinge (H) FC are provided in the Maxent model and can determine
the kinds of constraints. Specifically, L ensures that the mean of the
environmental variable is close to its observed value (Phillips et al,,
2006). Q constrains the variance of the environmental variable close
to its observed value (Phillips et al., 2006). P constrains the covariance
of two variables to be close to its observed value (Phillips et al., 2006).
T constrains the proportion of estimated distributions, with values for
the variable above the threshold close to the observed proportion
(Elith et al., 2011). H constrains the mean of the variable above the
threshold under the estimated distribution close to its mean above the
threshold in the observed proportion (Elith et al, 2011). The RM
value seeks to balance the model fit and complexity (Velasco and
Gonzalez-Salazar, 2019). In short, the FC and RM values can be
combined to achieve optimal model complexity.
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FIGURE 2
The workflow for fitting the Maxent model.

We tuned the Maxent model by setting the different FC
combinations (“L,” “H,” “LQ,” “LQH,” “LQHP,” “LQHPT”) and
RM values ranging from 0.5 to 4, with increments of 0.5 (Zhao et al.,
2024c). In this process, we used the checkerboard2 approach for
partitioning the occurrence data and selected the best model using
the lowest AICc score (Muscarella et al., 2014). Finally, a feature
class combination of LQ and a regularization multiplier value of 0.5
were obtained to run the Maxent model. Meanwhile, we applied
settings of 5-fold cross-validation, loglog output, and 10,000
background points throughout the study region (Zhao et al,
2024c). The workflow for fitting the Maxent model is also shown
in Figure 2.

The relative contributions of the environmental variables to the
Maxent model were estimated using the percent contribution and
permutation importance metrics. To assess the performance of the
Maxent model fitting, we employed the area under the receiver
operating characteristic curve (AUC), with a value of >0.75 being
considered useful (Elith, 2002). The above processes were
performed in the raster (Hijmans, 2023), ENMeval (Kass et al,
2021), and dismo packages (Hijmans et al., 2023) in R 4.2.1. The
code to build the Maxent model is in Supplementary Table S2.

For the Maxent model constructed in this study, we follow the
eleven obligatory subsections of the ODMAP protocol (Zurell et al.,
2020), which five data-related subsections (focal taxon/taxa,
location, biodiversity data overview, predictor type, spatial and
temporal scale), two conceptual subsections (hypotheses,
underlying assumptions) and four technical subsections (SDM
algorithms, model workflow, and the software and data used).
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Patterns of suitable areas for habitation

The Maxent model produces a continuous raster with values from
0 to 1 representing habitat suitability. Based on this, we defined
suitable/unsuitable areas for R. speculum in China using the maximum
training sensitivity plus specificity Cloglog threshold (0.228). This
threshold was chosen because it is one of the best threshold selection
methods (Liu et al., 2005). Furthermore, suitable areas were classified
into three levels in terms of their suitability: low (0.228-0.4), moderate
(0.4-0.6), and high (0.6-1) (Wei et al., 2020; Wang et al., 2021). This
classification provides a clear gradient of habitat suitability, making it
essential for targeted management efforts.

Mean (AUC= 0.849) ®
Mean+/- one stddev ®
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Random Prediction =

S © © © ©
A o 9 »
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FIGURE 3
Receiver operating characteristic curve and AUC of Maxent.
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TABLE 1 Importance of the environmental variables.

Environmental Percent Permutation
variables contribution importance
Bio2 802 473
Bio8 82 287
Biol4 35 3.1
Biol5 34 45
Biol8 2.8 111
Terrain roughness 1.9 5.4

To summarize changes in distribution under climate change, we
used the SDMtoolbox in ArcGIS 10.7 software (Brown, 2014) to
obtain the distribution change types and centroid change.
Distribution change types consist of contraction, expansion, and
unchanged areas in the species distribution (in km?), while the
centroid change reduces species distribution to a single central
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point and creates a vector describing the magnitude and direction of
change over time (Brown, 2014)

Results
AUC value and variable contributions

The mean AUC value of five replicate runs of the Maxent model
was 0.849 (Figure 3), suggesting that it can be used to predict
suitable areas for R. speculum in China. The percent contribution
metric showed that the mean diurnal range (Bio2) is the most
important environmental variable limiting the distribution of R.
speculum, followed by the mean temperature of the wettest quarter
(Bio8) (Table 1). The remaining four variables are of relatively low
importance. The permutation importance metric also demonstrated
that these same two variables are the most important for the
distribution of this species (Table 1). Response curves show the
relationship between the presence probability of R. speculum and
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Response curves of the relationship between the presence probability of R. speculum and six environmental variables.
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TABLE 2 Suitable areas (km?) for R. speculum under current and future
environmental conditions.

Current 2041-2060 2061-2080 2081-2100
Total 3.02x10° 3.98x10° 4.13x10° 4.22x10°
Low 6.34x10° 1.02x10° 1.04x10° 9.97x10°
Moderate = 6.98x10° 6.57x10° ‘ 6.58x10° ‘ 7.31x10°
High ‘ 1.69x10° 2.30x10° ‘ 2.43%10° ‘ 2.50x10°

environmental variables (Figure 4). The presence probability
increases with increases in the variables mean diurnal range
(Bio2), precipitation in the driest month (Biol4), precipitation in
the warmest quarter (Biol8), and terrain roughness, followed by
decreases. In contrast, the presence probability continues to
increase as the mean temperature of the wettest quarter (Bio8)
increases. For precipitation seasonality (Biol5), the presence
probability initially decreases and then increases.

Distribution of suitable area and its change

The total suitable area for R. speculum in China was predicted to
be 3.02x10° km? (Table 2) under present-day environmental
conditions, being distributed mainly in the central and southern
provinces of China (Figure 5), such as Henan, Anhui, Hubei, and
Guizhou. In northern China, suitable areas were also detected in
southern Liaoning and northern Xinjiang (Figure 5). However, such
areas were not identified in Qinghai and Inner Mongolia (Figure 5).

10.3389/fevo.2025.1549532

The distribution patterns of the three suitable areas present a nested
structure. Specifically, the highly suitable area is located in the
innermost region and occupies the largest geographical range
(Figure 5), reaching 1.69 x 10° km? (Table 2). The moderately
suitable area (6.98 x 10° km?) is nested outside the highly suitable
habitat, while the area with low suitability (6.34x10° km?) is nested
outside the moderately suitable habitat (Figure 5).

The suitable area for R. speculum in China under future
environmental conditions is larger than that under the conditions in
the present day (Figure 6; Table 2). The suitable area was predicted to
reach 3.98 x 10° km? in the period 2041-2060 (Table 2). In this period,
the areas with low and high suitability showed increases compared
with their sizes in the present day (Figures 5, 6), while the area with
moderate suitability was predicted to decrease (Table 2). The areas
predicted to be suitable in the period 2061-2080 continued to increase
in size, being larger than those of 2041-2060 and the present day
(Table 2). Meanwhile, in the period 2081-2100, the suitable areas
reach their greatest size, predicted to be 4.22x10° km” (Table 2). It was
further found that the areas with moderate and high suitability in this
period were also the largest among all of the periods (Table 2).

In terms of the types of change in the suitable areas for R.
speculum in China, only “expansion” and “unchanged” were
identified under the three future periods (Figure 7). In 2041-2060,
the expansive suitability area was predicted to be 9.56x10° km?
(Table 3), mainly concentrated in northern China, especially in
Heilongjiang, Liaoning, Jilin, and Xinjiang (Figure 7). The
unchanged suitability area was significantly larger than the
expansive suitability area (Figure 7), covering 3.02x10° km?
(Table 3). In 2061-2080 and 2081-2100, the expansive suitability
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FIGURE 5

Areas suitable for R. speculum under the current environmental conditions in China.
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FIGURE 6
Areas suitable for R. speculum under future environmental conditions in China.

area is predicted to continue to increase northward (Figure 7), while  [Discussion

the unchanged suitability area is predicted to be consistent with that in

the period 2041-2060 (Table 3). Centroid change more clearly shows In this study, a Maxent model was constructed to predict the
the trend of changes in the areas suitable for R. speculum in China  suitable areas for the agricultural pest R. speculum in China at present
under future environmental conditions (Figure 8). Overall, the suitable ~ and in the future. The model results revealed the relative importance
areas move northward, at distances of 442.25 km for 2041-2060, 5529  of various environmental variables and further indicated that the
km for 2061-2080, and 31.31 km for 2081-2100 (Figure 8). temperature-related variables (Bio2 and Bio8) had a much greater
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Change in area suitable for R. speculum in China compared with that under current environmental conditions.

impact on this species’ distribution than the precipitation- and
topography-related ones. This can be explained by the physiological
characteristics of insects, in that their body temperature depends on
the ambient temperature (Skendzi¢c et al., 2021a), and thus
temperature may be the most important environmental variable
affecting insect distribution (Kocmankova et al., 2010).
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Because of the dominant role of temperature-related variables
in the distribution of R. speculum, only small or no suitable areas for
this species were detected in China’s colder regions, such as
Heilongjiang, Jilin, Xizang, and Inner Mongolia (Figure 5). Our
study also predicted that several provinces without occurrence
records are suitable habitats for R. speculum, such as Xizang,
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TABLE 3 Change in the suitable area (km?) for R. speculum under
current and future environmental conditions.

2041-2060 2061-2080 2081-2100
Expansion 9.56x10° 1.11x10° 1.20x10°
Unchanged 3.02x10° 3.02x10° 3.02x10°

Xinjiang, Hainan, and Taiwan. At the same time, although Yunnan
and Guizhou have the largest numbers of occurrence records and
large numbers of suitable areas, the number of highly suitable areas
is not large. In contrast, almost the entire land area of some
provinces with fewer distribution records (e.g., Hunan, Jiangxi,
and Guangdong) was predicted to be highly suitable for this species.
These findings suggest that there is a lack of uniformity between
different provinces in terms of the surveys performed to date,
resulting in major underestimation of the actual distribution of R.
speculum in some provinces. In other words, the crops in these
provinces are very likely to be attacked by pests, but this has yet to
be recorded. Field collection work can be carried out in regions
currently lacking distribution records but predicted to contain
suitable habitats, to test the validity of the model prediction.

It is well established that insects are sensitive to temperature
(Lehmann et al., 2020). Species that fail to adapt and evolve to rising
temperatures generally struggle to maintain their populations,
whereas other species can thrive and reproduce quickly (Skendzic
et al,, 2021a). Rising temperatures have thus significantly altered the
geographical distributions of insect pests (Bebber et al, 2013;
Netherer and Schopf, 2010; Jactel et al., 2019; Skendzic et al.,
2021b). From an agricultural perspective, particularly with the goal
of improving crop yields, there is an expectation that future climate
warming might lead to the shrinkage or even disappearance of pest
populations. However, contrary to this expectation, numerous
studies have shown that many insect pests are projected to expand
their distribution ranges under future climate scenarios (Xu et al,
2020; Zhang et al., 2022; Chen et al., 2024; Wei et al., 2024). This
expansion highlights the fact that global warming is creating
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increasingly favorable conditions for insect pests, enabling their
spread and colonization into regions previously unsuitable for
them, as observed in Heilongjiang and Jilin regions (Figure 7). The
expansion of pest distributions inevitably leads to a range of adverse
effects. These include reduced crop yields, along with the costs of
establishing the infrastructure, resources, and expertise to address
emerging pest populations, which are ultimately borne by farmers
and the government. In light of these challenges, it is crucial to
develop the tools to predict pest distributions under future climate
scenarios, as this can help to prevent pest invasions and mitigate
potential damage before it occurs.

The suitable areas for R. speculum and their patterns of change
as predicted in this study are helpful for farmers and government
departments to formulate pest management strategies. Specifically,
such information tells them which regions should be prioritized and
what appropriate management strategies should be implemented
depending on the particular trends. For instance, highly suitable
areas face the greatest risk of species occurrence and spread, so pest
management resources (e.g., pesticide application and population
monitoring) should be concentrated in these areas to enable more
effective control. In addition, in suitable areas that are predicted to
expand under climate change, rigorous preventive measures,
including stringent quarantine protocols, should be formulated to
limit the invasion of R. speculum from other regions. To achieve
these goals, local governments should provide financial support to
facilitate timely and effective action.

Species distribution models are widely recognized as powerful
tools for predicting the distribution of insect pests, and offer insights
that are crucial for pest management strategies. However, they are
not without limitations, particularly when the key drivers of pest
distribution are omitted. For example, the survival and distribution
of R. speculum are influenced by variables related to the
surrounding biota, including competitive interactions and the
presence of associated plants. Extensive research has
demonstrated that integrating biotic variables into species
distribution models can significantly enhance their accuracy
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(Giannini et al., 2013; Kass et al., 2019; Stephenson et al., 2022).
However, a major limitation of our modeling process is the lack of
availability of rasterized data for the relevant biotic variables
associated with R. speculum. Consequently, these biotic variables
could not be included in the current modeling framework,
potentially reducing the accuracy of the predictions. In future
work, it will be essential to address this limitation to refine the
model and improve its utility for understanding the distribution of
R. speculum.

Conclusions

The current study fitted a Maxent model to predict the suitable
areas for the insect pest R. speculum in China under both current
and future environmental conditions. It also investigated the
dynamics of these areas over time. The results revealed that the
suitable areas for this species under present-day environmental
conditions were primarily concentrated in the central and southern
provinces of the country, with a nested distribution pattern
observed among areas of low, moderate, and high suitability.
Under future environmental conditions, the areas predicted to be
suitable were larger than those under current environmental
conditions, suggesting that the population will increase in size
and demonstrate a northward shift. The data on areas predicted
to be suitable for R. speculum in this study provide valuable
information for the management of this pest and efforts to
control it in response to changing environmental conditions.
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