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Abstract: The longicorn beetle Monochamus saltuarius (Coleoptera; Cerambycidae) is an insect vector
that transmits the pine wood nematode Bursaphelenchus xylophilus, a serious issue in pine forests
in China, Japan, and South Korea. Dastarcus helophoroides and Scleroderma guani are effective in
controlling M. saltuarius. However, the application of these parasites for the direct control of vector
insects requires detailed analyses of the suitability of the selected natural enemies in potential pest
areas, particularly under climate change. Based on species distribution records as well as the current
and projected climate change trends up to 2050, we utilized an optimized Maxent algorithm to predict
the potential distribution patterns of M. saltuarius and its natural enemies in China. Furthermore,
we estimated Schoener’s D to quantify the overlap in adaptability between M. saltuarius and its
natural enemies. The potentially suitable areas predicted under the current climate conditions were
concentrated mainly in northeast and north China. Additional suitable areas were detected in
central, eastern, northwestern, and southwestern China. Under future climate conditions, the suitable
range of M. saltuarius gradually shifted southward, with a tendency to expand into high-altitude
and colder regions, such as Sichuan, Qinghai, and Tibet. The potential distribution of the natural
enemies D. helophoroides and S. guani continued to expand under climate change. A comparison of the
appropriate habitats of M. saltuarius and natural enemy insects indicated that D. helophoroides is more
suitable for initial biological control in north, northeast, and central China as well as certain northwest
and coastal regions. S. guani could be prioritized for nationwide release, while joint control using both
species may be effective in Liaoning, Hebei, and Tianjin provinces. These analyses demonstrate that
future climate change is likely to exert adverse effects on the potential distribution of M. saltuarius but
is favorable for the potential distributions of natural enemies. This study offers important insights
into the effective control of M. saltuarius and provides an experimental basis for the utilization of
natural enemies according to the characteristics of different regions.

Keywords: Monochamus saltuarius; Dastarcus helophoroides; Scleroderma guani; Maxent; biological control;
climate change

1. Introduction

The longicorn beetle Monochamus saltuarius Gebler (Coleoptera; Cerambycidae) is
a type of wood-boring pest [1,2]. As a kind of native longicorn beetle on the Eurasian
continent, it has two subspecies, including the nominal subspecies Monochamus saltuarius
saltuarius (Gebler, 1830) and the western subspecies Monochamus saltuarius occidentalis
(Sláma, 2017). In this study, M. saltuarius, a native subspecies in China, is referred to
as Monochamus saltuarius saltuarius (Gebler, 1830). The current literature records of this
subspecies in China are mainly distributed in northeast China (Liaoning, Jilin, Heilongjiang,
and Inner Mongolia) [3]. Larvae of the longicorn beetle primarily damage the Abies, Larix,
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Picea, and Pinus genera belonging to the Pinaceae family [4]. M. saltuarius may harm a wide
range of tree species. The longicorn beetle directly harms Pinus tabuliformis, P. koraiensis,
and P. densiflora in China, and a few studies have found that P. sylvestris var. mongolica and
Larix are also the feeding targets of M. saltuarius, but their feeding behavior is less than
that of P. tabulaeformis and P. koraiensis [5,6]. The larvae destroy the xylem and cambium
layer of the trunk, causing the trees to weaken and eventually die. Additionally, as a
vector of Bursaphelenchus xylophilus Steiner and Buhrer (Aphelenchida; Aphelenchoididae),
adult M. saltuarius transmits the pine wood nematode (PWN) to healthy pine trees during
feeding and egg laying, leading to pine wilt and eventual death [7,8]. In 2017, the longicorn
beetle carrying PWN infected Pinaceae trees in Dongtang town, Fengcheng, Liaoning
Province [1]. Pinewood nematode disease (PWD) was first introduced into China in 1983
and has since caused 742 county-level PWD epidemic areas by 2021 [9]. The impact of
PWD is significant as the import and export restrictions it causes result in the United States
losing approximately USD 150 million and Canada losing USD 700 million annually [10].
M. saltuarius has increased the risk of pine wilt disease in China, posing a significant threat
to forest resources and ecological security [11–14].

Dastarcus helophoroides Fairmaire, a species of beetle belonging to the Bothrideridae
family Coleoptera genus, is widely used as a natural parasitic enemy in China for biological
control of longicorn beetles [15]. Another native Chinese insect, Scleroderma guani Xiao and
Wu from the Bethylidae family Hymenoptera genus, has also shown significant progress
in parasitizing and controlling M. saltuarius [16]. Theoretically, for large-scale biological
control, it is necessary to evaluate the survival of relevant natural enemy insects in pest-
infested areas, providing a basis for the release of relevant species in batches in different
suitable areas. Recent evidence suggests that D. helophoroides primarily parasitizes pupae
and larvae of M. saltuarius, with a higher rate of parasitism in pupae than in larvae.
S. guani predominantly parasitizes larvae of this longicorn beetle [16,17]. In northeast
China, the initial control effects of D. helophoroides and S. guani on M. saltuarius have
been confirmed [16,17]. However, it is currently unclear whether the two natural enemies
mentioned are effective in all regions. It is important to evaluate which natural enemy
insect is best suited based on the harmful characteristics of pests and the climatic conditions
present in various regions.

Global climate change is one of the most significant challenges faced by human beings
at present, and the environmental and ecological issues resulting from climate change
have become a primary focus of research in numerous countries [18,19]. Pests have strong
adaptability to the environment and respond quickly to environmental changes. Climate
change will alter the location, timing, and scale of pest outbreaks, thereby increasing the
survival rate and number of pest generations. This will undoubtedly increase the risk
of biological invasion and the spread of pests and diseases, consequently altering the
dynamics of “plant–pest–natural enemy” interactions [20].

Ecological niche models (ENMs) estimate a species’ niche using a specific algorithm
that combines species distribution data and relevant environmental variables. They reflect
the habitat preference of a species in the form of a probability. The results are often
expressed in terms of potential suitable areas for species and habitat suitability [21,22].
ENMs are a type of correlation model that do not aim to explain the biological changes in
species resulting from genetic and environmental factors [23]. Therefore, the suitability
of different species in various environments can be determined for a particular area. It is
possible to predict the potential distribution of species and identify the main environmental
variables that contribute to this distribution [24]. The maximum entropy model (Maxent) is
a niche model. Maxent considers species and environmental conditions as a closed system.
The stable relationship between species and the environment is determined by calculating
state parameters when the system has the maximum entropy, enabling the estimation
of species distributions and habitat suitability [25,26]. In the context of alien biological
invasion and global climate change, species distribution modeling is an effective approach
to simulate potential distributions [27]. Using Maxent to predict species distributions and
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extrapolate across time or spaces, predicted species distributions fall between the potential
and real distributions [28].

In this study, we collected observation data and used a Maxent approach to predict
the potential distribution area of M. saltuarius and its natural enemies in China under
a climate change scenario and measured the degree of overlap between these longicorn
beetles and their natural enemies. The key study aims were as follows: (1) To determine the
potential suitable range of M. saltuarius in China under current and future climate scenarios;
(2) To identify the potential suitable range of D. helophoroides and S. guani in China under
current and future climate scenarios; (3) To provide recommendations for selecting the most
suitable natural enemy in various regions based on differences in adaptability between
longicorn beetles and natural enemies of pests. The impact of climate change on the species
distribution was analyzed, providing a reference for the early warning and control of this
longicorn beetle. To improve the theoretical system related to the biological control of PWN
vector insects, we provide suggestions for the control of the specific natural enemy of the
longicorn beetle in China under current climate conditions from the perspective of regional
habitat suitability.

2. Materials and Methods
2.1. Species Location Data

Observation data for M. saltuarius, D. helophoroides, and S. guani were collected us-
ing three methods. First, literature searches against both the China National Knowledge
Infrastructure (CNKI, https://www.cnki.net/, accessed on 16 October 2022) and Web of
Science (WOS, https://www.webofscience.com/wos, accessed on 13 December 2022) were
conducted using the scientific name of each species as the keyword. The records obtained in
the search contained information on the distribution of the target species. Second, precise
pest occurrence records were obtained through a field survey conducted in Shenyang and
Fushun, Liaoning Province. Longhorn beetles were sampled from wood in Fushun Dahuo-
fang Forest Farm during the PWN epidemic in November 2021. Trapping observations
were conducted in Shenyang Dongling Park from March to April 2022. Third, distribution
data were collected through websites that record species occurrences, such as the Global
Biodiversity Information Facility (GBIF, https://www.gbif.org, accessed on 23 Decem-
ber 2022; M. saltuarius: https://doi.org/10.15468/dl.54g7jc, downloaded 19 April 2023; and
D. helophoroides: https://doi.org/10.15468/dl.dt8rfu, download 20 February 2023), the Cen-
tre for Agriculture and Bioscience International (CABI, https://www.cabidigitallibrary.org,
accessed on 15 March 2023), the National Specimen Information Infrastructure (NSII,
http://www.nsii.org.cn/2017/home-en.php, accessed on 15 March 2023), and MapBio
(http://map.especies.cn, accessed on 15 March 2023). For some locations lacking specified
latitude and longitude coordinates, Earth Online (https://www.earthol.com/, accessed
on 30 June 2023) was used to obtain this information. In total, 44 distribution points were
obtained for M. saltuarius, 48 for D. helophoroides, and 71 for S. guani. After obtaining the
current distribution data for the target species, duplicate data were removed, errors in
species classification were corrected, and recording errors in the location data were resolved.
This allowed us to mitigate the impact of spatial autocorrelation and sampling deviation
on the final prediction results and ensure that there was only one distribution point in
every 10 × 10 km grid. In ArcGIS (version 10.6), all samples were thinned by using average
nearest neighbor analyses [29,30]. Finally, 42 points were retained for M. saltuarius, 41 for
D. helophoroides, and 68 for S. guani (Figure 1).

https://www.cnki.net/
https://www.webofscience.com/wos
https://www.gbif.org
https://doi.org/10.15468/dl.54g7jc
https://doi.org/10.15468/dl.dt8rfu
https://www.cabidigitallibrary.org
http://www.nsii.org.cn/2017/home-en.php
http://map.especies.cn
https://www.earthol.com/
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Figure 1. Geographical distribution of Monochamus saltuarius, Scleroderma guani, and Dastarcus helophoroides
in China after collection and screening.

2.2. Acquisition and Selection of Bioclimate Variables

The bioclimatic data used in this study were downloaded from WorldClim version 2.1
(https://worldclim.org/, accessed on 17 October 2022). A spatial resolution of 2.5 min
(approximately 5 km × 5 km) and current (1970–2000) and future (2021–2040) projections
were selected. The future data are based on four types of shared socioeconomic pathways
(SSPs) under the climate system model BCC-CSM2-MR, developed by the National Climate
Centre of China as part of the Coupled Model Intercomparison Project 6 (CMIP6): SSP1-2.6
(low greenhouse gas emissions), SSP2-4.5 and SSP3-7.0 (medium greenhouse gas emissions),
and SSP5-8.5 (high greenhouse gas emissions) [31,32]. Accounting for the impact of social
and economic development, CMIP6 has a more complex calculation process and higher
resolution than those of other models and is more aligned with future climate change
trends [33]. SSPs are also updated based on the original four emission scenarios of CMIP5,
integrating the typical concentration pathways and other factors. Among them, SSP1-2.6
represents the low radiation forcing scenario, which is considered the ideal state. The
global temperature is expected to rise gradually through 2100. SSP2-4.5 represents a
moderately stable scenario. This scenario utilizes the Decadal Climate Prediction Project
(DCPP) to make a short-term forecast (to 2030). It also employs the detection and attribution
MIP (DAMIP) as an extension of the historical simulation to update the regression-based
estimation of the single forcing effect after 2015. This updated estimation is then used
as a reference for future single forcing experiments. SSP3-7.0 represents the middle and
high-end forced scenario; it is a further enhancement of SSP2-4.5 and a new greenhouse
gas emission scenario based on CMIP6. SSP5-8.5 represents a high forcing scenario, which
indicates that the global temperature rise will intensify in the future [34].

https://worldclim.org/
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2.3. Optimization of Maxent Model Parameters

The Maxent model requires simplification of highly correlated variables to achieve
reasonable prediction results [35]. Species distribution data and climate variable data were
imported into ArcGIS. The sampling tool in the Spatial Analyst Tools of Arc Toolbox was
then used to randomly sample climate variables at the occurrence points. The resulting
sample data were subsequently imported into SPSS (version 26.0) for a Pearson correlation
analysis. A value of r ≥ 0.8 indicated a strong correlation between two variables. Nineteen
climate variables from the current climate and the collected species distribution data were
input into Maxent (version 3.4.1, https://biodiversityinformatics.amnh.org/open_source/
maxent/, accessed on 24 October 2022). The jackknife method was selected to screen the
variables and determine the contribution and importance of the current climate variables to
the distribution data. Based on the results obtained from jackknife and Pearson correlation
analyses as well as ecological characteristics, a particular combination of climate variables
was selected for each species.

A large and growing body of literature has shown that using the default coefficients of
the Maxent model will result in an increased gap between the area under the curve (AUC)
values for the modeling data and the test data as well as an increase in the omission error for
different focal species [36]. Furthermore, the Maxent model uses a complex algorithm and
the interpretation of prediction results is similarly complex. The complex function itself may
result in overfitting during the extrapolation process [37,38]. The complexity of Maxent is
mainly reflected in the combination of five feature class parameters (FC) (i.e., linear, quadratic,
hinge, product, and threshold) and regularization multipliers (RM) affecting the clustering or
fitting degree of the distribution of prediction results [39–42]. Consequently, when multiple
species use the same model method for modeling and prediction, it is necessary to separately
optimize the specific parameters of each target species model to reduce omission errors and
overfitting. Using the “SDMtune” package (https://consbiol-unibern.github.io/SDMtune/,
accessed on 22 May 2023) in R, the model results were optimized separately for each species.
Using SDMtune, the selection of the optimal combination of model parameters and imple-
mentation of the random combination search algorithm and random forest algorithm are
rapid, thereby expediting the optimization process and improving performance [43]. This
process mainly adjusts two important parameters, RM and FC, in Maxent. The FC setting
encompasses seven combinations: L, LQ, LQP, LQPH, LQPHT, QPH, and QPHT (where
L = linear, Q = quadratic, H = hinge, P = product, and T = threshold). The RM setting
can be adjusted in the range of 0.1–5 with a step size of 0.1. A minimum of 350 candidate
models were amalgamated for each target species to assess the predictive outcomes in a
comprehensive manner. The distribution data for each species were divided into a 60%
training data set and a 40% test data set. These sets were cross-verified 500 times. The AUC
and true skill statistic (TSS), calculated from the receiver operating characteristic (ROC) curve,
were used as evaluation indicators. The optimal parameter combination was determined
when both values reached their maximum. Finally, the potential distribution of species in
different future scenarios was projected based on current predictions.

2.4. Changes in the Potential Distributions of M. saltuarius and Natural Enemies

After optimization of the model parameters, the potential distributions of M. saltuarius,
D. helophoroides, and S. guani were obtained. The thresholds for species distribution and
nondistribution were determined using the natural breakpoint method in ArcGIS [44]. In
the final model, the fitness value of the species ranges from 0 to 1, which we denote as
the occurrence probability p. According to the natural breakpoint method, the suitable is
p > 0.0150 and the unsuitable is p ≤ 0.0150 for M. saltuarius; the suitable is p > 0.3164 and
the unsuitable is p ≤ 0.3164 for D. helophoroides; and the suitable is p > 0.3477 and unsuitable
is p ≤ 0.3477 for S. guani. Use the “Distribution changes between binary SDMs” function in
the ArcGIS toolbox SDMtoolbox (http://www.sdmtoolbox.org/, accessed on 12 June 2023)
to plot the distribution changes in a species from the present to the future [45]. The ratio
of future to current distribution changes (N), the proportion of total suitable area in the

https://biodiversityinformatics.amnh.org/open_source/maxent/
https://biodiversityinformatics.amnh.org/open_source/maxent/
https://consbiol-unibern.github.io/SDMtune/
http://www.sdmtoolbox.org/
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country (N1), the proportion of increased area (N2), and the proportion of decreased area
(N3) in the country were calculated based on the number of rasters with different attributes
(increasing, decreasing, and unchanged). The formulae are as follows:

N =
As

Ac
, (1)

N1 =
As

At
, (2)

N2 =
Ai
At

× 100%, (3)

N3 =
Ad
At

× 100%. (4)

As is the potential distribution area of species in a certain period (current and future climate
change scenarios); Ac is the current potential distribution area of species; Ai is the potential
area for species to increase in the future; Ad is the potential area of species decreases in the
future; and At is the total national land area.

2.5. Calculation of Fitness Overlap between M. saltuarius and Natural Enemies

To compare the adaptability of natural enemies and M. saltuarius, and to determine
the most effective biological control method, Schoener’s index (D) was evaluated as an
adaptability overlap index (AOI) in various provinces [46]. As shown in Formula (5), the
index quantifies the overall difference in grid values between two layers in a specific area.

D
(

px, py
)
= 1 − 1

2∑i

∣∣px,i − py,i
∣∣ (5)

px,i (py,i) represents the fitness probability value assigned by the ecological niche model
to a particular raster i in the ArcGIS potential distribution dataset under the assumption of
a uniform distribution based on the probability of existence of the species X (or Y) defined
in geospatial terms [47]. The index ranges from 0 to 1. A value of 0 indicates that the
fitness distribution differs completely between pests and natural enemies, while a value
of 1 indicates that the fitness distributions of pests and natural enemies are completely
coincidental [47].

In this study, taking the “M. saltuarius + D. helophoroides” model as an example, we use
the original prediction data obtained from the optimization model to divide the suitable
overlapping areas of the two according to each province of China and calculate the AOI of
each province. The “M. saltuarius + S. guani” model operates in the same way.

3. Results
3.1. Model Optimization Results

We predicted the potential distributions of M. saltuarius, D. helophoroides, and S. guani,
indicating the suitability of these target species within a limited range under predetermined
environmental conditions. Model parameters for M. saltuarius included Bio1, Bio7, Bio8,
Bio18, and Bio19. The parameters for D. helophoroides were Bio1, Bio2, Bio4, Bio5, Bio16,
Bio18, and Bio19. The parameters for S. guani included Bio2, Bio4, Bio8, Bio10, Bio15, Bio17,
Bio18, and Bio19 (Table 1). The model optimization results are shown in Table 2. The AUC
and TSS values for the three species were close to 1.
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Table 1. Description of the environmental variables selected for the Maxent models of species in this
study and the percentage of importance of these variables.

Species Name Variable
Codes Environment Variable Meaning (Unit) Permutation

Importance (%)

Monochamus saltuarius

bio1 Annual mean temperature (◦C) 45.2
bio18 Precipitation of the warmest quarter (mm) 23.0
bio8 Mean temperature of the wettest quarter (◦C) 20.3
bio19 Precipitation of the coldest quarter (mm) 9.9
bio7 Temperature annual range (bio5-bio6) (◦C) 1.6

Dastarcus helophoroides

bio4 Temperature seasonality (standard deviation × 100) 54.5
bio1 Annual mean temperature (◦C) 31.9
bio16 Precipitation of the wettest quarter (mm) 4.7
bio19 Precipitation of the coldest quarter (mm) 4.6
bio18 Precipitation of the warmest quarter (mm) 2.4
bio2 Mean diurnal range (◦C) 1.3
bio5 Maximum temperature of the warmest month (◦C) 0.6

Scleroderma guani

bio4 Temperature seasonality (standard deviation × 100) 56.9
bio10 Mean temperature of the warmest quarter (◦C) 16.2
bio2 Mean diurnal range (◦C) 8.2
bio18 Precipitation of the warmest quarter (mm) 7.2
bio17 Precipitation of the driest quarter (mm) 5.3
bio19 Precipitation of the coldest quarter (mm) 3.1
bio8 Mean temperature of the wettest quarter (◦C) 2.3
bio15 Precipitation seasonality (coefficient of variation) 0.9

Table 2. Model parameter optimization results.

Parameters Species Name RM FC Train TSS Train AUC Test TSS Test AUC

Default
Monochamus saltuarius

1 LQPH
0.9886 0.9972 0.9826 0.9968

Dastarcus helophoroides 0.9793 0.9936 0.8544 0.9723
Scleroderma guani 0.9090 0.9792 0.9657 0.9893

Optimization
Monochamus saltuarius 0.7 LQPH 0.9890 0.9974 0.9873 0.9975
Dastarcus helophoroides 0.5 QPH 0.9834 0.9944 0.9143 0.9835

Scleroderma guani 0.5 LQPHT 0.9273 0.9896 0.9873 0.9966

FC, feature classes; RM, regularization multiplier; H, hinge; L, linear; P, product; Q, quadratic; T, threshold; AUC,
Area Under Curve.

3.2. Projected Changes in Species Distributions

The current potential distribution of M. saltuarius was mainly in northeast China,
north China, and parts of central, east, northwest, and southwest China. This included
Heilongjiang, Jilin, Liaoning, Inner Mongolia, Beijing, Tianjin, Hebei, Henan, Shandong,
Jiangsu, Shanghai, Zhejiang, Anhui, Hubei, Shaanxi, Shanxi, Ningxia, Gansu, Qinghai,
Xinjiang, Sichuan, Chongqing, Tibet, Guizhou, and Yunnan. The observed distribution
included 25 provinces (cities and autonomous regions) (Figure 2). Under future climate
conditions, the overall distribution was predicted to shrink, except in Qinghai, Tibet,
Sichuan, Chongqing, Guizhou, and Yunnan, where it was predicted to expand. The final
prediction results for D. helophoroides (Figure 3) indicated that the main provinces in the
current potential distribution are Heilongjiang, Jilin, Liaoning, Beijing, Tianjin, Hebei,
Shaanxi, Shanxi, Ningxia, Sichuan, Henan, Shandong, Hubei, Hunan, Jiangsu, Shanghai,
and Zhejiang, among others. We detected a trend toward diffusion in the future. Except
for the contraction in distribution in Ningxia and Gansu, suitable areas in the remaining
provinces were expanding. The prediction results for S. guani (Figure 4) showed that
the current potential distribution is spread across all provinces except Qinghai Province,
Hainan Province, and Taiwan. The distribution of S. guani in China covered a wide range
of latitudes and longitudes. Diffusion is expected in the future.
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Figure 2. Potential distribution of Monochamus saltuarius. Potential distribution in the current climate is
depicted in the map below, with green indicating a suitable habitat for growth (A). Extrapolating from
the current climate to the future (2021–2040), the scenarios SSP1-2.6 (B), SSP2-4.5 (C), SSP3-7.0 (D), and
SSP5-8.5 (E) were considered. Green indicates areas in the potential distribution that will disappear in
the future. Gray indicates areas where the potential distribution will not change in the future. Pink
indicates new potential distribution areas.
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Figure 3. Potential distribution range of Dastarcus helophoroides. Predictions for the current climate are
depicted in the map below, with green indicating the suitable habitat for growth (A). Extrapolating
from the current climate to the future (2021–2040), the scenarios SSP1-2.6 (B), SSP2-4.5 (C), SSP3-7.0 (D),
and SSP5-8.5 (E) were considered. The interpretation of colors is the same as that in Figure 1.
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Figure 4. Potential distribution range of Scleroderma guani. Results for the current climate are depicted
in the map below, with green indicating the suitable habitat for growth (A). Extrapolating from the
current climate to the future (2021–2040), the scenarios SSP1-2.6 (B), SSP2-4.5 (C), SSP3-7.0 (D), and
SSP5-8.5 (E) were considered. The interpretation of colors is the same as that in Figure 1.

According to the grid area calculation using ArcGIS (Table 3), the area change ratio
of M. saltuarius under the four emission scenarios was less than 1 but greater than 0.9,
indicating a nonsignificant contraction. The area change ratio of D. helophoroides was 1–1.5,
suggesting a significant expansion in the future. The area change range of S. guani was
1–1.1, indicating a slight expansion in the future.
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Table 3. Potential distribution changes in research species in China under current and future climate
scenarios (2021–2040).

Species SSPs N N1 N2 (%) N3 (%) Trend

Monochamus saltuarius

current 1 0.497

reduction
SSP1-2.6 0.956 0.475 2.30 4.48
SSP2-4.5 0.987 0.490 3.06 3.69
SSP3-7.0 0.950 0.472 2.05 4.53
SSP5-8.5 0.963 0.478 3.75 5.60

Dastarcus helophoroides

current 1 0.201

expansion
SSP1-2.6 1.444 0.291 9.22 0.28
SSP2-4.5 1.484 0.299 10.05 0.31
SSP3-7.0 1.462 0.295 9.75 0.44
SSP5-8.5 1.518 0.306 10.85 0.40

Scleroderma guani

current 1 0.313

expansion
SSP1-2.6 1.067 0.334 6.13 4.04
SSP2-4.5 1.055 0.330 5.83 4.12
SSP3-7.0 1.035 0.324 5.95 4.85
SSP5-8.5 1.077 0.337 5.99 3.58

3.3. Quantitative Analysis of Species Overlap under Current Climate Change

Table 4 shows the AOI values for M. saltuarius and its natural enemies. The provinces
with a high degree of overlap (>0.9) were Beijing, Tianjin, Shanghai, Liaoning, Hunan, and
Ningxia. In addition to Shaanxi, Shanxi, Ningxia, and Anhui provinces, in the provinces
where all three species were distributed, the degree of fitness overlap was highest for
“M. saltuarius + D. helophoroides”. Overall, the provinces covered by S. guani were more
extensive than those covered by D. helophoroides. However, the degree of overlap in fitness
in the provinces covered by D. helophoroides was relatively high.

Table 4. Table of AOI between Monochamus saltuarius and different natural enemies.

Province M. saltuarius + S. guani M. saltuarius + D. helophoroides

Anhui 0.77 0.75
Beijing 0.92 0.95
Gansu 0.82 0.86
Hebei 0.72 0.72
Henan 0.70 0.76

Heilongjiang 0.80 0.87
Hubei 0.68 0.72
Hunan 0.82 0.90

Jilin 0.79 0.81
Jiangsu 0.57 0.63

Liaoning 0.89 0.89
Inner Mongolia 0.80 0.86

Ningxia 0.91 0.88
Qinghai - 0.87

Shandong 0.76 0.77
Shanxi 0.64 0.67
Shaanxi 0.67 0.75

Shanghai 0.96 0.97
Tianjin 0.92 0.92

Zhejiang 0.85 0.86
Guizhou 0.50 -
Sichuan 0.60 -
Xinjiang 0.75 -
Yunnan 0.61 -

Chongqing 0.72 -
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4. Discussion
4.1. Model Prediction Reliability

The actual distributions of the target species were included within the potential
distribution, indicating that the model is relatively reliable and that the predicted range
can serve as a reference for the actual species distribution [48,49]. Similarly, Estay et al.
accurately predicted the distribution of Monochamus in Chile [50]. When extrapolating
the prediction results for M. saltuarius to Asia, the species was primarily distributed in
Japan, South Korea, North Korea, and the northeastern, northern, central, and eastern
regions of China. Deng et al. predicted the main distribution of S. guani in China [51]. The
predicted distribution of S. guani in this study aligned with the medium and high fitness
areas predicted by Deng et al. [51]. The predicted results of this experiment indicate that,
under different future climate emission scenarios, the outcomes are similar for S. guani. We
believe that the short-term climate change trend caused by greenhouse gas emissions is
insufficient to cause a significant migration of insects from their native habitat. The main
differences between the distribution of D. helophoroides predicted by Zhang et al. and our
prediction were the presence of the species in Guangdong and Fujian provinces [52]. These
differences may be due to the difference in the measurement standard of “whether a species
can survive in a certain place” between us and Zhang. In this study, we believe that the
local climate is not suitable for the survival of the organism based on the biological climate
conditions. However, the actual situation changes due to various factors, and different
combinations of variables may lead to different prediction results. Zhang et al. include
not only climate variables, but also non biological factors such as aspect, elevation, slope,
landcover, and vegetation. Therefore, the climate may not be suitable in the future, but the
D. helophoroides still exist in some places under the effect of microclimate based on terrain
and vegetation.

4.2. Ecological and Environmental Factors Influencing the Distribution of M. saltuarius and Its
Natural Enemies

The main climatic factors affecting the potential distribution of M. saltuarius were
temperature seasonality and extreme precipitation (Table 1). The longicorn beetle com-
pletes one generation per year in China and starts to emerge when the temperature drops
between May and August of that year [52]. The effective accumulated temperature for
adult eclosion is 243.9 ◦C·day, and the developmental starting temperature is 10.1 ◦C [4].
Therefore, a future rise in temperature may hinder the eclosion of M. saltuarius [4]. The
longicorn beetle is a typical phytophagous insect. Host plant growth largely determines
the number of generations [53,54]. Temperature also affects the diffusion and distribution
of host plants and insects. In addition to direct effects, temperature indirectly affects the
distribution of M. saltuarius by regulating the growth and distribution of host plants [55].
Warming promotes the growth of host trees, causing earlier sprouting and increased leaf
production, thereby providing a nutritional benefit to longicorn beetles [7]. Extreme pre-
cipitation is also related to the distribution of longicorn insects; it specifically affects the
growth, development, diffusion, and migration of adults by influencing the health of host
plants [54].

The main climatic factors affecting the potential distribution of D. helophoroides in-
cluded the annual average temperature, trend in temperature variation, and seasonal
precipitation in extreme climates (Table 1). The parasite has strong environmental adapt-
ability. It can survive for up to 39 days under long-term high temperature conditions
(35 ± 0.5 ◦C), with an extended survival time to 49 days under low temperature conditions
(−10 ± 4 ◦C) [56]. Temperature has a significant impact on the reproductive development,
physiological characteristics, and parasitic behavior of organisms. High temperature stress
can reduce the lifespan of parasitic insects and severely affect their oviposition behavior
and egg mass hatching rate [57]. Finally, the main climatic factors that restrict the potential
distribution of S. guani included temperature changes and extreme precipitation events,
particularly fluctuations in temperature and humidity (Table 1). These factors are closely
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linked to the growth and development of S. guani [58]. The speed of development at each
stage of the tube wasp accelerates with an increase in temperature. The developmental
threshold temperature and effective accumulated temperature of the egg, larva, and cocoon
pupa differ significantly among relative humidities (40%–42%, 60%–66%, 79%–83%, and
91%–96%) and increase with increasing relative humidity. Under the same relative humid-
ity, the developmental threshold temperature and effective accumulated temperature from
egg to cocoon and pupa also increased gradually [59,60].

4.3. Future Control Strategy for M. saltuarius Based on Model Predictions

Under future climate change with CMIP6 as the background, analyses of changes in the
predicted range under the four climate emission scenarios revealed that M. saltuarius will
expand significantly in the Yunnan–Guizhou Plateau, Tibet, Qinghai, and other provinces,
in addition to its original distribution. Climate change in various regions of China has
become increasingly evident. Based on climate change trends, high temperatures will
occur frequently in the south, except in areas where sea levels rise. Additionally, the
coldest air temperature in the north will rise [61]. The growth and diffusion of M. saltuarius
are related to extremely low temperatures. Therefore, with the increase in temperature
in the north, the original potential distribution will not be conducive to growth. As a
result, some native M. saltuarius will disperse to higher altitudes and alpine areas where
suitable hosts can be found. Our risk analysis of the longicorn beetle indicated that it
poses a significant threat in China, with a high risk of spread to other regions. At the same
time, the potential distribution will move southward, resulting in significant overlap with
the current distribution of the PWN in China. This overlap may further exacerbate the
expansion of the epidemic area of B. xylophilus in China [12,62,63]. In the future, the control
of PWN will become more difficult due to the expansion of the distribution of the vector
insect M. saltuarius and the southward migration of M. alternatus [64–66]. Based on the
future distribution of natural enemy insects, the increase in temperature is conducive to the
colonization and expansion of natural enemy insects.

In contrast to the longhorn beetle, the future increase in temperature is expected to
facilitate colonization by natural parasitoids. The future distributions of D. helophoroides and
S. guani are projected to increase. In a previous study, the symbiotic period between M. saltu-
arius alone with D. helophoroides lasted from April to August (approximately 5 months) [67].
The mortality rate of M. saltuarius was 74.15% after the release of D. helophoroides in the forest,
indicating that a preliminary control effect was achieved. The highest corrected mortality
of M. saltuarius larvae was 95.65%, while the corrected mortality of M. saltuarius larvae in
the forest was 39.20% [16]. In a study in which D. helophoroides and S. guani were applied
to M. alternatus, the combined release of both species showed a more significant control
efficacy than those of each species separately [68]. The combined control of M. saltuarius by
S. guani and D. helophoroides has not been reported to date. By comparing the AOI values
of “M. saltuarius + D. heliophoroides” and “M. saltuarius + S. guani” in each province. We
prioritize natural enemy insects based on the combination with the highest value. When
the two quantities are equal, they are used together, as depicted in Figure 5. The results of
this study (Figure 5) indicate that S. guani can be used for nationwide large-scale biologi-
cal control. Release should be prioritized in seven provinces (Xinjiang, Sichuan, Yunnan,
Guizhou, Chongqing, Anhui, and Ningxia). D. helophoroides is more suitable for north China,
northeast China, central China, and some northwest and coastal areas, including Beijing,
Inner Mongolia, Shanxi, Heilongjiang, Jilin, Shaanxi, Gansu, Qinghai, Hebei, Hubei, Hunan,
Shandong, Jiangsu, and Zhejiang. In addition, the provinces of Liaoning, Hebei, and Tianjin
should prioritize the use of the combination.

Since the development of ENMs, research has shifted from predicting the distribution
and suitable habitat of a single species using a single model against the background of
global warming to predicting the distribution and suitable habitat of multiple species
by multiple models [21,69]. Despite extensive modeling of the potential distribution
of a species, previous studies rarely provide guidance for actual biological control and
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regulation based on model results. The biggest progress of this experiment lies in the use
of a quantitative index to try to give reasonable suggestions on the utilization of natural
enemy resources with the data. From the perspective of expanding the role of ENMs, this
experimental idea seems feasible, and it is also generalized and repeatable.
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Figure 5. Schematic diagram of natural enemy insects that should be preferentially used in different
provinces of China.

However, this study had some deficiencies. This modeling approach only considers
the impact of climate change on species distributions; from the perspective of long-term
prevention and control monitoring, it does not consider the impact of natural enemy insects
on their distribution or the impact of human activities on the distribution of natural enemy
insects and M. saltuarius [70,71]. In future modeling and prediction, we will introduce a
variable for the control effect to accurately predict the distribution of related species and
propose more precise and practical control measures for managing M. saltuarius.

5. Conclusions

In this study, we evaluated the distribution of M. saltuarius and its natural enemies
in China. We also predicted the main potential distribution areas of M. saltuarius and its
natural enemies under current and future climate conditions. Additionally, we examined
the environmental factors that affect the current potential distribution of M. saltuarius
and its natural enemies. Through modeling and prediction, the potential distribution
of M. saltuarius under the current climate in China is mainly concentrated in northeast
and north China as well as in central, east, northwest, and southwest China. With the
changing climate, the suitable area for M. saltuarius will gradually move southward, with
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trends toward high altitudes and cold regions, such as Sichuan, Qinghai, and Tibet. The
potential distribution of the natural enemies D. helophoroides and S. guani will expand under
climate change. The prediction results revealed that future climate change will decrease
the potential distribution of M. saltuarius, while it will increase the potential distribution
of natural enemies. The niche overlap of the two natural enemy insects in areas where
M. saltuarius is distributed was good. S. guani was more suitable for national large-scale
auxiliary biological control, while D. helophoroides was more appropriate for joint control in
individual provinces. Liaoning, Hebei, and Tianjin provinces can consider jointly applying
the two biocontrol measures. This prediction has high reliability, accurately predicts the
suitable range and degree of overlap between M. saltuarius and its natural enemies, provides
a theoretical basis for the long-term early warning and monitoring of M. saltuarius, and has
important significance for the prevention and control of B. xylophilus and its vector insects
in the future.
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