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Simple Summary: The spatial distribution of pests is a prominent topic of research in population
ecology. Knowledge of pest distribution patterns (including the specific plant segments that are
most heavily infested) is of utmost significance in devising appropriate monitoring programs that
will effectively reduce the utilization of pesticides. Geostatistical analysis, which reveals spatial cor-
relations and dependencies, is vital in achieving an accurate comprehension of the disparities in
pest spatial distribution. In this study, we utilized geostatistical methods to identify the spatial dis-
tribution of Chrysolina aeruginosa, a commonly occurring pest that attacks Artemisia ordosica in desert
ecosystems of Ningxia, at various developmental stages. Our results indicated differences in the
vertical distribution of larvae at distinct stages of growth. The number of larvae varies in relation to
the height of the plants, and various morphological characteristics such as crown width and ground
diameter. Furthermore, the larvae exhibit an inclination to aggregate.

Abstract: Chrysolina aeruginosa is a major pest of Artemisia ordosica, and knowledge of the spatial
distribution pattern of its larvae in their natural habitat is crucial for the implementation of effective
control measures. This study employed geostatistical methods to investigate the damage caused by
larvae of different age groups and their spatial distribution pattern. The distribution of C. aeruginosa
larvae, which cause damage to A. ordosica, differed significantly according to their age. Younger
larvae were predominantly found in the middle and upper parts of the plant, whereas older larvae
were mainly distributed in the middle and lower parts, with significant differences in distribution
location. A generalized linear model analysis revealed that the height of the plant, and plant mor-
phological characteristics such as height, crown width, and ground diameter were significantly cor-
related with the number of larvae present. Furthermore, the interaction of age with other variables
had an impact on the number of larvae. Kriging interpolation showed that C. aeruginosa larvae were
distributed in aggregated patches with strong spatial heterogeneity. The younger larvae were more
abundant in the center of the sample site, while the older larvae tended to be distributed toward the
edges. These findings provide valuable information for designing effective control programs.

Keywords: spatial distribution; Chrysolina aeruginosa; larvae; geostatistics; desert landscapes

1. Introduction

The distribution of insect populations is determined by a combination of biological
and environmental factors [1-5], which include the horizontal distribution (i.e., spatial
distribution) and vertical distribution of individuals. The study of the distribution of in-
dividuals is crucial for sampling, investigating pest dynamics, determining control
thresholds, and formulating effective control measures [6].

Spatial distribution patterns are typically described using traditional statistical meth-
ods such as binomial distribution, Taylor expansion analysis, and Iwao mean crowding
regression. However, geostatistical methods can more accurately describe spatial
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correlations and dependencies. Ordinary kriging interpolation, in particular, can be used
to predict values at unsampled locations in space, aiding in the prediction of pest spatial
distributions and transmission dynamics [4,7-10].

The spatial distribution of insects is determined by the interplay of population dy-
namics with biotic and abiotic factors. The spatial distribution of pests is influenced by the
morphological characteristics of plants, including plant height, crown width, and ground
diameter [11-15]. First, higher plants can offer insects a larger habitat space and a greater
food source, which may encourage the insects to congregate [14]. Second, a larger ground
diameter of the plant is typically associated with more growth points and increasing nu-
trient availability, promoting healthy plant growth and reducing susceptibility to pest at-
tacks. Conversely, plant parts with smaller ground diameters are weaker and more sus-
ceptible to pest infestations [16]. Crown width can also impact pest habitats and food
sources, with wider canopies providing more favorable conditions for pest survival.
Therefore, a comprehensive understanding of the factors influencing pest distribution can
provide a theoretical foundation for the development of effective pest control strategies
[17].

With regards to the vertical distribution of pests, many species prefer to feed on the
upper parts of plants, which are closer to light and gas sources, and can provide optimal
nutrients and water for pest growth and reproduction. However, some plants produce
chemicals on their leaves that deter pest feeding, resulting in pests feeding on the lower
portions of the plant [18]. During the spring and summer months, when temperatures are
higher and plant growth is more robust, pests tend to inhabit the upper parts of plants,
whereas during the autumn and winter months, when temperatures are cooler and plant
growth is slower, pests tend to move to the lower parts of the plant [19,20]. Consequently,
understanding the vertical distribution characteristics and clarifying the dynamic distri-
bution law of pests can aid in the development of effective pest control strategies, which
can reduce pest populations and improve plant quality.

Artemisia ordosica Krasch. (Asteraceae) is a drought-resistant plant with a lengthy
growth period and strong sand-fixation capabilities [19,20]. It is widely cultivated
throughout China and spans three natural zones, namely typical grassland, desertification
grassland, and grassland desert [21,22]. This species plays a significant role in the restora-
tion of desert vegetation [23].

Chrysolina aeruginosa (Faldermann, 1835) (Coleoptera, Chrysomeloidea) is a leaf-feed-
ing pest that has rapidly spread in Northwest China in recent years causing significant
damage to populations of A. ordosica, with 40-70% of damage reported in Inner Mongolia
(Ningxia and Gansu provinces) [21,24,25]. Outbreaks of this pest have led to significant
damage to the local ecology and economy, including the death of patches of A. ordosica
and severe sanding of grassland [24,26]. According to Tian et al. [27], C. aeruginosa feeds
solely on A. ordosica, and the maximum number of larvae in a single plant exceeds the
number of adults.

To date, only the spatial distribution of adult C. aeruginosa has been studied to some
extent, while the larvae have been overlooked [28]. Research showed that during the lar-
val developmental stage, the spatial distribution of larvae is influenced by a variety of
factors, including larval behavior, host plant characteristics, and environmental condi-
tions [4,5]. In this study, we aimed to study: (a) the vertical distribution of larvae; (b) the
effect of plant morphology on larval distribution; and (c) the spatial distribution of larvae,
providing insights into major damage sites and the spread of C. aeruginosa larvae of dif-
ferent ages. These findings may serve as a theoretical basis for future integrated pest man-
agement.
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2. Materials and Methods
2.1. Study Area and Study Species

The research site was situated in Guyaozi within the National Nature Reserve of
Lingwu Baijitan, Ningxia (between 106°3821.79” E-106°38'19.16" E and 38°6'3.67" N-
38°6'17.27" N, at an elevation of 1309-1319 m). The site covered approximately 6.4 ha, with
a relatively even distribution of A. ordosica and good overall growth. A. ordosica accounted
for 71.33% of the total vegetation cover, with a few other plant species including Caragana
korshinskii Kom, Sophora alopecuroides L., Suaeda salsa (L. ) Pall., Salsola passerina Bunge, Ox-
ytropis aciphylla Ledeb., and Cynanchum chinense R.Br.

C. aeruginosa is a significant leaf-feeding pest of A. ordosica and undergoes four larval
instars in one generation. The fourth instar larvae of C. aeruginosa overwinter in soil. The
first and second instar larvae can consume up to half of the leaf, resulting in notched
leaves, while the third and fourth instar larvae can completely defoliate the plant, and the
adults feed on growing points and new leaves, ultimately causing the death of the entire
plant [27]. Previous field studies indicated that C. aeruginosa larvae begin emerging in late
September and start overwintering in late October. Therefore, three field surveys were
conducted between 20 September and 18 October to investigate the population dynamics
of C. aeruginosa.

2.2. Experimental Procedures

In the study area, a checkerboard sampling method was employed using 5 m x 5 m
sample squares with a 10 m spacing between each sample point. A total of 63 sample
points were set up for the study. To mitigate edge effects, sample points were located over
100 m away from the edge of the sample plots (as shown in Figure 1). For the study, one
A. ordosica was chosen for each sample point, resulting in a total of 63 A. ordosica being
surveyed three times (20 September, 4 October, and 18 October). During each survey, their
geographical coordinates, plant height, crown width, and ground diameter were rec-
orded.

Figure 1. Schematic diagram of the plot. (a) Location map of the study area, (b) sampling design.
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2.2.1. Population Survey of Different Instar Larvae

The number and age of all larvae present on each A. ordosica were recorded, alongside
the geographic coordinates of C. aeruginosa larvae found on 63 A. ordosica trees. The larval
stage was evaluated based on the criteria of morphology and size as outlined in Wei’s
description of C. aeruginosa larvae [20]. Due to the similarity in morphology between the
first and second instars, they are indistinguishable and were therefore aggregated for the
purposes of statistical analysis [20,27].

2.2.2. Vertical Distribution Survey of Different Instar Larvae

The larval count at various locations on each A. ordosica was recorded and subse-
quently categorized into five distinct height classes as follows: 0-20 cm, 21-40 cm, 41-60
cm, 61-80 cm, and 81-100 cm.

2.2.3. Geostatistical Analysis

Spatially dependent patterns of C. aeruginosa larvae populations were analyzed using
variance and ordinary kriging based on the larval count at each sample point [18]. Field
observations were treated as a stochastic process denoted as Z (x), where x represents the
spatial location. The semi-covariance, which is indicative of the spatial correlation be-
tween adjacent samples, was used to measure this correlation as follows:

N(h)

1 2
Y® =35 Z [26e) = ZCxi + )] @

where: N(h) is the number of measured pairs in the lag distance h; Z(xi) is the sample point
measured at xi; Z(xi + h) is the sample point measured at xi + h.

Figure 2 depicts the pattern diagram of the variance function, which consists of three
ecologically significant parameters that influence the shape, structure, and ultimately, the
spatial distribution of a population’s semi-covariance function. These parameters include
the nugget (Co), the sill (Co + C), and the range (A). The nugget represents the non-zero
intercept point on the y-axis, indicating spatial variation due to sampling error and dis-
tance. The sill is the value at which the curve stabilizes on the y-axis, while the range de-
notes the average distance between points where spatial correlation exists [29,30].
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Figure 2. The variogram model illustrating nugget, sill, and range.



Insects 2023, 14, 379

5 of 13

As these estimates may fluctuate substantially from point to point due to sampling
errors, models describing spatial variation must be fitted. We tested multiple models, in-
cluding exponential, spherical, linear, and Gaussian models, using the following criteria
to select the optimal one: an intercept (1) near zero, a slope (fo) near 1, a large regression
coefficient, a mean error close to zero, and a low root mean square error. Nugget effects,
ranges, sill, and coefficients of determination were calculated for each model [4,31].

For the selected model, we calculated the level of spatial dependence (LSD) and de-
termined the range values using the following equation:

_ G
LSD = T ()

The nugget, denoted by Co, and the sill, represented by Co+ C, are used to describe
the spatial autocorrelation of C. aeruginosa larvae. Additionally, strong, moderate, and
weak spatial dependence are indicated by LSD values lower than 0.25, between 0.25 and
0.75, and higher than 0.75, respectively. The Geostatistical Analyst extension module in
ArcGIS 10.4 (ESRI 2015) software was utilized to employ the kriging method for estimat-
ing values at unmeasured locations and creating predicted spatial distributions of C. ae-
ruginosa larvae, as well as generating spatial distribution maps [32].

2.3. Statistical Analyses

To analyze the effect of plant morphological characteristics on the number of C. aeru-
ginosa, a generalized linear model (GLM) with a Poisson distribution was used. We mod-
elled the number of larvae according to their location at different sections of the plants
(distribution height), plant height, crown width, and ground diameter. Additionally, the
interaction terms of distribution height and plant height, crown width, and ground diam-
eter of A. ordosica were included in the model. In order to prevent collinearity among the
independent variables, according to the value of the variance inflation factor (VIF), the
highly collinearity independent variables with VIF > 5 were eliminated. The data analysis
was performed using SPSS® 21. Plotting was performed using Origin® 2023.

3. Results
3.1. Basic Information of C. aeruginosa Larvae

A total of four larval instars were surveyed. The boxplots of the number of different
ages are shown in Figure 3. Among the larvae of different instars, the third instar larvae
had the largest number.

Figure 3. Number of specimens of C. aeruginosa larval instars (individuals per plant). Horizontal
lines represent median value; circles represent average values; boxes represent upper and lower
quartiles; vertical bars represent standard deviations.
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3.2. The Vertical Distribution of C. aeruginosa Larvae

C. aeruginosa larvae had a clear vertical distribution on A. ordosica, with the upper-
middle parts of A. ordosica being the most frequented (Figure 4a). The first and second
instars were mainly distributed in the middle-upper parts (>60 cm) of the plant, the third
instars were mainly found in the middle of A. ordosica (41-60 cm), while the older mature
larvae were biased toward the middle-lower parts of A. ordosica (21-50 cm) (Figure 4b—d).

Figure 4. Vertical distribution of C. aeruginosa in different larvae instars. ((a) Vertical distribution of
the mean number of larvae; (b) vertical distribution of first and second instar larvae; (c) vertical
distribution of third instar larvae; (d) vertical distribution of fourth instar larvae). Horizontal lines
represent median value; circles represent average values; boxes represent upper and lower quar-
tiles; vertical bars represent standard deviations.

3.3. Correlation Analysis of the Number of C. aeruginosa Larvae and A. ordosica Characteristics

The variables contain classification variables; thus, the use of generalized linear mod-
els was deemed appropriate to analyze the relationship between variables. To reduce col-
linearity, independent variables with high variance inflation factor (VIF) were removed.

The GLM results revealed significant effects between the number of larvae on A. or-
dosica and distribution height, plant height, crown width, and ground diameter. Moreo-
ver, the number of larvae found on A. ordosica demonstrated a significant effect with the
interaction between the position of the plant (distribution height) and ground diameter,
as indicated in Table 1.
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Table 1. Results of the generalized linear model (GLM) for the number of individual larvae of C.
aeruginosa as a function of their location at different heights on the plants of A. ordosica and morpho-
logical characteristics (plant height, crown width, and ground diameter).

Variable df Chi-Square (x? Estimate + Standard Error p
Intercept 1 152.847 1.124 + 0.090 <0.0001
Distribution height 1 9.715 0.002 = 0.001 0.0018
Plants height 1 12.647 0.004 + 0.001 0.0004
Crown width 1 20.243 0.003 = 0.001 <0.0001
Ground diameter 1 58.0876 -0.010 + 0.001 <0.0001
Distribution height x Ground diameter 1 7.261 0.0001 + 0.00002 0.007

df = degrees of freedom.

3.4. Geostatistical Analysis of C. aeruginosa Larvae

From the 12 semi-variogram models developed, four models were selected as opti-
mal models (Table 2). Gaussian and spherical models were selected for different ages of
larvae (Tables 2 and 3).

Table 2. Results of cross-validation of the semi-variogram models (spherical, exponential, and
Gaussian) in the kriging method for C. aeruginosa different larval instars.

Age Models Po P R? RMSE ME
1st + 2nd instar larvae ~ Spherical 0.851 0.233 0.110  0.959  1.822
Exponential 0.880 0.210 0.120 0.958  1.819
Gaussian 0.874 0.200 0131 0.943  1.867
3rd instar larvae Spherical 1.143 0.072 0.025 0929 1.569
Exponential 1.194 0.089 0.020 0.908  1.564
Gaussian 1.113 0.044 0.030 0.902 1.733
4th instar larvae Spherical 0.778 0.050 0.032  1.347 1179
Exponential 0.777 0.036 0.021 1.357 1.194
Gaussian 0.766 0.051 0.027 1.354 1.218
Average Spherical 1.052 -0.001  0.013 0.612  0.582
Exponential 1.052 -0.001 0.013  0.613  0.598

Gaussian 1.057 0.005 0.005 0596  1.023

foand fi are the slope and intercept of the kriging cross-validation curve, respectively. RMSE = root
mean square error, ME = mean error, and R? = coefficient of determination from the cross-validation
curve. Model selection was based on the following criteria: lowest root mean square error (RMSE),
highest coefficient of determination (R?), slopes (o) and intercepts (1) of the cross-validation close
to one and to zero, respectively, and ME close to zero. Selected models are in bold.

Table 3. Model parameters and spatial patterns of C. aeruginosa larvae.

Age Model Range Co C+ Co LSD Distribution
1st, 2nd instar larvae Gaussian ~ 51.772 0.932 1.031 0.096 Aggregate distribution
3rd instar larvae Gaussian  117.952 0.670 0.868 0.228 Aggregate distribution
4th instar larvae Spherical  131.278 0.365 1.178 0.690 Aggregate distribution
Average Spherical ~ 52.500 0.100 0.260 0.615 Aggregate distribution

Co =nugget effect; Co + C = sill; LSD = C/(Co+ C) = level of spatial structuration.

Fitting parameters demonstrated that the larvae of C. aeruginosa exhibited patchy dis-
tribution patterns within the sampled plots (Table 3 and Figure 5). The edges of the plots
had a higher frequency of occurrence compared to the center, and the spatial distribution
displayed significant heterogeneity and aggregation. The nugget value was found to be
0.100, and the LSD value was 0.615, indicating a moderate level of spatial dependence and
a small degree of randomness of the variables. Furthermore, the nugget value showed a
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gradual decrease, while the range increased with the larvae age, and the degree of spatial
dependence shifted from strong to moderate over time.

Figure 5. Semi-variogram curves (left panels) and kriging maps (right panels) of spatial patterns for
C. aeruginosa larvae for the mean number of larvae (a), 1st and 2nd instar larvae (b), 3rd instar larvae
(c), and 4th instar larvae (d).

The application of kriging for interpolating the abundance of C. aeruginosa larvae in-
dicated that the spatial dependence varied across different larval age groups. Specifically,
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a higher concentration of young larvae was observed at the center of the sample plot com-
pared to the edge, whereas as the larvae aged, the concentration at the edge surpassed
that at the center.

4. Discussion

The examination of distribution patterns constitutes a significant component of re-
search in population ecology, and it is vital in forecasting the dynamics of pest popula-
tions, enhancing sampling techniques, and formulating policies for pest management
[30,33,34]. In this regard, this investigation employed geostatistical methods to investi-
gate, for the first time, the spatial distribution of different larval instars of C. aeruginosa on
A. ordosica.

Regarding vertical distribution, our study revealed that the first and second instars
were predominantly concentrated in the upper-middle parts of A. ordosica, whereas the
third instar larvae were mainly found in the middle section. These findings are consistent
with the outcomes of prior studies by Tian et al., on the life history of C. aeruginosa [27].
Specifically, C. aeruginosa lays its eggs at the top of branches, enabling larvae to emerge
effortlessly from their shells due to ample sunlight [20,27]. The hatchlings possess small
mouthparts, rendering them incapable of feeding strongly, hence, making the upper
shoots of branches easy targets. Conversely, as larvae mature into the fourth instar, they
gradually descend downwards, gnawing on leaves for nourishment before eventually
crawling into sand, where they overwinter as fully mature larvae [19,20,27].

By analyzing the variograms, it is possible to assess the degree of independence of
infestations in nearby plants. A variogram that increases in value indicates a correlation
between neighboring plants in the tested scales and directions [6]. In this study, the semi-
variograms of the developmental stages of C. aeruginosa demonstrate that various larval
instars possess small nuggets and large ranges. These results demonstrate that the spatial
distribution of C. aeruginosa larvae is aggregated, indicating a spatial dependence of pest
specimens over a spatial range.

The degree to which insects exhibit aggregation is influenced by various factors, such
as vegetation cover, species interactions, plant characteristics, pest abundance, anthropo-
genic disturbance, landscape composition, and geographic area [5,33—41]. Changes in veg-
etation cover in desert regions, which provides rich food resources and suitable habitats
for desert insects, inevitably affect insect population patterns [42,43]. The spatial distribu-
tion of C. aeruginosa larvae is associated with the cover of A. ordosica, and its aggregation
intensity increases with an increase in planting density. A high planting density of A. or-
dosica in a sample plot increases the aggregation distribution of larvae [28]. During field
surveys, it was observed that the presence of boring pests in A. ordosica, such as Holcocerus
artemisiae, Adosomus sp., and Sphenoptera sp., caused poor growth of A. ordosica, resulting
in low egg production and uneven spatial distribution of C. aeruginosa larvae [21]. Differ-
ent growth factors in A. ordosica can affect C. aeruginosa larvae differently. Tall plants with
a high number of new shoots can provide a suitable environment for larvae to survive,
allowing for a large accumulation of pests [44]. In this study, the GLM analysis revealed
that the distribution height of pests and plant morphological characteristics (plant height,
ground diameter, and crown width) had a significant impact on the number of larvae of
C. aeruginosa. Additionally, the interaction term between larval distribution height and
ground diameter also showed an impact on the number of larvae of C. aeruginosa. There
were observed differences in the distribution of pests at different heights. Due to the
height-oriented nature of C. aeruginosa larvae, the first and second instar larvae were
found predominantly on the top of A. ordosica, moving gradually downward with devel-
opment [20]. The taller the plant was, the more space there was available for insect distri-
bution, and larger crown widths caused the larger feeding range of the larvae, ultimately
influencing their spatial distribution. Conversely, the larger ground diameter of the plant
led to a more scattered growth pattern [16], which was less conducive to the oviposition
and larvae aggregation of C. aeruginosa. Interestingly, the interaction term between larval
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distribution height and ground diameter showed a positive effect, indicating that plants
with larger ground diameters would attract more larvae at various distribution heights.

The spatial distribution of adults can impact the spatial distribution of larvae. Zhang
et al.’s research on the spatial distribution of adults of C. aeruginosa indicates that adults
are distributed in a non-random manner [28]. The findings of Zhang et al.’s study on the
population dynamics of adults were consistent with the aforementioned research, with a
higher number of adults observed in the upper region compared to the middle and lower
regions [45]. After the adults lay eggs on the upper layer of the plant, the first and second
instar larvae are primarily distributed in the middle and upper parts of the plant. As the
larvae develop, they move downward, and the third and fourth instar larvae become
mainly distributed in the middle and lower parts.

Anthropogenic disturbances can have a significant impact on the spatial distribution
of species [46]. Blanchet et al. evaluated the reasons for the distribution of carabid beetles
and found that human interference substantially affected the distribution of these insects
[47]. In several different habitats, Zhang et al. found that human factors might be respon-
sible for the differences in the distributions of adult C. aeruginosa [45]. Our survey revealed
that grazing likely reduced the number of larvae around the sample plots, resulting in a
heterogeneous spatial distribution. Investigating the influence of landscape structure on
the spatial distribution patterns of pests in patches is important, as changes in landscape
structure can affect the foraging behavior of phytophagous pests [48]. Further research is
needed to determine how landscape changes can be regulated to reduce pest damage
[23,49,50].

The edge effect is a common phenomenon in ecology, as pest abundance is generally
greater at the edge of a sample than at its center [51,52]. Our results showed that the spatial
distribution of C. aeruginosa larvae was consistent with that of most pests, with more in-
dividuals at the edge of the sample plot than in the center [4,9,53,54]. The main reason for
the difference in the spatial distribution of the pests is the distribution of plants. Better
plant growth leads to greater aggregation of pest individuals [2]. The quality and quantity
of resources vary along the gradient from the patch edge to the interior, which affects the
habitat quality for C. aeruginosa and subsequently leads to changes in the distribution of
its larvae in response to A. ordosica growth conditions [2]. The center of the sample site is
less populated than the edge, resulting in a higher rate of egg laying by adults in the center
than at the edge. Since larvae do not migrate, the number of first and second instar larvae
is greater in the center of the sample plot than at its edges. As the larvae mature, intra-
specific competition increases, leading to a decrease in the population density of fourth
instar larvae and a higher number of fourth instar larvae at the edge of the sample plot
than at its center [19,55-58].

Integrated pest management includes chemical control, but the misuse of pesticides
can lead to environmental pollution, pest resistance, and a significant decline in biodiver-
sity [4]. Previous studies have shown that 50% caprylic acid or 2.5% deltamethrin insecti-
cide preparations can effectively control C. aeruginosa [27]. By analyzing the spatial distri-
bution of beetle larvae, pesticide applications can be planned according to their distribu-
tion, which optimizes the use of pesticides, reduces costs, and minimizes environmental
pollution.

5. Conclusions

The infestation of C. aeruginosa has significant negative impacts on the growth of A.
ordosica in China. In this study, we used geostatistical methods to determine the spatial
distribution of different C. aeruginosa larval instars and also developed kriging interpola-
tion models to map the distribution of C. aeruginosa larvae of different ages within the
sample plots. At the same time, we investigated the vertical distribution of C. aeruginosa
larvae on A. ordosica. Our findings provide a scientific basis for controlling C. aeruginosa
infestations. For instance, starting treatment at the edges of A. ordosica sample plots may
be more effective in reducing the pest’s population density. Additionally, information on



Insects 2023, 14, 379 11 of 13

the distribution of larvae at various ages can help concentrate control actions on the plant
parts where larvae are more abundant. At a later stage, both ecological and chemical con-
trol methods should be used to minimize the damage caused by C. aeruginosa infestations.

Author Contributions: Conceptualization, Z.H., L.C. and D.Z.; methodology, Z.H. and D.Z.; soft-
ware, Z.H. and F.Z; investigation, Z.H., L.C.,, F.Z. and C.Z.; writing—original draft preparation,
Z.H. and L.C,; writing—review and editing, Z.H., Y.Y. and D.Z,; visualization, Z.H.; supervision,
D.Z.; project administration, D.Z.; funding acquisition, D.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (31860619,
31560611) and the Natural Science Foundation of Ningxia (2021AAC02009).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank all the authors for their contributions. We would like to convey our
deep thankfulness and unfathomable regard to editors, reviewers, and authors of all references. We
thanks to Ruizhi Zhao for his valuable comments on the content of the manuscript.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Rijal, ].P.; Brewster, C.C.; Bergh, J.C. Spatial Distribution of Grape Root Borer (Lepidoptera: Sesiidae) Infestations in Virginia
Vineyards and Implications for Sampling. Environ. Entomol. 2014, 43, 716-728. https://doi.org/10.1603/EN13285.
Maestre-Serrano, R.; Florez-Rivadeneira, Z.; Castro-Camacho, ].M.; Soto-Arenilla, E.; Gdmez-Camargo, D.; Pareja-Loaiza, P.;
Ponce-Garcia, G.; Juache-Villagrana, A.E.; Flores, A.E. Spatial Distribution of Pyrethroid Resistance and Kdr Mutations in Aedes
aegypti from La Guajira, Colombia. Insects 2023, 14, 31. https://doi.org/10.3390/insects14010031.

Ifoulis, A.A.; Savopoulou-Soultani, M. Use of Geostatistical Analysis to Characterize the Spatial Distribution of Lobesia botrana
(Lepidoptera: Tortricidae) Larvae in Northern Greece. Environ. Entomol. 2006, 35, 497-506. https://doi.org/10.1603/0046-225X-
35.2.497.

Martins, J.C.; Picango, M.C;; Silva, R.S.; Gonring, A.H.; Galdino, T.V.; Guedes, R.N. Assessing the Spatial Distribution of Tuta
absoluta (Lepidoptera: Gelechiidae) Eggs in Open-Field Tomato Cultivation through Geostatistical Analysis. Pest Manag. Sci.
2018, 74, 30-36. https://doi.org/10.1002/ps.4664.

Pereira, P.S.; Sarmento, R.A.; Lima, C.H.O.; Pinto, C.B.; Silva, G.A.; Dos Santos, G.R.; Picanco, M.C. Geostatistical Assessment
of Frankliniella schultzei (Thysanoptera: Thripidae) Spatial Distribution in Commercial Watermelon Crops. J. Econ. Entomol. 2020,
113, 489-495.

Diaz, B.M.; Barrios, L.; Fereres, A. Interplant Movement and Spatial Distribution of Alate and Apterous Morphs of Nasonovia
ribisnigri (Homoptera: Aphididae) on Lettuce. Bull. Entomol. Res. 2012, 102, 406—414, doi:10.1017/50007485311000745.

Sharma, K.; Mahla, M.; Swaminathan, R.; Babu, S.; Kumar, A.; Ahir, K; Singh, B.; Chhangani, G. Assessment of Spatial Distri-
bution of Plutella xylostella on Cabbage (Brassica Oleracea Var. Capitata). Indian ]. Agric. Sci. 2022, 92, 190-194.
https://doi.org/10.56093/ijas.v92i2.122213.

Matheron, G. Principles of Geostatistics. Econ. Geol. 1963, 58, 1246-1266. https://doi.org/10.2113/gsecongeo.58.8.1246.

Foresti, J.; Pereira, R.R.; Santana Jr, P.A.; das Neves, T.N.; da Silva, P.R.; Rosseto, J.; Novais Istchuk, A.; Ishizuka, T.K.; Harter,
W.; Schwertner, M.H.; et al. Spatial-Temporal Distribution of Dalbulus maidis (Hemiptera: Cicadellidae) and Factors Affecting
Its Abundance in Brazil Corn. Pest Manag. Sci. 2022, 78, 2196-2203. https://doi.org/10.1002/ps.6842.

Cocco, A.; Serra, G.; Lentini, A.; Deliperi, S.; Delrio, G. Spatial Distribution and Sequential Sampling Plans for Tuta absoluta
(Lepidoptera: Gelechiidae) in Greenhouse Tomato Crops. Pest Manag. Sci. 2015, 71, 1311-1323. https://doi.org/10.1002/ps.3931.
Saleem, M.].; Hafeez, F.; Arshad, M.; Atta, B.; Maan, N.A.; Ayub, M.A.; Zubair, M. Population Dynamics of Sucking Pests on
Transgenic Bt Cotton in Relation with Abiotic Factors and Physio-Morphological Plant Characters. J. Entomol. Zool. Stud. 2018,
6, 163-166.

Shi, J.; Luo, Y.-Q.; Song, ].-Y.; Wu, H.-W_; Wang, L.; Wang, G.Z. Traits of Masson Pine Affecting Attack of Pine Wood Nematode.
J. Integr. Plant Biol. 2007, 49, 1763-1771. https://doi.org/10.1111/j.1744-7909.2007.00613.x.

Haysom, K.A.; Coulson, J.C. The Lepidoptera Fauna Associated with Calluna Vulgaris: Effects of Plant Architecture on Abun-
dance and Diversity. Ecol. Entomol. 1998, 23, 377-385. https://doi.org/10.1046/j.1365-2311.1998.00152.x.

Contarini, M.; Rossini, L.; Di Sora, N.; de Lillo, E.; Speranza, S. Monitoring the Bud Mite Pest in a Hazelnut Orchard of Central
Italy: Do Plant Height and Irrigation Influence the Infestation Level? Agronomy 2022, 12, 1982. https://doi.org/10.3390/agron-
omy12081982.

Yan, W.; Luo, Y.; Zong, S.; Bao, S.; Sun, Y.; Li, Y. Woodborers Abundance and the Relationship with Environmental Factors at
Different Successional Stages of Artemisia ordosica (Asterales: Compositae). Sci. Silvae Sin. 2009, 45, 87-91. (In Chinese)



Insects 2023, 14, 379 12 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Yan, W.; Zong, S.; Luo, Y.; Cao, C; Li, Z,; Guo, Q. Application of Stepwise Regression Model in Predicting the Movement of
Artemisia ordosica Boring Insects. |. Beijing For. Univ. 2009, 31, 140-144. (In Chinese)

Stoeckli, S.; Mody, K.; Dorn, S. Influence of Canopy Aspect and Height on Codling Moth (Lepidoptera: Tortricidae) Larval
Infestation in Apple, and Relationship between Infestation and Fruit Size. ]. Econ. Entomol. 2008, 101, 81-89.
https://doi.org/10.1093/jee/101.1.81.

Pekar, S. Horizontal and Vertical Distribution of Spiders (Araneae) in Sunflowers. ]. Arachnol. 2005, 33, 197-204.
https://doi.org/10.1636/04-54.1.

Wei, S.-H.; Zhu, M.-M.; Zhang, R.; Huang, W.-G.; Yu, Z. Effects of temperature on the development and reproduction of Chrys-
olina aeruginosa (Coleoptera: Chrysomelidae). Acta Entomol. Sin. 2013, 56, 1004-1009. (In Chinese)

Wei, S.-H.; Zhu, M.-M.; Zhang, R.; Huang, W.-G.; Yu, Z. Morphology and Bionomics of Chrysolina aeruginosa Fald. Ningxia ].
Agric. For. 2013, 4, 58-59. (In Chinese)

Cui, Y.-Q.; Luo, Y.-Q.; Bai, L.; Zong, S.-X. Geostatistical Analysis of the Spatial Distribution of Three Boring Pests of Artemisia
ordosica  (Lepidoptera: ~Cossidae/Coleoptera: Buprestidae, Curculionidae). Entomol. Gen. 2013, 34, 249-259.
https://doi.org/10.1127/entom.gen/34/2013/249.

Zhao, Z.; Wei, ].; Zhang, K.; Li, H.; Wei, S.; Pan, X.; Huang, W.; Zhu, M.; Zhang, R. Asymmetric Response of Different Functional
Insect Groups to Low-Grazing Pressure in Eurasian Steppe in Ningxia. Ecol. Evol. 2018, 8, 11609-11618.
https://doi.org/10.1002/ece3.4611.

Hossain, M.L.; Kabir, M.H.; Nila, M.U.S.; Rubaiyat, A. Response of Grassland Net Primary Productivity to Dry and Wet Climatic
Events in Four Grassland Types in Inner Mongolia. Plant-Environ. Interact. 2021, 2, 250-262. https://doi.org/10.1002/pei3.10064.
Li, X;; Yu, M.-H.; Ding, G.-D.; He, Y.; Liu, W.; Wang, C.-Y. Soil Biocrusts Reduce Seed Germination and Contribute to the Decline
in Artemisia ordosica Krasch. Shrub Populations in the Mu Us Sandy Land of North China. Glob. Ecol. Conserv. 2021, 26, e01467.
https://doi.org/10.1016/j.gecco.2021.e01467.

Zong, S.; Luo, Y.; Cui, Y.; Wang, J.; Yan, W.; Liu, A.; Kari, H. Damage Characteristics of Three Boring Pests in Artemisia ordosica.
For. Stud. China 2009, 11, 24-27. https://doi.org/10.1007/s11632-009-0009-2.

Zhang, L.; Ren, L.-L.; Luo, Y.-Q.; Zong, S.-X. Scanning Electron Microscopy Analysis of the Cephalic Sensilla of Chrysolina aeru-
ginosa Fald. (Coleoptera, Chrysomelidae). Microsc. Res. Tech. 2013, 76, 423—431. https://doi.org/10.1002/jemt.22183.

Tian, C.; He, D.-H.; Li, Y.-J. The Occurrence and Control of Desert Forage Grass Insect Pests, Chrysolina aeruginosa (Falder). Plant
Prot. China 1987, 13, 25-26. (In Chinese)

Zhang, Z.-K,; Yang, C.-X.; Gao, L.-Y. Study on the Spatial Distribution Pattern of Chrysolina aeruginosa Fald. and its Sampling
Technique. J. Northwest AF Univ. (Nat. Sci. Ed) 2007, 35, 99-104. (In Chinese)

Duarte, F.; Calvo, M.; Borges, A.; Scatoni, I. Geostatistics Applied to the Study of the Spatial Distribution of Insects and Its Use
in Integrated Pest Management. Rev. Agron. Noroeste Argent. 2015, 35, 9-20.

Yang, X; Qin, J.; Luo, Y.; Yang, Z.; Wei, J. Geostatistical Analysis of Spatial Distribution of Endoclita signifer Larvae on Eucalyp-
tus. Am. |. Agric. For. 2018, 6, 226-236.

Ribeiro, A.V.; Ramos, R.S.; de Aratjo, T.A.; Soares, ]J.R.; Paes, ].d.S.; de Aratjo, V.C.; Bastos, C.S.; Koch, R.L.; Picanco, M.C.
Spatial Distribution and Colonization Pattern of Bemisia tabaci in Tropical Tomato Crops. Pest Manag. Sci. 2021, 77, 2087-2096.
https://doi.org/10.1002/ps.6237.

Dangol, D.; Khanal, L.; Pandey, N.; Ghimire, A.; Kyes, R.C. Test of Ecogeographical Rules on Sparrows (Passer Spp.) along the
Elevation Gradient of the Himalaya in Central Nepal. Ecologies 2022, 3, 480—491. https://doi.org/10.3390/ecologies3040034.

Cao, S.-G.; Pang, Z.-H.; Yang, X.-H.; Yu, Y.-H.; Qiu, R.-Q. Preliminary Study on Spatial Distribution Pattern of Endoclyta signifer
Walker Larva. Plant Dis. Pests 2011, 2, 28-72.

Karimzadeh, R.; Hejazi, M.J.; Helali, H.; Iranipour, S.; Mohammadi, S.A. Analysis of the Spatio-Temporal Distribution of Eu-
rygaster integriceps (Hemiptera: Scutelleridae) by Using Spatial Analysis by Distance Indices and Geostatistics. Environ. Entomol.
2011, 40, 1253-1265. https://doi.org/10.1603/EN10188.

de Alves, M.C,; da Silva, F.M.; Moraes, ].C.; Pozza, E.A.; de Oliveira, M.S,; Souza, ].C.S.; Alves, L.S. Geostatistical Analysis of
the Spatial Variation of the Berry Borer and Leaf Miner in a Coffee Agroecosystem. Precis. Agric. 2011, 12, 18-31.
https://doi.org/10.1007/s11119-009-9151-z.

Negron, J.F. Within-Stand Distribution of Tree Mortality Caused by Mountain Pine Beetle, Dendroctonus ponderosae Hopkins.
Insects 2020, 11, 112. https://doi.org/10.3390/insects11020112.

Wang, Z.; Wu, J; Shang, H.; Cheng, J. Landscape Connectivity Shapes the Spread Pattern of the Rice Water Weevil: A Case
Study from Zhejiang, China. Environ. Manag. 2011, 47, 254-262. https://doi.org/10.1007/s00267-010-9595-y.

Hortal, ].; Roura-Pascual, N.; Sanders, N.J.; Rahbek, C. Understanding (Insect) Species Distributions across Spatial Scales. Ecog-
raphy 2010, 33, 51-53. https://doi.org/10.1111/j.1600-0587.2009.06428.x.

Wisz, M.S.; Pottier, J.; Kissling, W.D.; Pellissier, L.; Lenoir, J.; Damgaard, C.F.; Dormann, C.F.; Forchhammer, M.C.; Grytnes, J.-
A.; Guisan, A ; et al. The Role of Biotic Interactions in Shaping Distributions and Realised Assemblages of Species: Implications
for Species Distribution Modelling. Biol. Rev. 2013, 88, 15-30. https://doi.org/10.1111/j.1469-185X.2012.00235.x.

Macfadyen, S.; Tay, W.T.; Hulthen, A.D.; Paull, C.; Kalyebi, A.; Jacomb, F.; Parry, H.; Sseruwagi, P.; Seguni, Z.; Omongo, C.A.;
et al. Landscape Factors and How They Influence Whitefly Pests in Cassava Fields across East Africa. Landsc. Ecol. 2021, 36, 45—
67. https://doi.org/10.1007/s10980-020-01099-1.



Insects 2023, 14, 379 13 of 13

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Guisan, A.; Thuiller, W. Predicting Species Distribution: Offering More than Simple Habitat Models. Ecol. Lett. 2005, 8, 993
1009. https://doi.org/10.1111/j.1461-0248.2005.00792.x.

Iannella, M.; D’ Alessandro, P.; De Simone, W.; Biondi, M. Habitat Specificity, Host Plants and Areas of Endemism for the Gen-
era-Group Blepharida s.l. in the Afrotropical Region (Coleoptera, Chrysomelidae, Galerucinae, Alticini). Insects 2021, 12, 299.
https://doi.org/10.3390/insects12040299.

Steffan-Dewenter, I.; Tscharntke, T. Insect Communities and Biotic Interactions on Fragmented Calcareous Grasslands— A Mini
Review. Biol. Conserv. 2002, 104, 275-284. https://doi.org/10.1016/50006-3207(01)00192-6.

Garcia, A.G.; Araujo, M.R,; Uramoto, K.; Walder, ].M.M.; Zucchi, R.A. Geostatistics and Geographic Information System to
Analyze the Spatial Distribution of the Diversity of Anastrepha Species (Diptera: Tephritidae): The Effect of Forest Fragments in
an Urban Area. Environ. Entomol. 2017, 46, 1189-1194. https://doi.org/10.1093/ee/nvx145.

Zhang, D.-Z.; Zhao, N.; Li, Y.-C.; Ma, Y.; Wang, X; Xie, ].-C.; Ma, C.-L.; Chen, H.-B. Population dynamics of Chrysolina aeruginosa
in Ningdong region of Ningxia and the related influencing factors. Chin. J. Ecol. 2014, 33, 346-351. (In Chinese)

Vinatier, F.; Tixier, P.; Duyck, P.-F.; Lescourret, F. Factors and Mechanisms Explaining Spatial Heterogeneity: A Review of
Methods for Insect Populations. Methods Ecol. Evol. 2011, 2, 11-22. https://doi.org/10.1111/j.2041-210X.2010.00059.x.

Blanchet, F.G.; Bergeron, J.A.C.; Spence, ].R.; He, F. Landscape Effects of Disturbance, Habitat Heterogeneity and Spatial Auto-
correlation for a Ground Beetle (Carabidae) Assemblage in Mature Boreal Forest. Ecography 2013, 36, 636—647.
https://doi.org/10.1111/j.1600-0587.2012.07762.x.

Karimzadeh, R.; Iranipour, S. Spatial Distribution and Site-Specific Spraying of Main Sucking Pests of Elm Trees. Neotrop. Ento-
mol. 2017, 46, 316-323. https://doi.org/10.1007/s13744-016-0453-3.

Mitchell, M.G.E.; Hartley, E.; Tsuruda, M.; Gonzalez, A.; Bennett, EM. Contrasting Responses of Soybean Aphids, Primary
Parasitoids, and Hyperparasitoids to Forest Fragments and Agricultural Landscape Structure. Agric. Ecosyst. Environ. 2022, 326,
107752. https://doi.org/10.1016/j.agee.2021.107752.

Gall¢, R,; Tolgyesi, C.; Csaszar, P.; Batori, Z.; Gallé-Szpisjak, N.; Kaur, H.; Maak, I.; Torma, A.; Batary, P. Landscape Structure
Is a Major Driver of Plant and Arthropod Diversity in Natural European Forest Fragments. Ecosphere 2022, 13, e3905.
https://doi.org/10.1002/ecs2.3905.

Sciarretta, A.; Trematerra, P. Geostatistical Tools for the Study of Insect Spatial Distribution: Practical Implications in the Inte-
grated Management of Orchard and Vineyard Pests. Plant Prot. Sci. 2014, 50, 97-110. https://doi.org/10.17221/40/2013-PPS.
Ribeiro, S.E.; Prevedello, ]J.A.; Delciellos, A.C.; Vieira, M.V. Edge Effects and Geometric Constraints: A Landscape-Level Empir-
ical Test. J. Anim. Ecol. 2016, 85, 97-105. https://doi.org/10.1111/1365-2656.12430.

Altamirano, A.; Valladares, G.; Kuzmanich, N.; Salvo, A. Galling Insects in a Fragmented Forest: Incidence of Habitat Loss,
Edge Effects and Plant Availability. J. Insect Conserv. 2016, 20, 119-127. https://doi.org/10.1007/s10841-016-9845-2.

Mulcahy, M.M.; Wilson, B.E.; Reagan, T.E. Spatial Distribution of Lepidopteran Stem Borers in Louisiana Rice Fields. Environ.
Entomol. 2022, 51, 405-412. https://doi.org/10.1093/ee/nvab138.

Mulcahy, M.M.; Wilson, B.E.; Reagan, T.E. Spatial Distribution of Lissorhoptrus oryzophilus (Coleoptera: Curculionidae) in Rice.
Environ. Entomol. 2022, 51, 108-117. https://doi.org/10.1093/ee/nvab120.

Ferguson, A.W.; Klukowski, Z.; Walczak, B.; Clark, S.J.; Mugglestone, M.A.; Perry, ].N.; Williams, I.H. Spatial Distribution of
Pest Insects in Oilseed Rape: Implications for Integrated Pest Management. Agric. Ecosyst. Environ. 2003, 95, 509-521.
https://doi.org/10.1016/50167-8809(02)00200-1.

Villasefior, N.R.; Driscoll, D.A.; Escobar, M.A.; Gibbons, P.; Lindenmayer, D.B. Urbanization Impacts on Mammals Across Ur-
ban-Forest Edges and a Predictive Model of Edge Effects. PLoS ONE 2014, 9, €97036. https://doi.org/10.1371/jour-
nal.pone.0097036.

Wang, J.; Li, Y.-C.; Zhang, D.-Z. Population dispersion of Chrysolina aeruginosa based on mark-recapture method. |. Environ.
Entomol. 2016, 38, 912-917. (In Chinese)

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



