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Abstract

Codling moth (Cydia pomonella L.) is an internal feeding pest of apples and can cause substantial economic

losses to fruit growers due to larval feeding which in turn degrades fruit quality and can result in complete crop

loss if left uncontrolled. Although this pest originally developed in central Asia, it was not known to occur in

China until 1953. For the first three decades the spread of codling moth within China was slow. Within the last

three decades, addition of new commercial apple orchards and improved transportation, this pest has spread

to over 131 counties in seven provinces in China. We developed regional (China) and global ecological niche

models using MaxEnt to identify areas at highest potential risk of codling moth establishment and spread. Our

objectives were to 1) predict the potential distribution of codling moth in China, 2) identify the important envi-

ronmental factors associated with codling moth distribution in China, and 3) identify the different stages of inva-

sion of codling moth in China. Human footprint, annual temperature range, precipitation of wettest quarter, and

degree days�10 �C were the most important predictors associated with codling moth distribution. Our analysis

identified areas where codling moth has the potential to establish, and mapped the different stages of invasion

(i.e., potential for population stabilization, colonization, adaptation, and sink) of codling moth in China. Our

results can be used in effective monitoring and management to stem the spread of codling moth in China.
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Codling moth, Cydia pomonella (Lepidoptera: Tortricidae) is an in-

vasive insect pest of apple in China. Although this pest originally de-

veloped in central Asia Minor, most likely Kazakhstan, it was not

reported in China until 1953 (Zhang 1957). This first report was lo-

cated in Korla city in Xinjiang province (Zhang et al. 2012).

Codling moth distribution remained in Xinjiang Province, but

spread from Korla city to 18 additional counties from 1953 to 1989

(Zhang 1957, Xu et al. 2015). From 1989 to 2000 codling moth

was reported in five new counties and one new province, Gansu

province Xu & Gaun 2008. From 2003 to 2009 codling moth was

detected in three new provinces, Ningxia, Inner Mongolia and

Heilongjiang, for a total of five provinces. From 2009 to 2015 cod-

ling moth had spread to two more provinces, Jilin and Liaoning, and

a total of 131 counties (Zhang et al. 2012, Xu et al. 2015). During

this time, China was becoming the global leader in apple production

with 48.4% of the world production and 42.5% of the world culti-

vated areas of apples (Xu et al. 2015). The economic damage assess-

ment of codling moth in China was estimated to cause as much as

$605 million (Zhu 2010). Its rapid spread could most likely be at-

tributed to increased domestic and international trade, and

transportation of trees, fruits, packing materials, and farm equip-

ment (Evangelista and Kumar 2011).

Codling moth has a facultative diapause which is dependent on

photoperiod and temperature (Neven 2012, 2013). In most temperate

climates, the overwintering generation emerges synchronously in the

spring followed by one to two slightly overlapping emergence peaks

later on in the season. The life cycle can be affected by the temperature

and day length, resulting in different emergence patterns (Neven

2012, 2013). In China, codling moth usually has two and half to three

generations a year (Zhang et al. 1957, Lin et al. 2006, Liu et al. 2012,

Xu et al. 2012).

Codling moth coevolved with wild apples (Lin et al. 1996) in

central Asia. Along with the increasing cultivation of apples world-

wide, codling moth distribution expanded as a result of human ac-

tivities and climatic conditions (Shel’Deshova 1967). In 1989, the

European Plant Protection Organization reported that codling moth

had a limited distribution in western China, and that reports of this

pest in the eastern part of the country were “most certainly mis-

takes” (Zhu 2010, EPPO 2015). Zhu (2010) reported that codling

moth had a distribution in 53 counties in five provinces in China.
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Codling moth have now been reported in 131 counties within seven

provinces in China (Zhang et al. 2012, Kumar et al. 2015a), and is

the origin of the occurrence data (Supp Table 1 [online only]). The

infestation pattern of codling moth in China appears to follow a dis-

junctive distribution, both in Northwestern and Northeastern of

China (Zhao et al. 2015).

A study to predict the potential spread of codling moth in China,

Lin et al. (1996) concluded that most of the regions in Northwest

and Northeast China were at high risk of invasion by this pest.

However, their CLIMEX and GIS prediction models did not include

the apple growing areas of Shandong and Neimenggu provinces. Jin

et al. (1996, 1997) used the Biological Climatic Geographic

Information System (BCGIS) to complete the preliminary analysis of

potential habitation, refuting claims of Lin et al. (1996). Liang et al.

(2010) also used CLIMEX to analyze the potential distribution of

codling moth using ArcGIS, which showed that production areas

like Shandong and Liaoning have comparatively lower probabilities

of infestation than other apple production regions. Lei (2010) ap-

plied the climate similarity distance to perform the distribution pre-

diction of three insects including codling moth, indicating that the

increased precipitation during summer time could be one of the lim-

iting factors for this pest’s invasion into the Bohai Bay apple produc-

tion area. However, it did not include actual occurrence data, so the

results were not as reliable.

In a previous publication, Kumar et al. (2015a) found that the

most important variables impacting the global distribution of cod-

ling moth were latitude (a surrogate for day length) and mean an-

nual temperature. Many of the abiotic factors influencing codling

moth global distribution were described by Neven (2012, 2013) in

which the duration of low temperature exposure (�10 �C) of dia-

pausing 5th instars directly impacted post-diapause emergence, as

well as day length. These findings supported Shel’Deshova (1967)

and Willett et al. (2009) in that codling moth cannot sustain a popu-

lation where the day length is <15 h, and the duration of winter

temperatures �10 �C are insufficient to meet the chilling require-

ment for diapause completion in this species.

Ecological niche models (ENM) have become popular tools for

mapping potential distribution of invasive pests and investigating

effects of climate change. These models combine species occur-

rence data with spatial environmental variables and predict relative

environmental suitability for a species (Peterson et al. 2011). ENM

have been effectively used to assess risk of establishment of insect

pests (Kumar et al. 2014a,b; 2015a,b), invasive aquatic species

(Kumar et al. 2009, Poulos et al. 2012, Montecino et al. 2014), in-

vasive plants (Stohlgren et al. 2010, West et al. 2015), human dis-

eases (Du et al. 2014), vertebrates (Bogosian et al. 2012, Boria

et al. 2014), and pathogens (Murray et al. 2011, Flory et al. 2012).

Potential distribution modeling of codling moth in China has been

attempted earlier by Yang (2008) and Zhao et al. (2015), however,

none of these studies identified different stages of codling moth in-

vasion. Our study integrates regional (China) distributions and re-

cently published global potential distribution map for codling

moth (Kumar et al. 2015a) to identify the leading edges of

invasion.

The objectives of this study were to 1) effectively map the pro-

gression of codling moth expansion through China from the 1950s

to 2015, 2) develop an ecological niche model to appropriately de-

termine environmental factors related to codling moth establishment

and expansion, 3) determine the leading edge of the expansion of

codling moth and stages of invasion in China, and 4) develop a pre-

dictive model to identify those production areas within China at

highest risk of codling moth population expansion.

Materials and Methods

Species Occurrence Data

The codling moth occurrence data were collected from 131 counties

within seven provinces in China where is it is currently known to

occur (see Supplementary data A [online only]). These spatially

unique C. pomonella occurrences were used in the niche model

(Fig. 1). They were collected from three different sources: 1) early

documentations including research articles and dissertations; 2)

related supportive materials and documents of Chinese National

Plant Protection agencies, previous reports and National

Information Distribution of Quarantine Pests issued by the Chinese

Department of Agricultural in 1996. Occurrence data from codling

moth large-area monitoring and management workshops in which

our research group (i.e., Institute of Zoology-Identification and

Management of Invasive Alien Species; IOZ-IMIAS) was involved

for many years was also included here (Du 2011). Some provincial

Plant Protection and Quarantine Services provided occurrence data

of infested locations during 1987 to 2005. 3) Other occurrence data

collected during 2005–2013 were obtained from the reports released

by Department of Agriculture (Xu et al. 2015). Occurrence data for

developing global models were obtained from a variety of sources

including books, articles and databases (see more details in Kumar

et al. 2015a).

Environmental Data

A total of 26 environmental variables were considered in modeling

the potential distribution of codling moth in China including cli-

matic, topographic, and anthropogenic variables (see

Supplementary data B [online only]). These variables were selected

based on their potential effects on codling moth biology and its eco-

logical requirements, and their use in previous insect pest niche mod-

eling studies (Evangelista et al. 2011; Sambaraju et al. 2012; Zhu

et al. 2012; Kumar et al. 2014a,b). Nineteen bioclimatic variables

and elevation data were downloaded from the WorldClim dataset

(Hijmans et al. 2005). Monthly average temperature data layers

from the WorldClim were used to generate “degree days at�10 �C”

variable (Shel’Deshova 1967). Other variables representing different

aspects of climate included aridity index, annual potential evapo-

transpiration (Trabucco and Zomer 2009), and solar radiation. We

also considered human footprint index (Sanderson et al. 2002) and

human population density (year 2010) to represent human aided dis-

persal of codling moth and apple orchards/plantations distribution

(see Supplementary data B [online only]). All variables were

resampled to �5km spatial resolution to match the 19 bioclimatic

variables. Multicollinearity among all environmental variables was

assessed by calculating pairwise Pearson correlation coefficients and

variables with jrj>0.75 were removed (see Supplementary data C

[online only]). For example, elevation, solar radiation, annual

potential evapotranspiration, maximum temperature of warmest

month, mean temperature of warmest quarter, and degree days

at�10 �C were highly correlated (jrj>0.75; P<0.0001), we

included degree days at�10 �C and removed others (see

Supplementary data C [online only]). Environmental variables with

very low predictive power (i.e., training gain) in the MaxEnt model

were also dropped.

Potential Distribution Modeling

MaxEnt correlative niche model (version 3.3.3k; Phillips et al.

2006) was used for integrating codling moth occurrences with envi-

ronmental variables to model the risk of establishment. The MaxEnt

model was chosen because of its higher performance
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(Elith et al. 2006, Kumar et al. 2009) and its use in numerous studies

on insect pest risk establishment (Li et al. 2009; Evangelista et al.

2011; Lozier and Mills 2011; Zhu et al. 2012; Kumar et al.

2014a,b). The MaxEnt model is better suited for this study because

it uses presence (i.e., locations where species was found present) and

background (i.e., random pseudo-absence points) data. Ten thou-

sand background points for MaxEnt were drawn using a Kernel

Density Estimator (KDE) surface to account for variation in sam-

pling intensity and potential sampling bias (see Supplementary data

D [online only]); see more details in Elith et al. 2011, Kumar et al.

2014a). The MaxEnt was run with different settings using different

combinations of “feature types” and regularization multiplier

(Table 1). ENMTools (Warren et al. 2010) were used for model

selection using Akaike’s Information Criterion corrected for small

sample size (AICc) and information theoretic approach (Burnham

and Anderson 2002). The “fade-by-clamping” in MaxEnt was used

to avoid spurious model projections (Owens et al. 2013). Percent

variable contribution and jackknife tests were used for assessing rel-

ative importance of different environmental variables. Response

curves generated by MaxEnt were used for investigating C. pomo-

nella responses to environmental variables.

Model performance was assessed using MaxEnt generated area

under the receiver operating characteristic (ROC) curve (AUC,

Phillips et al. 2006), Partial AUC ratio (pAUC) statistic (Peterson

et al. 2008), and sensitivity (i.e., fraction of correctly predicted pre-

sences). Eighty percent of the occurrence data (n¼105) were used

for training the model and remaining 20% (n¼26) for assessing

model performance. MaxEnt’s internal 10-fold cross-validation pro-

cedure was used for calculating training (AUCcv) and test AUC

(AUCTest) values. The pAUC was calculated using a Visual Basic

program (Barve, http://biodiversity-informatics-training.org). The

sensitivity was calculated at 0% training omission rate, and 5%

training omission rate (see details in Liu et al. 2013, Kumar et al.

2014a).

Mapping Leading Edge of Expansion of Codling Moth and Its

Stages of Invasion

The theoretical framework of Gallien et al. (2012) was used for

mapping leading edges of invasion by codling moth, and for making

inferences about different stages of invasion for codling moth

observed populations/occurrences in China by plotting predicted

probabilities from the regional (China) model (this study) against

the global model from Kumar et al. (2015a). This framework takes

advantage of the differences between a species’ regional realized

niche (i.e., species’ climatic niche in China in this case) and the

global niche (i.e., species’ climatic niche for the entire world).

According to this framework, a species would be at quasi-

equilibrium if the regional and global models predict higher proba-

bilities (e.g.,>0.5) for species’ presence (i.e., stabilizing popula-

tions). In contrast, if both models predict lower probabilities for

species presences, these locations may represent populations sinks

(see more details in Gallien et al. 2012, Kumar et al. 2015b). If the

species presences cover the global niche but not the regional realized

Fig. 1. Current known occurrences of C. pomonella in China.
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niche, this suggests colonization from different sources including

already invaded areas in the regional invaded range. In contrast, if

species presences cover realized niche but not the global niche, this

indicates that these populations may be adapting to new environ-

mental conditions (local adaptation).

Results

Predicted Potential Distribution of Codling Moth in China

All models performed better than random with training and test

AUC values>0.80, pAUC ratios>1.5, and had lower omission rates

(OR) (Table 1). The best model (Model 2) included six predictor

variables including human footprint, temperature annual range

(bio7), precipitation of wettest quarter (bio16), degree days at

10 �C, precipitation seasonality (bio15), and mean temperature of

coldest quarter (bio11), and had a test AUC value of 0.932, pAUC

ratio of 1.918, and 1.0 and 0.92 sensitivity values at 0% OR and

5% OR, respectively (Table 1). The model with only climatic varia-

bles (i.e., Model 4) performed poorly (lower evaluation statistics

and higher AIC value) than the model with climatic plus human

footprint variables (Model 2) (Table 1).

The best model predicted higher environmental suitability for

codling moth in northern and northeastern parts of China including

Xinjiang province in the west, and several provinces in east central

China (Fig. 2). This model did not predict suitable areas for codling

moth in southern provinces of China including Tibet, Yunnan,

Guangxi, and Hainan; Taiwan was also predicted unsuitable

(Fig. 2). The climate only model (i.e., without human footprint

variable) predicted more suitable areas than the model with cli-

matic plus human footprint variables (Fig. 3). The predicted envi-

ronmental suitability covered all apple growing areas in China

(Figs. 2 and 3).

Table 1. Codling moth (C. pomonella) model evaluation and validation for MaxEnt models for China

Model Variables/settings AUCcv AUCTest AICc DAICc 0% Omission rate 5% Omission rate

Sensitivity pAUC ratio (6SD) Sensitivity pAUC ratio (6SD)

Model1 Human footprint, deg. days10,

bio7, bio11, bio15, bio16

(Default; RM¼ 1.0)

0.915 0.932 2337.1 44.6 1.0 1.920 (60.04) 0.92 1.647 (60.14)

Model2

(best model)

Human footprint, deg. days10,

bio7, bio11, bio15, bio16

(Default; RM 5 2.5)

0.920 0.932 2292.5 0.0 1.0 1.918 (60.04) 0.92 1.660 (60.13)

Model3 Human footprint, deg. days10,

bio7, bio11, bio15, bio16

(LQP; RM¼ 1.0)

0.913 0.924 2289.0 3.5 1.0 1.908 (60.05) 0.92 1.613 (60.17)

Model4

(climate only)

Deg. days10, aridity, bio3, bio7,

bio11, bio15, bio19 (Default;

RM¼ 2.5)

0.838 0.860 2515.7 223.2 1.0 1.834 (60.06) 0.92 1.510 (60.12)

Default settings are with Linear (L), Quadratic (Q), Product (P), Threshold (T), and Hinge (H) features included; RM is regularization multiplier; bio1 to bio19

are Bioclim variables (see Supplementary data A [online only] for full names); AUCcv is AUC based on 10-fold cross-validation; AUCTest is AUC based on 20%

withheld test data; AICc is Akaike’s Information Criterion for small sample size; Partial AUC (pAUC) ratio is from Peterson et al. (2008).

Fig. 2. Predicted potential distribution of C. pomonella in China using climate and human factors.
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Effects of Environmental Factors on Codling Moth Distribution in

China

Human footprint was one of the most important predictors associated

with codling moth distribution in China (Table 2). It contributed most

(57.7% average contribution) to the best model and also had highest

predictive power (i.e., highest training gain; Fig. 4a), and test AUC (Fig.

4b). Other important predictors included temperature annual range

(bio7, precipitation of wettest quarter (bio16), and degree days at 10 �C

with 15.9, 10.1, and 9.8% contributions, respectively (Table 2).

Probability of codling moth presence in China increased with

increasing human footprint index (Fig. 5), and was highest at lower

levels of precipitation of wettest quarter (bio16). The probability of

codling moth presence was highest between 1,000 and 2,000 degree

days at 10 �C (Fig. 5).

Stages of Codling Moth Invasion in China

The analysis of different stages of invasion for codling moth in

China based on predictions from a regional model (i.e., China; this

study) and a global model (Kumar et al. 2015a) showed that most of

the stabilized populations of codling moth are present in inner parts

of predicted suitable areas in northwestern Xinjiang, central

Jiuquan, and northern Gansu and northern Ningxia provinces

(Fig. 6). The analysis revealed that regional adaptation is occurring

in Heilongjiang, Jilin and Liaoning provinces (Fig. 6) whereas colo-

nization is occurring in outer parts of predicted suitable areas (Figs.

2 and 6). These results suggest that codling moth may be in quasi-

equilibrium with the regional environment in China and it is still

spreading to new environmentally suitable areas (i.e., blue and green

areas in Fig. 6b). Most often invasive species are not in equilibrium

with their environment as they may not have had enough time to

disperse to all environmentally suitable areas after their introduc-

tion, which seems to be the case here (Rouget et al. 2004). Codling

moth invasion in other parts of the country (i.e., yellow areas in Fig.

6b) may be limited by abiotic conditions, biotic interactions, inva-

sion history and dispersal constraints (Wilson et al. 2007). For

example, population sink areas predicted in northern Xinjiang,

northeastern Inner Mongolia, and northwestern Heilongjiang prov-

inces may be a result of extremely cold temperatures that limit

codling moth potential distribution by exceeding its ability to over-

winter (Fig. 6b). The predicted unsuitable areas in southern China

may be due to a lack of host plant (i.e., apple) and warmer tempera-

tures or dispersal constraints (Figs. 2 and 6b).

Updates on the Current Distribution of Codling Moth in China

During the writing of this paper, there were some updates on the

codling moth occurrences in China. At present, the occurrence sites

are in 144 counties covering seven separate provinces, with total

infestation area of 49,410 ha (Xu et al. 2015). As mentioned in the

Methods and Materials section, we did not include those newer data

into our modeling procedures. The data were updated just until the

end of 2012 because the later occurrence were not that conspicuous

and fast as the previous infestations, and also because we needed to

define a time threshold to finish the prediction modeling. Moreover,

these new occurrences corroborate our model results of codling

moth potential suitable habitat.

Discussion

Our study is the first to identify and map different stages of codling

moth invasion in China. These hypothesized stages of invasion can

Fig. 3. Predicted potential distribution of C. pomonella in China using only climatic factors.

Table 2. Percent contribution of different environmental variables

to the best MaxEnt model (Model 2) for C. pomonella

Environmental variable Percent

contribution

Permutation

importance

Human footprint 57.7 72.4

Temperature annual

range (Bio7; �C)

15.9 4.0

Precipitation of wettest

quarter (Bio16; mm)

10.1 14.8

Degree days at� 10 �C 9.8 2.4

Precipitation seasonality

(CV) (Bio15)

4.9 1.2

Mean temperature of coldest

quarter (Bio11; �C)

1.5 5.3
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Fig. 4. Relative importance of different environmental predictors based on jack-knife tests for (a) training gain and (b) test AUC.

Fig. 5. Response curves showing relationships between most important environmental factors and the probability of C. pomonella presence.
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be used to guide codling moth control and management strategies in

China. It may be easier to control and eradicate codling moth from

areas where colonization and adaptation have been predicted by our

models (Fig. 6). We also identified that human footprint, temperature

annual range and precipitation of the wettest quarter are the most

important factors associated with codling moth distribution in China.

Potential Risk to the Apple Producing Areas

The best model predicted highly suitable areas for codling moth in

north-central, northwestern and northeastern parts of China sug-

gesting higher risk of damage to apple production in these areas

compared to other regions in southern parts of the country (Fig. 2).

Our results showed that among seven highest apple producing prov-

inces codling moth’s potential risk is highest in Gansu, Shaanxi,

Shanxi, southern Hebei, central Liaoning, and northwestern Henan

provinces. However, the best model predicted lower risk of codling

moth infestation in Shandong province (Fig. 2). None or very low

risk was predicted in southern provinces of the country. Medium to

high risk was predicted in other apple producing provinces such as

Ningxia, Heilongjiang and Jilin, whereas low or very low risk was

predicted in Beijing, Tianjin, and Hubei provinces (Fig. 2).

Effects of Environmental Factors

Human footprint was one of the most important factors in predict-

ing potential distribution of codling moth in China which may be

because humans disperse codling moth propagules, and irrigation by

humans make climatically unsuitable areas suitable for growing

apple, a major host of codling moth. This finding matches recent

studies by other investigators (Abulizi et al. 2015, Zhao et al. 2015,

Cabra-Rivas et al. 2016) who also found human footprint as an

important predictor of invasive species’ potential distribution.

Precipitation of wettest quarter (bio16) was an important factor

Fig. 6. (a) Observed occurrences of Cydia pomonella at different stages of invasion based on global and regional (China) model predictions and (b) mapped areas

in China showing potential (hypothesized) for population stabilization, adaptation, colonization, and sink.
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associated with codling moth distribution in China (Table 2) which

could be because rainfall can affect the survival of first instar (Hagley

1976). Degree days at 10 �C was also an important predictor of codling

moth distribution which is the lower development threshold for codling

moth populations (Shel’Deshova 1967). Three important predictors in

our best model, namely temperature annual range (bio7), precipitation

of wettest quarter (bio16), and precipitation seasonality (bio15) were

same as the global codling moth model of Kumar et al. (2015a). Not

all predictors were same in our regional model and Kumar et al.’s

(2015a) global model because different factors govern species distribu-

tions at different scales (Franklin 2009).

Comparison With Other Studies on Codling Moth

Two other studies by Kumar et al. (2015a) and Zhao et al. (2015)

attempted to model potential distribution of codling moth at global

and regional scales using niche models. However, our study was

unique because it identified and mapped different stages of invasion

of codling moth in China which other studies did not do. Predictions

from our climate only model matched closely with that of Kumar

et al. (2015a) predictions in China. However, predictions from our

best model (human footprintþ climate) matched with Zhao et al.

(2015) in northern China but differed significantly in southern

China. Our models, including that of Kumar et al. (2015a), are

based on rigorous species-specific tuning and testing of multiple set-

tings in MaxEnt, and model selection using AICc, which was not

done by Zhao et al. (2015). Recent studies suggested that species-

specific tuning is required for generating reliable and accurate spe-

cies distribution models using MaxEnt; models with optimal com-

plexity perform the best (Shcheglovitova and Anderson 2013; Syfert

et al. 2013; Kumar et al. 2014a,b). Default settings in MaxEnt can

produce highly complex models, biologically nonsensical species

response curves (Fig. A3 in Kumar et al. 2014c), and thus produce

highly erroneous model projections outside model training regions,

which appears to be the case in Zhao et al. (2015) study.

Model Limitations and Caveats

Correlative niche models such as MaxEnt have inherent limitations

and uncertainties associated with them (Jarnevich et al. 2015). For

example, these models may be affected by multicollinearity, spatial

autocorrelation, spatial resolution of predictor variables, species char-

acteristics, and spatial errors in species’ occurrences, and sampling bias

(Guisan et al. 2007a,b; Dormann et al. 2013; Syfert et al. 2013). The

model predictions may also be affected by temporal mismatch in cli-

matic data and species occurrences. Therefore results from these mod-

els should be interpreted cautiously. Our model included propagule

pressure (represented by human footprint variable) which makes our

predictions more reliable and accurate. Also, a number of correlative

niche models are available for modeling potential distribution of a spe-

cies and different modeling algorithms may result in slightly different

predictions and vary in their performance (Qiao et al. 2015). In this

study we only used MaxEnt model because it was best suited for our

species since we only had presence data, no absence data were avail-

able. Some researchers have advocated the use of ensemble modeling to

overcome this uncertainty (Araujo and New 2007) however others sug-

gested using the best model (Mainali et al. 2015).

Conclusions and Management Implications

Our results may be useful in designing effective control and monitor-

ing programs for management of codling moth in China. The results

can also be used for designing science-based sampling scheme and

setting up surveillance sites. Our study used a unique theoretical

framework to identify and map different stages of invasion of

codling moth in China. Information on leading edges of invasion,

and about areas where adaptation and colonization is currently

occurring can be especially useful in controlling codling moth spread

to new areas, and monitoring its populations in currently infested

areas. The theoretical and analytical framework presented in this

study can be adopted for dealing with other harmful invasive species

of concern in China and elsewhere in the world.

Supplementary Data

Supplementary data are available at Journal of Insect Science online.
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