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With 3 figures

Abstract: Tuta absoluta (Lepidoptera: Gelechiidae) originates from the South American tropics but has become a major
invasive pest of tomato and other Solanaceae crops worldwide. Agricultural protected facilities (APFs) such as greenhouses
and plastic tunnels may provide thermal conditions that allow the survival of 7. absoluta in temperate zones with cold
winters. In this study, a CLIMEX model was used to investigate the dual effects of increasing use of APFs and climate
warming on the potential distribution and seasonal dynamics of 7. absoluta in China. Our model showed that the northern
boundary for year-round population persistence in China, ignoring APFs, was approximately 30°N, covering about 21%
of China’s area suitable under current climate. The modelled suitable area increased to 31% and northern boundary for
year-round population persistence shifted to 40°N in 2080 under global warming. When APF refuges are included, the
potential suitable area was 78% under the current climate and 79% under global warming. This suggests that, in the future,
the increasing use of APFs will increase the areas at risk of 7. absoluta invasion significantly more than global warming
because APFs effectively protect 7. absoluta from harsh northern winters. In addition, vegetable production in surrounding
open fields will be at risk of invasion during milder seasons when APFs are opened and 7. absoluta can disperse. Therefore,
the micro-climate of APFs should be considered as part of the invasion process, and Integrated Pest Management should be

simultaneously implemented inside and outside APFs for the rational management 7. absoluta.
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1 Introduction

The spread of invasive species is facilitated by socioeco-
nomic and political factors associated with globalization
(Bertelsmeier et al. 2017) including trade and tourism,
changed agricultural practices, and changing social trends
(Seebens 2019). In addition, global warming enables invad-
ers to spread to previously unsuitable climatic zones (Warren
et al. 2018; McNitt et al. 2019; Ma et al. 2021). Increasing
temperature has direct and indirect effects on population
dynamics of insects, notably invasive ones (Dangles et al.
2008; Wang et al. 2021; Wang and Ma 2022).

The effect of temperature heterogeneity within a land-
scape, as opposed to the average ambient temperature, on
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the ecology of invasive pests has received little attention
(Heller & Gordon 20006), largely because surrounding spatial
microclimates cannot be measured at public meteorological
stations (Faye et al. 2017; Formby et al. 2018). The thermal
buffering provided by sheltered habitats such as natural geo-
logical formations (aspect and orientation) and by artificial
structures such as Agriculture Protected Facilities (APFs)
within a landscape can ameliorate temperature extremes and
may promote the survival of insects, especially for tropical
and subtropical species invading temperate and frigid zones
(Formby et al. 2018).

The use of APFs such as greenhouses and plastic tun-
nels in a farming landscape is likely to buffer extreme ther-
mal events allowing insect survival and development in
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winter (Wang et al. 2015). In China, the area of APFs has
increased from 50,000 ha in 1995 to 5.6 million ha in 2019
(Department of Agricultural Mechanization Management
2021). This dramatic increase may be a major factor promot-
ing the northwards spread of pests such as whitefly Bemisia
tabaci (Gennadius) (Hemiptera: Aleyrodidae) and the
invasive leaf miner Liriomyza sativae Blanchard (Diptera:
Agromyzidae) which cannot survive in open fields in tem-
perate areas in winter (Wang et al. 2015). Such facilities may
become hotspots for the persistence and population increase
of invasive species originating from tropical or sub-tropical
areas (Wang et al. 2015) and may be a source of pests dis-
persing into open fields when conditions outside APFs are
more favorable.

The tomato leaf miner Tuta absoluta (Meyrick)
(Lepidoptera: Gelechiidae) is native to South America but
has successfully colonized most continents in the last two
decades (Desneux et al. 2011; Campos et al. 2017; Biondi
et al. 2018), threatening local production and the export
of solanaceous crops to pest-free countries (Desneux et al.
2010; Han et al. 2019; Mansour et al. 2018; Desneux et al.
2022). There are two patterns of infestation by 7. absoluta:
year-round population persistence that occurs mainly in
tropical and sub-tropical areas, and a transient population
that occurs mainly in temperate zones where this pest cannot
overwinter in open fields (van Damme et al. 2015; Han et al.
2018; McN:itt et al. 2019; Campos et al. 2021b). APFs may
promote the geographical expansion of this invasive spe-
cies into otherwise unsuitable areas such as northern Europe
and northern China (Han et al. 2019; Zhang et al. 2021) and
facilitate a switching from ephemeral to permanent popula-
tions. Despite this understanding, the refuge role of APFs
in facilitating pest invasion and colonization has not been
sufficiently considered within pest risk assessment (PRA),
integrated pest management (IPM), or biosecurity policy
(though note van Damme et al. 2015).

Various studies have investigated pest distributions
using CLIMEX an ecological niche model (ENM). The fit-
ted CLIMEX model describes the species growth and stress
responses to climatic variables and applies these response
functions to the climate at each location on a daily/weekly
basis. The reliance upon distribution data in CLIMEX is
tempered by the requirement that the fitted model parameters
are biologically reasonable and agree with what is known
of the species biology, including phenology (Webber et al.
2011; Kriticos et al. 2015). Large areas of APFs when used
as reference sites may affect the calibration of models giving
misleading estimates of potential distributions, especially in
open field landscapes.

Previous bioclimatic models for 7. absoluta were based
on occurrence records from published papers and reports,
GBIF and CABI (Desneux et al. 2010; Santana et al. 2019;
Han et al. 2019). These distribution records do not clearly
differentiate open fields or greenhouses and resulting models
may be misconstrued, as the occurrences in glasshouses do

not reflect the species response to the local prevailing cli-
mate. This suggests that some parameters in previous models
may need to be revisited after clarifying the known distribu-
tion of 7. absoluta in natural or open field landscapes (van
Damme et al. 2015; Martins et al. 2016), and by extension
the potential distribution.

In our study, the role of APFs and climate change were
used to assess the invasion of pest species of tropical ori-
gin into China, using 7. absoluta as a model species. The
following questions were addressed: (1), currently and in
the future, where is the geographical boundary of success-
ful overwintering by 7. absoluta in open fields without the
thermal refuge of APFs? (2), how do global warming and
APFs work together to affect the potential distribution of 7.
absoluta? and (3), how do APFs help to bridge populations
of T. absoluta inside and outside the APFs at a local scale?
The answer to these questions will help us to understand how
tropical and subtropical pests can invade a landscape with
APFs under current climatic conditions and under global
warming and will inform biosecurity policy for APF man-
agement in China.

2 Material and methods

2.1 Simulating the geographical distribution of
Tuta absoluta

2.1.1  The known sites of Tuta absoluta

Occurrence records for 7. absoluta were obtained from
the Global Biodiversity Information Facility (GBIF); first
occurrence and outbreak records were from the Center for
Agriculture and Bioscience International (CABI) and the
European and Mediterranean Plant Protection Organization
(EPPO) supplemented with records from published literature
(Santana et al. 2019). These occurrence records were divided
into two categories: (1) areas of natural overwintering for the
species, and (2) areas of non-natural (refuge) overwintering.
Based on the biology of 7. absoluta, sites with an ambient
average daily temperature below 5 °C for more than 21 days
were considered as non-natural overwintering sites (van
Damme et al. 2015; Campos et al. 2021a; 2021b). Of 711
recorded occurrences, 493 were from natural overwintering
sites and 218 were from non-natural overwintering sites (see
supplementary Fig. 1).

2.1.2 CLIMEX model

We used CLIMEX (Hearne Scientific Software, version
4.02, Australia, Kriticos et al. 2015) to model the climate
suitability patterns for 7. absoluta. The “Compare Location
(one species)” module was employed for estimating the
potential distribution of 7. absoluta. The Ecoclimatic Index
(EI), which ranges from 0 to 100, is used to describe the
overall climatic suitability of a given location for a species
to persist. An EI value of 100 represents ideal conditions for
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survival, whereas an EI value of 0 indicates unsuitable con-
ditions for survival. The EI value is determined by the annual
growth index (GI,) and the stress index (SI):

EI= GI*SI (1)

Each of the indices used to calculate annual growth and
stress are based on functions that describe the species posi-
tive or negative response to temperature and moisture esti-
mated from either laboratory experiments or from fitting the
species distribution or fitting to phenology data (Zalucki &
Van Klinken 2006).

Sl is determined by the cold stress (CS), heat stress (HS),
dry stress (DS), and wet stress (WS) according to the fol-
lowing equation (2) and each stressor is calculated weekly
(Kriticos et al. 2015):

SI'=(1—CS/100)*(1 — HS/100)*(1 — DS/100)*
(1 - Ws/100) 2

Gl is the product of a temperature (TI) and moisture
index (MI), calculated weekly and summed over the year
(Equation 3):

GLi=) TI*MI 3)

2.1.3 Climatic data and scenarios

To build the model, we used year-round occurrence
data for 7. absoluta populations in open fields in South
America (Supplementary Fig. 1) to estimate parameters
(Supplementary Table 1); Mediterranean data was used for
model validation (Supplementary Fig. 1b). The CliMond
CM30 1995H V2 climatic dataset interpolated at 30 arc
minute (~50 km) resolution was used (Kriticos et al. 2015).
This dataset has long-term monthly climate means centered
on the year 1995 for precipitation, maximum temperature,
minimum temperature, and relative humidity at 9:00 and
15:00 hours.

Future climate scenarios were extracted from the Climate
futures databases (CliMond) for twenty-year averages cen-
tered on 2080. The CMIPS5 Global Climate Data were derived
using the Representative Carbon Pathways (RCP) emission
scenarios (Kriticos et al. 2012). Recognizing the substantial
and irreducible uncertainties in the future greenhouse gas
emissions scenarios, we used the RCP8.5 emission scenario
to stress-test modelled systems with a plausible but extreme
scenario, so that emerging threats could be identified clearly.
This scenario is equivalent to SSP585, or a business-as-usual
emissions projection (Zhu et al. 2020).

2.1.4 Fitting parameters

Parameters were calibrated using the natural overwinter-
ing data to eliminate inaccurate predictions because of data
from APFs (Supplementary Fig. 1). The agreement between
the species distribution and the model for seasonal phenol-

ogy provided cross-validation for our model (Kriticos et al.
2015). The following assumption was made about the condi-
tions under which the pest could exist in a rainfed environ-
ment and an irrigated crop environment: for the irrigation
scenario, CLIMEX rainfall data were modified with top-up
irrigation of 1.5 mm day! and 0.5 mm day! in summer and
winter respectively, which encompasses the range of soil
moisture for crops growing optimally (Kriticos et al. 2015).
The detailed parameters of modeling on 7. absoluta are pre-
sented in supplementary Table 1.

2.2 The effect of APFs on Tuta absoluta
distribution

2.2.1 The use of APFs for vegetable production in China
Tomato, eggplant, and sweet pepper are often cultivated in
APFs in winter (plastic tunnels are more than 90% of APFs,
Supplementary Fig. 4). These solanaceous crops are suitable
hosts for 7. absoluta (Desneux et al. 2010; Sylla et al. 2019;
Rostami et al. 2020). We used the percentage of APFs used
to grow all vegetables to adjust cold stress in the CLIMEX
model (details in 2.2.2). The mean annual area of APFs
(unit: 103 hectares) from 2008-2018 in each province in
China (except Taiwan, Hongkong and Macao) was obtained
from the Greenhouse Data Sharing Platform (Department of
Agricultural Mechanization Management 2021) and Chinese
Statistics Yearbook (National Bureau of Statistics 2019). To
predict the percentage of APFs in total vegetable crops in
2080, we extrapolated a linear regression model fitted to the
above yearly data using SPSS software (IBM SPSS Statistics
20). The utilization rate of APFs was described by: % of
APFs = 0.0061*year—12.216; R2 = 0.732, P < 0.01. Except
for Yunnan, Guizhou, Guangxi, Hunan, Jiangxi and Hainan,
the other provinces in China had a significant increase in use
of APFs such as plastic tunnels (Supplementary Fig. 4).

2.2.2 Modelling the potential distribution of Tuta absoluta
Firstly, we calculated the area of APF (including the green-
house, glasshouse, and plastic tunnels) divided by the area of
vegetable cultivation in each province in China, expressed as
a percentage. According to Natural Breaks (Jenks), the cal-
culated results were divided into six categories and assigned
a new metric (PI) with the following values (0, 0.2, 0.4, 0.6,
0.8 and 1). Then we multiplied PI by the CS values in the
CLIMEX model to calculate a new CS (NCS) and new SI
(NSI) value using equations 4 and 5 below. The NCS value
was substituted into equation (2) and equation (1) to gener-
ate a new EI (NEI) for 7" absoluta using equation (6). This
NEI was considered a measure of the role of APFs in medi-
ating habitat conditions for 7. absoluta in winter (see details
in Supplementary Fig. 1). The adjustments to CS and EI
were done on CLIMEX output in ArcGIS (Environmental
Systems Research Institute, Inc. Version 10.2). The PI val-
ues, that represent the possibility that the moth could find
APFs as a shelter in cold winter, were linked to the shape
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file for each province in ArcGIS. We converted the shapefile
with PI values into a grid map with the same resolution using
“feature into raster” tools in ArcGIS. The PI grid map was
multiplied by the original CS grid map to get a new CS and
EI grid map using the raster calculator in ArcGIS.

NCS = (1 — P)*CS (4)
NSI = (1 —NCS/100)*(1 — HS/100)*(1 — DS/100)*

(1 —WS/100) (%)
NEI = GI*NCS (6)

In general, an EI of more than 30 represents a favorable
climate for a species (Kriticos et al. 2015). The EI values
were divided into four categories: Not suitable (EI = 0), Low
suitability (0 < EI < 10), Moderate suitability (10 < EI <
30), High suitability (EI > 30). The CLIMEX model was
validated qualitatively by evaluating its ability to estimate
climate suitability for currently known occurrences of 7.
absoluta in geographic regions not used for parameter fitting
(Supplementary Fig. 1b). EI values > 0 were taken to mean
that the insect pest could potentially invade and persist in
this area.

2.3 The effect of APFs on the population
dynamics and dispersal of Tuta absoluta
with climate change

2.3.1 Survival and phenology
Firstly, spatial temperature variation was considered at a
large geographic scale. The EI was simulated under four
scenarios: Cl, current climate without APFs; C2, current
climate with APFs as refuges; F1, future climate (2080)
without APFs; and F2, future climate with APFs. The climate
data was sourced from CliMond, APF data from govern-
ment statistics (Department of Agricultural Mechanization
Management 2021), and our predictions based on current
vegetable production (see 2.2.1 and Supplementary Fig. 4).
Secondly, thermal buffering within APFs was considered
with respect to the phenology and survival of this insect
pest in winter. The GIw (weekly Growth Index) was used to
describe the phenology of the 7. absoluta population under
the four different scenarios (C1, C2, F1 and F2) described
above in 16 sites which are major tomato producers in China.
Four scenarios of increasing temperature within APFs were
devised based on ambient temperatures in open fields and
the thermal requirements of vegetable production in APFs
in winter: increased by 5°C (where the average temperature
in January in open fields is above 5°C), increased by 10°C
(where the average temperature in January in open fields is
between —5°C and 5°C), increased by 15°C (where the aver-
age temperature in January in open fields is between —15°C
and —5°C) and increased by 20°C (where the average temper-
ature in January in open fields is below —15°C). Temperature
data was from sensors in different sites and published works
from colleagues from these regions (Chen & Kang 2005).

2.3.2 Dispersal

APFs not only offer refuges for insect pests to overwinter, but
also provide foci for re-invasion when ambient temperatures
outside increase in spring. The Buffer function in ArcGIS
(Environmental Systems Research Institute, Inc. Version
10.2) was used to estimate the dispersal range of 7. absoluta
when APFs were opened in spring. The buffer points of dif-
ferent densities were used to simulate the effect of APFs at
different percentages of the total vegetable-growing area. We
selected 0.2 km, 0.5 km, 1 km, 1.5 km, 2 km, 3 km, 4 km,
and 5 km as a buffer radius to estimate the dispersal range in
spring in a non-natural overwintering area (Supplementary
Fig. 5) based on the reported dispersal which is generally
less than 1km (see Supplementary Table 2).

3 Results

3.1 Validation of the model and biological
parameters

Our model with modified parameters (Supplementary Table
1) produced a distribution which was consistent with the
current distribution of the moth in South America and the
Mediterranean region (Supplementary Fig. 1). Our simulated
results were consistent with 97% of occurrence records for
these two regions and Sub-Saharan Africa. This confirmed
that our model was accurate for describing the distribution
of T absoluta.

3.2 The effect of climate warming and APFs on
the distribution of Tuta absoluta

Under the current climate and without APFs (scenario C1),
our model simulated the northern boundary of year-round
T. absoluta populations at approximately 30°N, making the
subtropical and tropical zones of China south of 30°N the
most suitable for persistence of this pest (Fig. 1a). This area
equates to about 21% of the total area of China.

Under the 2080 C2 scenario of global warming, the
northern boundary of year-round 7. absoluta populations
shifts to approximately 40°N, and some subtropical and
tropical regions in eastern China become less suitable for
persistence of this pest (Fig. 1c). The total suitable area for
the moth in China increases to approximately 31% of the
total area occupied, though suitability declines in southern
and southwest China (Fig. 1c). Parts of the northwestern
region and northeastern China become somewhat suitable
for T absoluta due to increased temperatures in winter and
early spring (Fig. 1c).

The use of APFs has a significant effect on climate suit-
ability patterns for 7 absoluta distribution under the current
climate and future global scenarios. With APFs as refuges,
the area potentially suitable for year-round infestation is
approximately 77.9% of the total area under the current cli-
mate (F| scenario, Fig. 1b). Under the dual influence of APFs
and climate warming in the future (F, scenario), the potential



Greenhouses enable persistence of Tuta absoluta in cold regions 5

(|

[ JLowsuita

[ | Moderate Suitab
[ High Suitability
[ | Data Missing

Fig. 1. The Ecoclimatic Index (El) for Tuta absoluta modelled
using CLIMEX: (a), under current climatic conditions and no
APFs (Scenario C1); (b), under current climatic conditions and
with APF as refuges (Scenario F1); (c), for 2080 under global
warming and no APFs (Scenario C2) and (d), for 2080 under
global warming and with APFs as refuges (Scenario F2). The
stacked column chart in top left corner of each map represents
the percentage of area in each suitability category.

distribution of 7. absoluta increases by only 0.9% to 78.8%
of the total area (Fig. 1d).

3.3 The change in population dynamics of
Tuta absoluta

APFs provide refuge habitats over the winter enabling popu-
lations of 7. absoluta to persist year-round, such as Sites 1,
2, 3 and 4 (Fig. 2). In Shouguang, Shandong (Site 5) and
Kashgar, Xinjiang (Site 10), the pest survives the winter
because of the effective refuge role of APFs at those sites,
albeit with a low GIw. The time when GIw is equal to zero
is shortened from 6 months to 2 months in Chifeng, Inner
Monglia (Site 14 and 15) and NingAn, Heilongjiang (Site
16); all these sites (14—16) are characterized by a long, freez-
ing winter (Fig. 2).

3.4 The dispersal of Tuta absoluta from APFs to
surrounding open fields

In spring, when APFs such as plastic tunnels are opened, 7.
absoluta may disperse from these thermal refuges to sur-
rounding fields (Supplementary Fig. 5). The relationship
between the percentage of area covered by 7. absoluta (Z),
the dispersal distance of 7. absoluta in km (X), and the use of
APFs (Y), measured as the protected area per 3200 km? (the
average area of a county in China), was described well by the
nonlinear surface (R2 = 0.932, P <0.001) (Fig. 3). The areca
at risk of pest infestation outside APFs is affected by both
the dispersal distance and APF use. When dispersal distance
(X) is more than 2 km, the area infested surrounding the APF
increases rapidly (Fig. 3 and Supplementary Fig. 5).

4 Discussion

This is the first report of APFs increasing the distribution
range of 7. absoluta northwards in China beyond our previ-
ous estimate of approximately 30°N. Tuta absoluta cannot
persist unaided through the long cold winter in temperate
zones (Desneux et al. 2010; Martins et al. 2016). Our model
demonstrates how the presence of APFs can increase the
ability of 7" absoluta to survive the harsh winters in northern
China because APFs offer thermal buffering and prolong the
pest’s development window in seasons that are not naturally
suitable (Fig. 1 and 2). Moreover, the refuge role of APFs
facilitates 7. absoluta switching from winter host plants
within APFs to spring-summer hosts in open fields, resulting
in the year-round persistence (Fig. 2).

APFs have a much greater effect on increasing the area
suitable for 7. absoluta than a global warming scenario
regardless of the interaction between APFs and global warm-
ing. Surprisingly, our model suggests that global warming
will have little effect on the suitable area for 7. absoluta
(around 1% increasing) if APFs are present (Fig. 1b, 1d),
despite including a 10% increase in the absence of APF
(Fig. la, Ic). Nonetheless, the size of suitable areas for 7.
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Fig. 2. (a) The location of selected counties in China (green) used for modelling Tuta absoluta phenology. Different colors indicate
different temperature zones. The temperature data was obtained from WorldClim. (b) The change of Growth Index (Gl) at each site
over the whole year under the current climate (solid orange line), future climate at 2080 (solid blue line), current climate and agriculture
protection facilities (APFs) (dotted orange line), and 2080 climate and APFs (dotted blue line).
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Fig. 3. The relationship between the percentage of area poten-
tially covered by dispersing Tuta absoluta, (Z), the potential dis-
persal distance of this pest, (X), and APF use measured as the
protected area within a region of 3200 km?2 (the average area of
all counties in China).

absoluta affected by APFs were significantly increased both
in the current climate and future global warming scenarios,
respectively (Fig. 1c, 1d). With or without the shelter of APFs
in China, global warming will likely shift the suitable area for
T. absoluta northwards, but it also significantly decreases the
suitable area in the subtropics and tropics which is in accor-
dance to what has been previously reported for many other
species (FAO 2008, see http://www.fao.org/3/a-ai785¢e.pdf).

APFs in temperate regions enable 7. absoluta, as well
as other tropical insects, to persist through harsh winters
becoming point-sources for serial re-invasion of open fields
in spring when local climatic conditions improve. How
quickly such patchy populations spread will depend on the
size of source populations, the local cropping landscape, and
the species dispersal abilities (Fig. 3, Supplementary Fig.
5). In this case, 7. absoluta would move from APFs to the
surrounding open fields where suitable hosts are available
in spring and summer. Later in autumn, populations can
move back into APFs when host plants are replanted and
re-established within the APFs. This spatial switch is key to
explaining why subtropical and tropical pests can success-
fully invade colder areas and establish year-round popula-
tions in temperate or sub-frigid zones worldwide, such as
Tajikistan, Kazakhstan, Kyrgyzstan, Uzbekistan and Russia
(EPPO 2021).

Our simulation of the distribution and phenology of T.
absoluta is based on an ENM (Ecological niche model) to
describe the species response to climate. A correlative SDM
(species distribution model) would likely fit the occurrence

data very well but be precisely wrong if the occurrences
in areas with harsh winters are taken at face value. As two
recent examples for Bemisia tabaci show, when using SDMs,
it is not even sufficient to filter records on the basis that they
have been observed in the field (Ramos et al. 2018). In these
cases, field records from extremely cold regions (adjacent to
APFs) were included in the model training data, and conse-
quently the potential for establishment in cold environments
was significantly overestimated.

The known distribution of 7. absoluta is still limited in
China (Zhang et al. 2021). To slow the further spread of this
invasive pest in China, it is necessary to strengthen the man-
agement campaign on the frontline inside and outside APFs.
Where 7. absoluta has established, tailored IPM programs,
such as seedlings free of pest infestation, adjusting the sow-
ing date of solanaceous hosts, rotation with non-host crops
in the open fields surrounding APFs and insect-proof screens
would help mitigate pest infestation and help to better con-
trol T° absoluta in China as well as in other tomato producing
countries in temperate zones.
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Supplementary Table 1. The fitted CLIMEX parameters for Tuta absoluta (see text for

details).
Previous values
New
Index Parameters Description Desneux et Santana et Unit
values
al.(2010) al.(2019)
SMO Lower soil moisture threshold 0.1 0.1 0.1 a
SM1 Lower optimum soil moisture 0.4 0.4 0.4 a
Moisture
SM2 Upper optimum soil moisture 0.7 1.6 1.6 a
SM3 Upper soil moisture threshold 2 2 2 a
DVO0 Lower threshold 8 7 5.3 °C
DV1 Lower optimum temperature 20 14 14 °C
Temperature
Dv2 Upper optimum temperature 25 30 30 °C
DV3 Upper threshold 35 34.6 35 °C
TTCS Cold stress temperature threshold 3 7 53 °C
-0.0002
THCS Cold stress temperature rate -0.001 -0.00025 week™!
Cold Stress 5
DTCS Degree day threshold 15 - °C days
DHCS degree accumulation rate -0.001 - week™!
TTHS Heat stress temperature threshold 35 34.6 35 °C
Heat Stress
THHS Heat stress temperature rate 0.0015 0.0001 0.0001 week™!
SMDS Soil moisture dry stress threshold 0.1 0.1 0.1
Dry Stress
HDS Stress accumulation rate -0.01 -0.01 -0.01 week!
SMWS Soil moisture wet stress threshold 2 2 2
Wet Stress
HWS Stress accumulation rate 0.002 0.0015 0.0015 week!

Degree Days PDD Degree days per generation 460 460 460 °C days






Supplementary Table 2. Summary of dispersal distance of Gelechiidae moths.

Common name

Scientific name

Longest distance

Source from

Potato tubermoth Phthorimaea operculella 240~350m Cameron et al.,2009
Peach twig borer Anarsia lineatella 10-20m Damos et al.,2018
Angoumois grain moth Sitotroga cerealella 600-900m Trematerra et al.,2015
Potato Tuberworm Phthorimaea operculella 100-250m Cameron et al.,2002
Diamondback moth Plutella xylostella 100-250m Cameron et al.,2002
Angoumois grain moth Sitotroga cerealella 400-550m Barney et al.,1996
Pink Bollworm Pectinophora gossypiella 750m Fint et al., 1981

Potato Tuberworm Phthorimaea operculella 200-500m Moshe et al.,1997
Pink Bollworm Pectinophora gossypiella 400m Tabashnik et al.,1999

Barney, R.J. & Weston, P.A. (1996). Movement of Angoumois grain moth (Lepidoptera: Gelechiidae) in a small-farm
ecosystem.Environmental entomology,25(2), 261-267.

Cameron, P., Walker, G., Penny, G. & Wigley, P. (2002). Movement of Potato Tuberworm(Lepidoptera: Gelechiidae) within and
Between Crops, and Some Comparisons with Diamondback Moth (Lepidoptera: Plutellidae). Environmental Entomology,
31, 65-75.

Cameron, P.J., Wigley, P.J., Elliott, S., Madhusudhan, V.V., Wallace, A.R., Anderson, J.A.D. & Walker, G.P. (2009). Dispersal of
potato tuber moth estimated using field application of Bt for mark-capture techniques. Enfomologia Experimentalis et
Applicata, 132(2), 99-109.

Damos, P. (2018). Geostatistical characterization of fruit damage caused by Anarsia lineatella (Lepidoptera: Gelechiidae) in
organic fruit orchards and implications for its management. International Journal of Pest Management, 64(2), 148-156.
Flint, H. M.&Merkle, J. R. (1981). Early-Season Movements of Pink Bollworm Male Moths Between Selected Habitats. Journal

of Economic Entomology, 74(3), 366-371.

Tabashnik, B.E., Patin, A.L., Dennehy, T.J., Liu, Y.B., Miller, E., & Staten, R.T. (1999). Dispersal of pink bollworm (Lepidoptera:
Gelechiidae) males in transgenic cotton that produces a Bacillus thuringiensis toxin. Journal of Economic Entomology,

92(4): 772-780.

Trematerra, P. (2015). Adult dispersal of Sitotroga cerealella in a conventional small-farm in Southern Italy. Bulletin of

Insectology, 68(1), 111-118.
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Supplementary Figure 1. The system for modeling the dispersal range of T.absoluta

affected by agriculture protected greenhouse.

Supplementary Figure 2. Various layouts of plastic tunnels as agricultural protection

facilities (APFs) in China.
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Supplementary Figure 3. The percentage of vegetable growing area given to APFs in
(a) the present and (b) the future (2080) based on the linear model prediction. The
projection show a significant increase around the north of China.
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Supplementary Figure 4. The current spatial distribution of agriculture protected areas
in China:(a) the APF area distribution at different regions, (b) the changing trend of
the APF area in China from 2008 to 2018.
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Supplementary Figure 5. The dispersal of T.absoluta in non-natural overwintering
area under the influence of APFs. The columns represent the dispersal radius (~1km,
2km, 5km) of 7. absoluta and the rows represent the size of APFs within a country.





