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Abstract: Dendroctonus ponderosae Hopkins (Coleoptera: Scolytidae) is one of the most important
bark beetles in North America and causes considerable economic and ecological losses during
outbreaks. The distribution of this pest species is likely to be altered by climate change, which may
threaten currently unaffected areas. In this study, we used CLIMEX to project the potential global
distribution of D. ponderosae according to both historical climate data (1987-2016) and future climate
warming estimates (2021-2100) to evaluate the impact of climate change on this species. Regions
with suitable climate for D. ponderosae are distributed in all continents except Antarctica under both
historical and future climate conditions, and these are predicted to change continuously with climate
change. Overall, climate suitability will increase in middle- and high-latitude regions and decrease in
low-latitude regions, and regions most sensitive to climate change are located in the mid-latitude
zone. Moreover, the shift directions and ranges of climate-suitable regions under future conditions
will differ among continents, and the shift distances in the north-south direction are larger than these
in the east-west direction for Africa, Asia, Europe, South America, and Oceania, indicating that shift
direction is possibly mainly affected by temperature. These projected distributions may provide
theoretical guidance for early-warning intervention and risk assessment.
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1. Introduction

The increasing emission of greenhouse gases is already causing global climate change, particularly
global warming. Based on representative concentration pathway (RCP) 4.5, globally averaged
combined land and ocean surface temperatures warmed by 0.85 °C (0.65-1.06 °C) between 1880 and
2012, and global mean surface temperature by the end of the 21st century (2081-2100) is likely to be
1.1-2.6 °C higher than the 19862005 period [1]. As poikilotherms, insects are highly likely to be affected
by global climate change, resulting in disruption of their life history and distribution boundaries,
which could increase the risk of invasion of new regions, threatening unexpected losses across the
world [2,3].

The mountain pine beetle, Dendroctonus ponderosae Hopkins (Coleoptera: Curculionoidea: Scolytidae),
anative bark beetle of western North America, is currently widely distributed in three major countries of
North America, including the USA, Canada, and Mexico, located in tropical and temperate zones [4,5].
The epic outbreaks of this pest species have caused the mortality of hundreds of millions of trees over
large areas, leading to timber loss, increase to fire, habitat loss, alterations to carbon cycling processes
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from carbon sinks to carbon sources, and exacerbation of global warming [6-8]. Thus the pest was
added into European and Mediterranean Plant Protection Organization (EPPO) Al forest pest list since
1990 [4,9,10] and was regarded as the largest forest insect blight ever seen in North America, while the
range expansion of the pest has aroused the attention worldwide [11]. D. ponderosae can successfully
infest and kill almost all of the native pines within its range, such as lodgepole pine (Pinus contorta
Dougl. ex Loud var. Iatifolia Engelm), ponderosa pine (P. ponderosae Dougl. ex Laws.), whitebark
pine (P. albicaulis Engelm.) and so on [4,5,12]. Some exotic pines may also be attacked, it has been
recorded that Eurasian pine species (P. sylvestris L.) could be among the susceptible host species of
D. ponderosae [13,14], although having better resistance than native pine species [14]. Furthermore,
D. ponderosa is also capable of attacking some Picea species [13]. The population and distribution
of D. ponderosae are greatly affected by climate factors; mild winter temperatures promote survival
during overwintering, while anomalous cold events lead to increased brood mortality within infected
trees. Mild summer temperatures also appear beneficial to D. ponderosae survival, while extremely
warm events can result in increased brood mortality and decreased beetle activity [4]. Additionally,
precipitation indirectly affects pests by affecting hosts, while extreme moisture stress leads to reduced
resin flow and limits the host’s capacity to resist attack [15,16]. Current management measures
mainly include trapping with synthetic aggregated pheromones, the mass trapping of beetles, and the
application of a registered insecticide [5], but it is more effective and practicable to take preventive
measures such as maintaining pine forests appropriately before outbreaks occur. Thus, predicting the
potential distribution of D. ponderosae is of great significance and may provide theoretical guidance for
early-warning intervention and risk assessment.

Species distribution models (SDMs) relate species distribution data with information on
environmental characteristics, and they can be used to predict the distribution of species across
a landscape [17]. The development of SDMs originates from early studies on the relationships between
plant communities and geographical/environmental gradients. With the development of computer
technology and geographic information systems (GIS), the application of SDMs has been greatly
enhanced, and a large number of SDMs and software have been reported, including CLIMEX, DOMAIN,
GARP, and Maxent [18,19].

Among them, CLIMEX is widely used to project the potential distributions of plants [20-22],
animals [23-25], and microorganism species [26,27] under climate change condition. CLIMEX was first
developed by the Commonwealth Scientific and Industrial Research Organization (CSIRO), and model
performance has since been improved. Unlike most models that focus on describing the relationship
between the occurrence of species with respect to static environment covariates, CLIMEX describes how
species respond to climate variables at appropriate temporal scales (daily or weekly) [28]. Therefore,
CLIMEX considers both the influence of environmental factors and species-specific factors on the
potential distribution. Previous research has mainly explored the range expansion of D. ponderosae in
North America. For example, Carroll et al. (2006) [29] studied range changes following climate change
in Canada using the Sanfranyik model, which considered the minimum demands for the survival of
beetles and host trees under historical and future climate conditions based on quantitative criteria for
temperature and precipitation. Sanfranyik et al. (2010) [9] studied the effects of climate and weather on
brood development and survival, and on key aspects of the interaction of D. ponderosae with its hosts
and associated organisms using climate suitability models (multi-models consisting of the Sanfranyik
model, the Logan model, and the Régniére and Bentz model) in North America. However, studies on
the potential distribution of D. ponderosae on a global scale have not been reported. Therefore, it is
necessary to identify the potential habitats for D. ponderosae under climate change condition from the
perspective of global large scale to help decrease the significant threat from the pest.

In the present study, we identified the potential global distribution of D. ponderosae and its
hosts using CLIMEX 4.0.0 based on historical (1987-2016) and future (2021-2100) climate data (based
on the RCP 4.5 multi-model assembly). Then we explored the shift paths of mean centers in each
continent for the next 10 decades to capture the location shifts of habitats more accurately. The results
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may assist the forecasting of changes in climate-suitable regions and provide a theoretical reference
for decision-makers to determine effective quarantine, prevention, and control measures to reduce
economic and ecological losses caused by outbreaks of this forestry pest.

2. Materials and Methods
2.1. Research Model and Software

2.1.1. CLIMEX Model

CLIMEX 4.0.0 (Hearne Scientific Software, Melbourne, Australia) is a dynamic simulation model
that can be used to estimate the potential distribution of plants, animals, and diseases [28]. In this
study, the ‘Compare the Location (one species)’ function was used to generate the ecoclimatic index
(EI), which ranges from 1 to 100 and describes the favorability of the climate at a given location for a
particular species. The EI value is determined by the annual growth index (Gl ), the stress index (SI),
the stress interaction index (SX), the obligate diapause index (DI), and the formula used to calculate EI
was as follows: EI = GI5 X SI X SX, where GI5 was mainly determined from the temperature index (TI)
and moisture index (MI), and SI = (1 — CS/100) x (1 — H5/100) x (1 — DS/100) x (1 — WS/100), where
CS is cold stress, HS is heat stress, DS is dry stress, and WS is wet stress. A higher EI value indicates
more favorable climate conditions for the long-term survival of a species, and a value of 100 represents
constant and ideal conditions, such as those in an equatorial climate [28].

The Sl in this study was established using a semi-automatic parameter fitting procedure within the
software and manual adjustment. Based on a genetic algorithm (GA), the semi-automatic parameter
fitting procedure in CLIMEX helps users to fit stress parameters by defining the area of the geographical
distribution of a species where stresses are the lowest. This approach requires users to create a reference
file based on known distribution and then set reasonable ranges for the parameters to be included
in the fitting. An initial set of species parameter values is also needed to initiate the fitting process,
which can be derived from a species with a similar distribution, or from one of the species templates
supplied with CLIMEX [28].

2.1.2. ArcGIS Software

The Spatial Analyst Module of ArcMap 10.1, developed by the US Environment Systems Research
Institute (ESRI) (RedLands, CA, USA), was used to analyze the projected results from CLIMEX. Inverse
distance-weighted interpolation (IDW), mean center, and thematic mapping functions were used to
create maps of potential global distributions under historical and future climate conditions. ArcGIS
was also used to calculate the areas on each continent assigned to each of the four EI categories for pest
species [30].

2.2. Data Collection

2.2.1. Climate Data

We followed the method of Zou et al. (2019) [31] to process and obtain historical and future
climate data. We used the historical climate data (1987-2016) reported in Zou et al. (2019) [31] as
our historical climate data, and for future climate data we selected the same scenario and Global
Climate Models (GCMs) as described in this previous study, but divided climate data into different time
periods (2021-2100, 2021-2030, 2031-2040, 2041-2050, 2051-2060, 2061-2070, 2071-2080, 20812090,
and 2091-2100) in order to capture dynamic changes in the potential distribution of D. ponderosae under
different climate scenarios. Specific details of the climate data can be found in Zou et al. (2019) [31].
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2.2.2. Known Distribution of D. ponderosae and Host Plants

We obtained the current global distribution of D. ponderosae mainly from existing literature
regarding this pest [30,32-35], the European and Mediterranean Plant Protection Organization
(EPPO) [36], and the Global Biodiversity Information Facility (GBIF) database [37]. The known
distribution map covers three countries (Canada, the USA, and Mexico). In Canada, D. ponderosae is
mainly distributed in the southern provinces including British Columbia, Alberta, and Saskatchewan.
In the USA, the species is mainly located in the western states including Washington, Oregon, California,
Idaho, Nevada, Utah, and Wyoming. The distribution of D. ponderosae in Mexico covers the entire country.

Various Pinus spp. are host plants of D. ponderosae, and all pine species in western North America
are believed to be suitable hosts for this beetle, including lodgepole pine (Pinus contorta Dougl. ex Loud
var. latifolia Engelm), ponderosa pine (P. ponderosa Dougl. ex Laws.), western white pine (P. monticola
Douglas ex D. Don), eastern white pine (P. strobus L.), and some exotic pines [4,5,12,35]. Therefore,
we treated all species of Pinus as possible host plants, for which the distribution is worldwide, including
most areas in North America, Europe, Asia, southern areas of South America and Africa, and Oceania.
The actual distribution records were obtained from the Global Biodiversity Information Facility (GBIF)
database [38] and shown with green dots in Figure 1.

2,500 5,000 10,000 Km
1 1 J

Figure 1. The known distribution of Pinus spp. based on published records. Green dots represent the
known distribution records from the Global Biodiversity Information Facility (GBIF) database.

2.3. Research Methods
2.3.1. Parameter Fitting

Parameters for D. ponderosae

CLIMEX indices are grouped into stress-related parameters and growth-related parameters.
Generally, the parameters are determined by referring to the biological characteristics of the pests
and the templates of the software. The combined use of manual adjustment of parameters and
semi-automatic parameter fitting procedure may avoid the error of subjectivity [28].

Semi-automatic parameter fitting involved a number of steps. First, we created the reference
file according to the known distribution of D. ponderosae. We then set an initial set of parameter
values and accurate ranges that could be fitted by the semi-automatic parameter fitting procedure
(see Appendix A, Table Al). Moreover, default GA operating characteristics were employed, with a
parameter set population of 100, a crossover rate of 0.75, and a mutation rate of 0.1, and the model was
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applied for 250 generations. Eventually, the software derived the best fitting parameters with a fitness
value of 55.55, as listed in Table Al in Appendix A.

Manual adjustment of stress-related parameters was based on the results of semi-automatic
parameter fitting, and we adopted all stress-related parameters except cold stress accumulation rate
(THCS), heat stress threshold (TTHS), and dry stress accumulation rate (HDS). We adjusted THCS to
—0.1 week™! to fit the northern boundary of the known distribution, and adjusted THHS to 42 °C to fit
the tropical desert area known to be suitable for D. ponderosae in northern Mexico, with reference to the
reports of Patterson (1930) and Sanfranyik et al. (1999) [39,40]. We then adjusted HDS to —0.005 week ™!
with reference to typical semi-arid conditions.

Manual adjustment of temperature indices was performed by setting the minimum development
temperature threshold (DVO0) to 5 °C, in line with results from Reid et al. (1970) who stated that
the lowest temperature for the development of D. ponderosae is 5 °C [41]. The lower optimum
temperature (DV1) and the upper optimum temperature (DV2) were set to 18 and 25 °C, respectively.
Because Bentz et al. (1991) found that the optimum developmental temperatures for all life stages of
D. ponderosae are between 23 and 25 °C, and the optimum temperature for egg hatching is between 20
and 25.6 °C [42], we adjusted the lower temperature to 18 °C to fit the distribution in areas bordering
southern Canada and Mexico. According to experimental results, D. ponderosae becomes negatively
phototactic at temperatures above 35 °C [43], and flight ability is severely restricted above 38 °C [44],
hence we set the maximum developmental temperature threshold (DV3) to 38 °C. The annual heat
sum for population restriction (PDD) was set at 833 degree-days because some studies reported that
D. ponderosae requires more than 833 degree-days to complete the life cycle within a single year (i.e.,
to be univoltine) [32,45-47].

Manual adjustment of moisture indices was performed according to Creeden et al. (2014) since
we know that outbreaks of D. ponderosae are highly correlated with a dry climate [48]. Additionally,
D. ponderosae is distributed in tropical desert areas (e.g., California and New Mexico), hence moisture-
related indices were set low; the lower soil moisture threshold (SM0) was 0.05, the lower optimal
soil moisture threshold (SM1) was 0.1, and the upper optimal soil moisture threshold (SM2) was
0.2. Furthermore, the upper soil moisture threshold (SM3) was set to 1.5, allowing D. ponderosae to
colonize the southwestern area of British Columbia. The final parameters are listed in Table A2 in the
Appendix A.

Parameters for Host Plants

Pinus spp. are among the most widely distributed plant species in the world, owing to their wide
niche range. It is reported that pines can tolerate low temperatures of —60 °C and high temperatures of
50 °C, and they lack a strict demand for soil, while most species prefer a well-drained soil-flourishing
in sandy conditions [49]. Additionally, the leaves of pines have the structural characteristics of
xerophytes, allowing them to adapt to long periods of drought and cold. Kishchenko (2004) [50]
investigated the effects of climatic factors on the growth of pines and found that air temperature and
the average above-zero temperature for shoot growth varies greatly across pine species, hence it is
essential to set wide parameter ranges when considering trends in whole Pinus spp. The templates for,
for semi-arid zones and for temperate zones, were selected to be the initial references for parameters,
but the temperature indexes and moisture indexes were adjusted to match their wide niche range
and the known distribution. Besides, it is known that the cold resistance of content in Chinese
red pine (P. tabuliformis) is high, thus we set the cold stress parameters referring to the template of
P. tabuliformis and extended the range to coordinate some species in colder regions such as Eurasian
pine (P. sylvestris) [51]. Furthermore, most pines are photophilic and require sufficient daylength to
grow, hence we introduced the light index (LI) parameter and set them to 10 and 15, respectively,
referring to the parameters for P. tabuliformis. The final parameters for pines are shown in Table A2 in
Appendix A and the predicted results were in good consistency with the known distribution.
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Classification of Ecoclimatic Index (EI) Values

The EI values give an overall measure of the suitability of a pest to given locations, and they are
generally classified into groups to describe the favorability more specifically, in which the favorability
actually levels the continuous model’s predictions of how environmental characteristics are appropriate
in study areas, then determines which actually favor the species presence [52]. The classification
standard should be defined in accordance with actual occurrence severities in different regions for
actual species. For D. ponderosae, it was reported to have seriously devastated the pine forests in British
Columbia and Alberta of Canada, and in western American areas [53,54], where the EI values range
from 20 to 48, thus it is reasonable to set the cutoff value to 20 for very favorable regions. As the
records for occurrence areas with low level are rare for classification, we referred to Sutherst (2003) [55],
who indicated that EI <10 shows that a location is marginal for a given species, while El is equal to 0
indicating that the location is not favorable for the long-term survival, then we set the cutoff values
dividing favorable regions and marginal regions to 10, and the cutoff dividing marginal regions and
unfavorable regions to 0, respectively. Finally, EI values were grouped into four classes: unfavorable
(EI = 0), marginal (0 < EI < 10), favorable (10 < EI < 20), and very favorable (EI > 20).

2.3.2. Parameter Verification

The final parameters were verified to obtain reasonable prediction results. Firstly, the modeled
potential global distribution under historical climate condition matched the known distributions very
well, all occurrence records of D. ponderosae worldwide were within the suitable range in the model.
Then, the condition of temperature and humidity in the predicted distribution were similar to the
climate of western North America, the native range of the species. In addition, the environmental
condition of climate-unsuitable regions presented significant disadvantages to D. ponderosae. The high
temperature in southern South America and southern Africa, and the low temperature in northern
North America and northern Asia both make it hard for D. ponderosae to survive. The reason for the
unsuitable regions in the coastal zone is the excessive wet pressure, for D. ponderosae prefers relatively
dry conditions [48]. Furthermore, the accumulated temperatures in the climate-suitable regions all
meet the development demand of D. ponderosae, which is reported to complete life cycle in one to two
years [56].

2.3.3. Analysis of Results

Since D. ponderosae feed only on pines, it is essential to consider the distribution of pines when
predicting that of the insect. Therefore, we applied the method of Berzitis et al. (2014) [57] and used EI
values for pines (Elp) to calculate an index of host plant availability (6), which was then multiplied by
the original EI value for D. ponderosae (EIp) to obtain a new measure of suitability for D. ponderosae
(EI},), incorporating both climate and host plant availability. The 6 value was calculated based on the
sigmoidal function.

()
h

q 4
(1+ %)
in which q indicates how steeply the curve rises, and h determines the value of EIp at which h equals

0.5. The value of q and h were set at 7 and 12, respectively, to ensure a low value of 6 when an area
is unsuitable for pine growth (Elp < 10) and a high value (up to 1) of 6 when an area is favorable or

0= 1)

highly favorable for pine growth (Elp > 10; Figure 2). Using this approach, we acquired EI values for
D. ponderosae (EI},) that superimposed the distribution of host plants under corresponding historical
and future climate conditions.

After superimposition of EI values onto host plants, EI values for D. ponderosae were imported
into ArcGIS software, and the distribution maps of insects under historical (1987-2016) and future
(each decade from 2021 to 2100) climatic conditions were obtained using the inverse distance weighted
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(IDW) function (Figures 3 and 4), and we analyzed the area proportions of different climate-suitable
regions in each decade (Figure 5). Additionally, we compared differences between each decade using
historical data and drew maps (Figure 6) from which we could assess the impacts of climate change on
the potential distribution. We then applied the methods proposed by Ge et al. (2019) [58] and obtained
curves showing EI differences varying by latitude (Figure 6).

To capture the location shifts of habitats for D. ponderosae more accurately, we divided each
continent into separate polygons based on 0 < EI < 10 (unsuitable regions) and 10 < EI < 100 (suitable
regions). We then determined the central point in each polygon using the ‘Mean Center’ function of
ArcGIS software, the shift of which represents the corresponding habitat shift. In addition to shifts
paths, we measured the relative shift distances in two cardinal directions (east-west and north—south)
between ‘future’ points and historical central points, as shown in Figure 7.

unfavorable
marginal | favorable very favorable
1 ——
08 |
06 |
o

04 |

02 |

0 L L 1 1 L 1
0 5 10 15 20 25 30 35 40 45 50

Elp

Figure 2. The sigmoidal curve of ecoclimatic index (EI) values of host plants (Pinus spp.) used to
simulate host plant availability (6). A value of 0 for 6 indicates an area unfavorable for host plant growth
(EIp = 0); a low 6 value indicates a region providing marginal support for host plant growth (Elp < 10);
a high value of 0 indicates an area favorable or very favorable for host plant growth (EIp > 10).

3. Results

3.1. Potential Distribution of D. ponderosae under Historical Climate Conditions

The projected potential distribution of D. ponderosae under historical climate conditions (1987-2016)
and the known global occurrence records of D. ponderosae are shown in Figure 3. The predicted potential
distribution covers all currently known distribution areas and coincides with the severity of occurrence,
confirming that our model fits the actual occurrence records with a high degree of accuracy.

The percentages of very favorable regions, favorable regions, and marginal regions accounting for
the global land area are projected to be 27.96%, 16.80%, and 28.64%, respectively. The land between 67°
N and 55° S is predicted to be climatically suitable for D. ponderosae, except for northern Africa, central
and western Oceania, and western China, which are marginal or unfavorable for D. ponderosae under
historical climate conditions.
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Figure 3. Predicted potential global distribution under historical climate conditions and the known
global occurrence records of D. ponderosae. The unfavorable, marginal, favorable, and very favorable
regions were painted in white, yellow, blue, and red, respectively. The known distribution based on
published records were filled with black dots and mesh polygons.

3.2. Potential Distribution of D. ponderosae under Future Climate Conditions

The projected potential future distributions of D. ponderosae in each decade (2021-2100) are shown
in Figure 4, overlaid onto hosts distributions. The area proportions of different climate-suitable regions
in each decade are shown in Figure 5. In general, the potential future distributions of D. ponderosae
expand considerably following global warming, with extensive northward expansion in habitats in the
northern hemisphere, while tropical and subtropical habitats tend to shrink. Overall, the potential
future distribution is predicted to continue increasing from 2021 to 2100, mainly due to the areas
increase in favorable and marginal regions over the decades, which are predicted to increase 1.87%
and 2.14%, respectively. However, the area covered by favorable regions will likely decrease by 1.18%
in total.

Changes in climatic suitability are shown in Figure 6. EI differences in mid-latitude regions (30-60° S
and 30-60° N) are positive and peak at ~60° N, suggesting that climate change will have positive
impacts on D. ponderosae, and the impacts will be greatest around 60° N. Additionally, differences in EI
between each decade in historical data tend to increase over time, suggesting that the impact of climate
change on D. ponderosae suitability may also increase over time. Differences in EI for each grid between
different decades and historical climate conditions (Figure 6b—i) show an apparent deepening trend with
the progression of time, and most regions in the northern hemisphere become redder, suggesting that
habitats become more climate-suitable for D. ponderosae, while most regions in the southern hemisphere
become bluer, indicating a decline in climate suitability for D. ponderosae in these regions. In Africa,
the suitability of southern regions decreases in a southerly direction, and northern areas in Algeria and
Morocco become more suitable in future, leaving the large area in-between mostly unchanged. In Asia,
most habitats tend to become more suitable for D. ponderosae, especially in Russia and western China,
where changes are greatest. By contrast, the suitability of habitats in northeastern Kazakhstan, India,
and coastal states of southern Asia tend to decrease. In Europe, habitats broadly become more suitable,
especially in the north. In North America, changes in Canada, Alaska, and western areas are positive,
while negative changes are predicted for central and southern regions. In South America, most areas
tend to become more suitable, except in the east and west near the sea. In Oceania, positive changes
occur in southeastern habitats, and negative changes occur in northeastern and southwestern habitats,
while other areas remain unchanged. Overall, the climate suitability of temperate habitats tends to
increase, while that of tropical habitats tends to decrease.
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Figure 4. Predicted potential global distribution of D. ponderosae under future climate conditions.
(a—h) Predicted potential global distribution of D. ponderosae for 2021-2030, 2031-2040, 20412050,
2051-2060, 2061-2070, 20712080, 2081-2090, and 2091-2100. The unfavorable, marginal, favorable,
and very favorable regions were painted in white, yellow, blue, and red, respectively.

3.3. Central Point Shifts in Potential Distributions under Future Climate Conditions

Shifts in the central points of climate-unsuitable regions (0 < EI < 10, red points) and climate-suitable
regions (10 < EI < 100, blue points) over future decades (2021-2100) in each continent are shown in
Figure 7, and the differences of directions and gradients of shifts among all continents are obvious.
Regarding unsuitable regions (0 < EI < 10), the directions of central point shifts are relatively stable in
Asia (Figure 7b1), North America (Figure 7d1), and South America (Figure 7el), and move toward the
northeast in Asia, the northwest in North America, and the northeast in South America. By contrast,
the mean points in Africa (Figure 7al), Europe (Figure 7cl), and Oceania (Figure 7f1) shift back
and forth over small ranges and display no obvious regular trend. Analogously, in suitable regions
(10 < EI £ 100), relatively regular shifts occur in Africa (Figure 7a2), Asia (Figure 7b2), North America
(Figure 7d2), and South America (Figure 7e2), and movement is toward the south in Africa, the northeast
in Asia, the southeast in North America, and the south in South America. Regarding Europe (Figure 7c2)
and Oceania (Figure 7f2), the central points undergo reciprocal shifts around historical points but not in
any particular directions. From these results, we can conclude that the shift directions of central points
in Asia, North America, and South America are highly correlated with climate change, while those in
other continents are changeable and unpredictable.
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Figure 5. The proportion of climate-suitable global areas in future decades (2021-2030, 2031-2040,
2041-2050, 2051-2060, 2061-2070, 2071-2080, 2081-2090, and 2091-2100). (a-d) represents proportion
of changes in unfavorable, marginal, favorable, and very favorable regions, respectively.
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Figure 6. Climate change impacts the potential distribution of D. ponderosae under the representative
concentration pathway (RCP) 4.5 scenario. (a) Changes in EI values with latitude. (b—i) Global changes
in suitability ecoclimatic index (EI) in future decades (2021-2030, 2031-2040, 2041-2050, 20512060,
2061-2070, 2071-2080, 2081-2090, and 2091-2100) compared with historical conditions (1987-2016).
The intensity of colors in different regions reflects the sensitivity to climate change.

Figure 7 (a3-f3) shows the relative shift distances of central points in two directions (north-south
and east—west) for each of the eight future decades compared with the historical central point
(1987-2016). From the curves, we see that the largest range of central point shifts is in Asia (Figure 7b3),
followed by North America (Figure 7d3), South America (Figure 7e3), and Africa (Figure 7a3), while the
smallest range of shifts occurs in Oceania (Figure 7£3), reflecting differences in sensitivity to climate



Forests 2019, 10, 860 11 of 19

change in different continents. In addition, the shift distance of suitable regions (10 < EI < 100) in
all continents is larger than that of unsuitable regions (0 < EI < 10). Except for North America, shift
distances of suitable regions in the north—south direction are consistently larger than those in the
east-west direction (the shift distance in the north—south direction in North America is slightly smaller).
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Figure 7. Shift paths and relative shift distances in central points for climate-unsuitable (0 < EI < 10,
red points) and climate-suitable (10 < EI < 100, blue points) regions in future decades (2021-2100) in
different continents (except Antarctica). Black points in Figure 7al—f1 and a2-f2 represent the central
points of historical distributions, and the numbers in Figure 7al—f1 and a2—f2 represent different periods
from 2021 to 2100. Figure 7a3—f3 reflects the relative shift distance of central points in two directions
(north-south and east-west) in future decades compared with historical central points (1987-2016).
Positive values denote points lying in the north/east of historical positions, and negative values denote
the south/west direction. Positive and negative slopes reflect the shift directions of central points,
representing northward/eastward and southward/westward, respectively.
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4. Discussion

Our predictions indicated that suitable regions in Canada were mainly distributed in the central
and southern regions of the country, which were consistent with previous research by Carroll et al.
(2006) and Sanfranyik et al. (2010) [9,29]. However, the distribution range for climate-suitable regions
in our study appears to be wider, for we predicted the northern and western border to be further north
and west, especially for very favorable regions, possibly due to differences in models and climate
data used for simulation. Regarding applied SDMs, both previous studies employed the Sanfranyik
model, which only considers the minimum requirements for temperature and precipitation to support
D. ponderosae survival, neglecting the adverse effects of high temperatures and excessive precipitation.
Additionally, the climate data we used to simulate future conditions were extracted from multi-model
ensemble mean climate datasets based on CMIP5 (available at http://pcmdi9.lInl.gov/search/esgf-1Inl),
while the climate data in the previous studies were based on the CGCM!1 general circulation model [59].
Thus, differences in the source of meteorological data may also contribute to differences in the results.

As a cold-intolerant pest [60], cold temperatures in winter are key constrains limiting the
distribution of D. ponderosae, and overwintering success is critical for sustained pest outbreaks [61-63].
In our study, cold stress (CS) mainly occurred in northern North America (Northwest Territories
and Nunavut in Canada), Greenland, and northeastern Asia (Mongolia and Russia). Accompanying
climate change, the boundary for CS moves northward, with latitude increasing by 3°-8° in different
regions, and the area for CS remains contraction constantly, especially in Canada and Russia (see
Appendix B, Figure Al). With reduced CS limitations in the future, D. ponderosae will be more likely to
cause outbreaks in severe cold regions and expand its range into higher latitudes (see Appendix B,
Figure A2). We should therefore pay attention to the potential threat of climate change to ecological
security in severe cold regions.

Our investigation of the distribution shift paths of D. ponderosae considered both unsuitable and
suitable regions in each continent as homogeneous polygons to generate central points, ignoring
differences in EI among the same polygons. The shift direction varied between continents, providing
guidance for more accurate outbreak prediction of this pest. Shift distances were largest in Asia and
smallest in Oceania, possibly due to the areas covered by these continents, since larger spans in latitude
and longitude are more likely to be affected by changes of temperature and moisture. Moreover,
the distance in the north-south direction was almost always larger than that in the east-west direction,
indicating that temperature plays a major role in the distribution and expansion of D. ponderosae,
consistent with the results of Carroll et al. (2006) [29] mentioned above. In further studies, we will
consider assigning the corresponding weighting to different regions of the distribution according to EI
values to generate heterogeneous polygons that better reflect suitability and to obtain more precise
central points to allow complex image processing and calculations, although this approach may yield
unexpected errors.

Our study provides theoretical guidance for early-warning intervention and risk assessment.
The project results indicate that under both historical and future climate conditions, climate-suitable
areas were not only distributed in North America but spread across all continents (except Antarctica),
including northern South America, most areas of Europe, northwest and southeast Asia, southeast
Africa, and southeast Oceania (Figure 3), where outbreaks of D. ponderosae have not yet been recorded.
This may alert governments and agencies in these regions to the high risk of D. ponderosae invasion,
and encourage strengthening quarantine and defense measures to prevent the spread of the pest in the
international trade. Despite the fact that the project results declared the decreasing trend of climate
suitability in large regions of North America, the risk of a massive outbreak of the pest still exists in
the near future, and efforts for controlling and prevention should be further strengthened. Moreover,
the predicted results under future climate conditions show that the potential distribution may change
with climate change (Figure 4), with favorable regions expanding in range toward higher latitude,
especially in the northern hemisphere. Therefore, relevant defense measures and responses to the
possible harm caused by D. ponderosae invasion should be taken in advance.
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SDMs are based on the assumption that species are at equilibrium with their environments,
but it may involve species with unrepresentative records of new conditions and prediction to novel
environments when using in non-equilibrium settings (e.g., invasions and climate change). Several
problems with SDMs have been identified, including different (combinations of) environmental
factors that may limit distributions or biotic interactions that may change substantially in the new
context. Besides, genetic variability, phenotypic plasticity, and evolutionary changes may also alter
the results [64-66]. Nevertheless, the use of correlative models currently remains one of few practical
approaches for predicting or hindcasting distributions [17]. The CLIMEX model used in the present
study aims to capture the core features of species climatic requirements from minimal observations,
and results are known to be relatively accurate and applied widely to explore the distribution of plants,
animals, and microorganisms, especially in the absence of sufficient experimental data [28]. However,
the model may have some restrictions because it only uses a single set of parameters for all regions
and ignores any other non-climatic constraints that may alter the distribution, such as topography,
predators, and human activities. For D. ponderosae, its developmental rate in southern populations (i.e.,
warmer habitats) was slower than that in more northern populations (i.e., cooler habitats), which may
be an evolutionary adaptation to ensure seasonality, and it may lead to a significant underestimation
in potential range expansion of the northern limits of this beetle because the actual rate of range
expansion may be greater than predicted [67]. Furthermore, the insufficient occurrence data and
incorrect parameter selection may also lead to some problems of the model [68]. When considering the
effects of host trees, we identified all Pinus species as possible hosts of D. ponderosae conservatively,
but actually they presented the difference in resistance of being attack to D. ponderosae. It is reported
that Great Basin bristlecone and foxtail pines have relatively high levels of constitutive defenses which
make them less vulnerable to climate-driven D. ponderosae range expansion relative to other high
elevation pines [69,70]. Additionally, the defense of pines in recently invaded areas are predicted to be
lower than in areas with longer-term D. ponderosae presence, for lacking targeted defense traits [71].
Therefore, it may be of great value to explore temporal and spatial changes in parameters and insect
responses to different hosts to improve the accuracy of projections.

5. Conclusions

Climate change can significantly affect the potential distribution of D. ponderosae, and the impacts
on the suitability of the pest will vary with latitude. With climate change, the suitability will increase
in middle and high latitude regions and decrease in the low latitude regions, while the most sensitive
regions to climate change located in the mid-latitude zone. Moreover, the shift directions and ranges of
climate suitable regions under future condition will differ among continents, which is likely mainly
affected by temperature. The projections of potential distribution can provide theoretical guidance for
early-warning techniques and risk assessment, thus reducing the economic and ecological loss caused
by the pest.
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Appendix A

The appendix tables (Tables A1 and A2) contain the detailed parameters ranges and values for
Dendroctonus ponderosae and Pinus spp. used in CLIMEX software.
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Table A1l. Ranges and initial values for parameters included in the semi-automatic parameter fitting procedure.

Stress Parameters Ranges Initial Parameter Values Reasons and References
Cold stress threshold (TTCS; °C) —25 to —40 -40 Temperatures below —25 °C in the fall or —40 °C in the winter can kill the beetles [72]
Cold stress accumulation rate (THCS; week™1) -1 to —0.000001 -0.01 Based on temperate template
Bark temperature above 43.33 °C may lead to death after an exposure of sufficient
Heat stress threshold (TTHS; °C) 39 to —44 40.5 length, and the bark temperature of logs exposed to sunlight were about 4.44 °C
higher than the surrounding air temperature [40].
Heat stress accumulation rate (THHS; week™1) 0.000001 to 1 0.005 Based on temperate template
Dry stress threshold (SMDS) 0.000001 to —0.01 0.001 Forest become susceptible to fatal attack by D..ponderosae during drought periods, so
we referred to semi-arid template [73].
Dry stress accumulation rate (HDS; week™!) -1 to —0.000001 -0.005 Based on temperate template
Wet stress threshold (SMWS) 15to3 25 Based on temperate and desert templates for D. ponderosae primarily inhabiting

Wet stress accumulation rate (HWS; week1) 0.000001 to 0.01 0.002 temperate and tropical climatic conditions and surviving in a tropical desert climate

Table A2. CLIMEX parameter values for Dendroctonus ponderosae and Pinus spp.

Dendroctonus Ponderosae

CLIMEX Parameters Pinus spp.
Semi-Automatic Parameter Manual Adjusted Final Parameters
Fitting Procedure Results Parameter Results
Minimum development temperature threshold (DVO0; °C) 5 5 0
Lower optimum temperature (DV1; °C) 18 18 10
Upper optimum temperature (DV2;°C) 25 25 30
Maximum development temperature threshold (DV3; °C) 38 38 45
Effective accumulated temperature (PDD; DD) 833 833 0
Lower moisture threshold (SM0) 0.05 0.05 0.05
Upper optimal soil moisture threshold (SM1) 0.1 0.1 0.1
Upper optima soil moisture threshold (SM2) 0.2 0.2 0.8
Limiting high soil moisture threshold (SM3) 1.5 1.5 2
Cold stress threshold (TTCS; °C) -30.729 -30.729 -50
Cold stress accumulation rate (THCS; week™1) —0.000001 -0.1 -0.1 -0.1
Heat stress threshold (TTHS; °C) 38 42 42 50
Heat stress accumulation rate (THHS; week™!) 0.795 0.795 0.1
Dry stress threshold (SMDS) 0.00993 0.00993 0.01
Dry stress accumulation rate (HDS; week ™) —-0.962 —0.005 —-0.005 —0.005
Wet stress threshold (SMWS) 1.5 1.5 2.5
Wet stress accumulation rate (HWS; week™1) 0.00829 0.00829 0.1
Daylength at growth rate of zero (LT1) 10
15

Daylength at maximum growth rate (LT0)
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Appendix B

The appendix figures (Figures A1 and A2) expressed the distribution and changes of cold stress (CS) with time progress.
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Figure A1. Distribution of cold stress (CS) for D. ponderosae under historical (1987-2016) and future (2021-2100) climate conditions. (a) Historical and (b-i) future data.
The intensity of the blue color indicates the degree of CS (deep blue represents peak CS, white represents no CS).
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Figure A2. Climate change impacts on cold stress (CS) in D. ponderosae under the RCP4.5 scenario.
(a—h) Global changes in CS in future decades (2021-2030, 2031-2040, 20412050, 2051-2060, 2061-2070,
2071-2080, 2081-2090, and 2091-2100) compared with historical conditions (1987-2016). The intensity
of the color in different regions reflects the sensitivity to climate change (red, white and blue represents
CS increased, unchanged and decreased, respectively).
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