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Abstract: Climatic factors have a strong influence on the occurrence of forest diseases and pests, but
few studies have systematically analyzed the influence of spring climatic factors on the occurrence of
forest diseases and pests in China. We collected inventory data of forest resources, forest diseases, and
pest occurrences and then analyzed the spatial and temporal characteristics of China’s forest diseases
and pests from 1992–2019. Next, we took spring temperature accumulations ≥ 10 ◦C, spring average
precipitation, and spring average radiation as the spring climatic factors and analyzed their influence
on China’s forest diseases and pests with partial correlation and piecewise trend methods. The results
showed that the incidence rate of forest diseases and pests in China had a nonlinear decreasing trend
that occurred simultaneously with the growth of forested areas and the increase in forest pest and
disease areas. Ultimately, the increase in forest pest and disease areas stabilized at low levels of 1%
and 4%, respectively. This change generated a spatial shift from an east–west to a north–south pattern
in China. Additionally, the average turning points of forest disease and pest incidence trends in China
occurred in 2000 and 2005, where 56.7% and 63.3% of provinces, respectively, experienced significant
shifts in forest disease and pest incidence. Finally, spring meteorological elements had a significant
role in driving the mechanisms of forest disease and pest incidence in China. Among these, spring
temperature accumulation was a major contributor in disease and pest variability in China. However,
spring radiation and spring precipitation were important local drivers in Southwest China, though
these two factors had two opposing shifts in forest diseases and pests reflected over time. This study
systematically analyzed the impact of climate change on the development of forest diseases and pests
in China, helping clarify the future control of forest diseases and pests in China.

Keywords: spatial and temporal patterns; diseases and pests; turning point; turning features;
driving mechanisms

1. Introduction

Forests are vulnerable to various natural disasters and human-induced damages [1].
Harmful forest organisms, a major contributor to forestry disasters, pose a serious threat to
forest resources and cause significant losses to forestry production [2,3]. Forest ecosystems
are the first to respond to the effects of global climate change [4]. As the growing season,
spring has a strong influence on forest vegetation and the development of forest pathogens
and insect eggs [5]. Certain spring climatic factors may lead to high tree mortality or
outbreaks of forest diseases and pests. These conditions can also lead to changes in the
range of forest pathogens and pests [6].
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Since the 1950s, the range of harmful forest organisms in China has increased each
year [7]. China’s forested areas had reached 220.4462 million hectares by 2019, and 5.7%
of the area was occupied by major forest pests. In the 1980s, two invasive alien species,
namely, Bursaphelenchus xylophilus and Hyphantria cunea, spread from Nanjing and
Liaoning to the North China Plain and eventually reached most provinces in China [8].
These species caused great damage to China’s economy and ecological environment, while
the native horsetail pine caterpillar gradually became the most destructive pest in southern
China [9].

Climate change can expand the distribution of native and exotic forest pests (insects
and pathogens) and affect the resistance of trees to pests [10]. Many papers have shown
that the duration, severity, and spatial variability of forest disease and pest outbreaks over
the past 20 years have been profoundly influenced by spring climatic elements [11,12].
The spring temperature rise shortens the developmental time of pathogens and eggs, thus
strengthening their ability to spread and infect [13–15]. A spring temperature accumula-
tion ≥ 10 ◦C is an important indicator of the ecological thermal conditions of vegetation
and crops [12]. Both pathogenic bacteria and insect eggs incidental to the forest itself need
suitable temperatures to enter the developmental period and thus start a new generation of
reproduction [16].

Heat availability is an abiotic condition necessary for the development of vegetation
and microorganisms. Spring radiation affects the development of larvae by increasing their
body temperature, and its amount is positively correlated with larval development [17].
An appropriate amount of radiation directly encourages the biological cycle of the new
generation and promotes plant photosynthesis [18]. Forest areas with higher terrain receive
more solar radiation, and these areas are highly susceptible to pest outbreaks because this
is where larvae are more likely to aggregate [19]. Additionally, the heat input from solar
radiation in higher places offsets the decrease in temperature [20], which is crucial for larval
and microbial development.

Climate plays a significant role in determining the growth and dispersion of for-
est vegetation [16,21,22]. The hydrologic and thermal conditions required by plants and
microorganisms are largely controlled by regional temperature and precipitation [23]. Ad-
equate precipitation is fundamental to the growth of forest vegetation, and the potential
mechanisms influencing the relationships between precipitation, forest diseases, and pests
often involve changes in host plants [10,24]. In particular, water deficits, such as drought,
may lead to tree mortality and indirectly cause the death of pathogens and insects [25,26].
Similarly, drought enhances insect outbreaks and pathogen epidemics [26,27]. Increased
precipitation in spring creates the optimal wet and hot developmental conditions for
pathogens [28] and promotes the development of incidental pathogens and insect breeding
(and thus egg laying) in forests. Climatic factors such as temperature, radiation, and precip-
itation are important drivers of forest disease and pest disturbance mechanisms and can
have serious consequences for biodiversity and ecosystem function [29,30].

Numerous contemporary studies have focused on annual climatic changes, but these
macroscale analyses have not focused on the mechanisms influencing the spring climatic
factors that drive forest diseases and pests in China’s provinces [29,31–33]. During the last
20 years of sustained warming, it has been shown that temperature directly affects the
growth of hosts and pathogens by changing their life cycle, thus promoting the growth
of forest diseases and pests [34] while also leading to anomalous local forest diseases and
pests. Several studies have suggested that the occurrence and severity of forest diseases and
pests are positively correlated with spring temperatures and spring precipitation [35,36],
that higher temperatures in spring tend to reduce pest mortality [33], and that spring
precipitation promotes pathogen development. There is evidence that spring moisture is
critical for forest pest development due to geographic variations in cold and dry winter
conditions [37]. Spring radiation directly affects larval performance [17] and, at the same
time, promotes the growth and development of forest plants, which in turn affects forest
pest development. In addition, the vast geographical area of China and the large latitudinal
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distances between the north and the south lead to large differences in climatic environments.
Therefore, it is necessary to conduct research on the mechanisms that drive the spring
climatic factors, which in turn influence forest diseases and pests in China.

In this study, we analyzed regional trends and incidences of forest diseases and pests
in China from 1992 to 2019 to understand how forest diseases and pests have changed over
a climatic cycle of about 30 years. Using partial correlation analysis, we comprehensively
explored the changing characteristics of forest diseases and pests in China as a whole and
in each province and the mechanisms influencing the spring climatic factors. This study
addresses the following scientific objectives: (1) to investigate how the spatial and temporal
characteristics and trends of forest diseases and pests in China vary over an approximately
30-year climate cycle and to note whether there are significant transitional features; (2) to
investigate how spring climatic factors drive changes in forest diseases and insect-related
pests in China.

2. Materials and Methods
2.1. Forest Diseases and Pests and Forest Area Data

The forest areas of pest and disease incidence were derived from a total of 28 issues
of the Chinese Forestry Statistical Yearbook (1992–2019). These issues are based on the
annual statistical reports and other relevant information reported by provincial forestry
management departments, autonomous regions and municipalities directly under the State
Forestry Administration, and units directly under the State Forestry Administration.

The forest area was derived from the National Forest Resources Survey Report from
the State Forestry Administration of China, which was published every five years from
1989 to 2020. The Forest Resource Survey was conducted by provinces (including districts
and municipalities) with fixed sample sites as the main unit and employed regular reviews
to investigate and verify the distribution and quality of various types of forest resources
within a certain area. The forest areas discussed in this paper are all based on the areas
assessed during the years of the forest resource inventory. Each year assigned to a forest
area represents the following five years as well, which is consistent with the forest area
methodologies recorded in the Chinese Forestry Statistical Yearbook.

In this work, forest pest and disease data from 30 provinces in China, excluding Tibet,
Taiwan, Hong Kong, and Macao, were selected for analysis.

2.2. Climate Data
2.2.1. Temperature and Precipitation Data

Temperature and precipitation gridded data were obtained from the NCAS UK Na-
tional Centre for Atmospheric Sciences CRU TS v. 4.05 monthly dataset and the NOAA
Climate Prediction Center (CPC) daily dataset, both at 0.5◦ × 0.5◦ resolution. In this
study, spring (defined as March, April, and May) temperature accumulation with daily
values ≥ 10 ◦C and the average spring precipitation data from 1992 to 2019 were calculated.
These values are uniformly referred to as spring temperature and spring precipitation
throughout this paper. Temperature and precipitation data were obtained for each province
of China using the zonal statistics tool in ArcGIS 10.2.

2.2.2. Solar Radiation Data

The solar radiation data are from the CRU-NCEP V5.2 dataset, which has the same
spatial resolution as the CRU climate data. This dataset was obtained by combining the
0.5◦ × 0.5◦ climate dataset (1901–2012) of CRU TS3.21 and the NCEP reanalysis 2.5◦ × 2.5◦

dataset (1948–2016) [38]. The average spring radiation data from 1992 to 2019 were used in
this study and are uniformly referred to as spring radiation throughout this paper. Spring
radiation data for each province in China were obtained using the zonal statistics tool in
ArcGIS 10.2.
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2.3. Incidence of Forest Diseases and Pests

The formula for calculating the incidence of forest diseases and pests in China in this
study is shown in (1):

α1 =
z1

z
× 100% (1)

where α1 is the forest disease incidence rate of each province in China, z1 is the forest
disease incidence area of each province in China, and z is the forest area of each province in
China. The forest pest incidence rate and disease incidence rate of each province in China
were calculated using the same methodologies.

2.4. Determination of Primary Forest Disease and Pest Factors

Biased correlation analysis is the analysis of the degree of correlation between two vari-
ables under the condition that the interference of other factors is eliminated. Spring precipi-
tation and spring radiation were not considered when calculating the correlation between
the incidence of diseases and pests and spring temperature accumulation in this study,
though the correlations were calculated in the same way as when spring precipitation and
spring radiation are considered [14]. The equation is shown in (2):

rx1y1·x2 =
rx1 y1 − rx1 x2 rx2 y1√

1 − rx1 x2
2·
√

1 − rx2y1
2

(2)

In this study, spring temperature accumulation, spring precipitation, and spring
radiation are x-factors, and y1 is the forest disease incidence. In Equation (2), rx1y1·x2 is the
correlation coefficient between x1 and y1 forest disease incidence when x2 is fixed. The
partial correlation analysis of forest pests and spring climatic factors in each province of
China was calculated similarly to that of forest diseases.

In this study, the primary factors of forest disease and pest incidence were iden-
tified as the factors with the highest absolute values of the coefficient from the partial
correlation analysis.

2.5. Univariate Linear and Piecewise Trend Regression

Univariate linear regression is a widely used fitting method for analyzing time series
change trend data. In this study, we analyzed the overall trend of forest diseases and pests
in China based on 28 years of forest disease and pest incidence areas and incidence rates.
The equation is shown in (3):

y = kx + b + ε (3)

In the calculation of the forest disease incidence area trend, y is the forest disease
incidence area, x is the time range (1992–2019) in years, k is the slope of the trend, b is the
intercept, and ε is the residual of the fit. The trends of forest disease incidence rates and
forest pest incidence areas and incidence rates were calculated in the same way as the forest
disease incidence area trends.

To analyze the stages of forest diseases and pests in China, a turning point (TP) was
set by the piecewise trend regression method to further analyze the changing trends and
correlations between forest diseases and pests and spring climatic factors [39], and the
equation is shown in (4):

y =

{
β0 + β1t + ε, t ≤ γ
β0 + β1t + β2(t − γ), t > γ

(4)

where y is the forest disease incidence rate; t is the year; γ is the turning point (TP) of
the forest disease incidence trend; β0, β1, and β2 are regression coefficients; and ε is the
residual of the fit. The forest disease incidence trend is β1 before the turning point and
β1 + β2 after it. The piecewise trend analysis of forest pest is consistent with the forest
disease calculation.
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Different time lengths lead to insufficient sample sizes that are prone to edge effects.
Therefore, the first and last 6 years between 1992–1994 and 2016–2019 were not identified
as significant turning points in this study, and only the turning points between 1996–2015
were analyzed.

3. Results
3.1. Interannual Spatial and Temporal Patterns of Forest Area and Pests in China
3.1.1. Spatial and Temporal Patterns of Forest Area in China

China’s forested area had reached 220.4462 million hectares in 2019, accounting for
5.51% of the world’s forested area, and its forest coverage rate was 22.96%. China’s forests
increased by 95.7934 million hectares during 1984–2018, of which 86.7427 million hectares
were added between 1993 and 2018, with an average annual increase of 2.8175 million
hectares. Six provinces—Inner Mongolia, Yunnan, Heilongjiang, Sichuan, Xizang, and
Guangxi—together account for 52.57% of the total forest area in China.

From 1992 to 2019, China’s forest area increased substantially and showed a “+”
distribution (Figure 1). Among them, Northeast and Southwest China are the two largest
areas of primary natural forests in China, with Inner Mongolia and Heilongjiang provinces
alone accounting for 27% (37.62 million hectares) of the country’s natural forests. The
coastal areas of South and East China are the largest economic forest bases in China due to
their hot and humid locality, with Yunnan and Guangxi provinces alone containing 20%
(4.14 million hectares) of the country’s economic forests. The North China Plain area is
mainly agricultural, and the Northwest region has a harsh environment with severe soil
erosion and is mostly shrubbery. Due to the implementation of various policies related
to the protection of forests, such as the return of farmland to forests, the forested areas in
other regions of China, except for the agricultural area of the North China Plain and the
grassland area of Qinghai, have increased significantly.
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3.1.2. Analysis of the Overall Spatial and Temporal Patterns and Trends of Forest Pests and
Diseases in China

During 1992–2019, the area of forest disease and insect pest incidence in China in-
creased by 708,400 and 1,542,800 hectares, respectively, with an average annual increase of
25,300 and 55,100 hectares, respectively. However, the incidence rate decreased by 0.30%
and 1.93%, respectively, with an average annual trend of −0.011% and −0.069% over the
28 years, respectively (Figure 2). By 2019, the area of forest diseases and pests in China
occupied 18.56% and 65.61% of the forest harmful creatures area, respectively.
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The area and incidence of forest pests had a substantial reduction trend during
1992–1998, and the incidence area increased substantially after 1998, from a minimum
of 5,398,600 hectares in 1998 to a peak of 8,783,200 hectares in 2007; the incidence rate had
a modest increase with the increase in the forest area after 1998, reaching 5.006% in 2007
and then gradually decreasing. Both forest disease area and incidence rate had a relatively
substantial reduction trend during 1992–2004, but then the disease area began to increase,
reaching a maximum of 2,211,500 ha in 2019; however, the incidence rate tended to stabilize
during 2004–2017 and increased significantly to reach 0.98% after 2017. During 1992–2019,
with the simultaneous expansion of forest disease and pest incidence areas and forest areas,
China’s forest disease and pest incidence trends gradually slowed down and stabilized
below the 1% and 4% levels, respectively.

Forest diseases and pests in China showed a substantial spatial pattern of “high in the
north and low in the south”, with the incidence area and incidence rate of forest diseases
and pests generally higher in the north than in the south. At the same time, the incidence
area and incidence rate of forest pests were approximately 2–4 times more intense than
those of forest diseases (Figure 3).
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forest diseases and pests.

The spatial pattern of the average annual incidence area and incidence rate of forest
diseases and pests was highly consistent, with both the Northwest and North China
provinces being the most affected areas. Among them, Henan and Shandong were the
two regions with the highest disease and pest incidence area and incidence rates in China.
Specifically, Xinjiang and the North China Plain maintained a high incidence area and
incidence rate; Inner Mongolia and Sichuan provinces had a high incidence area but a low
incidence rate, indicating their overall disaster level was lower. Qinghai, in contrast, was
more seriously affected. The dominant tree species in regions with high incidence areas
and incidence rates included Populus, Cupressus, Pinus, and Picea. The invasive species of
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Bursaphelenchus xylophilus and Hyphantria cunea, which are Class I and Class II forest
pests in China, respectively, posed significant threats to the forest health of these regions.
Both share the common characteristics of low forest area and predominantly plantation
forests in the double highlands region. In Inner Mongolia and Sichuan provinces, both have
high forest area, which resulted in a higher area but lower incidence rate in the region.

The incidence of forest diseases and pests in China showed an overall reduction trend
during 1992–2019, with only some provinces showing an increasing trend (Figure 4). During
1992–2019, western China and the North China Plain were the areas most affected by forest
diseases and pests (Figure 3). Regarding provincial trends of incidence changes, the trend
was an increase in Inner Mongolia, Liaoning, Tianjin provinces in northern China and the
southern coastal provinces, while the trend was substantial reduction in the formerly most
affected areas in the east and west. This pattern gradually developed the characteristics of
transferring forest diseases and pests from east-west to north-south in China.
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(a) Diseases; (b) pests. “%/a” indicates the annual incidence rate of pests and diseases in forests.

The incidence of forest diseases and pests showed a reduction trend in approximately
70% of the provinces in China. Among them, forest diseases showed the highest degree
of reduction in Shanghai, where the incidence rate decreased by approximately 0.77% per
year, while Tianjin showed the highest increase of 0.19% per year; the forest pest incidence
rate weakened by approximately 0.014% each year in Qinghai province and increased by
an annual rate of 0.01% in Tianjin. Additionally, the trend of increasing forest disease and
pest incidence rates was much lower than the reduction trend, with the highest being only
0.19% per year. This also indicates that the overall expansion of forest diseases and pests is
benign in China.

3.2. Climatic Drivers of Forest Diseases and Pests in China
3.2.1. Spatial and Temporal Patterns of Spring Climatic Factors in China

Spring climatic factors have a large spatial and temporal variability across China’s
provinces over a climate cycle of approximately 30 years (Figure 5). Spring temperature
accumulation and spring radiation are generally high nationwide, and spring precipitation
is only generally greater than 400 mm/a (“mm/a” indicates rainfall per year) in the coastal
areas of eastern and southern China. The spring temperature accumulation increases from
high latitudes to low latitudes, and the national universal spring temperature accumulation
exceeds 1000 ◦C, which is a widespread high temperature. Spring radiation is higher in
high latitudes and higher in Shandong and Henan.
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3.2.2. Primary Factors of Forest Diseases and Pests in China

The incidence of both forest diseases and pests in China was dominated by spring
temperature accumulation and spring radiation, with the ratios of provinces in which spring
temperature accumulation, spring precipitation, and spring radiation were dominant
being 15:5:10 and 12:8:10, respectively (Figure 6), which showed consistency with the
generally high values of spring temperature accumulation and spring radiation nationwide.
Furthermore, among forest diseases, both spring temperature accumulation and spring
radiation were dominant on a large scale, and spring precipitation was dominant only
locally in southern China. However, in forest pests, all three spring climatic factors showed
a large range of dominant surface spatial characteristics.

Regarding forest diseases, the primary factor in Inner Mongolia, Qinghai, and Gansu
in northern China was spring radiation, while the primary factor in most of southern China
as well as Xinjiang and the Northeast China was spring temperature accumulation; spring
precipitation was the primary factor only in local provinces in Southwest and South China
(Figure 6a). In contrast, the primary characteristics of forest pests differed from those of
forest diseases. With spring radiation being the primary factor in most of Southwest China,
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spring precipitation was the primary factor in most of North China, and spring temperature
accumulation was more dominant primarily in Central and South China (Figure 6b).
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3.3. Analysis of Forest Disease and Pest Turning Point and Driving Mechanisms in China
3.3.1. Analysis of the Turning Point of Forest Diseases and Pests in China

The peak incidence of forest diseases and pests in China was in the 10-year periods of
1996–2005 and 2001–2010, respectively, and the average turning points were in 2000 and
2005, respectively. Meanwhile, forest disease and pest turnaround periods varied widely
(Figure 7). In the border provinces of China, forest diseases had already turned at the end
of the 20th century, followed by most of North and Central China during the first five years
of the early 21st century, while forest pests started to turn only at the beginning of the
21st century.
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3.3.2. Transition Characteristics of the Incidence of Forest Diseases and Insect Pests
in China

The characteristics of changes in the incidence of forest diseases and pests in China
could be categorized into three types: stable, decreasing followed by increasing, and
increasing followed by decreasing. Forest diseases and pests have significant change char-
acteristics in 56.7% and 63.3% of the provinces, respectively. The changing characteristics
of forest diseases and pests had a large difference, with diseases mainly decreasing and
then increasing, while pests showed the opposite pattern (Figure 8).

Forest diseases showed a decreasing trend before increasing in North, Central, and
South China, while only Qinghai and Gansu in Northwest China and Jiangsu and Fujian in
East China showed increasing trends before decreasing (Figure 8a). While forest pests in
Northeast, North, and Southwest China increased before decreasing, Xinjiang in Northwest
China, Anhui and Zhejiang in East China, and Hubei in Center China decreased before
increasing (Figure 8b). There was a certain overlap of stable forest pest incidence areas,
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mainly in the North China Plain and Central China. Forest diseases showed stability
in the two provinces of Northeast, North, South, and Southwest China; only Jiangxi
and Zhejiang provinces showed a consistently increasing trend, while all other regions
showed a consistently decreasing trend. The incidence rate of forest insect pests showed
stability in North China, Central China, and Guangdong province; only Chongqing and
Liaoning province showed a consistently increasing trend, while all other regions exhibited
a consistently decreasing trend.
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Additionally, although mostly decreasing and then increasing, the overall trend in
forest diseases was still downward. The data also indicated that the trend of reduction in
the early part of the turn was stronger than the trend of increase in the late part of the turn;
among forest pests, most of the northeastern, southern, and eastern coastal areas increased
first and then decreased after the turn, but the overall trend was up. The data also reflected
that during the climatic cycle of approximately 30 years, the previous trend dominated
the overall trend in areas where forest diseases and pests had changed; in areas where the
trend was stable and unchanging, the overall trend was generally a reduction.

3.3.3. Turning Point Analysis of Spring Climatic Factors on Driving Mechanisms of Forest
Diseases and Pests in China

The driving effect of spring climatic factors on forest diseases and pests in China was
significant, with more than 50% of the provincial drivers of both forest diseases and pests in
China shifting. Among them, forest diseases and pests were dominated by spring radiation
and spring precipitation, respectively, in the period prior to the turn (Figure 9a,c). However,
in the late turn period, spring temperature accumulation shifted from exerting sporadic
dominance before the turn to exerting total dominance over forest diseases and insect pests
in China afterwards. Here, spring temperature accumulation dominated forest diseases
and pests in 43% and 36% of provinces in China, respectively (Figure 9b,d). In contrast,
spring radiation and spring precipitation drivers decreased.

During the late transition period, the number of provinces with spring temperature
accumulation as the primary factor for forest diseases and pests in China increased signifi-
cantly and showed a continuous surface distribution, while spring radiation and spring
precipitation were primary only in localized areas. At the same time, the driving factors of
forest diseases showed a local shift from spring radiation to spring precipitation, while the
opposite was true for pests.

Forest diseases and pests had consistent transition characteristics in the border provinces
of North and South China, while they showed large differences in the North China Plain
and East China localities (Figure 9). At the late turning point of forest diseases and pests,
spring temperature accumulation dominated, while spring precipitation and spring radia-
tion only exerted greater dominance in the rainy coastal provinces of Southwest and South
China and the high-radiation local provinces of North and Central China, respectively.
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Before the forest disease turning point, Inner Mongo, Tianjin, and Liaoning in North
China and Yunnan province in Southwest China were dominated by spring precipitation,
while in Xinjiang and Central China, they were dominated by spring radiation, and areas
affected by spring temperature were scattered in Hubei, Hunan, Guangxi, and Fujian. After
the turning point, the prevalence of provinces formerly dominated by spring radiation
shifted to spring precipitation, and provinces formerly dominated by spring precipitation
shifted to spring temperature accumulation.

Before the turning point of forest pest incidence, Anhui, Jiangxi, Fujian, and Hubei
provinces in East China were dominated by spring radiation, while in Hubei, Chongqing,
and Guangxi, spring temperature accumulation dominated. Areas dominated by spring
precipitation were distributed in the border provinces of China. After the pest incidence
turning point, the areas originally dominated by precipitation in the border provinces
changed to being dominated by spring temperature, followed by spring radiation. In
contrast, the original East China coastal region shifted from being dominated by radiation
to spring temperature accumulation.

4. Discussion

We analyzed the spatial and temporal patterns of forest diseases and pests in China
during 1992–2019 and combined them with spring climatic factors to identify and analyze
the driving mechanisms of forest diseases and pests. The results of the study are as follows:
(1) Over 28 years, the forested areas impacted by diseases and pests increased by 708,400
and 1,542,800 hectares, respectively, but the incidence rates decreased by 0.30% and 1.93%,
respectively, and showed a significant spatial pattern of “high in the north and low in the
south”. (2) For both forest diseases and pests in China, spring temperature accumulation
and spring radiation were the primary factors, but there were geographical differences. For
forest diseases, spring radiation was the primary factor in northern China, while spring
temperature accumulation was the primary factor in South China. For forest pests, spring
radiation was the primary factor in Southwest China, while spring precipitation was the
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primary factor in northern China. (3) The average turning points of forest disease and pest
incidence in China were 2000 and 2005, respectively. The changes in forest disease and pest
characteristics were significantly different, with forest disease mainly decreasing and then
increasing, while forest pests mainly increased and then decreased. (4) The influence of
spring temperature accumulation on forest diseases and pests has been increasing, and after
the turning points, the primary factors in many regions changed from spring precipitation
and spring radiation to spring temperature accumulation.

During 1992–2019, the growth rate of China’s forested areas was much greater than
the areas of forest pest incidence; therefore, the incidence of both forest diseases and pests
showed a linear decreasing trend. In recent decades, China has become the world’s largest
afforestation country due to major forestry projects, such as the Three-North Shelterbelt
Project and the Sloping Land Conversion Program [40]. Additionally, forest security risks
have increased, and Chinese forests are subject to a combination of native and invasive
alien species [41]. This has led to a substantial increase in the incidence of forest diseases
and pests. This is also often caused by anthropogenic transmission [42]. Forest epidemic
control in China tends to consist of post-disaster management and natural control, and no
emphasis has been placed on disaster prevention and artificial control [43,44]. Hao and
others reported that Bursaphelenchus xylophilus in China spreads from south to north.,
and our results also showed a spatial shift of forest diseases and pests from east–west to
north–south in China [45].

The Chinese terrain is complex, and the southern and northern latitude spans are
large, thus giving rise to the solar radiation distribution characteristics of being high in
the west and low in the east, while temperatures are high in the south and lower in the
north [46]. Both forest diseases and pests are driven by a wide range of spring temperature
accumulation and spring radiation, and drought and high radiation often lead to forest
disease and pest outbreaks [13,18,26]. The pathogenesis of forest diseases and pests is quite
different, and thus, the driving mechanisms of spring climate elements are also variable.
Goheen and Willhite and others reported that forest diseases tend to grow optimally with
hot and humid conditions, which explains why forest diseases are dominated by spring
radiation in the north and by spring temperature accumulation in the south [47]. Forest
pests require flight and larval reproduction in order to spread; thus, suitable precipitation
and heat sources for larval development are crucial [17,25].

The last two decades have been the warmest period since the 20th century [46]. The
continued warming of the climate system in China has led to a shift in the trends of forest
disease and insect/pest incidence, which was caused by a combination of invasive species
and outbreaks of exotic species during 1980–2005 [48]. In the early period, invasive species,
mainly pine nematodes and American white moths, were not effectively controlled due to
the low prevention capacity of forestry technicians. From 2000 to 2005, the government
implemented relevant policies and effective control methods to contain them [49], and the
incidence of forest pests was significantly reduced. However, the lack of forest diversity
in China and the short-term economic forestry trade have easily caused the devastation
and destruction of forests to increase, which in turn has led to the increase in forest disease
incidence in China [50].

Although the climatic environment in China is highly variable, spring temperature ac-
cumulation remains the primary driver and dominates over a large range. Simultaneously,
due to the continuous warming of the climate system, the driving force of spring tem-
perature accumulation is increasing, and the driving force of spring radiation and spring
precipitation is decreasing [51,52]. The need for minimum temperatures for forest vegeta-
tion and microorganisms to develop in spring is the main reason for this phenomenon [21].
However, the influencing mechanisms are nonlinear [53]. For example, higher spring
temperatures can accelerate growth for pathogens and insects and can also lengthen the
developmental time. Radiation and precipitation have a lower impact than temperature on
forest pests [21], and thus, spring temperature accumulation after the turning point is the
most primary climatic factor of forest pests and diseases in China.
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In this work, we analyzed the transformation mechanisms behind forest diseases and
pests in each province of China, summarized the spring climate drivers of forest diseases
and pests in each province, and finally explored the impact of spring climatic factors on
forest diseases and pests. This work will enable us to take necessary measures to offset or
mitigate negative impacts on forest ecosystems and provide a theoretical basis for the early
prevention and control of epidemics in each province.

This work was not without certain shortcomings. The mechanisms behind the spring
climatic factors that influence forest diseases and pests are comprehensive and interac-
tive; thus, it is difficult to consider their effects on forest diseases and pests in China in
an integrated manner. In this work, we developed a partial correlation analysis model
for three spring climatic factors to analyze the mechanisms behind the spring climatic
factors that influence forest diseases and pests in 30 provinces, except Xizang, Taiwan,
Hong Kong, and Macao, and emphasized only the driving mechanisms of the three spring
climate elements in the correlation. In the future, it will be necessary to further consider
the internal fluctuations and cyclical effects of spring climatic factors. The work of the
driving mechanisms of forest pests and diseases in China will be improved if the influence
of anthropogenic transmission in each province is also considered.

5. Conclusions

In this study, we examined the spatial and temporal patterns of forest diseases and
pests in China and analyzed the driving mechanisms of spring climatic factors and forest
disease and pest incidence in terms of biased correlations and piecewise trend turning
points. During 1992–2019, the intensity of forest pests in China was generally 2–4 times
higher than that of forest diseases, and the incidence area of both remained high. Mean-
while, with the significant growth of forested areas, the incidence of both forest diseases
and pests in China remained at a low level, gradually developing into a spatial feature
that shifted from east–west to north–south. The driving mechanisms of spring climatic
factors are significant, especially spring temperature accumulation, which has become
the most primary driver of forest diseases and pests in China, and spring radiation and
spring precipitation, which are primary drivers in local areas. Together, these findings
improve understanding and knowledge of the current status of forest diseases and pests in
China and provide supporting data and a theoretical basis from the country as a whole to
individual provinces. This will help clarify the future control of forest diseases and pests in
China and shift the focus of disaster management to pre-disaster prevention efforts.
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