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Abstract Larch caterpillars are widely distributed in
the Great Xing’an boreal forests; however, the relation-
ship between caterpillar defoliation dynamics and climatic
factors is poorly understood. The aims of this study are to
investigate the primary weather conditions that might influ-
ence forest defoliation and to identify the most important
life stage of the larch caterpillar at which forest defoliation
might be mitigated by incorporating more inhibitory influ-
ences from climatic factors. The life cycle of the larch cat-
erpillar was partitioned into four stages and multiple linear
regression and mixed effect models were combined with a
relative weight analysis approach to evaluate the importance
and influence of meteorological variables on defoliation
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dynamics. The results show that warmer temperatures in
growing seasons and overwintering periods can increase the
defoliation area, while rainy and humid growing seasons
decrease the defoliation area. Total precipitation during the
early instar larval period had the greatest power to explain
the variance in defoliation dynamics and had a very strong
inhibitory effect, followed by the accumulative temperatures
of the late instar larval period which had a positive impact,
and precipitation during the middle instar larval period
which had a negative impact. Weather conditions during
the early instar larval period had the greatest influence on
the area defoliated and accounted for 40% of the explained
variance. This study demonstrates that climatic warming and
drying will increase the risk of larch caterpillar outbreaks in
the Great Xing’an Mountains.

Keywords Larch caterpillar - Defoliation area - Climatic
warming - Life cycle - Great xing’an mountains - Relative
importance

Introduction

Forest insects are critical destructive agents that can directly
exert stress effects on forest growth or even lead to substan-
tial tree mortality, thereby decreasing timber production and
ecosystem services related to water and soil retention and
carbon sinks (Dale et al. 2001; Kurz et al. 2008; Medvigy
et al. 2012; Zhang et al. 2014; Flower and Gonzalez-Meler
2015). As a natural disturbance, forest insects may indirectly
interact with other disturbances (e.g., wildfire, drought and
pathogens), and amplify their negative effects on ecosys-
tem resilience, which may trigger irreparable ecosystem
shifts (Kane et al. 2017; Seidl et al. 2017). Monitoring and
predicting outbreaks of forest insects are topics that have
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received increasing attention due to the benefits produced
by the implementation of practical governance measures
in advance to improve forest health and maintain valuable
ecological functions.

Climatic changes, especially warming and drought, are
important driving factors that regulate insect outbreaks
through direct impacts on insect physiology and behavior
and indirect impacts on host plants and predators (Lieb-
hold et al. 2000; Bale et al. 2002; Bentz et al. 2010; Kolb
et al. 2016). For instance, minimum winter temperatures are
one of the predominant environmental obstacles that for-
est insects must overcome in order to survive (Han et al.
2005; Bale and Hayward 2010). Many studies have shown
that high-latitude regions will experience stronger warming
trends in winter (Dale et al. 2001; Bale and Hayward 2010;
Venette 2013), which may significantly shorten the dura-
tion of winter and decrease the inhibitory effects of cold
temperatures on forest insects. Under such trends, it is pre-
dicted that more insects will successfully survive winter,
negatively affecting forest health. Warming is expected to
dramatically influence the population dynamics of forest
insects; therefore, temperature is frequently regarded as an
important predictor of forest insect outbreaks (Yamamura
et al. 2005; Bentz et al. 2016; Zidon et al. 2016).

Similarly, changes in precipitation patterns and associ-
ated water deficits are also identified as critical factors con-
trolling the breeding and growth of insects. Heavy rainfall
or hailstorms during the breeding period can mechanically
injure or kill eggs that adhere to foliage or twigs. Cold and
rainy weather can inhibit the dispersal and feeding of newly
hatched larvae and slow their growth (McManus et al. 1980;
Rouault et al. 2006; Jaworski and Hilszczanski 2013). Moist
environments may induce the dispersal of diseases caused by
bacteria, fungi, or viruses, which may influence the popula-
tion and growth of forest insects (McManus et al. 1980; Han
et al. 2004). Moreover, physiological stress caused by warm-
ing and/or water deficits that increase host plant susceptibil-
ity to forest insects are also well-documented globally (Bale
et al. 2002; Rouault et al. 2006; van Mantgem et al. 2009;
Allen et al. 2010; Kolb et al. 2016).

Defoliating insects such as the pine caterpillar, gypsy
moth and spruce budworm are the major insects causing
disturbance across Eurasian and North American boreal
forests, and these groups have received increasing public
attention as a result of their pervasive influence and the weak
resistance of boreal ecosystems to insect disturbance (Gray
2008; Bouchard and Pothier 2010; Weed et al. 2013; Zhang
et al. 2014). Previous studies have shown that the population
dynamics of forest insects are largely driven by the spatial
synchrony with extreme climatic events (Han et al. 2005;
Wang et al. 2007; Hédar et al. 2012) and by phenological
asynchrony with host plants or predators (Liebhold et al.
2000; Bjornstad et al. 2010; Pureswaran et al. 2015). These
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studies have provided notable conclusions that have helped
to disentangle the mechanisms underlying how environ-
mental factors regulate insect population dynamics. Most
of those discussions have focused on forest insects that have
relatively short life histories, while the influences of climatic
factors on the population dynamics of forest insects with
longer life histories, i.e., insects that require several years
to complete a whole lifecycle, have received relatively little
attention.

Forest insects in boreal regions usually require multiple
years to develop body growth and physiological functions
(Bale et al. 2002). This multiyear life history increases the
complexity of research endeavors attempting to clarify
the climate-driven outbreak mechanisms of these forest
insects. Previous studies have emphasized the linkages
between inter- or intra-annual temperature variations and
population dynamics of forest insects, while much less is
known on other climatic factors that may also exert similar
or consistent influences on the insect population at differ-
ent developmental stages. Since forest insects may develop
various adaption strategies to overcome severe exogenous
environments (Bale et al. 2002; Pimentel et al. 2010), clari-
fying the linkages between weather conditions and popula-
tion dynamics may be helpful for forming a comprehensive
understanding about regulatory mechanisms that occur at the
regional scale. Specifically, identifying an insect’s sensitive
life-history stage in terms of local weather conditions and
quantifying the relative importance of those variables on
population dynamics are of notable practical significance
for forest insect management.

Compared with boreal ecosystems in other regions, the
forests in the Great Xing’an Mountains, which serve as an
important ecological barrier to extreme climate (e.g., the
Siberian cold current) and natural disasters (e.g., floods) in
northeastern China, may be particularly vulnerable to cli-
mate change effects because they are located within a border
zone between boreal and temperate climates (Ni 2011). The
primary type of forest insect disturbance that has caused
serious forest losses is the larch caterpillar, Dendrolimus
superans Butler, which requires two years to complete its
lifecycle in this region (Yuan et al. 2008; Chen et al. 2010).
An extreme outbreak of larch caterpillar occurred from 1989
to 1991, which caused over one million ha of forest dam-
age in the Great Xing’an Mountains (Liu et al. 1994). The
mean population density of insects was approximately 283
individuals per tree, and the maximum might have reached
2000 per tree (Liu et al. 2002). Thus, the objectives of this
study were: (1) to identify the primary weather conditions
that govern fluctuations in larch caterpillar populations and
are linked to its special life-history traits; and, (2) to deter-
mine the critical life stage in which the insect population
would be sensitive to the influence of climatic factors. To
achieve these goals, historical larch caterpillar records and
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daily meteorological observations from six forestry bureaus
in the Great Xing’an boreal forests were used to examine
these relationships. We evaluated the relative influence of
variables related to temperature, relative humidity and pre-
cipitation, which were calculated from daily observations of
four life stages of the larch caterpillar, on episodic outbreaks
of this defoliator based on a linear regression model and
linear mixed effect model.

Materials and methods
Study site

The study area is located within six forestry bureaus (local
administrative agencies) of the Great Xing’an Mountains
in Northeast China (121° 10" 41"-127° 01’ 06" E, 50° 05’
53"-53° 33" 38" N), Jiagedaqi, Songling, Amuer, Xinlin,
Hanjiayuan and Shibazhan, which occupy more than half
of the total area and are administered by Heilongjiang
Province (Fig. 1). The topography in the Great Xing’an

Mountains is gently undulating with an average slope of
10°. The elevation ranges from 130 m in the northeast
to 1500 m in the southwest. The climate is mid-latitude
continental cold-temperate, the mean annual temperature
is — 1.8 °C, and the monthly mean January and July tem-
peratures are — 20 °C and 30 °C, respectively. The mean
annual precipitation is approximately 550 mm and presents
great inter-annual variations, with more than 60% falling
between May and October. The frost-free period is less
than 130 days in the south and less than 100 days in the
north. The forests in the study area are classified as cool-
temperate coniferous forests and form the southern exten-
sion of the eastern Siberian boreal forests. Dahurian larch
(Larix gmelinii Rupr.) and white birch (Betula platyphylla
Sukaczev) are the dominant canopy species, mixed with
Scotch pine (Pinus sylvestris var. mongolica Litv.), Korean
spruce (Picea koraiensis Nakai), Mongolian oak (Quercus
mongolica Fisch. ex Ledeb.), and two species of aspen
(Populus davidiana Dode and Populus suaveolens Fisch.)
(Fang et al. 2015). As a result of heavy forest harvesting
since the middle of the last century and frequent wildfires,

Fig. 1 Spatial location of the
study area in the Great Xing’an
boreal forest, China
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the forest landscape of the study area is primarily com-
posed of middle and young age stands.

Life cycle of the larch caterpillar

The larch caterpillar, D. superans, is an endemic species in
China that can seriously endanger coniferous species, such
as Dahurian larch (its preferred host plant), Scotch pine and
Korean spruce (Liu et al. 1994; Yu et al. 2016). Generally
the insect produces one generation per year in the southern
part of northeastern China, although it has one generation
every two years in our study area due to the relatively short
period of appropriate temperatures for development occur
(Liu et al. 1994; Tian et al. 1998). Previous studies have
found that the larch caterpillar has ninth instar larvae and
begins to overwinter during the second to fourth instar stages
at the end of September (Fig. 2). The caterpillars then leave
the host tree and remain in ground litter or grasses from
October to the following April. Low temperatures during
winter can freeze the larvae, which then thaw when tem-
peratures rebound. At the end of April of the following year,
the caterpillars will ascend the tree and consume the foliage
until the second overwintering period, which begins dur-
ing the fifth to seventh instar stages (Yue et al. 1996; Chen
et al. 2010). After entering its second diapause period, the
surviving larvae will continue their development and pupate
at the end of May. After a 20-day pupal stage, adults lay eggs
on the needles during the second half of June. The second

Fig. 2 Life cycle of the larch
caterpillar (two years per gen-
eration) in the Great Xing’an

boreal forests
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generation of larch caterpillar eggs will hatch during June
and July and eventually change to the larval stage in approxi-
mately 15 days. By reviewing its life cycle, we can identify
key temporal nodes at which climatic factors may regulate
the population by directly impacting their physiology or by
modifying the phenology of their host plants, thus indirectly
impacting the larch caterpillars.

Data source

Larch caterpillars can impact substantially forest growth in
a short time, although these are usually nonlethal to host
tree species; however, when the degree of defoliation is over
75%, tree mortality may occur (Yu and Yin 1980). With
regards to the low mortality induced by the larch caterpillar,
the defoliation area is considered a more reliable indica-
tor to reflect the adverse consequences of larch caterpillars
from a forest health perspective than tree mortality. In this
study, the area of defoliated forests was used as a proxy
to reflect the dynamics of the larch caterpillar population
density. Historical defoliation data between 2003 and 2017
were obtained from annual reports of the six local forest pest
control and quarantine stations, which are completed and
maintained by the these forestry bureaus (Fig. 3). Thirty-four
valid records of annual defoliation areas of larch caterpillar
were obtained from these six forestry bureaus. These records
were double-checked by a higher administrative department
as the figures of defoliation area related to financial inputs
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Fig. 3 Annual areas of defoliation for 2003-2017 for six forestry bureaus in the Great Xing’an boreal forests

for pest control. Years without valid records were considered
those without pronounced outbreak events.

The estimation of defoliation area was based on field sur-
veys carried out along the predesigned routes that covered
the stands where larch caterpillar outbreaks occurred as well
as new 100 m x 100 m sampling plots. Populations of larch
caterpillars were checked using the shaking-off collection
method for 20 larch trees within each plot. A forest sub-com-
partment was classified as a defoliated area when the popula-
tion density of the insect was greater than 20 caterpillars per
tree according to a national guideline of defoliation severity
classification. Twenty caterpillars per tree is an empirical
population threshold for reporting pine caterpillar disaster,
and a lower population density does not warrant a report
to higher levels of the forest insect pest control department
(see http://www.forestpest.org/forecasting/forecastmethods
/). The defoliation area was estimated based on the propor-
tion of defoliated sub compartments. Although this estima-
tion was somewhat coarse, such defoliation data are the most
reliable official records of larch caterpillar outbreaks in the
study area.

Historical weather data for the five forestry bureaus were
obtained from the Climatic Data Center, National Meteoro-
logical Information Center, and the China Meteorological
Administration (http://data.cma.cn/). These weather sta-
tions are part of a network of meteorological stations across
China. Daily statistics of weather variables, such as aver-
age temperature, precipitation, and relative humidity were
obtained from 1975 to 2017 (Fig. 4). The historical weather
observations show increasing average annual temperatures
and decreasing relative humidities and precipitation, which
suggest a warmer and drier climate in the Great Xiang’an
Mountains.

By reviewing the biological characteristics of the larch
caterpillar, previous studies have revealed that larvae at the
seventh to ninth instar stages consume more than 97% of
the total leaf amount during the entire life cycle (Yu and

Yin 1980; Liu et al. 1994; Yue et al. 1996). Because larch
caterpillar field surveys were mainly carried out between
May and June, middle and late instar larvae coexisted in the
forests. It was hypothesized that the defoliation area during a
specific year was primarily caused by late instar larvae. The
life cycle of the late instar larvae was followed, and based
on a review of previous studies, 15 weather variables were
selected that were considered to impact survival rates during
key life stages (Table 1). These included the breeding period,
the early instar larval period, the middle instar larval period
and the late instar larval period. The 15 weather variables
were grouped into four categories based on their temporal
information that closely relates each variable to the four key
life stages. At the same time, these variables were also sepa-
rated into three categories, as they reflect the corresponding
environmental conditions of temperature, precipitation and
relative humidity.

Statistical analyses

A multiple linear regression (MLR) model was used to ana-
lyze the relative importance of weather conditions on the
forest area defoliated by larch caterpillars. To avoid overfit-
ting as a result of the limited dataset, we used a maximum of
three explanatory variables to establish the models. Because
explanatory variables selected from the same weather cat-
egory often represent high collinearity, one meteorological
variable was chosen from each of the three weather catego-
ries (i.e., temperature, precipitation, relative humidity) to
establish a candidate model. To reduce redundant candidate
models, we first used the Pearson correlation coefficient
(r) generated by the bivariate correlation test to exclude
explanatory variables that have very low linear correla-
tions (r <0.30) with the response variable. By visualizing
the relationships between variables, exponential transfor-
mation was carried out for accumulated daily temperatures
below the supercooling point (SCP, —22 °C) during the first
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Fig. 4 Trends of a annual mean temperature, b relative humidity,
and c precipitation represent a warmer and drier climate in the Great
Xing’an Mountains since 1975, based on five weather stations

overwintering period (EATO) and accumulated daily tem-
peratures below the SCP during the second overwintering
period (MATO) to ensure that these two variables were lin-
early correlated with the response variable. Cook’s distance
was calculated for each correlation test to eliminate outliers
that have Cook’s distance greater than three times the means.
A stepwise regression approach was also used as a supple-
ment to choose a candidate model because some predictor
variables may not pass the bivariate correlation test but can

@ Springer

still explain a high portion of the remaining variation when
interacting with the most dominant explanatory variable.

Although such modeling strategy could reduce collinear-
ity among explanatory variables, a variance inflation fac-
tor (VIF) was still used to detect the collinearity between
explanatory variables following the protocol of Zuur et al.
(2010). A general rule of thumb is if the VIF is greater than
10, then collinearity is considered high, and if greater than 4,
then collinearity occurs. To ensure that significant collinear-
ity problems did not occur, we simply excluded the models
if their explanatory variables had VIF values higher than
4. The VIF values were calculated using the “car” package
in the R statistical software program (R Core Development
Team).

The coefficient of determination (R?) is the most popular
quantification of model performance and thus is frequently
used as a basis to evaluate the relative importance of explan-
atory variables. However, this measure may be problematic
when independently quantifying the unique contribution
of an explanatory variable to the model fitting because of
the collinearity among explanatory variables. Although a
stringent process was carried out to mitigate collinearity,
there was still a need to discriminate the direct effects from
the joint effects with other variables when partitioning the
explained variance. The proportional contribution of each
explanatory variable to the coefficient of determination was
calculated based on the relative weight analysis approach
proposed by Johnson (2000). The “relaimpo” package was
used to calculate the relative weights for each variable con-
tained in the regression model (Grémping 2006). To evalu-
ate the individual strengths of three different categories of
meteorological variables on modeling the defoliation area
of larch caterpillars, the accumulated relative weights of
the explanatory variables was calculated. It was assumed
that meteorological variables that had higher accumulated
values of relative weight would provide more explanatory
power. Similarly, the accumulated relative weights for each
stage of the life cycle were also compared to demonstrate the
effect of weather conditions on specific life stages to identify
the factor with the greatest importance for determining the
defoliation area of the larch caterpillar.

The influence of the meteorological variables on the
defoliation area of larch caterpillars was evaluated based on
the values and directions (i.e., positive or negative) of the
estimated slope coefficients. Since the defoliation area may
be related to other biotic or abiotic conditions belonging
to a given forestry bureau, such as the inherent nature of
local forests, the topography and human activities associ-
ated with pest control, these underlying variations are not
well reflected by the meteorological variables. The influence
(slopes) of weather conditions on the defoliation area may
be biased if the forestry bureau-related variations (inter-
cepts) are assumed to be uniform in the models. The nested
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structure of our sampling data allows us to add a flexible
random effect in the regression model to address individual
differences among forestry bureaus. Such mixed effects
modeling consists of fixed and random components. Here,
the explanatory variables derived from weather observations
are defined as fixed effects and specified the forestry bureaus
as the random effect. We used the “lem4” package to run the
linear mixed effects (LME) model with random intercepts
(Bates et al. 2014).

Many studies have noted the importance of standardizing
variables into comparable scales for multivariate analysis
because the explanatory variables have different ranges and
represent different meteorological meanings. Thus, the raw
data was standardized based on a Z-score scaling method
to ensure that their influence was measured at comparable
scales. A negative Z-score indicates that the raw value is
below the mean, and a positive Z-score indicates that the
raw value is above the mean. However, current LME func-
tions cannot quantify the statistical significance of the fixed
effects from explanatory variables in terms of the p-value;
therefore, we performed a likelihood ratio (LR) test to verify
the significance (at alpha=5% level) of an explanatory vari-
able when introducing this variable into the LME model.
Significant variables were not selected based solely on the
quantification of the LR test outputs because the reliability
of testing fixed effects is still debatable (Bolker et al. 2009).
Akaike information criterion (AIC) was also used to evaluate
the significance of a variable to the LME model. In general,
lower AIC values represent less information loss. Similar to
the LR test, we calculated the difference in the AIC when
applied to the LME model with and without a specific varia-
ble. A positive AIC difference indicates that the variable can
reduce information loss. The combined subset of variables
selected from these two test methods were identified as key
regulators to provide a more comprehensive interpretation.

Results
Evaluation of model performance

Nine of fifteen meteorological variables were well correlated
(Irl>0.30) with the defoliation area of the larch caterpillar
(Appendix Fig. S1); they included four temperature vari-
ables, three precipitation variables and two relative humidity
variables. Together with one model selected by the stepwise
regression approach, 25 (i.e., 4 x3 X2+ 1) MLR models and
corresponding LME models were generated (Table 2). The
maximum VIF values of the MLR models were all less than
2, which indicated weak collinearity among the explana-
tory variables. According to the model outputs, 12 MLR
models out of 25 explained 28.3-42.1% of the variance in
the annual defoliation area among different forestry bureaus

at the p <0.05 level. In addition, four MLR models could
explain approximately 25% variance in defoliation area at
the p <0.10 level. The MLR model, whose explanatory vari-
ables consisted of the accumulated temperature (daily tem-
perature above 8 °C) of the growing season (LATG), total
precipitation during the growing season (LTP) and mean
daily relative humidity during the growing season (EMRH),
explained the maximum variance in the defoliation area of
the larch caterpillar, while variable combinations such as the
accumulated temperature (daily temperature above 8 °C) of
the growing season (MATG)-total precipitation during the
growing season (ETP)-EMRH, LATG-total precipitation
during the growing season (MTP)-EMRH, LATG-MTP-
mean daily relative humidity during the growing season
(MMRH) and MATG-MTP-EMRH explained over 38.0%
of the variance. In addition, the results showed that MLR
models with temperature variables associated with the
growth period had more explanatory power than models
with temperature variables associated with the overwinter-
ing period. By incorporating a random effect in terms of
spatial location, the results showed residual standard errors
(RSE) improved for seven of these 25 models, including four
of the significant models.

Importance analysis

According to the relative importance of explanatory vari-
ables in terms of their proportional contribution to the coef-
ficient of determination, the relative importance of selected
variables varied considerably between different models. The
results clearly show that the ETP, which represented the total
precipitation of the early instar larvae period, exerted the
most relative importance on improving the model explana-
tory power because it independently contributed approxi-
mately 15% (13.5-25.7%) to the explained variance for most
of the models (Fig. 5). In addition to the ETP, the LATG
(11.1-17.8%), MTP (8.3-16.3%) and EMRH (7.2-15.9%)
also independently contributed over 10% explained variance
for most of the models when they were included. The two
winter temperature variables contributed the least explained
variance (EATO: 1.3-7.5%; MATO: 0.5-5.3%) when they
were combined with two other kinds of meteorological
variables.

The relative importance of explanatory variables were
grouped based on their temporal attributes (Fig. 6a) and
physical meanings (Fig. 6b) and the relative proportion of
the total explained variance for each group was calculated.
The results indicate that nearly 40% of the total explained
variance was contributed by variables related to the
early instar larval period, especially the ETP and EMRH
(Fig. 6a). Four meteorological variables belonging to the
middle instar larval period together contributed over 31%
of the total explained variance, while the LATG, which
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Table 2 Parameters evaluating
the performance of the multiple
linear regression (MLR) model
and linear mixed effect (LME)
model

Fig. 5 Relative importance of
nine selected variables based
on the proportion of explained
variance. See Table 1 for defini-
tions of the variable abbrevia-
tions

@ Springer

Explanatory variables with sig-  Num_Obs Max_VIF R? p-value RSE_MLR RSE_LME
nificance symbol’ from the LME

LATG* +LTP* + EMRH 29 1.229 0421 0.003  0.597 0.597
MATG +ETP* + EMRH 28 1.694 0410 0.005  0.606 0.606
LATG* + MTP* + EMRH* 28 1.185 0.394 0.007  0.611 0.543
LATG* + MTP* + MMRH* 29 1.084 0.381 0.007  0.609 0.609
MATG* +MTP* + EMRH* 29 1.176 0379 0.007  0.634 0.526
MATG* + ETP* + MMRH 29 1.456 0.353 0011  0.626 0.626
LATG +ETP+EMRH* 27 1.723 0.352 0017  0.617 0.617
LATG +BTP* + EMRH* 27 1.320 0.343  0.020  0.621 0.621
MATG +MTP* + MMRH* 30 1.290 0.317 0.018  0.656 0.545
LATG"+BTP* + MMRH 28 1.336 0.310 0.028  0.628 0.628
LATG* +ETP+MMRH 28 1.719 0.300 0.033  0.632 0.632
MATG* +BTP + EMRH 28 1.315 0.283  0.043  0.666 0.584
EATO +MTP* + EMRH 28 1.033 0260 0.061  0.620 0.618
EATO +ETP+EMRH* 27 1.573 0.258 0.072  0.599 0.599
MATO* + MTP* + EMRH 28 1.045 0243  0.078  0.627 0.59

MATO +ETP* + EMRH 27 1.580 0242 0.089  0.605 0.605
MATG* +BTP + MMRH 29 1.117 0218 0.100  0.687 0.582
EATO +BTP + EMRH* 27 1.213 0205 0.146  0.625 0.625
EATO +MTP + MMRH* 29 1.147 0200 0.127  0.635 0.635
MATO + MTP + MMRH* 29 1.199 0.195 0.136  0.637 0.637
EATO +ETP¥* + MMRH 28 1.483 0.194 0.153  0.615 0.615
ETP+EATO +EMRH 27 1.214 0.192 0.172  0.63 0.63

MATO* + ETP¥ + MMRH 28 1.522 0.185 0.172  0.618 0.618
EATO* + BTP+MMRH 28 1.090 0.177 0.190  0.628 0.628
MATO* +BTP + MMRH 28 1.124 0.175 0.193  0.628 0.628

Num_Obs is the number of observations applied in the MLR and LME models and represents the intersec-
tion of three sets of meteorological variables after removing outliers. Max_VIF is the maximum value of
the variance inflation factor (VIF) of the MLR model. The R, p-value and RSE (residual standard error)
are conventional parameters of the MLR model, as well as the RSE derived from the LME model. See
Table 1 for definitions of the variable abbreviations

TSignificance symbol: #indicates that the variable passed the LR Test; *indicates that the variable passed
the AIC test; &represents both A and B
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Fig. 6 Relative importance of (a)
the meteorological variables
grouped into a four categories
based on life stages and b three
categories based on meteoro-
logical attributes. See Fig. 2 and
Table 1 for more information
about the variable description at
different life stages

BBreeding OFEarly @Middle @Late

was the only variable of the late instar larval period, con-
tributed over 24% of the total explained variance. In con-
trast, the only variable selected from the breeding period
contributed less than 5% to the total explained variance,
indicating the relatively weak importance of weather con-
ditions during this period for determining the defoliation
area two years later. These results emphasize the key role
of weather conditions during the early and middle instar
larval periods in determining the population dynamics of
the late instar larvae in future springs. When the relative
weights of the explanatory variables were grouped into
the three categories of relative humidity, temperature and
precipitation (Fig. 6b), variables related to precipitation
contributed 40% of the total explained variance, while
variables related to temperature and relative humidity
explained approximately 33.6% and 26%, respectively. The
precipitation variables were more strongly correlated with
the larch caterpillar population density than the other two
weather parameters.

Fig. 7 Influence of the nine
selected variables on the defo-

4.7%

@ Temperature @ Precipitation ORelative Humidity

Effects of weather conditions on defoliation area

The results of the tests of significance based on the LR test
and AIC showed that 35 out of 72 slope coefficients esti-
mated from the LME models were statistically significant
(Table 2). The directions of effects from selected meteoro-
logical variables were consistent with the correlation tests.
The results show that temperature-related variables had
significant positive effects on the defoliated area (Fig. 7).
Higher EATO and MATO indicated relatively warmer win-
ters, and higher MATG and LATG hotter growing seasons.
Although the standardized slope coefficients varied among
the models, two cumulative temperature variables of grow-
ing seasons, LATG and MATRG, clearly exhibited a stronger
influence on the area of defoliation than the two cumulative
low winter temperature variables, EATO and MATO, which
can reflect the degree of coldness in two overwintering peri-
ods. Our results also clearly show that variables related to
precipitation and relative humidity exhibited strong inhibi-
tory effects on the defoliation area of the larch caterpillar,

Effect and Direction
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especially the total amount of precipitation during the early
instar larvae period (i.e., ETP), which produced the steep-
est slope in the negative direction. In general, precipitation
variables have a stronger negative influence than relative
humidity variables at the same life stage. Overall, the results
demonstrate that a growing season with frequent hot and dry
periods will increase the defoliation area.

Discussion

The results indicate that weather conditions are closely
associated with the area defoliated in the study area. Nine
variables exerted a notable influence on caterpillar outbreak,
and the variables ETP, LATG, MTP and EMRH exerted a
considerable influence on improving model performance.
Weather variables during the early instar larval and breed-
ing stages played key roles in regulating the populations of
larch caterpillars. Among these variables, total precipita-
tion at the early instar larval period was the most important
variable because it contributed the greatest proportion of
the explained variance in the linear models. The coefficients
generated by the mixed effects models indicate that the defo-
liation area could decrease significantly with increasing
total precipitation during the early and middle instar larval
periods, as well as during the breeding period. This find-
ing suggests that increased precipitation had a very strong
inhibitory effect on larch caterpillar outbreaks. In contrast,
drought (low precipitation) in the growing season can exac-
erbate defoliation, especially under high temperatures and
low relative humidity. Hot droughts during the growing sea-
son can increase the suitability of host plants for feeding
and growth of insect larvae. Water deficits induced by hot,
dry conditions can lead to stomatal closure of leaves, reduc-
ing transpiration and maintaining water potential; however,
the trees will become warmer and nutrients will be con-
centrated at the same time, which is favorable to defoliat-
ing insects (Fleming and Candau 1998). Previous studies
revealed that heavy rainfall or continuous drizzle may inhibit
the development of forest insects. Heavy rainfall may kill
the eggs or young larvae due to strong mechanical damage
or water immersion (Chen et al. 2010; Khaliq et al. 2014).
This hypothesis is strongly supported by the negative cor-
relations of precipitation variables observed in this study.
The effects of temperature on forest insects have attracted
considerable attention in recent decades. Insect disturbances
by both defoliators and wood-boring insects are projected
to intensify under warmer climates during both the growing
season and overwintering period. Our results clearly show
that larch caterpillar outbreaks in the study area follow such
dynamics. Although a cool climate is usually observed dur-
ing the growing season in boreal forests, such as in our study
area, under a warmer growing season, the feeding activities

@ Springer

of insects will increase which will cause more severe forest
defoliation. Warmer temperatures will enable larch caterpil-
lars to develop faster and attain higher survival rates than
under normal conditions. The notably positive influence and
explanatory power of temperature in the growing season of
the late and middle instar larval periods supports this notion.
In addition, the modulation effect of winter temperature is
another important limitation for larch caterpillar outbreaks.
The results clearly show positive but nonlinear relation-
ships between the accumulated daily temperatures below
the supercooling point of —22 °C and the area defoliated.
The duration of the supercooling period could dramatically
determine the area defoliated, suggesting that warming in
winter could facilitate outbreaks of larch caterpillars the
following year because more insects survived overwinter-
ing. This finding is in accordance with numerous studies,
highlighting the ecological importance of the supercooling
period as a predominant agent regulating population dynam-
ics of forest insects (Renault et al. 2002). Among the tem-
perature variables, our results did not identify significant
relationships between extreme low winter temperatures and
area of defoliation, suggesting that the larvae of larch cater-
pillars during diapause are insensitive or tolerant to ephem-
eral coldness in winter.

Relative humidity reflects the saturation status of water
vapor in the atmosphere at a given temperature, which is
different from the amount of moisture available as meas-
ured by precipitation. At a lower relative humidity, moisture
evaporates at a faster rate. The effects of relative humid-
ity on forest insect outbreaks have received less attention
than the effects of temperature and precipitation, primarily
because of the high variability of relative humidity and the
difficulty interpreting its effects (Tauber et al. 1998; Jaworski
and Hilszczariski 2013). Low relative humidity can lead to
water deficits in host plants under the combined impact of
temperature and precipitation; therefore, relative humidity
can indirectly influence insect development and survivability
(Rouault et al. 2006). Although relative humidity had less
overall relative importance than precipitation or temperature
for explaining variance in the area of defoliation, relative
humidity of the early and middle instar larval periods had
consistently negative effects on defoliation area relative to
precipitation. The EMRH had a stronger effect and explana-
tory power than most of the temperature and precipitation
variables. Humid environments, especially those that have
almost continuous drizzle, may exacerbate spore dispersal
of Beauveria bassiana, recognized as an important patho-
genic bacterium that can trigger a sharp decrease in larch
caterpillar populations because the early instar larvae are
vulnerable to disease (Xu et al. 2008a; b). Nevertheless,
exposure to high or insufficient humidity for lengthy periods
can generate adverse effects on development or survivability
of insects because such conditions can directly modulate
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the interior water balance of the insect body (Tauber et al.
1998; Han et al. 2004; Chang and Gao 2008) Persistent low
humidity can lead to high mortality in insects via dehydra-
tion (Rouault et al. 2006). From this perspective, relation-
ships between relative humidity and defoliation area were
expected to be nonlinear as a result of adverse effects at both
extremes. However, we did not think that such nonlinear-
ity needed to be reflected in our data because the relative
humidity of the growing season seldom reaches the criti-
cal point at which larch caterpillars are killed by persistent
dehydration. Moreover, defoliators can obtain moisture by
feeding to maintain water balance (Tauber et al. 1998; Rou-
ault et al. 2006).

Our study provides information for the development of
scientific pest control strategies to maintain forest health
and resilience. The results highlight the important role of
weather conditions in modifying the intensity of defolia-
tion caused by larch caterpillars. Furthermore, this research
indicates that weather conditions can be linked to specific
life-history traits of the caterpillar, which may be useful
in developing pest control plans. For instance, the results
show that weather conditions at the early instar larval stage
had the strongest influence on the extent of the defoliation.
Extreme weather conditions may disrupt the activities of
insects and the biological habits upon which insects depend
to successfully survive, develop, or mate. Current pest con-
trol efforts can be improved by incorporating the inhibitory
effects of such weather conditions. For example, the intro-
duction of bacteria that function as pathogens, important
biological control agents of the larch caterpillar, can be car-
ried out on days with higher relative humidity during the
early instar larval period. Additionally, our results demon-
strate the ecological importance of supercooling periods in
regulating defoliation. Such natural regulation mechanisms
can be applied to improve the effectiveness of pest control
techniques by destroying the insect’s overwintering shel-
ters (e.g., surface litter) in geographical hotspots of high
insect populations during the early instar larval period with
extreme cold temperatures.

There are several limitations regarding the use of defolia-
tion data to predict the outbreak of larch caterpillars using
empirical models. The first concerns the quality of the defo-
liation data. Although uniform standards of field pest inves-
tigation are strictly enforced by the national forest service
and local pest control stations, these datasets may be sub-
ject to bias due to changes in the forestry bureaus, different
field investigators, and/or the legacy effects of past insect
outbreaks and pest control intensity. The other limitation
involves the temporal and spatial integrality of the defolia-
tion datasets. Since we only collected some temporally frag-
mented datasets based on official forest insect reports, our
results may represent only a general overview of the rela-
tionships and relative importance of meteorological factors

involved in regulating larch caterpillar defoliation dynamics.
Although the results are reasonable and were mostly cross-
validated by previous studies, it is possible that extrapolat-
ing insect outbreaks based on the empirical models gener-
ated in our study may have missing defoliation information.
However, several recent studies claim that remote sensing
can be applied to retrieve continuous forest disturbance his-
tory (e.g., insect, fire and harvesting) at a decadal time scale
(Neigh et al. 2014; McDowell et al. 2015; Meigs et al. 2015).
Monitoring forest changes related to larch caterpillars over a
greater spatial area would be beneficial for obtaining a more
comprehensive understanding of the relationships between
weather conditions and larch caterpillar outbreaks.
Furthermore, the impacts of forest insects can be influ-
enced by biotic factors associated with stand structure and
composition (Charbonneau et al. 2012; Robert et al. 2012).
Changes in stand structure and composition as a result of
forest management operations such as thinning, harvesting
and planting may alter the stand’s susceptibility to insects
and ultimately cause spatial variability in tree mortality and
defoliation severity. Although such impacts work at finer
spatial scales than the one used in this study, we believe that
they may induce uncertainty that our models cannot explain.

Conclusions

Meteorological factors are closely associated with the defo-
liation dynamics of larch caterpillars in the Great Xing’an
boreal forests. By considering the special life-history traits
of the caterpillar in the study area, the analyses revealed that
the meteorological variables calculated from the precipita-
tion at the early instar larval period explained most of the
variance in the defoliation area. Precipitation and relative
humidity had significant negative effects on the regulation
of defoliation by larch caterpillars. In contrast, temperature
variables had significant positive effects, especially the accu-
mulative temperatures during the late and middle instar lar-
val periods. The duration of supercooling periods during
the early and middle instar larval periods can substantially
limit the area defoliated. Overall, the study demonstrates that
the early instar larval period is the key period during which
the population of larch caterpillars may be controlled by
exploiting the regulatory effects of weather. In this context,
the results show that larch caterpillar outbreaks may occur if
the early and middle instar larvae experience severe drought
during their growing seasons or warm winters during over-
wintering. These results may provide valuable information
to help forestry agencies prevent and control forest insect
pests and adapt to novel insect dynamics against the back-
ground of global climate change.
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