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Abstract: The teak bee-hole borer [Xyleutes ceramica (Walker, 1865)] is considered one of the most serious pests of teak 
(Tectona grandis) in Thailand. The present study investigates climatic and topographic variables affecting the infestation 
of teak trees by X. ceramica in 10 plantations and predicts the risk of infestation by the species under current and future 
climatic conditions in Thailand. At each plantation, 48 plots evenly distributed among twelve teak stands were sampled. 
The infested teak trees in the plots were assessed, and the coordinates of the tree positions were recorded. The maxi-
mum entropy (MaxEnt) model was used to assess the effects of environmental factors and predict the occurrence prob-
ability of the species using current and projected (2050) climate data based on the Shared Socioeconomic Pathways 
SSP1-2.6 and SSP5-8.5 scenarios from multiple global climate models. According to our results, high accuracy values 
[AUC (area under the curve) = 0.852, TSS (true skill statistics) = 0.775] of the model prediction were obtained, and the 
infestation was found to be driven much more by climate than by topographic characteristics. Above all, X. ceramica 
was found to prefer moderate temperatures in a highly distinct seasonal climate. Additionally, relatively low amounts 
of premonsoon rainfall are also found to be favoured by the species. The predicted risk map revealed that the northern 
region is the core area of X. ceramica infestation in Thailand under current and future climatic conditions, but the sever-
ity of infestation is predicted to gradually decrease under the predicted future climatic conditions. Recommendations 
for management to minimise tree damage caused by X. ceramica are also presented in this study.

Keywords: cossid moth; ecological requirement; environmental factor; global climate change; maximum entropy 
(MaxEnt); stem borer; Tectona grandis

Climate has a crucial effect on the growth, devel-
opment and distribution of insects. Several studies 
have been conducted with the goal of identifying and 
understanding how climatic and environmental var-

iables influence the spatial distributions of specific 
pest species (Tang et al. 2019; Schneider et al. 2021; 
Fekrat, Farashi 2022; Horrocks et  al.  2024). With 
respect to global climate change, researchers have 
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highlighted that increased summer temperatures 
and shortened winter periods have resulted in rap-
id reproduction and faster growth of  insect pests 
in  temperate zones (Ma et  al.  2021). In  contrast, 
recent studies from the agricultural and forestry 
sectors have revealed that many tropical insects, 
even pest species, are projected to experience a de-
crease in  growth rate because current tempera-
ture levels are already close to their optimal range 
(Halsch et al. 2021; Skendžić et al. 2021; Schneider 
et al. 2022). However, the positive or negative im-
pacts of these factors on crop and forest yields gen-
erally depend on the adaptability of particular pest 
species as  well as  on  the responses of  their host 
plants and natural enemies to  rising global tem-
peratures (Halsch et al. 2021; Skendžić et al. 2021; 
Schneider et  al.  2022). The  outbreaks or  spread-
ing of insect pest attacks caused by climate change 
usually occur because of  the insects' migration 
to new areas where favourable climatic conditions 
and suitable food sources are available. In temper-
ate climates, prolonged drought and increasing 
temperature allow pests to shift their attack to new 
areas or host plant species because drought stress 
increases the susceptibility of their hosts. Tropical 
regions are also generally likely to face an increase 
in  insect pest attacks, but the number of  infesta-
tions in those regions is lower than that in temper-
ate zones (Schneider et al. 2022).

Across large geographical areas, variability in to-
pography, e.g. elevation, slope, and aspect, can po-
tentially increase microclimate heterogeneity due 
to  processes such as  radiation, rain shading, and 
wind turbulence. The combination of climatic con-
ditions and topographical characteristics is expect-
ed to  influence the growing conditions of  either 
trees or pests. This influence may potentially alter 
the short-term response of the host to drought and 
pests, as in cases of infestation of spruce and pine 
forests by bark beetles (Netherer et al. 2019; Nardi 
et al. 2022).

The teak bee-hole borer [Xyleutes ceramica 
(Walker, 1865)] is a  large moth in  the family Cos-
sidae (Lepidoptera). Its larvae have been reported 
to develop under the bark and in the wood of sev-
eral living woody plants in the family Verbenaceae 
and in  some species in  the families Bignoniaceae, 
Fabaceae, Lythraceae and Theaceae (Hutacharern 
and Choldumrongkul 1989). It  is one of  the most 
important insect pests of  teak (Tectona gran-
dis) plantations in  Southeast Asia (Wylie, Spei-

ght 2012). The range of the pest includes Myanmar, 
Thailand, Malaysia, Indonesia, the Philippines and 
New Guinea. This species mainly causes techni-
cal damage by leaving permanent tunnels or holes 
in the wood, decreasing teak wood quality and tim-
ber value. It  is  widespread in  northern Thailand 
and is  considered the most serious pest of  teak 
in Thailand (Hutacharern, Choldumrongkul 1989; 
Gotoh et al. 2007; Wylie, Speight 2012). Although 
X. ceramica is considered an endemic species, the 
risk of  infestation by  this pest may be  strongly 
driven by  climate change. Similarly, associations 
with climatic variables have been documented for 
some other cossid moths. For example, in Zeuzera 
pyrina (Linnaeus, 1761) and Coryphodema tristis 
(Drury, 1782), an association between the drought-
stressed host and the drought-friendly nature of in-
sects has been observed; this association is  linked 
to  warmer temperatures and low moisture con-
tent or  precipitation (Adam et  al.  2013; Kumbula 
et al. 2019; Fekrat, Farashi 2022). A global species 
distribution model incorporating future climate 
projections has been constructed for Z. pyrina and 
has shown a  northwards expansion trend in  the 
Northern Hemisphere and a southwards expansion 
trend in  the Southern Hemisphere due to  global 
warming (Fekrat, Farashi 2022).

Because of  the substantial economic impor-
tance of X. ceramica, several studies of  this spe-
cies have been conducted, providing information 
on  its bionomy and behaviour, potential host 
plants, natural mortality and population dynam-
ics, genetic structure and variation, and eco-
logical requirements at  the tree and stand levels 
(Hutacharern, Choldumrongkul 1989; Eungwi-
jarnpanya et al. 1990; Pholvicha et al. 1992; Chairu-
angsirikul 1999; Gotoh et al. 2007; Rattanawannee 
et  al.  2015; Panyamang et  al.  2018; Tasen, Wi-
watwitaya 2022; Choochuen et al. 2024). The lit-
erature suggests that the developmental stages 
of X. ceramica are closely synchronised with teak 
phenology, which itself is strongly affected by pre-
cipitation (Gotoh et al. 2007). However, no stud-
ies have focused on the association of X. ceramica 
infestation with climate, ongoing climate changes 
or other landscape-scale factors that may drive its 
distribution. Knowledge of the influences of land-
scape-scale environmental factors, especially cli-
mate, on the potential distribution of the species 
could allow forest managers to predict when and 
where spreads or  outbreaks of  the pest will oc-
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cur. Therefore, the main goal  of  this study was 
to  assess the effects of  environmental variables 
such as climate and topography on the infestation 
of  teak plantations by X.  ceramica and to create 
predicted risk maps for current and future cli-
mate scenarios on the basis of global climate pro-
jections. Management recommendations for the 
minimisation of tree damage caused by X. ceram-
ica under climate change scenarios are also sug-
gested based on  the results of  the present study 
and guidance for the management of pest species 
from previous studies.

MATERIAL AND METHODS

Study site. The study site covered areas in north-
ern, northeastern, western and central Thailand. 
The  boundary of  the study site was delineated 
on the basis of the border of the provinces in which 
the Forest Industry Organization (FIO)'s teak plan-
tations are located (teak production area covers 
more than 50% of  the total area of  each planta-
tion). At all the teak plantations, the same control 
measures are implemented to  mitigate damage 
caused by  X.  ceramica, including hand collecting, 
light trapping and utilising the pests' natural en-
emies, particularly predatory ants. All  teak trees 
are planted at 4 m × 4 m spacing to increase man-
agement efficiency and profitability for medium- 
and poorer-quality sites (Noda, Himmapan 2014). 
To  represent the different climatic regions in  the 
area and define sampling sites, stratified sampling 
was implemented using 19 bioclimatic variables 
downloaded from the WorldClim dataset (Fick, 
Hijmans  2017). The  value of  each variable was 
rescaled, and the study area was then divided into 
10 strata according to  the scores of  each variable 
using K-means clustering. The  optimal number 
of 10 strata was estimated using the elbow meth-
od provided in  K-means clustering algorithm via 
the factoextra package. The  number and location 
of  teak plantations used for sampling were select-
ed on the basis of the following factors: the total area 
of a particular stratum; the availability of FIO teak 
plantations in a particular stratum; and the occur-
rence of X. ceramica reported by FIO. As described 
above, 7 strata met all the required characteristics. 
Ten plantations (hereafter referred to as localities) 
were selected from the 7 strata, as  shown in  Fig-
ure 1. The characteristics of the bioclimate and the 
number of localities in particular strata are shown 

in Table S1 in the Electronic Supplementary Mate-
rial (ESM).

Plot design. Within each locality, the sample 
plots were distributed among three age classes: 
the young-age class (1–10 years), the middle-age 
class (11–20 years) and the old-age class (exceed-
ing 20 years). Twelve stands of different ages where 
the occurrence of  X. ceramica has been reported 
were sampled across each locality: three stands 
in  the young-age class, three stands in  the mid-
dle-age class and six stands in  the old-age class. 
The number of trees in old-age stands per plot was 
approximately 50% less than in  the other classes 
due to the second thinning. Therefore, more stands 
in  the old-age class were sampled to  get an  even 
number of  sampled trees across age classes and 
to  avoid bias from potential different infestation 
levels in  younger and older-age classes. At  each 
sampled stand, 4 circular plots with radii of 10 m 
were established. The centres of the plots were lo-
cated at  least 100 m apart and formed a  square. 
Hence, all the plots were located at  the apexes 
of a square with sides that were at least 100 m long 
(Figure 2). The total number of plots in each local-
ity was 48; there were 12 plots with young stands, 
12 plots with medium-aged stands and 24 plots 
with old stands.

Survey of infestation. In this study, the number 
of infested teak trees was used as a response vari-
able to explore the effects of environmental factors 
on  the probability of  occurrence of  X.  ceramica. 
In  Thailand, X. ceramica generally completes its 
life cycle within a period of one year, and the adults 
emerge between February and April. The early in-
star larvae of  the new generation begin to  pene-
trate the stems of  the trees to  feed on  inner bark 
tissue, and the later instar larvae bore into the sap-
wood and heartwood. The larvae eject visible frass 
on  their entrance holes during the development 
period (i.e.  May to  October). Therefore, the gal-
lery of the species, consisting of a hole and ejected 
frass, was taken as a sign of infestation. Trees that 
displayed the gallery were subsequently identified 
as infested trees (Figure 3). A survey of infestation 
was implemented between May and June 2024. 
The  infested trees were assessed, and the coordi-
nates of  the tree positions within each study plot 
were recorded.

Environmental variables. Bioclimate and to-
pography were used to study the relationships be-
tween environmental factors and the probability 

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/15/2025-JFS
https://jfs.agriculturejournals.cz/esm/15/2025-JFS/1.pdf
https://jfs.agriculturejournals.cz/esm/15/2025-JFS/1.pdf


300

Original Paper	 Journal of Forest Science, 71, 2025 (6): 297–311

https://doi.org/10.17221/15/2025-JFS

Figure 1. Bioclimatic strata of the study area according to the K-means method

Black line on the map – boundaries of different regions in Thailand within the study area; locality – name of teak planta-
tions where the study was conducted

Figure 2. An example of the locality covered and the design of the sampling plot; each polygon represents a different 
teak stand within the locality

0 0.5 1 2 3 4 km

teak stand

of occurrence of X. ceramica. Bioclimatic variables 
were downloaded from the WorldClim dataset 
as mentioned above. The topographic variables in-

cluded elevation, slope, diurnal anisotropic heat, 
the topographic wetness index and the topograph-
ic position index; all of  these were derived from 
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Figure 3. Red circles highlight a gallery of Xyleutes ceramica on the trunk of a teak tree; the gallery is composed of an en-
trance hole and ejected frass

a  digital elevation model obtained from a  30-m 
Shuttle Radar Topography Mission (SRTM) eleva-
tion data (NASA  JPL 2020). All  the environmen-
tal variables were standardised, and layers of those 
variables were then clipped according to the extent 
of  the sampled stands in each locality to be used 
as  the study area for modelling the probability 
of occurrence of the species.

Statistical analysis. According to  a  previous 
study by Choochuen et al.  (2024), the possible er-
ror caused by  non-detected infested trees was 
mentioned due to the challenge of  identifying the 
presence of the gallery of X. ceramica on the trunk 
of some taller trees, due to limitations in sight dis-
tance and obscuration from the teak crown. There-
fore, in  this study, modelling using presence-only 
data (infested trees) was used to  prevent this po-
tential error. The  maximum entropy (MaxEnt) 
algorithm is  renowned for generating a  species 
distribution model based only on  the occurrence 
points of  a  particular species and for its ability 
to address complex interactions between responses 
and explanatory variables. MaxEnt is also capable 
of  evaluating the importance of  environmental 
variables and explaining the relationships between 
the probabilities of  species occurrence and envi-
ronmental variables. Therefore, MaxEnt was used 
to  investigate the influences of  landscape-scale 
environmental factors on the probability of occur-
rence of  X. ceramica. The  MaxEnt modelling and 
evaluation procedures were implemented via the 
dismo package (Hijmans et al. 2023) in R (R Core 
Team 2021).

Before modelling, a  variable selection step was 
implemented to  eliminate multicollinearity and 
overfitting of the model. In this step, the environ-
mental variables were retained in the model on the 
basis of Pearson's correlation evaluation (r = ± 0.8) 
(Khan et al. 2022). Consequently, 15 of the 24 envi-
ronmental variables were included in the prelimi-
nary modelling (Table 1). The correlation values for 
all the environmental variables are shown in  Ta-
ble S2 in the ESM.

During the modelling process, a spatial resolution 
of  30 m (lower than the distance between sample 
plots) was employed to  minimise spatial sampling 
bias. A bias file was created using the MASS pack-
age to be included in all MaxEnt models. The inclu-
sion of this bias file in the MaxEnt model effectively 
adjusts the background point by using environmen-
tal data and introducing the same spatial bias as that 
which exists in the occurrence data (Gao et al. 2021; 
Khan et  al.  2022). The  preliminary MaxEnt model 
was generated from 15 explanatory variables af-
ter splitting the data into a  training set and a  test-
ing set; 70% of the data was used in the training set, 
and the remaining 30% was used to test the predic-
tive ability of  the trained model. The  model was 
generated using 30 bootstrapping replicates with 
5  000 maximum iterations, a  0.00001 convergence 
threshold, and 5 000 background points (the maxi-
mum number allowed by the extent of the sampled 
stands) (see Elith et al. 2011 for details on optimis-
ing MaxEnt models). Environmental variables with 
an average relative contribution higher than 4% were 
identified as significant explanatory variables (Khan 
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Table 1. Environmental variables used in the preliminary MaxEnt model predicting the probability of occurrence 
of Xyleutes ceramica in Thailand

Type Variable Description

Bioclimate

BIO1 annual mean temperature (°C)
BIO3 isothermality (°C)
BIO4 temperature seasonality (°C)
BIO5 maximum temperature in warmest month (°C)
BIO6 minimum temperature in coldest month (°C)
BIO7 annual temperature range (°C)

BIO12 annual precipitation (mm)
BIO15 precipitation seasonality (%)
BIO17 precipitation during driest quarter (mm)
BIO18 precipitation during warmest quarter (mm)
BIO19 precipitation during coldest quarter (mm)

Topography

SLP slope (%)
DAH diurnal anisotropic heat
TPI topographic position index
TWI topographic wetness index

et  al.  2022) and subsequently included in  the final 
model. The area under the curve (AUC) and the true 
skill statistics (TSS) were used to evaluate the per-
formance of the final model and assess the reliability 
of model predictions. AUC and TSS values greater 
than 0.5 indicate performance better than random 
chance across all thresholds, and values greater than 
0.9 indicate high robustness of the model (Moreno-
Ibarra et al. 2021). Lastly, a partial dependence plot 
was used to visualise the marginal effect of  the se-
lected significant explanatory variables on the prob-
ability of occurrence of X. ceramica.

Predicting the risk map for infestation by X. ce-
ramica in current and future scenarios. The final 
model developed using covariates within the extent 
of the sampled stands in each locality in the previ-
ous step was used to create a risk map of current in-
festations for the entire study area by extrapolation 
onto new layers of  covariates on  the basis of  se-
lected significant variables within the entire study 
area (Figure 1). In developing the future predicted 
risk map, the final model was projected onto future 
climate scenarios using the same procedure that 
was used to develop the current risk map. Shared 
Socioeconomic Pathways (SSPs) 1-2.6 and 5-8.5 
were used as the future scenarios to represent the 
lowest and highest greenhouse gas emission path-
ways, respectively. The  future climate projections 
were derived from three General Circulation Mod-

els (GCMs), including EC-Earth3, EC-Earth3-Veg, 
and CNRM-CM6, provided in the Coupled Model 
Intercomparison Project phase 6 (CMIP6), selected 
for the year 2050 (averaging over the period 2041–
2060). These GCMs were chosen based on  their 
demonstrated performance in  simulating tem-
perature and precipitation for Southeast Asia with 
minimal bias, as evaluated by recent studies (Iqbal 
et  al.  2021; Desmet, Ngo-Duc 2022). EC-Earth3 
and EC-Earth3-Veg are among the top models for 
accurately simulating rainfall and wind patterns 
for mainland Southeast Asia, while CNRM-CM6 
was identified as  the best performer for tempera-
ture projections. To improve the robustness of the 
future climate projections, an  ensemble mean 
of  the selected GCMs was employed by  averag-
ing the outputs of EC-Earth3, EC-Earth3-Veg, and 
CNRM-CM6. The ensemble approach mitigates in-
dividual model biases and uncertainties, providing 
reliability for assessing infestation risks across cli-
mate scenarios. The predicted risk maps for infes-
tation by X. ceramica were obtained in the logistic 
format, and the occurrence probabilities ranging 
from 0 to 1 were reclassified using the reclassifica-
tion function of  QGIS 3.34.7. For  ease of  the de-
termination of  pest management strategies, three 
categories of  infestation risk were defined: high 
infestation risk (>  0.6), medium infestation risk 
(> 0.2 ≤ 0.6) and low infestation risk (≤ 0.2).

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/15/2025-JFS


303

Journal of Forest Science, 71, 2025 (6): 297–311	 Original Paper

https://doi.org/10.17221/15/2025-JFS

Table 2. Summary of the infestation of teak trees by Xyleutes ceramica in 10 localities in Thailand (the severity of in-
festation is represented by the percentage of sampled trees that were found to be infested)

Locality
Number of trees

Severity of infestation (%)
infested trees total

Chai Prakan 166 616 26.9
Chiang Thong 131 664 19.8
Khun Mae Kham Mi 99 623 15.9
Lat Yao 34 649 5.2
Mae Ho Phra 112 668 16.8
Mae Li 196 650 30.2
Mae Sai Kham 113 641 17.6
Nam Tak 125 652 19.1
Tha Pla 104 637 16.4
Wang Chin 135 634 21.3
Total 1 215 6 434 18.9 (average)

Table 3. Significant environmental variables identified in the final MaxEnt model (the average relative contribution 
and relative permutation importance were derived from 30 replicates)

Variable Average contribution  
(%)

Average permutation  
(%)

Temperature seasonality (BIO4) 42.2 32.9
Precipitation seasonality (BIO15) 21.8 14.8
Annual mean temperature (BIO1) 19.4 23.5
Annual temperature range (BIO7) 8.7 17.2
Precipitation of warmest quarter (BIO18) 7.9 11.6

RESULTS

A total of 6 434 teak trees in the studied localities 
in northern, western and central Thailand, in which 
the occurrence of X. ceramica has been reported, 
were sampled. On  average, 18.9% of  the sampled 
trees (i.e. 1 215 trees) were infested by X. ceramica. 
Detailed information on the number of trees sam-
pled and infestations by X. ceramica in each local-
ity is provided in Table 2.

The MaxEnt models were generated using 
850  training points, representing trees infested 
by  X.  ceramica. The  final model yielded average 
AUC and TSS values of 0.873 and 0.798, respective-
ly, for the training set. For the testing set, the AUC 
and TSS values were 0.852 and 0.775, respectively, 
indicating the model's good ability to  capture 
variations in environmental variables and its high 
predictive performance. The  contributions of  the 
individual environmental variables to  the prob-
ability of occurrence were evaluated via the relative 

average contribution and the average permutation 
importance. Overall, the associations between bio-
climatic conditions and probability of  occurrence 
were comparatively stronger than the associations 
between topographic characteristics and prob-
ability of  occurrence (see Table  S3 in  the ESM). 
The  significant environmental variables that were 
included in  the final model (those whose relative 
average contribution exceeded the threshold of 4%) 
are shown in Table 3.

The occurrence of X. ceramica was mostly ex-
plained by  temperature seasonality, as  indicated 
by the fact that this variable had the greatest rela-
tive contribution value. Less significant effects 
were produced by  precipitation seasonality, fol-
lowed by  the mean annual temperature. Annual 
temperature range and precipitation during the 
warmest quarter were also confirmed as influen-
tial environmental variables, but their explanato-
ry power was rather negligible. When the effects 
of  each variable are isolated, temperature sea-
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Figure 4. Partial dependence plots showing the marginal effect of selected significant explanatory variables on the prob-
ability of occurrence of Xyleutes ceramica
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sonality remains highly explanatory, as indicated 
by  the fact that it  has the greatest permutation 
importance value; the second most significant 
variable is  the mean annual temperature, fol-
lowed by the annual temperature range (Table 3). 
The  probability of  occurrence of  the species 
peaked when the temperature seasonality was 
27 °C and the precipitation seasonality was 70%. 
It also peaked when the mean annual temperature 

was 23 °C to 26 °C. The probability of occurrence 
of  the species was positively associated with the 
annual temperature range. However, the increase 
appeared to plateau at temperature values greater 
than 24.5 °C. Conversely, the probability of  oc-
currence of the species was negatively associated 
with precipitation during the warmest quarter, 
and the optimal amount of precipitation was less 
than 400 mm (Figure 4).
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Figure 5. Predicted risk maps for infestation by Xyleutes ceramica based on current and future climate scenarios

Black line on the maps – boundaries of different regions in Thailand within the study area; SSP – Shared Socioeconomic 
Pathways

Current (2024)			         SSP1-2.6 (2050)		         SSP5-8.5 (2050)

High infestation risk

Medium infestation risk

Low infestation risk

The predicted risk of  infestation by  X. ceram-
ica under the current conditions revealed that 
high- and medium-risk areas are distributed 
mainly in northern Thailand, with larger magni-
tudes of risk recorded in the central and western 
parts of  the region. In  addition, risks of  small 
magnitude were found in  some parts of  cen-
tral and western Thailand. Low-risk areas were 
concentrated in  the western and central regions 
of the country, and risks of small magnitude were 
found in  some parts of  the northern and north-
eastern regions. According to future predictions, 
the high-risk area in the northern region showed 
the most obvious future decline in risk, with small 
areas remaining around  the central and western 
parts of the region, whereas the risk level in low-
risk areas apparently increased, with a large mag-
nitude found in  the central and northeastern 
regions under climatic conditions for the year 
2050 in  both scenarios SSP1-2.6 and SSP5-8.5 
compared with current conditions. In  scenario 
SSP1-2.6, the medium-risk areas increased and 
replaced the high-risk areas in  the northern re-

gion. In addition, the risk areas in the northeast-
ern region mostly shifted to the northern region. 
However, in scenario SSP5-8.5, the risk obviously 
decreased and was concentrated in the central and 
western parts of the northern region. Thus, under 
two future climate scenarios, the northern region 
generally remains the leading zone with high- and 
medium-risk areas especially around the central 
and western parts of the region (Figure 5).

Overall, compared with the current conditions, 
there was a net decrease in high-risk areas for in-
festation by  X. ceramica throughout the entire 
study area in  future projections for the year 2050 
in  both climate scenarios. The  magnitudes of  the 
decreases in  high-risk areas were 17% and 23% 
in  scenarios SSP1-2.6 and SSP5-8.5, respectively. 
The net area predicted to have medium infestation 
risk increased by 6% in 2050 in scenario SSP1-2.6 
but decreased by 6% in scenario SSP5-8.5. Finally, 
low-risk areas showed a net increase in 2050 under 
both climate scenarios. The  increases in  low-risk 
areas were 12% and 23% in scenarios SSP1-2.6 and 
SSP5-8.5, respectively (Table 4).
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DISCUSSION

The present study investigated various environ-
mental factors affecting infestations of teak planta-
tions by X. ceramica in Thailand. According to our 
results, infestation by X. ceramica is mainly driven 
by  climate, whereas topographic characteristics 
do not have significant effects. Above all, tempera-
ture seasonality and mean annual temperature 
were found to be the most important factors affect-
ing the occurrence of  the species when those fac-
tors were tested in  isolation. X. ceramica is  likely 
to prefer moderate temperatures in highly distinct 
seasonal environments. Additionally, the condi-
tion under which there is a  relatively low amount 
of rainfall during the warmest quarter was also fa-
voured by the species. The above predictions show 
that, under current and future climatic conditions, 
the habitats that are highly favourable to the species 
are mainly distributed in northern Thailand. How-
ever, the risk of infestation by this species gradually 
decreases under the predicted future climatic con-
ditions, indicating low adaptability of X. ceramica 
to the changing climate.

As mentioned above, infestation of  teak planta-
tions by X. ceramica was found to be much more 
driven by large-scale climate than by microclimate, 
the latter of  which is  influenced by  topographic 
variations. Diurnal anisotropic heat was the most 
important topographic variable, but it was consid-
ered to have no significant effect and was omitted 
from the final model because its relative average 
contribution fell below the 4% threshold (see Ta-
ble S2 in the ESM). Additionally, regarding habitat 
selection by insects, temperature and elevation are 
often suggested to  be  the most important factors 
that determine the potential distributions of  sev-
eral species. However, it  is  important to note that 

temperature usually correlates with elevation, 
i.e. temperature decreases with increasing altitude. 
Moreover, a Pearson's correlation test of our results 
confirmed the existence of  a  correlation between 
elevation and mean annual temperature. Thus, el-
evation was excluded from this study, and variables 
related to temperature were selected because their 
effects on insects are generally easier to interpret.

The predicted risk map revealed that the north-
ern region, especially the central and western parts 
of that region, forms the core area of X. ceramica 
infestation in  Thailand. This finding is  consistent 
with a  previous study of  the genetic structure 
and variation of  X. ceramica in  northern Thai-
land. That study found that the species is  very 
low in  diversity and that most of  its populations 
have likely originated from the central part of the 
region, with a  geographic barrier to  gene flow 
being a  significant factor that affects the demog-
raphy of  the species (Rattanawannee et  al.  2015; 
Panyamang et  al.  2018). According to  the distri-
bution of the raster values of each significant bio-
climatic variable in  our study (data not shown), 
greater temperature seasonality and precipitation 
seasonality usually occur within the northern re-
gion, and these variables thus better represent 
the effects of  environmental conditions on  the 
occurrence  of  the species at  the landscape scale. 
However, the impact of  precipitation seasonality 
decreased substantially when that variable was 
used in  isolation or  if  temperature seasonality 
was excluded from the model (Table 3), indicating 
that there are some correlations between these two 
variables. Moreover, the mean annual temperature 
better represents important effects on  the occur-
rence of the species at the regional scale, as greater 
values are generally concentrated in lowland areas. 
X. ceramica clearly appeared to be more sensitive 

Table 4. Estimated risk area categorised by severity of infestation for the current and future climate scenarios (the num-
ber in the parenthesis is the percentage of the entire study area represented by each risk category)

Severity of infestation
Risk area (km2)

current (2024) future (2050)
SSP1-2.6 SSP5-8.5

Low 80 076 (40%) 103 465 (52%) 126 531 (63%)
Medium 70 146 (35%) 81 211 (41%) 69 150 (35%)
High 50 194 (25%) 15 740 (8%) 4 735 (2%)

Total 200 416

SSP – Shared Socioeconomic Pathways
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to temperature than to precipitation; the tempera-
ture variables presented higher permutation im-
portance values than did precipitation seasonality 
and precipitation in the warmest quarter.

Effects of seasonality. Seasonality was the most 
important factor affecting the occurrence of X. ce-
ramica. In  terms of  insect–host interactions, 
seasonal weather plays an  important role in  the 
growth, development and phenology of  insects 
and host plants, determining insect behaviour (Hill 
et  al.  2021). Some studies conducted in  tropical 
forests have reported high abundance and diversity 
of adult lepidopterans in the dry season when the 
temperature is sufficiently high and appears to be fa-
vourable for the emergence of adults. In that case, 
the flight period of adults usually occurs during the 
late dry season, allowing concentration of the main 
abundance of  caterpillars at  the beginning of  the 
growing seasons of  their host plants in  the early 
wet period (Maicher et al. 2018). In Thailand, teak 
is  naturally distributed in  the northern region, 
where there is  a  monsoon climate in  which the 
wet and dry seasons are clearly distinct (Kaosa-ard 
1981). Generally, the weather in  northern Thai-
land comprises three seasons, i.e.  a  rainy season, 
a dry and cool season (winter), and a dry and hot 
season (summer)(Sanguansub et  al.  2020). X.  ce-
ramica has a  one-year life cycle in  which the lar-
vae develop during the rainy season, during which 
teak actively grows (Gotoh et al. 2007). During the 
winter, teak begins to  lose its leaves and stops ac-
tively growing. At that time, mature larvae of X. ce-
ramica begin to pupate inside the tree. In summer, 
the temperature increases due to the sunny climate, 
allowing adults of the species to emerge and repro-
duce. The  next generation of  larvae subsequently 
thrive when they are allowed to  grow during the 
rainy season. However, the optimal temperature for 
the emergence of adults has never been reported. 
In  addition, X.  ceramica is  a  weak-flying species, 
and the presence of a closed understorey in forest 
stands was found to be a potential obstacle limiting 
the ability of the species to find and reach another 
appropriate host tree, resulting in  a  low dispersal 
ability of the species (Gotoh et al. 2007; Choochuen 
et al. 2024). Thus, apart from the suitable tempera-
ture in summer, it is possible that forest stands that 
have sparse foliage due to  seasonal leaf shedding 
and/or low amounts of precipitation during the dry 
period can support flight activity and mating suc-
cession of the species. The possibility of being dis-

turbed by rain has also been documented for other 
wood-boring insects that usually emerge during 
summer in  seasonal tropical forests in  northern 
Thailand (Sanguansub et al. 2020).

With respect to  the effects of  climate change 
on  the life cycles of  insects, a  change in  seasonal 
weather patterns, especially temperature, can 
disrupt insects' growth, survival and reproduc-
tion by shifting their seasonal activities to periods 
with unprecedented conditions such as  extremely 
dry or wet conditions, a  lack of  food sources, and 
abundant natural enemies (Hill et  al.  2021). Un-
der favourable conditions, X. ceramica has a short 
period in  the year to  reproduce only one genera-
tion (voltinism). Moreover, as most of its life cycle 
is spent inside the tree, the period of time that be-
gins when the pupae become moths to the first in-
star is the most susceptible to disturbances (Tasen, 
Wiwatwitaya 2022). Thus, changes in temperature 
in winter and/or summer might impact the timing 
of  pupation and/or the emergence of  adults, re-
sulting in flight activity occurring too early or too 
late and consequently decreasing the reproductive 
success of the adults as well as the survival of the 
next generation of  larvae due to  unfavourable 
conditions.

Effects of  temperature. In  a  previous study, 
Choochuen et al.  (2024) reported that X. ceramica 
appears to  prefer a  warmer microclimate influ-
enced by a more open canopy of teak stands. In this 
study, diurnal anisotropic heat, which embodies the 
combined characteristics of temperature and topo-
graphic solar radiation, both of which are influenced 
by slope and aspect, was used as an indicator of the 
microclimate (Böhner, Antonić 2009). However, our 
results indicate that the effects of large-scale climate 
are much more important to  the species than are 
the effects of  the microclimate and show that this 
species is  likely to  prefer moderate temperatures 
between 23 °C and 26 °C. According to  the results 
of  our future infestation risk prediction, the in-
creased temperature due to global warming is sug-
gested to be higher than the optimal threshold for 
X.  ceramica, resulting in  the loss of  climatically 
suitable habitats for this species. This finding con-
trasts with the likely effect of increased temperature 
on  other cossid pest species that live in  temperate 
zones and have been reported to  prefer relatively 
high temperatures, such as  Prionoxystus robiniae 
(Peck, 1818) and Cossus insularis (Staudinger, 1892) 
(Nakanishi et al. 2016; Hannon et al. 2017). More-
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over, the potential distributions of  some species, 
such as  Z. pyrina and C. tristis, have been found 
to be positively affected by global warming (Kumbu-
la et al. 2019; Fekrat, Farashi 2022). Concerning the 
effects of  rising global temperature on  insects, re-
cent work from the agricultural and forestry sectors 
has revealed that tropical insects are likely affected 
by  warming conditions differently than are insects 
in temperate zones because the current temperature 
level in the tropics is already close to the tropical in-
sects' tolerance range. Many tropical insects, even 
pest species, are subsequently predicted to experi-
ence decreased growth rates, whereas insects that 
live in temperate zones are anticipated to experience 
increased growth rates (Halsch et al. 2021; Skendžić 
et  al.  2021). With respect to  tropical lepidopter-
ans, several studies have reported that a  warming 
temperature results in uphill shifts in  the numbers 
of butterflies and moths in tropical lowland ecosys-
tems (García-Robledo et al. 2016; Cheng et al. 2019). 
Accordingly, global warming is expected to limit the 
growth rate and extend the life cycle of X. ceramica, 
and the risk of infestation of teak plantations by this 
pest is predicted to decrease, especially in  lowland 
areas where the temperature exceeds the tolerance 
range of the pest species.

Effects of precipitation. A recent study revealed 
that herbivorous tropical insects are sensitive 
to changes in  the amount, intensity, and frequen-
cy of  precipitation at  the same level of  increas-
ing temperature (Newell et  al.  2023). However, 
our results revealed that the impact of  precipita-
tion on  X. ceramica was less important than that 
of temperature. X. ceramica is not significantly af-
fected by changes in the amount of annual rainfall, 
indicating that it  tolerates a wide range of rainfall 
and humidity; however, it was found to be affected 
by the amount of rainfall during the warmest quar-
ter, which is  generally between March and May. 
The warmest quarter of the year in Thailand, which 
typically includes April and May, is also a premon-
soon period in which heavy rains often come with 
summer storms (Chantraket et al. 2013). As men-
tioned above regarding the possibility of adults be-
ing disturbed by rain, heavy rain and strong winds 
that overlap with the emergence period of  X. ce-
ramica, which generally occurs between February 
and April, probably disrupt the flight and mat-
ing activities of  the adults that emerge at  the end 
of  the period, consequently decreasing reproduc-
tive success. In  addition, Shrestha (2019) reports 

that eggs and larvae of  several insect species can 
be washed away by heavy rain and flooding. Thus, 
this condition could also occur for the eggs and/or 
larvae of X. ceramica that have just hatched from 
eggs during this period. Accordingly, the mortality 
of X. ceramica is expected to increase at locations 
where adults emerge late and where the intensity 
of premonsoon rainfall is relatively high.

Limitations of the study, recommendations for 
management and future research. In  this study, 
X. ceramica infestations at various large teak plan-
tations in  Thailand, located in  different climatic 
regions, were investigated. The  sample size used 
in  this study is expected to be sufficient to  repre-
sent the effects of  climate and topography on  the 
probability of  occurrence of  the species in  teak 
plantations in Thailand. However, temporal effects 
of  the environmental variables were not incorpo-
rated into the model due to  non-continuous pest 
monitoring at  the localities and the limited study 
time of  the project. Several years of  repeat moni-
toring would enable the utilisation of  time series 
data in the MaxEnt model, enabling changes in in-
festation patterns due to  temporal effects from 
climate and topography to be elucidated. Addition-
ally, climatic conditions vary greatly within South-
east Asia; thus, the combined effects of climate and 
topography found in this study might slightly differ 
from those in other countries in the region. There-
fore, the present study's results should be validated 
by further investigations in teak plantations across 
the region where infestations of X. ceramica have 
been reported.

With respect to  results application for teak 
plantations management, the current and future 
infestation risk maps predicted by  the MaxEnt 
model used in this study can be considered togeth-
er with knowledge of  the bionomy and ecological 
requirements of the species described in previous 
studies to support decision-making in the manage-
ment of  teak plantations by  forest managers and 
policy-makers. For  example, planting pure teak 
stands and implementing low-intensity manage-
ment of pest species are acceptable alternatives for 
sites classified as having low infestation risk under 
current and future climate scenarios. On the other 
hand, at sites classified as having high or moderate 
infestation risk, teak plantations should be  estab-
lished and managed as stands that are mixed with 
other non-host commercial tree species that also 
thrive under those climatic conditions, and under-
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stories with more than 30% coverage should be pro-
moted and maintained in the stand to prevent the 
expansion of  infestations and reduce the suscep-
tibility of  the stand to  pest species (Choochuen 
et  al.  2024). However, further investigation of  the 
optimal planting patterns and the proportions 
of teak trees and other forest tree species is need-
ed. Furthermore, pheromone traps are suggested 
to allow mass trapping and intensive pest monitor-
ing at  those sites, especially on  large plantations. 
More importantly, owing to the low dispersal abil-
ity of  the pest species, the transportation of  in-
fested teak seedlings is expected to be a potential 
factor causing the spread of infestations out of the 
pest's natural range or suitable habitats. Early de-
tection and control of infested plants is an efficient 
way of preventing the introduction of pest species 
to new habitats caused by plant transportation.

Further investigations are necessary to  confirm 
the findings of  this study and to  gain deeper in-
sight into the effects of temperature on this species 
at various stages of its life cycle. The inclusion of de-
gree-day accumulation in  insect pest distribution 
models has been widely suggested, as it  is consid-
ered a potential factor that can be used to accurately 
predict the development and emergence of  in-
sects (Herms 2004; Kumar et  al.  2014; Crimmins 
et  al.  2020). However, degree-day accumulation 
was not included as a variable in this study because 
of  the lack of  regional weather data. In  a  previ-
ous study, we also suggested investigating the de-
velopment of  larvae and the seasonal emergence 
patterns of  adults under different environmental 
conditions for the precise monitoring and con-
trol of  the pest in particular sites. Further studies 
on the optimum temperature and degree-day accu-
mulation for the development of larvae and pupae, 
as well as for the emergence of adults, are strongly 
recommended to make it possible to achieve an un-
derstanding of the developmental behavioural plas-
ticity of  the species and to  accurately predict its 
activity. Such knowledge would  contribute to  the 
precise monitoring and effective control of the pest 
at specific sites.

CONCLUSION

The results of this study and information from the 
literature show that the distribution of X. ceramica 
is strongly influenced by the environmental condi-
tions in which teak naturally grows. However, pre-

diction of the potential natural distribution of teak 
in Southeast Asia under climate change shows that 
it is likely to remain stable in areas that are suitable 
for the natural growth of teak in Thailand (Trisurat 
et al. 2022). In contrast, the probability of infesta-
tion by X. ceramica is predicted to decrease in the 
future. Therefore, X. ceramica is expected to be di-
rectly affected by  the changing climate and in-
creasing temperature rather than by changes in the 
growth or phenology of its host tree.

The ecological niches occupied by  X. ceramica 
depend primarily on  highly distinct seasonal cli-
mates and moderate temperatures ranging from 
23 °C to 26 °C. Additionally, a relatively low amount 
of  premonsoon rainfall was found to  support the 
occurrence of the species. The infestations caused 
by this species are expected to remain concentrat-
ed in northern Thailand under current and future 
climatic conditions, but the severity of  infestation 
is  predicted to  gradually decrease under future 
climatic conditions, indicating low adaptability 
of  the species to  the changing climate. Changes 
in  the seasonal patterns of climate and increasing 
temperature are the main driving factors that are 
expected to decrease the growth, development and 
survival of this species and to extend its life cycle. 
However, further investigations are needed to clar-
ify the effects of temperature on X. ceramica at dif-
ferent stages of  its life cycle. With respect to  teak 
plantation management, mixed-species planting 
and intensive monitoring of  pest species should 
be  implemented in  high- and medium-risk areas. 
In  contrast, management in  low-risk areas can 
be more flexible.

Acknowledgement: We would like to thank the 
senior management at the Forest Industry Organi-
sation (FIO) for their support, and the FIO field staff 
at the plantations for assisting in data collection.

REFERENCES

Adam E., Mutanga O., Ismail R. (2013): Determining the 
susceptibility of Eucalyptus nitens forests to Coryphodema 
tristis cossid moth occurrence in  Mpumalanga, South 
Africa. International Journal of Geographical Information 
Science, 27: 1924–1938.

Böhner J., Antonić O. (2009): Chapter 8: Land-surface param-
eters specific to topo-climatology. In: Hengl T., Reuter H.I. 
(eds.): Developments in Soil Science (Vol. 33). Amsterdam, 
Elsevier: 195–226.

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/15/2025-JFS


310

Original Paper	 Journal of Forest Science, 71, 2025 (6): 297–311

https://doi.org/10.17221/15/2025-JFS

Chairuangsirikul T. (1999): Study on  intensity of  damage 
on  teak caused by  beehole borer at  Mae Gar teak seed 
orchard, Phayao province. Silvicultural Research Re-
port: 123–136.

Chantraket P., Detyothin C., Suknarin A. (2013): Radar re-
flectivity derived rain-storm characteristics over northern 
Thailand. EnvironmentAsia, 6: 24–33.

Cheng W., Kendrick R.C., Guo F., Xing S., Tingley M.W., Bone-
brake T.C. (2019): Complex elevational shifts in a tropical 
lowland moth community following a decade of climate 
change. Diversity and Distributions, 25: 514–523.

Choochuen T., Foit J., Meunpong P., Suksavate W. (2024): 
Characteristics of  teak trees and stands driving infesta-
tions by Xyleutes ceramica (Walker, 1865) (Lepidoptera: 
Cossidae) in plantations in Thailand. Journal of Applied 
Entomology, 148: 690–702.

Crimmins T., Gerst K., Huerta D., Marsh R., Posthumus E., 
Rosemartin A., Switzer J., Weltzin  J.F., Coop L., Di-
etschler N., Herms D.A., Limbu S., Trotter R.T. III., Whit-
more M. (2020): Short-term forecasts of insect phenology 
inform pest management. Annals of  the Entomological 
Society of America, 113: 139–148.

Desmet Q., Ngo-Duc T. (2022): A novel method for ranking 
CMIP6 global climate models over the southeast Asian 
region. International Journal of Climatology, 42: 97–117.

Elith J., Phillips S.J., Hastie T., Dudík M., Chee Y.E., Yates C.J. 
(2011): A statistical explanation of MaxEnt for ecologists. 
Diversity and Distributions, 17: 43–57.

Eungwijarnpanya S., Hutacharern C., Nakamuta K., Ikeda T. 
(1990): Bionomics of  the teak beehole borer, Xyleutes 
ceramicus, in  northern Thailand: Mating behavior. Thai 
Journal of Forestry, 9: 196–202.

Fekrat L., Farashi A. (2022): Impacts of  climatic chang-
es on the worldwide potential geographical dispersal range 
of  the leopard moth, Zeuzera pyrina (L.) (Lepidoptera: 
Cossidae). Global Ecology and Conservation, 34: e02050.

Fick S.E., Hijmans R.J. (2017): WorldClim 2: New 1-km spatial 
resolution climate surfaces for global land areas. Interna-
tional Journal of Climatology, 37: 4302–4315.

García-Robledo C., Kuprewicz E.K., Staines C.L., Erwin T.L., 
Kress W.J. (2016): Limited tolerance by  insects to  high 
temperatures across tropical elevational gradients and the 
implications of  global warming for extinction. Proceed-
ings of  the National Academy of Sciences of  the United 
States of America, 113: 680–685.

Gotoh T., Eungwijarnpanya S., Yincharoen S., Choldum-
rongkul S., Nakamuta K., Pholwicha  P., Piananurak P., 
Hutacharern C. (2007): Emergence, oviposition and 
larval behaviors in  the teak beehole borer (Xyleutes ce-
ramica Wlk.) in northern Thailand (Lepidoptera: Cossidae). 
Japan Agricultural Research Quarterly, 41: 307–314.

Halsch C.A., Shapiro A.M., Fordyce J.A., Nice C.C., 
Thorne  J.H., Waetjen D.P., Forister M.L. (2021): Insects 
and recent climate change. roceedings of  the National 
Academy of  Sciences of  the United States  of  Ameri-
ca, 118: e2002543117.

Hannon E., Rodstorm R.A., Brown J., Chong J.M. (2017): 
Carpenterworm Moth Insect Pest Management in Hybrid 
Poplars Series. Pullman, Washington State University, 
Department of Entomology: 7.

Herms D. (2004): Using degree-days and plant phenology 
to predict pest activity. In: Krischick V., Davidson J. (eds): 
IPM of  Midwest Landscapes. Illinois, University of  Il-
linois: 49–59.

Hill G.M., Kawahara A.Y., Daniels J.C., Bateman C.C., 
Scheffers B.R. (2021): Climate change effects on  animal 
ecology: Butterflies and moths as a case study. Biological 
Reviews, 96: 2113–2126.

Hijmans R.J., Phillips S., Leathwick J., Elith J., Hijmans M.R.J. 
(2023): Package 'dismo'. Circles, 9: 1–68.

Horrocks K.J., Zhang J., Haye T., Seehausen M.L., Mag-
gini R., Xian X., Chen J., Nugnes F., Collatz J., Gruber A., 
Gariepy T.D. (2024): Biology, impact, management and 
potential distribution of Aromia bungii, a major threat 
to  fruit crops around the world. Journal of  Pest Sci-
ence, 97: 1725-1747.

Hutacharern C., Choldumrongkul S. (1989): A note on the 
insect pests of  multipurpose tree species in  Thailand. 
Journal of Tropical Forest Science, 2: 81–84.

Iqbal Z., Shahid S., Ahmed K., Ismail T., Ziarh G.F., 
Chung E.S., Wang X. (2021): Evaluation of CMIP6 GCM 
rainfall in  mainland Southeast Asia. Atmospheric Re-
search, 254: 105525.

Kaosa-ard A. (1981): Teak (Tectona grandis): Its natural 
distribution and related factors. Natural History Bulletin 
of the Siam Society, 29: 55–74.

Khan A.M., Li Q., Saqib Z., Khan N., Habib T., Khalid N., 
Majeed M., Tariq A. (2022): MaxEnt modelling and im-
pact of  climate change on  habitat suitability variations 
of economically important Chilgoza pine (Pinus gerardiana 
Wall.) in South Asia. Forests, 13: 715.

Kumar S., Neven L.G., Yee W.L. (2014): Evaluating correlative 
and mechanistic niche models for assessing the risk of pest 
establishment. Ecosphere, 5: 86.

Kumbula S.T., Mafongoya P., Peerbhay K.Y., Lottering R.T., 
Ismail R. (2019): Using Sentinel-2 multispectral images 
to map the occurrence of the cossid moth (Coryphodema 
tristis) in Eucalyptus nitens plantations of Mpumalanga, 
South Africa. Remote Sensing, 11: 278.

Ma C.S., Ma G., Pincebourde S. (2021): Survive a warming 
climate: Insect responses to extreme high temperatures. 
Annual Review of Entomology, 66: 163–184.

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/15/2025-JFS


311

Journal of Forest Science, 71, 2025 (6): 297–311	 Original Paper

https://doi.org/10.17221/15/2025-JFS

Maicher V., Sáfián S., Murkwe M., Przybylowicz L., Janeček S., 
Fokam E., Pyrcz T., Tropek  R. (2018): Flying between 
raindrops: Strong seasonal turnover of several Lepidoptera 
groups in lowland rainforests of Mount Cameroon. Ecology 
and Evolution, 8: 12761–12772.

Moreno-Ibarra M.A., Villuendas-Rey Y., Lytras M.D., Yáñez-
Márquez C., Salgado-Ramírez J.C. (2021): Classification 
of diseases using machine learning algorithms: A compara-
tive study. Mathematics, 9: 1817.

Nakanishi T., Kaneda T., Nakamuta K. (2016): Effects 
of temperature on the development and circannual con-
trol of pupation in the carpenter moth, Cossus insularis 
(Lepidoptera: Cossidae), reared on an artificial diet. Ap-
plied Entomology and Zoology, 52: 29–35.

Nardi D., Jactel H., Pagot E., Samalens J.C., Marini L. (2022): 
Drought and stand susceptibility to attacks by the European 
spruce bark beetle: A remote sensing approach. Agricul-
tural and Forest Entomology, 25: 119–129.

NASA JPL (2020): NASADEM Merged DEM Global 1 arc 
second (V001). [Data set]. Sioux Falls, NASA EOSDIS Land 
Processes Distributed Active Archive Center. Available 
at: https://lpdaac.usgs.gov/products/nasadem_hgtv001/

Netherer S., Panassiti B., Pennerstorfer J., Matthews B. (2019): 
Acute drought is an important driver of bark beetle infesta-
tion in Austrian Norway spruce stands. Frontiers in Forests 
and Global Change, 2: 39.

Newell F., Ausprey I., Robinson S. (2023): Wet and dry extremes 
reduce arthropod biomass independently of leaf phenology 
in the wet tropics. Global Change Biology, 29: 308–323.

Noda I., Himmapan W. (2014): Erratum to 'Effects of silvi-
cultural alternatives on model-based financial evaluation 
of teak (Tectona grandis L.) Farm forestry management for 
small-scale farmers in northeast Thailand'. Open Journal 
of Forestry, 4: 558–569.

Panyamang A., Duangphakdee O., Rattanawannee A. (2018): 
Genetic structure of teak beehole borer, Xyleutes ceramicus 
(Lepidoptera: Cossidae), in northern Thailand. Agriculture 
and Natural Resources, 52: 66–74.

Pholvicha P., Pianhanuruk P., Hutacharern C. (1992): Natural 
mortality of  the teak beehole borer, (Xyleutes ceramicus 
Walker at  maegar seed orchard, Phayao). Thai Journal 
of Forestry, 11: 8–15.

R  Core Team (2021): R: A  language and environment for 
statistical computing. Vienna, R Foundation for Statistical 
Computing. Available at: http://www.R-project.org

Rattanawannee A., Sangtongpraow B., Noosidum A. (2015): 
Genetic variation of  teak beehole, Xyleutes ceramicus 
Walker (Lepidoptera: Cossidae), populations from North-
ern Thailand. In: Proceedings of 53rd Kasetsart University 
Annual Conference, Bangkok, Feb 3–6, 2015: 488–496.

Sanguansub S., Buranapanichpan S., Beaver R., Saowaphak T., 
Tanaka N., Kamata N. (2020): Influence of  seasonality 
and climate on captures of wood-boring Coleoptera [Bos-
trichidae and Curculionidae (Scolytinae and Platypodinae)] 
using ethanol-baited traps in  a  seasonal tropical forest 
of northern Thailand. Journal of Forest Research, 25: 1–9.

Schneider L., Comte V., Rebetez M. (2021): Increasingly 
favourable winter temperature conditions for major crop 
and  forest insect pest species in  Switzerland. Agricul-
tural and Forest Meteorology, 298–299: 108315.

Schneider L., Rebetez M., Rasmann S. (2022): The  effect 
of climate change on  invasive crop pests across biomes. 
Current Opinion in Insect Science, 50: 100895.

Shrestha S. (2019): Effects of climate change in agricultural 
insect pest. Acta Scientific Agriculture, 3: 74–80.

Skendžić S., Zovko M., Živković I.P., Lešić V., Lemić D. (2021): 
The impact of climate change on agricultural insect pests. 
Insects, 12: 440.

Tang J., Li J., Lu H., Lu F., Lu B. (2019): Potential dis-
tribution of  an  invasive pest, Euplatypus parallelus, 
in China as predicted by Maxent. Pest Management Sci-
ence, 75: 1630–1637.

Tasen W., Wiwatwitaya D. (2022): Insect pest management 
in  teak plantations in  Thailand. In:  Trisurat, Ma  H.O., 
Yanuariadi T., Kant P., Thulasidas P.K. (eds): Teak in Me-
kong for a Sustainable Future. Bangkok, Yokohama, Kerala: 
Kasetsart University, International Tropical Timber Orga-
nization, TEAKNET: 149–154.

Trisurat Y., Chitechote A., Vongkhamsao V., Hliang Z.H. 
(2022): Predicted climate change impact on natural teak 
forests in the Greater Mekong sub-region. In: XV World 
Forestry Congress, Seoul, May 2–6, 2022: 1–8.

Wylie F.R., Speight M.R. (2012): Tropical forest pests: Ecol-
ogy, biology and impact. In:  Wylie F.R., Speight M.R. 
(eds): Insect Pests in  Tropical Forestry. London, British 
Library: 91–152.

Received: February 9, 2025
Accepted: May 19, 2025

Published online: June 27, 2025

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/15/2025-JFS
https://lpdaac.usgs.gov/products/nasadem_hgtv001/
http://www.R-project.org

	_Hlk196401245
	_Hlk196406462
	_Hlk199361345
	_Hlk197352668

