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ABSTRACT. Risk assessment is utilized to prioritize preventive measures based on the
probability of dispersal success of pests. A main part of the risk assessment procedure is to
determine the effects of environmental variables on the current and potential geographical
distributions. In the present study, the spatial distribution of the Mediterranean pine
engraver, Orthotomicus erosus (Wollaston), was mapped and predicted using MaxEnt.
Presence records of O. erosus (north, northeast, west and centre of Iran), environmental
and topographic variables, with the lowest correlations among themselves and the highest
effects on the pest distribution were used. A total of 76 presence records of O. erosus were
collected. The results of the distribution prediction modelling revealed that the northern
part of Iran and the areas along the Zagros are the most suitable habitats for this species.
Examining environmental variable importance on the distribution of O. erosus showed that
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INTRODUCTION

In recent decades, billions of coniferous trees have been killed by bark beetles worldwide (Mendel &
Halperin, 1982; Bentz et al., 2010; Pernek et al., 2019). More attacks of secondary bark beetles to healthy
pines have been reported in response to climate change and long drought periods in Europe, Asia and
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America (Kuhnholz et al., 2001). The Mediterranean pine engraver, Orthotomicus erosus (Wollaston,
1857) (Coleoptera, Curculionidae, Scolytinae), is an economically important bark beetle and has been
found to colonize weakened and even healthy living trees (Jiang et al., 1992; Arkani et al., 2018; Farsani
et al., 2018). These beetles cause economic damage to pine trees by feeding on the phloem, disrupting
the sap flow as well as transferring phytopathogens and nematodes (Haack, 2004; Akbulut & Stamps,
2012). The Mediterranean pine engraver, as one of the principal bark beetles, was recorded from
Tehran, Isfahan, Guilan, Kerman and Kermanshah provinces in Iran (Ahadiyat & Akrami, 2015; Salehi-
Jouzani et al., 2016; Arkani et al., 2018; Farsani et al., 2018). Moreover, the pest was responsible for more
than 80% of pine destructions in Isfahan (Salehi-Jouzani et al., 2016).

The phenological research of O. erosus showed that the number of generations varied from four
generations in Turkey to seven generations in Israel (Mendel, 1983; Sarikaya et al., 2013). In Africa, 3-4
generations were reported on pine trees (Lee et al., 2005). In addition, the pheromone traps recorded six
generations of O. erosus in Tehran, Iran (Arkani et al., 2018). Despite using chemical and biological
control (Henin & Paiva, 2004; Cebeci & Baydemir, 2018), the pest damage is still considerable, which
could partly be related to the lack of ecological information and the climate impacts on O. erosus
performance and host preference. Survival, development and distribution of bark beetles are highly
correlated with climate conditions (Witkowski et al., 2022), and their outbreaks have been dependent
on temperature (Logan & Powell, 2001; Taylor et al., 2006), humidity and precipitation (Berg et al., 2006;
Bassett et al., 2011) as well as photoperiod (Mendel et al., 1991). According to research, the high
potential for O. erosus expansion would be related to climate rather than host availability (Lantschner et
al.,, 2017). Climate change, especially the annual temperature range, can immediately affect the
distribution of invasive pests such as bark beetles, altering irreversible forest structure (Lee et al., 2008;
Brockerhoff et al., 2013; Hulme, 2017; Pernek et al., 2019).

Ecological niche modelling is an effective method for the distribution prediction of species. The
accurate models combine insect presence records and climatic data to generate maps for potential
habitat identification and assess the effects of future climate changes on insect distributions (Allouche
et al., 2006; Hijmans & Graham, 2006; Zabihi et al., 2021). Suitable habitat predictions have been applied
for Hemiptera, Lepidoptera, Diptera, Coleoptera as well as Hymenoptera based on climate changes
(Evangelista et al., 2011; Andrew et al., 2013; Kumar et al., 2015; Zabihi et al., 2021; Mao et al., 2022).
Furthermore, the MaxEnt model was used for bark beetle species (other than O. erosus) to predict their
potential geographical distribution under current and future climate conditions (Evangelista et al.,
2011; Sanchez-Garcia et al., 2015; Sarikaya et al., 2018; Okland et al., 2019; Yu et al., 2019; Li et al., 2021;
Ning et al., 2021; Urvois et al., 2021). MaxEnt, as a common species distribution model (SDM), uses
occurrence records (i.e., presence-only and pseudo-absence) or abundance and climatic variables (i.e.,
predictors) from the widely used Worldclim database (Tognelli et al., 2009; Elith et al., 2011; Lissovsky
& Dudov, 2021). The basic idea of MaxEnt is to estimate the unknown distribution probability of a
specific species (Phillips et al., 2006).

Due to information deficiency and differences in the biology and ecology of O. erosus, the need to
develop distribution models seems to be necessary in Iran. In the current study, MaxEnt modelling was
used to assess the potential establishment risk and present habitat suitability of O. erosus. The MaxEnt
predicted the impacts of climate conditions on O. erosus distribution to prepare the forests for future
possible outbreaks of the bark beetle in Iran. Despite some studies existing on population density and
seasonal fluctuations, there is no information on distribution models and climatic variables affecting
the habitat selection of O. erosus. Due to the recent population outbreak and worrying dispersal ability
of O. erosus, the resulting map of this serious pest occurrence will provide useful information to
prioritize forest management measures cost-effectively, especially in semi-arid and arid regions.
Therefore, comprehensive researches on geographical distribution are necessary to determine the
suitable areas for O. erosus spread.
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MATERIAL AND METHODS

Species records. To determine the current occurrence of O. erosus, detailed fieldwork was conducted in
the pine forests of Iran during 2019-2020. The bark beetles were collected using an aggregation
pheromone trap of O. erosus (Econex O. erosus from the Spanish company Econex). The specimens were
randomly sampled over the geographical extent of the studied area based on the host plant presence,
initial observation of bark beetle damage and pheromone availability. We considered at least a 10 km
distance between the sampling locations to avoid a geographical bias (Kramer-Schadt et al., 2013;
Jalaeian et al., 2018). The records of species occurrence were registered by the pheromone trap catches
(68 records), published scientific documents (five records) (Farsani et al., 2018; Amini et al., 2013) and
available samples in local collections (three records) (in municipal research centres of 22 districts of
Iran) into the dataset. In total, 76 occurrence records were obtained from different areas. The longitude
and latitude of the trap locations were recorded by a GPS device (Garmin®) with an accuracy of at least
one-hundredth of a decimal degree (DD). Furthermore, the geographical coordinates of the previously
studied locations (Farsani et al., 2018; Amini et al., 2013) were georeferenced using Google Earth Pro
(Google Inc., 2022).

Predictor variable selection. First, all 20 predictors included 19 climatic variables (bioclim dataset) and
one topographic variable (altitude) that were downloaded from the WorldClim database with a spatial
resolution of 30 arc-seconds (~1 km?) (Fick & Hijmans, 2017). Country coordinate systems for
environmental variables were defined by ArcGIS version 10.2 software (ESRI, 2013) and finally
converted to the acceptable form of the MaxEnt algorithm. Inappropriate environmental variables
which had collinearity (negative effect on each other) or had no effect on the model construction, were
removed and not included in the modelling process (Jalaeian et al., 2018). For this purpose, the variance
inflation factor (VIF) was applied to find variable collinearity (Marquardt, 1970) and a VIF greater than
10 (signal of the collinearity) was excluded in the R package usdm (Naimi, 2014; Naimi & Araujo, 2016).
In the second step, to quantify the variable importance in the distribution prediction model, the
Jackknife test in the MaxEnt model was considered. In this way, the most important abiotic variables
were determined, wherein, the variables that had no contribution to the models were also removed
(Jalaeian et al., 2018). Finally, nine variables were selected according to the information related to the
pest ecology and its host trees (Taylor et al., 2006; Bassett et al., 2011; Lantschner et al., 2017) (Table 1).
Moreover, the response diagrams (the impact of each variable on the predicted probability of species
presence) were prepared in a graph.

Species distribution modelling. The MaxEnt modelling procedure, version 3.4.4 (Phillips et al., 2023)
was used to assess the ecological niche of O. erosus based on the presence and background data (Elith et
al., 2006; Phillips & Dudik, 2008). In this model, possible distributions of the bark beetle would be
evaluated based on the general principle of maximum entropy in each pixel of the studied space (Elith
et al., 2006; Hijmans & Graham, 2006; Phillips et al., 2006). The automatic feature selection was applied
for running the model, wherein, a randomly selected 75% of the available records were used for model
training. For model testing, the remaining data (25%) were selected. Moreover, the maximum number
of background points = 10,000; convergence threshold = 0.00001; the maximum number of iterations =
500; and the regularization multiplier = 1. The range between 0 (unsuitable habitat) and 1 (suitable
habitat) was considered for probability values of O. erosus occurrence. The mean confidence limits over
the 10 predicted variables were used for the probability of occurrence maps. The outputs were
processed and visualized using ArcGIS 10.2 (ESRI, 2013).

AUC (area under the curve) value analysis was used to evaluate the model performance and
measure its accuracy. By calculating the AUC of a receiver operating characteristic (ROC) plot,
predicted distributions can be obtained (Elith et al., 2006; Phillips et al., 2006). The AUC values ranged
between 0 and 1, representing the worst and the best predictions. A low accuracy model was related to
AUC values less than 0.7 (poor performance). The AUC values between 0.7 and 0.8 were acceptable,
higher than 0.9 indicated high accuracy or excellent predictive models (Pearce & Ferrie, 2000).
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Table 1. Selected predictor variables for distribution of Orthotomicus erosus (Wollaston, 1857) in Iran

Variables Description

bio-01 Annual mean temperature (°C)
bio-05 Maximum temperature of the warmest month (°C)
bio-06 Minimum temperature of the coldest month (°C)
bio-07 Temperature annual range (°C)
bio-10 The mean temperature of the warmest quarter (°C)
bio-12 Annual precipitation (mm)
bio-14 Precipitation of driest month (mm)
bio-18 Precipitation of warmest quarter (mm)
alt Altitude (m)

RESULTS

Potential geographical distribution. According to Fig 1, the distribution of O. erosus was observed in
the provinces of Tehran (Chigar Forest Park, Sorkhe hesar national Park, Zaferanieh Park, Abuzar Park,
Modares Park and Kaj Park), Guilan (Rasht and Saravan Forest), Fars (Jahrom), Isfahan (Isfahan and
Shahin Shahr), Kerman (Kerman and Zarand), Kermanshah (Kermanshah), Khorasan Razavi
(Bardaskan and Kashmar) and South Khorasan (Birjand). Potentially suitable distribution areas for O.
erosus were shown in Fig. 2. The predicted maps (Fig. 2) demonstrated the mean confidence limits of
habitat suitability for O. erosus. High-suitable and unsuitable areas have been shown with red and blue
colours on the map, respectively. The results of the prediction model demonstrated that the northern
part of Iran (north and south parts of the Alborz Mountain) and the areas along both sides of the
Zagros were the most suitable habitats for this destructive pest (Fig. 2). Oppositely, the central desert
areas, the southeast, the border of the Oman Sea and the Persian Gulf, and the southwest areas in Iran
had the least probability of O. erosus presence.
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Figure 1. Current distribution map of Orthotomicus erosus (Wollaston, 1857) in Iran.
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Important variable selection. According to the current results, nine variables were selected among the
20 predictor factors in the initial analysis of the distribution modelling for O. erosus, (Table 1). The
excluded predictors belonged to the collinear variables or unimportant variables (biologically or
statistically) for explaining the species distribution. The importance of the environmental variables that
contributed to the distribution model of O. erosus was assessed by the Jackknife test and shown in Fig. 3.
The red column in each graph shows the total profit for the created model, taking into the effects of all
variables, and the green columns show the effect of each removed variable on the total profit of the
model. According to Fig. 3, we ranked the variable importance in three groups. The top four contributors
of the model including the annual mean temperature (bio-1), the average temperature in the warmest
quarter (bio-10), annual precipitation (bio-12) and precipitation of the warmest quarter (bio-18) were
ranked in the first group. The next group, with a moderate effect on pest distribution, included
precipitation of the driest month (bio-14), maximum temperature of the warmest month (bio-5) and
minimum temperature of the coldest month (bio-6). The last group that had the least impact on the O.
erosus distribution consisted of altitude (alt) and temperature annual range (bio-7).

Response curves of important variables and model accuracy. The response curves (Fig. 4) show the
effect of each variable in predicting potential geographical distribution for pest if other factors were
constant. Based on Fig. 4a, when the annual mean temperature (bio-1) reached 16 °C, the probability of
O. erosus occurrence was evaluated to be more than 65%. Furthermore, with an increase in the
maximum temperature of the warmest month (bio-5) from 20 to 37 °C, the occurrence probability of O.
erosus gradually increased from 20 to >55% (Fig. 4b). The current results revealed that O. erosus had a
limited tolerance to the minimum temperature of the coldest month (bio-6, Fig. 4c). For the variable
bio-7 (temperature annual range), the presence probability increased from 10% at 20 °C to 70% at 27 °C,
where the highest presence probability of the pest occurred (Fig. 4d). In addition, the variable bio-10
(average temperature in the warmest quarter) showed the highest distribution probability in the range
of 24-27 °C (Fig. 4e).
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Figure 2. Predicted distribution map of Orthotomicus erosus (Wollaston, 1857) in Iran using MaxEnt. The
red color indicates high suitable habitat and the blue color indicates unsuitable habitat
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Figure 3. Jackknife test of variable importance for distribution prediction of Orthotomicus erosus
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Figure 4. Response curves of important variables for distribution prediction of Orthotomicus erosus
(Wollaston, 1857) in Iran. The temperature data are in °C x 10. a. the marginal response curve of the
annual mean temperature (°C x 10) (bio-1); b. the marginal response curve of the maximum temperature
of the warmest month (°C x 10) (bio-5); c. the marginal response curve of the minimum temperature of the
coldest month (°C x 10) (bio-6); d. the marginal response curve of the temperature annual range (°C x 10)
(bio-7); e. the marginal response curve of the mean temperature of warmest quarter (°C x 10) (bio-10); f.
the marginal response curve of the annual precipitation (mm) (bio-12); g. the marginal response curve of
the precipitation of driest month (mm) (bio-14); h. the marginal response curve of the precipitation of
warmest quarter (mm) (bio-18); i. the marginal response curve of the elevation (altitude).
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According to the Figs 4f-4h, the presence probability of O. erosus had a positive relationship with the
annual precipitation (bio-12), the precipitation of the driest month (bio-14) and the precipitation of the
warmest quarter (bio-18). On the other hand, the altitude increase had negative effects on the
distribution of O. erosus, except at altitudes of 500-1600 m (Fig. 4i). Based on the accuracy evaluation
results of the AUC test, the model had an acceptable performance in predicting the distribution of
O. erosus. The training and test data revealed that the mean AUC values over the 10 replications were
0.928 for O. erosus distribution.

DISCUSSION

The occurrence, survivorship, reproduction and dispersal of bark beetles are closely related to climatic
conditions and host species (Avci & Sarikaya, 2009; Qin et al.,, 2019; Zabihi et al.,, 2021). The
Mediterranean pine engraver, as most abundant bark beetle in Iran, was found to reduce the resistance
of pine trees to other xylophagous beetle attacks (Arkani et al., 2018; Farsani et al., 2018). The bark
beetle has been recorded from Tehran (Chitgar forest), Fars, Isfahan, Guilan (the forests of Saravan and
Rasht), Khorasan Razavi, South Khorasan, Kerman and Kermanshah provinces (Amini et al., 2013;
Salehi-Jouzani et al., 2016; Arkani et al., 2018). It should be considered that because of the suitable
climatic conditions and the host plant availability, O. erosus might be present in other regions where the
sampling has not been done (Faccoli et al., 2020). Although the Mediterranean pine bark beetle is native
to the central and southern regions of Europe and around the Mediterranean Sea (Mendel & Halperin,
1982), it has a wide distribution in America, Asia, Africa and other parts of Europe (Ozcan et al., 2014;
Rassati et al., 2015; Faccoli et al., 2020). The successful dispersal of O. erosus to countries outside its
native range has led to considerable concern for coniferous species.

The potential distribution prediction would be critical for risk assessment and reducing the
negative impacts of pest unexpected attacks (Jimenez-Valverde et al., 2008; Liebhold & Tobin, 2008;
Tsoar et al., 2007). Therefore, the MaxEnt model was used to illustrate the relationship between the
presence probability of O. erosus and abiotic variables in Iran at present research. The current results of
the distribution model demonstrated that the suitable habitats for O. erosus presence included the
northern part of Iran and some provinces along the Zagros Mountains as well as parts of the provinces
of Kerman, Isfahan and Fars. Although there was a wide distribution of coniferous trees in the central
plateau of Iran (deserts with salt marshes, sandy areas, very dry moisture regimes and limited plant
cover), the presence probability of O. erosus was low based on the distribution prediction map. On the
other hand, Avci and Sarikaya (2009) found that the occurrence of other bark beetle species, O.
tridentatus Eggers, 1921 was dependent on the host plant availability. However, despite the coniferous
presence in the southeast, southwest and coast of the Oman Sea and the Persian Gulf, the distribution
model predicted the least possibility of O. erosus presence. It seems that unfavourable climatic
conditions, especially the temperature higher than the pest tolerance might lead to the lack of O. erosus.

A comparison between current and predicted distributions of the scolytine species revealed that
O. erosus was present in the suitable habitats predicted by the model. In other words, large parts of
the suitable ecological niches recognized by the model were occupied by O. erosus in Iran. In
addition, the comparison showed that some other provinces of Iran, including the Golestan, West and
East Azerbaijan provinces, were susceptible to the pest presence, although no reports have been
recorded so far. In fact, the pest absence in some predicted areas might be due to the lack of ability or
opportunity to spread. Therefore, it would be necessary to take more precautions (quarantine) in
these predicted suitable areas. In general, the current and predicted geographical distribution
showed that the O. erosus had no specific ecological habitat and adapted to various climatic
conditions as mentioned by Skendzic et al. (2021). It should be considered that despite the strong
relationship between the specialist herbivores and host plant distributions, climatic factors are also
critical for limiting their geographical distributions (Newbold et al., 2009). According to the present
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results, predictor variables had different effects on the O. erosus distribution in Iran. Temperature-
related variables, such as annual mean temperature (bio-1), were the strongest predictors according to
the jackknife test (66% contribution in the MaxEnt model). Ungerer et al. (1999) confirmed the
importance of annual temperature on the distribution of Dendroctonus bark beetles, wherein, an
increase of 3 °C in minimum annual temperature could extend the distribution of Dendroctonus
frontalis Zimmermann, 1868. Based on Pernek et al. (2019), an increase in temperature led to an
increase in the survival, reproductive and developmental rates of O. erosus in Croatia.

Based on the model, at 37 °C (the maximum temperature of the warmest month, bio-5), there was
the highest probability of pest presence and occurrence probability decreased at higher temperatures.
Previously, Mendel and Halperin (1982) demonstrated that O. erosus had good adaptation to the high
temperature, where the daily maximum temperature reached 36 °C in August and the females were
capable to oviposit even at 42 °C. However, O. erosus completed their development at 40-42 °C only in
the moist barks. Fettig et al. (2007) stated that high temperatures negatively affected the distribution of
O. erosus. Similarly, the flight of D. ponderosae Hopkins, 1902 (other bark beetle species) was observed to
be restricted at temperatures above 38 °C (McCambridge, 1971). Mendoza et al. (2011) also found that
the geographical distribution of D. rhizophagus Thomas & Bright, 1970 was limited by the high
temperature. Therefore, it seems that the most important climatic factor limiting O. erosus distribution
in the provinces of Khuzestan, Sistan and Baluchistan and the central desert regions, might be the
higher temperature than the pest tolerance.

The present results showed that other than the high temperatures, the minimum temperature of
the coldest month (variable bio-6), affected the bark beetle distribution and the pest presence was
impossible in the regions with a minimum temperature of <-15 °C. So, it seems that colder winter might
be the limiting factor in the pest spread to provinces such as the major part of West Azarbaijan, East
Azarbaijan, Zanjan and Qazvin. According to other researchers, the survival of overwintering bark
beetles was closely related to winter temperature, and mortality increased at temperatures below
critical thresholds (Bentz et al., 1991, Bentz & Mullins, 1999; Gan, 2004). However, Gan (2004)
demonstrated that only the previous year’s winter temperature affected D. frontalis outbreak and a
warmer winter (1% increase in the previous winter temperature) might lead to a little higher outbreak
risk (0.53%) of the southern pine beetle. Findings by Gan (2004) showed that the impact of minimum
temperature in the coldest month was relatively insignificant on D. frontalis outbreak compared to other
season temperatures. It should be noted that the importance of temperature variables was generally
higher than other information layers and contained the most important ecological information for O.
erosus distribution model in Iran.

Humidity variables such as annual precipitation (bio-12), precipitation of driest month (bio-14) and
precipitation of warmest quarter (bio-18) were also positively effective on O. erosus distribution. On the
other hand, Haack (2004) demonstrated that California with a dry climate was a suitable habitat for this
pest, but O. erosus was not observed in the state of Georgia with a tropical and humid climate. But
according to Gomez et al. (2020), O. erosus emergence showed no significant relationship with
temperature or precipitation in subtropical South America. However, Faccoli et al. (2020) confirmed O.
erosus presence in the humid Mediterranean conditions of European countries (France, Greece,
Hungary, Italy, Portugal and Spain) as well as two non-European countries (Uruguay and South
Africa). Similar to our results, Gan (2004) stated that the increases in the winter, spring, and fall
precipitation of the previous year resulted in the current outbreak of the southern pine beetle (D.
frontalis). However, a wetter summer would reduce infestations of the bark beetle three years later. It
should be considered that O. erosus was present in both dry and humid climatic conditions (provinces
near the Caspian Sea) in the current research. Therefore, it seems that despite the precipitation
importance, temperature would be a more important limiting factor in O. erosus distribution. The
topographic variable, altitude (alt) showed a low contribution in the MaxEnt model based on the
jackknife test. According to the current results, the presence probability of O. erosus increased at
altitudes 500 m to 1600 m. Taylor et al. (2006) confirmed that outbreaks of bark beetle occurred at
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altitudes 800-1400 m in British Columbia. Similarly, Avci and Sarikaya (2009) observed the highest
presence probability of O. tridentatus at altitudes of 1300 to 1785 m. In addition, Sarikaya et al. (2013)
observed the highest number of O. erosus beetles per trap in the Menderes-Catalca site located at a
higher elevation (850 m) compared to five other sampling sites in Turkey (elevation 120-650 m).
Despite the direct effect of altitude, it should be noted that the elevation variable can indirectly affect
pest dispersal through temperature change or drought, especially in summer (Marini et al., 2012;
Cerrato et al., 2016). Therefore, the negative correlation of O. erosus distribution with higher altitudes (>
1600 m) might be related to the lower temperature than the pest tolerance.

To evaluate the prediction accuracy of models, various tests have been considered (Guisan &
Thuiller, 2005; Allouche et al., 2006; Barry & Elith, 2006). In the current research, the accuracy of the
model (AUC) was evaluated to be 0.928, indicating that the distribution model was accurate and
displayed reliable performance for predicting O. erosus distribution. When the current distribution of
species and its potential distribution prediction are limited to the points with special ecological
characteristics, AUC shows higher values than species with a wide distribution range (Elith et al., 2006;
Hernandez et al., 2006; Jimenez-Valverde et al., 2008). Despite the acceptable performance of the
MaxEnt model, predictions of pest distributions should be made with caution. One of the most
important data on the presence of bark beetles is sampling by traps (Rabaglia et al., 2008). However,
trapping alone would not necessarily mean that a species has colonized those particular locations. The
geographical distribution of Scolytinae species might be limited by non-climatic factors, preventing a
potential niche was occupied by bark beetles. Other possible factors, including the presence of
competitors, parasites and pathogenic agents as well as the host plant availability could affect pest
distribution (Beaumont et al., 2009). Moreover, prediction models investigate the direct effects of
climate on pests, while the indirect effects of climatic factors (for example on host plant distribution)
should be also considered. In addition, information about flexibility and adaptation in Scolytinae
species would be necessary because the species with higher phenotypic flexibility might have a higher
risk of establishment and dispersal (Bentz et al., 2010).

This is the first study to predict the distribution of O. erosus based on climate and topographic
variables using MaxEnt model. The present research provides supplementary insights into existing
knowledge of the relationship between abiotic factors and O. erosus infestations. Considering that
Middle Eastern countries such as Iran are predicted to become warmer and drier under global
warming, these findings will be useful in developing effective management strategies for this bark
beetle in the current and predicted habitats. However, additional research are strongly recommended
to clarify the performance of O. erosus under future climate-change scenarios.
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