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ABSTRACT

Elaeidobius kamerunicus is an African oil palm weevil that plays a crucial role as the primary pollinator of oil palm
trees and is linked to the production of fruit and palm oil. Malaysia's palm oil and related products export earnings
reached RM94 billion in 2023, according to the Malaysia Palm Oil Board (MPOB). Climate change poses a potential
threat to the E. kamerunicus population in Malaysia, necessitating research to comprehend the impacts of various
climate change variables. This project seeks to document the presence of E. kamerunicus, collect current and
future climate data, develop a predictive model using MaxEnt software, and assess the model using statistical
techniques to forecast the geographical distribution of E. kamerunicus in Malaysia. The habitat distribution of
E. kamerunicus was projected for the year 2050 using two typical concentration pathways (RCPs) from global
climate models (GCMs), specifically 2.6 and 8.5. The Maxent models generated a satisfactory model forecast of
the Area Under the Curve, which was 0.71. Moreover, True Skilled Statistics achieved a rating of 0.84 (acceptable
limit >0.5). The model showed a much greater distribution of E. kamerunicus in Peninsular Malaysia than in East
Malaysia. The future model under RCP 2.6 indicates a decrease in E. kamerunicus in high distribution areas in
Perak, Selangor, Negeri Sembilan, Melaka, northern Johor, and Sabah, while RCP 8.5 reveals that all states in
Malaysia exhibit very high and high distribution of E. kamerunicus. Given the expected increase in atmospheric
COz?levels due to climate change, a more thorough evaluation of the long-term effects of elevated atmospheric CO?
on the physiological characteristics of E. kamerunicus is necessary.
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The oil palm sector is highly dependent on the pollination
services E. kamerunicus and the value of these pollination
services are substantial, with studies indicating that effective
pollination can lead to fruit set rates as high as 93.6% in
optimal conditions (Saravanan et al., 2023). Elaeidobius
kamerunicus undergoes five phases in its life cycle: egg,
neonate, larval instars 1, 2, and 3, nymphal stage, and adult
phase (Tuo et al., 2011; Yousefi et al., 2020). The pupal stage
lasts approximately two weeks, after which the adult weevils
emerge and typically live for around 27 days for males and
32 days for females, as reported by Tuo et al. (2011). Weevils
are mostly drawn to male oil palm inflorescences and aid in
pollination, which involves transferring pollen from male to
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female flowers. When E. kamerunicus is abundant, 30—60% of blooms produce fruit, and the fresh fruit
bunch weight increases (Yousefi et al., 2020).

Studies show that climate change has impacted the worldwide spread and abundance of pollinators
(Burkle et al., 2013; Othman et al., 2021). In Europe, various bee species have decreased in numbers
because of climate changes, impacting their distribution and population levels (Conte & Navajas, 2008;
Potts et al., 2016). A study in Nigeria revealed that climate change has impacted the distribution and
abundance of E. kamerunicus, a key pollinator of oil palm. Temperature and rainfall patterns were
shown to be important factors affecting the abundance and spread of E. kamerunicus. (Olatinwo et
al., 2020). Studies revealed that the pollination efficiency of E. kamerunicus and the pollen viability of
the crop were influenced by rainfall patterns (Gunawan et al., 2020; Saharul et al., 2023a). Tan et al.
(2020) studied how temperature impacts the reproductive success of E. kamerunicus in oil palm fields
in Sabah, Malaysia. The research revealed temperature strongly influenced the reproductive success
of the weevil, as higher temperatures resulted in greater weevil population and fruit production in oil
palm. The study revealed that temperatures can adversely affect the weevil's reproductive capabilities.
This suggests that the influence of climate change, including fluctuating annual temperatures, min/
max temperatures, and various precipitation factors, on the distribution of E. kamerunicus requires
more research. These studies emphasize the necessity for continuous research on climate change's
influence on E. kamerunicus and its potential consequences for Malaysia's palm oil industry. Studying
E. kamerunicus spread in several climate scenarios (present and year 2050) can help create measures
to minimize the climate change effects on the palm oil business. Moreover, detecting possible changes
in the E. kamerunicus range can help in creating strategies to guarantee the sustainable utilization
of E. kamerunicus as a pollinator in oil palm farms. This project aims to document the presence of E.
kamerunicus and create a predicted distribution map to enhance our comprehension of its dispersal
under current and year 2050 climate conditions.

MATERIALS AND METHODS

Elaeidobius kamerunicus location data

All occurrence records on E. kamerunicus are extracted from databases (Scopus, Springer, Web of
Science) and GBIF - the Global Biodiversity Information Facility (https://www.gbif.org/), CABI (https://
plantwiseplusknowledgebank.org), Swaray et. al., (2021); Yousefi ef. al., (2020); Saharul et. al.,
(2023b); Haran et. al., (2020); Tambunan et al., (2020); Latip et al., (2019); Latip et al., (2018); Zahari
et al., (2019); MPOB, (2016); Dzulhelmi et. al., (2022); Fahmi-Halil et al., (2021); Zulkefli et al., (2022);
Saharul et al., 2021; Saharul et al., 2020; Lugman et al., (2018); Zalipah et al., (2023); Naijib et al.,
(2009); Amanina et al., (2016). The longitude and latitude of these occurrences are geolocated using
Google Maps (https://www.google.com/maps). These data are recorded into a Microsoft Excel file in
comma-delimited format. The data was filtered to remove duplicate records and geographically rarefied
occurrences within a 20-kilometer distance using ArcGIS 10.8 to avoid duplicated entries (Hosni et al.,
2022). Twenty-seven data points were collected from the literature for model construction (Figure 1).

Climatic variables

The species distribution modeling requires 19 bioclimatic data points (Table 1). The bioclimatic
raster layers were transformed into ASCIl format. Climate variables are established using monthly
rainfall and temperature data retrieved from meteorological stations between 1970 and 2000 (published
in January 2020, www.worldclimate.org). These data were collected (2.5-min spatial resolution) from
the WorldClim Ver. 2.0 database (www.worldclimate.org). To prevent correlation among the predictive
variables, the Pearson correlation test was performed using ArcGIS 10.8. Any correlation variables
(r=0.8) are deleted, leaving only the remaining variables included in the model. Bioclimatic factors 3-6,
8-11, 14, and 16-19 were omitted from the analysis due to their high correlation with numerous other
variables. The six remaining variables are annual mean temperature (Bio1), mean diurnal range (mean
of monthly max temp-min temp) (Bio2), temperature annual range (Bio7), annual precipitation (Bio12),
precipitation of wettest month (Bio13), and precipitation seasonality (coefficient of variation) (Bio15)
as shown in Table 2. To forecast the future acceptable climatic region for E. kamerunicus in Malaysia,
we applied climatic models (RCP 2.6 and RCP 8.5, respectively) for the years 2050 (average from
the years 2041-2060), that were derived from global climate models (GCMs): MIROCG6. The future
climatic data were obtained from the WorldClim database (spatial resolution of 2.5 min equivalent to 4.5
km?) (www.worldclim.org). These data were utilized to construct the present and projected distribution
model. To clarify, RCP 2.6 represents a scenario that seeks to limit global warming to less than 2°C
over pre-industrial temperatures, while RCP 8.5 represents a future with extremely high human-caused
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greenhouse gas (GHG) emissions. The Representative Concentration Pathways (RCPs), utilized for
producing forecasts, were created by the Intergovernmental Panel on Climate Change (IPCC, 2014).
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Fig. 1. Distribution of the occurrence records of E. kamerunicus extracted from the Swaray et. al., (2021); Yousefi et. al., (2020);
Saharul et. al., (2023b); Haran et. al., (2020); Tambunan et al., (2020); Latip et al., (2019); Latip et al., (2018); Zahari et al., (2019);
MPOB, (2016); Dzulhelmi et. al., (2022); Fahmi-Halil et al., (2021); Zulkefli et al., (2022); Saharul et al., 2021; Saharul et al., 2020;
Lugman et al., (2018); Zalipah et al., (2023); Naijib et al., (2009); Amanina et al., (2016).

Table 1. A total of 19 bioclimatic variables were utilized before conducting the Pearson correlation test

Variable Description

Bio 1 Annual mean temperature (°C)

Bio 2 Mean Diurnal Range (Mean of monthly max temp — min temp) (°C)
Bio 3 Isothermality (bio2 / bio7 x 100) (%)

Bio 4 Temperature Seasonality (°C)

Bio 5 Max Temperature of Warmest Month (°C)

Bio 6 Min Temperature of Coldest Month (°C)

Bio 7 Temperature Annual Range (°C)

Bio 8 Mean Temperature of Wettest Quarter (°C)

Bio 9 Mean Temperature of Driest Quarter (°C)

Bio 10 Mean Temperature of Warmest Quarter (°C)

Bio 11 Mean Temperature of Coldest Quarter (°C)

Bio 12 Annual Precipitation (mm)

Bio 13 Precipitation of Wettest Month (mm)

Bio 14 Precipitation of Driest Month (mm)

Bio 15 Precipitation Seasonality (Coefficient of Variation) (%)
Bio 16 Precipitation of Wettest Quarter (mm)

Bio 17 Precipitation of Driest Quarter (mm)

Bio 18 Precipitation of Warmest Quarter (mm)

Bio 19 Precipitation of Coldest Quarter (mm)

Table 2. Bioclimatic variables were used in the model after excluding highly correlated variables

Type Variable Description
Thermal Bio 1 Annual mean temperature (°C)
Bio 2 Mean Diurnal Range (Mean of monthly max temp — min temp) (°C)
Bio 7 Temperature Annual Range (°C)
Rainfall Bio 12 Annual Precipitation (mm)
Bio 13 Precipitation of Wettest Month (mm)
Bio 15 Precipitation Seasonality (Coefficient of Variation) (%)

Modeling calibration
The MaxEnt (version 3.4.4) model was used to analyze the occurrence data of E. kamerunicus
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and selected climatic factors. Highly correlated variables were removed before using them as inputs.
The model was then used to simulate present and future climate scenarios, as described by Phillips
et al. (2006). The configuration input for the MaxEnt model is as follows: the random test percentage
is set to "0" and cross-validation is being used. The regularisation multiplier is set to 1, the maximum
number of background points is 10000, the maximum number of interactions is 500, and there are 10
repetitions. The convergence threshold is set to 10-° and the threshold rule is the 10th percentile of
training presence. Upon generating the present and future distribution map for E. kamerunicus, the
distribution areas were classified into five categories according to the obtained models: very high (more
than 0.8), high (0.6 to 0.8), moderate (0.4 to 0.6), low (0.2 to 0.4), and rare (0 to 0.2), using ArcGIS 10.8.

Model evaluation

The model's performance was assessed by calculating the area under the curve (AUC) of the
receiver operating characteristic (ROC) (Zhu et al., 2018; Aidoo et al., 2022). The AUC values, ranging
from 0 to 1, offer an estimation of the discriminatory power of the species distribution model (Jiménez-
Valverde, 2012). AUC values below 0.5 indicate predictions that are weaker than random, while values
between 0.5 and 0.7 indicate poor model predictions. AUC values within the range of 0.7 to 0.9 suggest
satisfactory model predictions, whereas values over 0.9 indicate highly accurate model predictions
(Aidoo et al., 2022). The AUC values were produced via niche modelling using MaxEnt software (version
3.4.4; Phillips et al., 2006). In addition, the True Skill Statistic (TSS) analysis allows for the assessment
of the accuracy of the model using a threshold-dependent measure (Allouche et al., 2006). The TSS
analysis values range from 1 to +1. Findings greater than 0.6 are considered "good", values between
0.2 and 0.6 are considered "intermediate”, and a value of 0.2 is considered "poor" (Jones et al., 2010).

RESULTS

Bioclimatic variables represent seasonal trends relevant to the physiological limitations of various
species. In the current study, six bioclimatic variables were utilized for modeling. Bio1, Bio2, and Bio7
denote thermal types, whereas Bio12, Bio13, and Bio15 signify rainfall types (Table 2). Bio 1 signifies the
annual mean temperature, which approximates the total energy inputs for an ecosystem; Bio 2 serves
as an index that offers insights into the significance of temperature fluctuations for various species. Bio
7 is valuable for assessing the impact of extreme temperature ranges on species distributions; Bio 12
indicates annual total precipitation, serving as a proxy for total water inputs and thus aiding in evaluating
the significance of water availability for species distribution; Bio 13 denotes precipitation during the
wettest month, which is pertinent for understanding how extreme precipitation events may affect a
species' potential range; and Bio 15 offers a measure of precipitation variability, as species distributions
can be significantly affected by fluctuations in precipitation. According to the response curves of key
environmental parameters, the optimal precipitation for the E. kamerunicus species varied from 100
mm to 170 mm in the wettest month (Bio13, Figure 2), while the yearly average temperature ranged
from 20°C to 28.5°C (Bio1, Figure 2). For Bio15 (Figure 2), the percentage of between 10-25% shows
favorable to the E. kamerunicus, and larger the percentages represent greater variability of precipitation.

Modeling performance

The Maxent model for E. kamerunicus yielded a satisfactory Area Under Curve (AUC) value of
0.71, as shown in Figure 3. The red curve (AUC of 0.710) shows the “fit" of the model predicting
E. kamerunicus. The blue region signifies variations in the model's prediction, serving as the true
assessment of the model's predictive capability. The black line represents the expected outcome if
the model performs randomly. A TSS value of 0.844 indicates that the model has a high level of map-
producing quality, as determined by the functional assessment.

Role of bioclimatic factors

The jackknife test demonstrated the percentage contribution of bioclimatic variables to the predictive
distribution model, as shown in Figure 4 and Table 3. Precipitation of the Wettest Month (mm) (Bio 13)
made the largest contribution to E. kamerunicus distribution with 28.1%, followed by Precipitation
Seasonality (Coefficient of Variation) (mm) (Bio 15), Annual mean temperature (°C) (Bio 1) with 27.8%
and 23% respectively. The remaining variables, Mean Diurnal Range (Mean of monthly max temp — min
temp) (°C) (Bio 2), Temperature Annual Range (°C) (Bio7) and Annual Precipitation (mm) (Bio 12), had
only a minor effect with 1%, 5.4% and 4.1%, respectively (Table 3).
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Fig. 2. The response curve depicts the relationship between the distribution of E. kamerunicus and the key environmental
conditions that have the greatest impact. (the shown values are the average of the ten replicates).
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Fig. 3. The Receiver operating characteristics (ROC) curve of the training and test data.
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Table 3. The bioclimatic factors used in Maxent to model the existing and future distribution of E. kamerunicus in Malaysia are
expressed as percentages

Bioclimatic Description Contribution
Variables Percentages (%)
Bio 13 Precipitation of Wettest Month (mm) 28.7
Bio 15 Precipitation Seasonality (Coefficient of Variation) (%) 27.8
Bio 1 Annual mean temperature (°C) 23
Bio 2 Mean Diurnal Range (Mean of monthly max temp — min temp) (°C) 11
Bio 7 Temperature Annual Range (°C) 5.4
Bio 12 Annual Precipitation (mm) 4.1
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Fig. 5. (A) Known and current distribution for E. kamerunicus. (B) Future predicted distribution for E. kamerunicus for the year
2050 under RCP 2.6. (C) Future predicted distribution for E. kamerunicus for the year 2050 under RCP 8.5.

The distribution of E. kamerunicus at present

The projected model aligns with the documented instances of E. kamerunicus from Peninsular and
East Malaysia as collected from literature sources (Figure 5A). The map also displays states with a
significant existing distribution, such as Perlis, Perak, Selangor, Negeri Sembilan, Melaka, the northern
part of Johor, and Terengganu. Most East Malaysian states have low to medium distribution of E.
kamerunicus. Elaeidobius kamerunicus is highly concentrated in western Peninsular Malaysia (Perlis,
Perak, Selangor, Negeri Sembilan, Melaka, and northern Johor), with its distribution decreasing towards
the central region of the peninsula. On the East Coast of Peninsular Malaysia, about half of Terengganu
state had a very high prevalence of E. kamerunicus. Kedah and Pahang have a combination of high
and moderate distribution of E. kamerunicus. The kelantan state exhibits a low to moderate habitat
suitability distribution for E. kamerunicus. Elaeidobius kamerunicus is predominantly distributed in East
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Malaysia, specifically in the Kuching region of Sarawak, and sections of the Sandakan and Tawau
districts in Sabah. Other regions in Sabah and Sarawak exhibit varying levels of prevalence of E.
kamerunicus, ranging from rare to medium.

The projected future potential distribution of E. kamerunicus (the year 2050).

The future model in RCP 2.6 confirmed a reduction in high distribution areas in Perak, Selangor,
Negeri Sembilan, Melaka, north of Johor and Sabah (Figure 5B). The high habitat distribution for
E. kamerunicus shifted towards the east of Peninsular Malaysia along the coastline of Kelantan,
Terengganu, and Pahang. District Kuching, Sarawak predicted an increase high habitat suitability for E.
kamerunicus. Meanwhile, the rest of Sabah and Sarawak do not show many changes to compare with
the current distribution. For the future model in RCP 8.5 (Figure 5C), the predictive model illustrated a
dramatic change in E. kamerunicus distribution in Malaysia. All states in Malaysia showed very high and
high distribution of E. kamerunicus across all states in Malaysia.

DISCUSSION

Research globally indicates that climate change has affected the range and population of pollinators
worldwide (Conte & Navajas, 2008; Burkle et al., 2013; Potts et al., 2016; Othman et al., 2021; Olatinwo
et al., 2020). Elaeidobius kamerunicus is a crucial oil palm pollinator that significantly contributed
to Malaysia's savings of RM 10 billion by boosting palm oil production between 1982 and 2015 and
eliminating the need for artificial pollination (Bakeri, 2016). Through pollination services, planters in
Malaysia were able to enhance the fruit set of palm oil from 50% to 80% (Syed et. al., 1982; Latip et
al., 2019). Since being introduced to oil palm fields globally, there have been documented instances
of decreased natural pollinators in oil palms (Yousefi et al., 2020). Seasonal poor fruit set in Malaysia,
ranging from 10 to 20%, is attributed to a decrease in E. kamerunicus population caused by parasitic
nematodes, rainfall patterns, and a reduced number of oil palm male inflorescences (Rao et al., 1998).
The population size of the pollinating E. kamerunicus is essential for achieving adequate pollination
levels (Zulkefli et al., 2022). Studies demonstrate different population densities of E. kamerunicus in the
wild. For instance, Donough et al. (1996) stated that 20,000 weevils per hectare are needed to achieve
a fruit set of 55%. Saharul et al. (2021) recommended a population of 14,000 individuals per hectare to
achieve a fruit set percentage of 65%.

In addition, researchers from Malaysia, Kalimantan, Indonesia, India, and Colombia have globally
documented the impact of rainfall on the population of E. kamerunicus (Dhileepan, 1994; Mohd Rizuan
etal., 2013; Latip et al., 2018; Montes Bazurto et al., 2018). The E. kamerunicus population is impacted
differently by variations in rainfall volume and geographical factors. In Sabah, Malaysia, Mohd Rizuan
et al. (2013) observed that the population of E. kamerunicus rose during the dry season when monthly
rainfall was less than 120 mm. The variable "Precipitation of Wettest Month (mm) (rainfall) (Bio13)"
had the highest contribution percentage in the prediction model as shown in Table 3. Furthermore, the
response curve exhibited in Fig. 2 aligns with prior research findings about the association between E.
kamerunicus and rainfall. In addition, TSS levels of 0.5 are considered acceptable according to Hosni
et al. (2022), and the current models scored a TSS value of 0.844. The current model indicated that if
rainfall surpasses 170 mm, the probability distribution of Elaeidobius kamerunicus drops, as shown in
Figure 3 of Bio 13, which aligns with the results of Mohd Rizuan et al. (2013).

In the 1980s in Malaysia, the population of E. kamerunicus was first reported to vary from 40-200
individuals per spikelet but later decreased to 14-54 individuals per spikelet in Peninsular Malaysia
(Syed et al., 1982; Daud & Idris, 2016). In Sabah, the density ranged from 8 to 45 per spikelet according
to Mohd Rizuan et al. (2013), whereas in Sarawak, the average population size of E. kamerunicus
was between 16 and 17 individuals per spikelet as reported by Sulaiman et al. (2018). These studies
confirmed our findings that E. kamerunicus is more prevalent in the very high and high distribution areas
of Peninsular Malaysia compared to the states in East Malaysia (Fig. 5A). Further attention is required
for the occurrences and population distribution of low E. kamerunicus in these states. Proactive actions
should be implemented to optimize palm oil yield in the future. The proposal to establish a breeding and
release plan should include future bioclimatic conditions and appropriate geographical locations that
are suited for E. kamerunicus habitat, along with implementing sound agronomic methods.

Climate change impacts are observable worldwide and therefore inevitable. Oil palm planters must
have proper planning and mitigation strategies in place to address these changes. Global mean surface
temperature is projected to rise between 0.3°C to 1.7°C under RCP 2.6 and 2.6°C to 4.8°C with RCP
8.5 by the end of the 21st century compared to 1986-2005 levels (IPCC, 2014). The Intergovernmental
Panel on Climate Change concluded in 2014 that carbon dioxide emissions resulting from the combustion
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of fossil fuels and industrial activity were responsible for almost 78% of the total rise in greenhouse gas
emissions from 1970 to 2010. These emissions are a significant factor in global warming. According
to the distribution map, E. kamerunicus shows a significantly high presence in Malaysia, particularly
in RCP 8.5 (Fig. 5C). This will happen at the peak project paths of greenhouse gas emissions (GHG).
Moreover, the anticipated rise in greenhouse gas emissions will raise atmospheric CO? levels. Hence, it
is necessary to further assess the impact of increased atmospheric CO? on the physiological aspects of
oil palm plants and pollination services, particularly focusing on Elaeidobius kamerunicus, in the context
of climate change. The study by Amanina et al. (2016) found that the effect of increased CO? levels on
the growth of E. kamerunicus was low when CO? levels ranged from ambient to 800 ppm. The long-term
impacts of increasing ambient CO? on E. kamerunicus biology and adaptability are not well recognized
yet (Amanina et al., 2016; Saharul et al., 2022). Additionally, it has been noted that increased warmth
can impact pollination, specifically on the physiology of the oil palm. Various factors such as plant
density, oil palm clones, morphology, soil type, pesticides, predators, and genetic differences need to
be further evaluated for the sustainability of the oil palm farming industry.

CONCLUSION

This study effectively simulated the present and future worldwide spread of E. kamerunicus in Malaysia.
Commercial oil palm planters can use the study's findings to understand how climate change may
affect the distribution of E. kamerunicus. This knowledge can help them make informed decisions about
agronomic practices that can boost the population of E. kamerunicus in their plantations, leading to
improved oil palm yield and quality in Malaysia.
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