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Abstract: Temperature is an important factor determining the abundance, distribution and diversity
of termite species. Thus, termites are affected by changing climate and have to adopt different means
of surviving in order to avoid extinction. Using termite occurrence data, bioclimatic variables and
vegetation cover, we modelled and predicted the current and future habitat suitability for mound-
building termites in Nigeria. Of the 19 bioclimatic variables and the vegetation index (NDVI) tested,
only six were significant and eligible as predictors of habitat suitability for the mound-building
termites Macrotermes subhyalinus and M. bellicosus. Under current climatic conditions (2022), the
northwest, northeast and central regions are highly suitable for M. subhyalinus, while the distribution
of M. bellicosus decreased in the North West, North East and in the Central region. However, regarding
habitat suitability for the future (2050), there was a predicted range expansion into suitable areas
for the two termite species. The increase in temperature due to global warming has an effect which
can either result in migration or sometimes extinction of termite species within an ecosystem. Here,
we have predicted habitat suitability for the two mound-building termite species under current and
future climatic scenarios, and how the change in climatic variables would lead to an expansion in
their range across Nigeria.

Keywords: modelling; habitat suitability; bioclimatic variables; range expansion; global warming;
georeferenced points

1. Introduction

Increasing environmental changes, caused either through anthropogenic activities
or due to effects of global warming, result directly or indirectly in changes affecting the
distribution of both plant and animal species [1–3]. Generally, arthropods are the most
affected by fluctuating temperatures due to their physiology and body sizes (surface area),
which in turn affects both their diversity and abundance [4–6]. Change in temperature due
to global warming brings about a decline in arthropod abundance and diversity, which
has a great impact on the ecosystem and services they provide [3,7]. Termites are among
soil macroinvertebrates that contribute to soil development [8]. Species within the genus
Macrotermes, which are mound builders and fungus growers, are mostly found in tropical
and subtropical regions of the world [9,10]. The presence of termites in an environment
means the habitat is suitable for the termites to inhabit, with temperature having a key role
in defining the type of species found in the habitat [11–15]. Termites are no exception to the
effects caused by the changing climate as they have to adopt different means of surviving
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the changes, either through actively adjusting their physiological requirements [16] or,
passively, by means of modifying the structures of their mounds and the location where
they build them [17–19]. Those species unable to adjust or adapt to the changes caused
by temperature rises will move to new habitats or become extinct [20–22]. Termite species
may be able to shift their ranges due to the pressure exerted by the changing microclimatic
conditions. This is because termites are delicate and sensitive to temperature fluctuations
within the environment [23,24].

Nigeria has four climatic zones: (i) the warm desert in the northeast, (ii) the warm
semiarid region in the other parts of the north (northwest and central), (iii) the monsoon
region in the Niger Delta, and (iv) the tropical savannahs in the middle belt and parts of the
southwest [25]. The main ecological zones in Nigeria are the tropical rainforest in the south,
savannah in the middle belt, and semiarid zones in the north [26]. With the various types of
climate, different termite species are found in the different ecological zones [27,28]. Termites
in Nigeria mostly belong to the families: Termitidae, Kalotermitidea and Rhinotermiti-
dae [29,30], and the species Macrotermes bellicosus, M. subhyalinus, Odontotermes sudanensis,
O. magdalenae and O. smeathmani are amongst the most dominant [29,31–33]. Given the
economic and the ecological impacts of mound-building termites in an ecosystem and their
susceptibility to climate changes, it is crucial to predict habitat suitability for M. bellicosus
and M. subhyalinus in Nigeria. Predicting the habitat suitability for these species will
provide relevant information for understanding their ecological niche under current and
future climatic conditions, and hence assist in future conservation planning.

Different models such as ecological niche modeling (ENM) and spatially explicit
stochastic individual-based simulation have been used to predict the current and future
distribution of termite species found in an environment [13,34–36]. These ENMs depend
on the occurrence of a species and environmental variables to predict the habitat suitability
of the species. Due to the fact that it is difficult to assess a species’ presence in a wide area,
ENM uses the known occurrence points (GPS records) of the species obtained from sampled
areas to predict the probability of occurrence in unsampled areas. These models correlate
the occurrence points with the environmental variables to compute a conditional probability
(habitat suitability) of where a species could occur. In this study, we seek to answer the
following question. Will an increase in temperature bring about the redistribution or
extinction of the two mound-building termite species (M. bellicosus and M. subhyalinus)
within Nigeria? Similarly, we predicted the current and future (2050) habitat suitability of
the two mound-building termite species using the simulated bioclimatic variables of the
Hadley Centre Global Environmental Model version 2-Earth System (HADGEM2-ES) [37].

2. Materials and Methods
2.1. Study Area

The four climatic zones in Nigeria are characterized by varying amounts of rainfall.
The equatorial zone in the southern region has an annual rainfall varying between 2400 to
4000 mm, the tropical rainforest in the central region has annual rainfall of 1500 to 2000 mm,
while the arid regions in the north are drier with 500 to 750 mm of rainfall. Temperature and
humidity remain relatively constant throughout the year in the south, while the seasons
vary considerably in the north where daily average summer temperatures range between
38 ◦C to 40 ◦C. On the coast (southern and western regions), the mean monthly maximum
temperatures are lower at approximately 20 ◦C. [25,38].

2.2. Termite Occurrence

The termite occurrence points used in this study were obtained from field sampling
conducted in Kebbi state, in northwestern Nigeria [39] (Figure 1). The sampling was
conducted in two ecological zones, namely Sahel and Sudan savannah [17,39]. The Sahel
is characterized by the long dry season that lasts for seven–eight months and receives an
annual rainfall between 250 mm and 510 mm. On the other hand, the Sudan savannah has a
shorter dry season which lasts between five–seven months in a year, and receives an annual
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rainfall of between 510 mm–1140 mm. Sampling was conducted during the rainy season
between the months of July and December. A random sampling procedure was applied to
locate the presence of mound-building termites and their mounds [17,39]. During sampling,
termites were collected from each mound for identification [17,39], and GPS coordinates
were recorded at each locality where termites were present. To identify the termite species,
representative samples of the soldier castes were collected from each mound, and stored in
70% ethanol and identified using morphometric keys compiled by Uys [40] and those by
Ruelle [41] at species level. In total, 152 mounds of M. subhyalinus and M. bellicosus were
identified during the field sampling and used in the study. Each of the 152 mounds were
also georeferenced and their GPS coordinates noted. Among these mounds, M. subhyalinus
was the most abundant with 126 occurrences followed by M. bellicosus which inhabited
26 mounds. The georeferenced points for these mounds were filtered to remove mounds
that fall within 1 km of each other to reduce spatial autocorrelation between the data [42].
This process resulted in 29 and 26 georeferenced points for M. subhyalinus and M. bellicosus,
respectively, which were used for modelling habitat suitability for the two termite species.
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Figure 1. The sampling site and the occurrence points used to predict habitat suitability for two
termite species, Macrotermes subhyalinus and M. bellicosus, in Nigeria.

2.3. Bioclimatic Variables and Vegetation Cover

A set of 19 bioclimatic variables were obtained from WorldClim database and the nor-
malized difference vegetation index (NDVI) was obtained from DIVA-GIS [43,44] (Table 1).
The NDVI quantifies the vegetation greenness and is useful in understanding vegetation
density and assessing changes in plant health within a location. These data were clipped
into Nigerian boundaries and then resampled to a 30 m spatial resolution using R to allow
the layers to have the same geographical extent and resolution. The acquired data was used
to predict habitat suitability for the two termite species under current climatic conditions.
To predict the habitat suitability for the species under future conditions (2050), we used the
simulated bioclimatic variables of the Hadley Centre Global Environmental Model version
2-Earth System (HADGEM2-ES) [37]. We used the representative concentration pathway
4.5 (RCP4.5) to predict the potential impact of climate change on habitat suitability for the
two termite species. RCP4.5 is a moderate scenario that stabilizes greenhouse gas emissions
by the year 2100, using different technologies and mitigation measures. It has a radiative
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force of 4.5 W m−2, a carbon dioxide (CO2) emission of 538 ppm and global temperature
rise between 2 ◦C and 3 ◦C by 2100 [45]. Due to the fact that there are no data available for
NDVI under future climatic scenarios, we use the same NDVI layer to predict the habitat
suitability for termites under both current and future climatic conditions.

Table 1. Bioclimatic variables and vegetation cover (NDVI) used to predict habitat suitability for two
termite species: Macrotermes subhyalinus, and M. bellicosus. The variables in bold are those that were
selected based on variance inflation factor (VIF) for the modelling process.

Bioclimatic
Variable Variable Description Unit VIF

Bio1 Annual mean temperature ◦C 257.08

Bio2 Mean diurnal range (mean of monthly
(max temp–min temp))

◦C 2.91

Bio3 Isothermality (Bio2/Bio7) (× 100) ◦C 38.97

Bio4 Temperature seasonality (standard
deviation ×100)

◦C 22.65

Bio5 Max temperature of warmest month ◦C 65.88
Bio6 Min temperature of coldest month ◦C 141.61
Bio7 Temperature annual range (Bio 5–Bio 6) ◦C 35.26
Bio8 Mean temperature of wettest quarter ◦C 1.11
Bio9 Mean temperature of driest quarter ◦C 13.83

Bio10 Mean temperature of warmest quarter ◦C 108.28
Bio11 Mean temperature of coldest quarter ◦C 33.45
Bio12 Annual precipitation mm 7.21
Bio13 Precipitation of wettest month mm 2.76
Bio14 Precipitation of driest month mm 11.51

Bio15 Precipitation seasonality (coefficient of
variation) mm 53.48

Bio16 Precipitation of wettest quarter mm 19.22
Bio17 Precipitation of driest quarter mm 89.30
Bio18 Precipitation of warmest quarter mm 6.67
Bio19 Precipitation of coldest quarter mm 17.42
NDVI Normalized difference vegetation index - 1.48

2.4. Variables Selection

The multicollinearity between predictor variables results in overfitting in a model,
hence affecting its performance and providing uncertain results [46]. Therefore, to have a
robust output, it is recommended to exclude correlated predictor variables from the model
fitting [46,47]. As such, to examine multicollinearity between the predictor variables, we
performed a variance inflation factor (VIF) between all predictors [46]. The VIF reflects how
much the standard errors are inflated due to the multicollinearity of the predictor variables.
This method compares the variables that have high linear correlation and then removes
the ones with high VIF [46]. All variables that had a VIF of >10 were eliminated from
the modelling procedure because they were highly correlated with other variables [46].
Only the variables that met the selection criterion (uncorrelated variables) were used in our
modelling (Table 1).

2.5. Model Development and validation

Habitat suitability for the two termite species was predicted using the Maxent al-
gorithm in R software. Maxent is a machine-learning algorithm that uses presence-only
data for predicting the suitable habitat for species occurrence with the highest entropy. It
computes the conditional probability of species occurrence based on the environmental
conditions at known occurrence records of the species. In this study, we used a 10-fold
cross-validation approach to fit and validate the model using the occurrence records and
predictor variables for each species separately. The cross-validation method provides a
robust output and minimizes selection bias and overfitting because it fits and validates the
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model performance in multiple ways (at least 10-fold) using the same dataset. The model
performance and accuracy were assessed using the area under the curve (AUC) and true
skill statistic (TSS) [48]. The values for AUC range between 0 and 1, with 1 demonstrating
the highest performance and accuracy of the model [49]. On the other hand, TSS combines
both sensitivity and specificity to account for both omission and commission errors [48].
It had values ranging between −1 and +1, where +1 is the ideal agreement between the
observed and the predicted occurrence of the species, while −1 is the opposite [48]. As a
rule of thumb, models that have AUC and TSS values of ≥0.7 are said to be highly accurate
in predicting the distribution of a species [50].

3. Results
3.1. Variable Selection and Model Performance

Amongst the 20 temperature- and precipitation-related variables that were tested, only
six were eligible for modelling habitat suitability for the two termite species, namely mean
diurnal range (Bio2), mean temperature of the wettest quarter (Bio8), annual precipitation
(Bio12), precipitation of the wettest month (Bio13), precipitation of the warmest quarter
(Bio18) and normalized difference vegetation index (NDVI) (Table 1). These variables had a
variance inflation factor lower than ten, indicating that they are not correlated with other
variables, hence their independence and eligibility in the modelling procedure (Table 1).
The results of the receiver operating curves (ROC) for the 10-fold cross-validation and AUC
are shown in Figure 2. Although the models showed a slight variation for the 10 replicates
(light blue lines), they predicted the occurrence of the two species with high accuracy
(Figure 2). The tested AUC ranged between 0.92 and 0.97 and TSS between 0.85 and 0.91
indicating high preferences of the models in predicting the occurrence of M. subhyalinus
and M. bellicosus.
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3.2. Variable Importance

Among the six variables that were used, the precipitation of the warmest quarter
(Bio18) was the most important variable in predicting the occurrence of the two termite
species (Table 2; Figure 3), whereas the bioclimatic variables Bio2, Bio8 and Bio18 were
the most important in predicting the occurrence of M. subhyalinus, with a contribution of
33.9, 23 and 26%, respectively (Table 2; Figure 3A). However, for M. bellicosus, Bio2, Bio18
and NDVI were the most important variables for predicting the occurrence of this species
contributing 15, 36.8 and 28.4%, respectively, to the model performance (Table 2; Figure 3B).

Table 2. Contribution of each variable to occurrence of Macrotermes subhyalinus and M. bellicosus.

Variable
Percentage Contribution (%)

M. subhyalinus M. bellicosus

Bio2 33.9 15.6
Bio8 23.0 9.5

Bio12 6.7 5.2
Bio13 3.8 4.5
Bio18 26.5 36.8
NDVI 6.1 28.4
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3.3. Predicting Habitat Suitability for Macrotermes Subhyalinus and M. bellicosus under Current
Climatic Conditions

Under current climatic conditions, the model prediction showed that northwestern
states of Nigeria, comprising Kebbi, Sokoto, Katsina, Zamfara and Kano, are highly suitable
for M. subhyalinus to thrive (Figure 4A). Similarly, the northeastern states of Bauchi, Gombe,
Adamawa, Taraba, Nasarawa and Niger were predicted to be highly suitable for this termite
species to occur. The model prediction also showed a highly favorable climate suitability
for M. bellicosus to occur in the northwestern states of Kebbi, Zamfara, Katsina and Kano,
and northeastern states of Bauchi, Gombe and parts of Adamawa, as well as the central
states of Niger and Kogi (Figure 4B).
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Figure 4. The probability of occurrence of two termite species under current (YEAR 2022) climate
scenario predicted using the Maxent algorithm. (A) Macrotermes subhyalinus and (B) Macrotermes
bellicosus. The probability was classified as follows: (i) Low (0.0–0.20), (ii) Moderate (0.21–0.40),
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3.4. Predicting Habitat Suitability for Macrotermes subhyalinus and M. bellicosus under Future
(Year 2050) Climatic Conditions

Under future climate conditions, the model predicted a range expansion in suitable
areas for the two termite species (Figure 5). For M. subhyalinus, most areas that are predicted
to be suitable under current conditions will be very highly suitable in the future, indicating
an optimal climate for this termite species to occur (Figure 5A). Besides current suitable
areas, M. subhyalinus will expand its geographical range to cover Yobe and Borno states in
the future (Figure 5A). Future climate projections also showed that M. bellicosus will expand
its geographical range to cover all the states in the northwestern and northeastern parts of
Nigeria (Figure 5B).
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predicted using the Maxent algorithm. (A) Macrotermes subhyalinus and (B) Macrotermes bellicosus.
The probability was classified as follows: (i) Low (0.0–0.20), (ii) Moderate (0.21–0.40), (iii) High
(0.41–0.60) and (iv) Very high suitability (0.61–1.0).
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4. Discussion

Climate is a major factor in determining the diversity, distribution and abundance
of both plants and animals in an environment. Insects, especially termites, are delicate
and susceptible to changes in their microhabitats which can either be of advantage or
disadvantage to their physiological state [51–53]. When the changes work in their favor,
they become diverse and widely distributed and also experience a surge in population size.
However, when the changes are drastic, it affects their physiology and results in population
decline which may lead to migration or extinction [54]. Modelling is one of the tools used
in predicting the presence or absence of an organism based on available data [55,56]. We
modelled the distributions of two mound-building termite species, Macrotermes bellicosus
and M. subhyalinus, and predicted the current and future habitat suitability for them in the
different regions of Nigeria. We also predicted the effects of rising temperatures on their
habitat due to global warming, which usually brings about changes in temperature which
plays a major role in the distribution and abundance of termite species [39,57,58].

Of the 19 bioclimatic variables and one vegetation layer that were used, only six
were eligible for modelling and predicting habitat suitability for Macrotermes subhyalinus
and M. bellicosus. These variables were able to present the current and future status in
terms of habitat suitability of the two termite species [56]. Among the six variables that
were used, the precipitation of the warmest quarter was the most important variable in
predicting the occurrence of the two termite species. Precipitation and temperature explain
the variation in plant species richness which was critical in determining the distribution of
termite species within an environment [59,60]. Plants are the primary producers in most
food chains and are usually considered as indicators for many climatic elements within an
ecosystem. Thus, any shift in these climatic variables tends to affect the species richness of
both the producers and the consumers [61]. Ayuke et al. [62] reported that the presence of
termites in a region depends on the vegetation cover found in that region. Termites can
either be generalist or specialist feeders within a habitat. Both Macrotermes bellicosus and
M. subhyalinus consume dead plant materials by cultivating a basidiomycete fungus of
the genus Termitomyces inside their mounds. This fungus is maintained on plant materials
which only survive under the optimal micro climatic conditions within the mound [63].
Precipitation of the warmest quarter was among the conditions necessary for proper plant
growth and the presence of plants usually attracts termites to the area in search of food,
which brings about the redistribution of termites to new areas where they were not found
in the past [53,59].

Two bioclimatic variables, mean temperature of the wettest quarter and precipitation
of the warmest quarter, were important in predicting the occurrence of M. subhyalinus,
indicating that both variables have an impact on predicting the current and future climate
conditions on species distribution. However, for M. bellicosus, mean diurnal range, pre-
cipitation of warmest quarter and vegetation cover were the most important variables for
predicting the occurrence of this species. Plant species richness increases with increasing
precipitation of the warmest quarter and increase in plant richness also brings about an
increase in termite numbers [59]. Similar to our findings, Salas et al. [64] used bioclimatic
variables to show the future distribution of species in an environment; their model projected
losses and gains in suitable bioclimatic envelopes for the future within their study area.
Nevertheless, our future prediction used the same vegetation layer as the current scenario
to predict the habitat subtility of M. subhyalinus and M. bellicosus under future climatic
conditions. The vegetation cover is highly correlated with climatic variables, especially
rainfall, thus the change in the amount of rainfall as a result of climate change is expected
to shift the vegetation cover, consequently affecting habitat suitability for both termite
species. Therefore, the predicted habitat suitability under future climatic conditions should
be interpreted with caution as vegetation cover might be changed in the future as a results
of climate change.

The model predicts that M. subhyalinus is suitable in most areas under current condi-
tions and will continue to be with increasing temperatures in the future. This indicates that
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besides currently suitable areas, M. subhyalinus might expand its geographical distribution
to cover Yobe and Borno states in the future. Similarly, M. bellicosus might expand its
geographical range to cover all the states in the northwestern and northeastern parts of
Nigeria [27]. Similar to our findings, Suppo et al. [57] show that increase in temperatures
favors the spread of the eastern subterranean termite Reticulitermes flavipes commonly found
in North America. To further support the prediction by our model for the current distri-
bution of Macrotermes species in Nigeria, their presence in the North Central region was
reported by Abe et al. [65], Longhurst et al. [66] and Wood et al. [28]. Similarly, Ntukuyoh
et al. [67] reported the presence of M. bellicosus in the South South, and most recently
Ejomah et al. [68] reported the presence of M. bellicosus in the southern region of Nigeria,
while Bandiya et al. [69], Alamu et al. [27] and Collins [70] all reported the presence of
M. bellicosus in the northwestern region. Macrotermes subhyalinus was also reported in the
North Central region of the country by Longhurst et al. [66] and Wood et al. [28], while
Alamu et al. [27] also reported the presence of M. subhylinus in the northwestern region.
In their study of species richness, abundance and diversity of termites, Kemabonta and
Balogun [71] reported the presence of M. subhyalinus in southwestern Nigeria.

Our model shows that by 2050 (future climate conditions), the ranges of the two termite
species would expand. For M. subhyalinus, most areas that are predicted to be suitable under
current conditions will be very highly suitable in the future, indicating optimal climate for
this termite species to occur. Future climate projections also showed that M. bellicosus will
expand its geographical range to cover all the states in the northwestern and northeastern
parts of Nigeria. Generally, both M. subhyalinus, and M. bellicosus will be well distributed
within the different regions across the country, despite the climatic changes that will be
experienced in their current geographical range. Tonini et al. [34] predicted the geographical
distribution of two invasive termite species, Coptotermes gestroi and Coptotermes formosanus,
and showed that future global warming seems to affect their projected probability, thereby
decreasing the population growth of the two studied termite species. Similarly, Gull
et al. [72] modelled the geographic distribution of the Ponerine ant Brachyponera nigrita
and indicated that it would expand its range in the future, in comparison with its current
distribution. Similar to our observations on the two termite species, Zhao et al. [73] modeled
the potential geographical distribution of the corn earworm Helicoverpa zea in China and
predicted its future suitability in areas outside their current distribution due to future (in
the 2030s and 2050s) climate change. Confirming the predictions for habitat suitability
on the future distribution of the two termite species, Tonini et al. [35] argue that only if
the climatic conditions are suitable will the introduced species flourish in an area; they
modelled an invasive termite species Nasutitermes corniger to determine the suitability of
the species in a new environment. They also believe that modelling will assist regulatory
agencies to be prepared and also to develop successful early detection of invasive species.

This study showed the current and predicted future distribution of the two termite
species, M. subhyalinus and M. bellicosus, based on temperature and vegetation suitability.
The results showed the suitability of the two termite species in all of the states found in the
North West, North Central and North East part of the country. Considering the economic
and the ecological impacts of the two mound-building termites species, it is imperative that
we predict their current and future distribution in Nigeria. Such a study is important in
the light of climate change and its effects on ecosystem services and will assist in future
conservation planning.
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