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Habitat distribution modeling to identify areas of high conservation value under climate
change for Mangifera sylvatica Roxb. of Bangladesh

Abstract

The impact of climate change on ecosystems, especially at the species level, is already being
observed across the world. To assess potential future climate change effects on species,
scientists often use species distribution modelling (SDM). The estimation of likely changes in
the distribution of species under future climate conditions is a crucial first step towards the
mitigation and management of future species losses or habitat shifts. Considering this, the
aim of the present study is to predict the effect of climate change on a valuable threatened
tree species, Mangifera sylvatica Roxb., of Bangladesh using Maximum Entropy. The current
potential distribution as by the model suggests that around 5% of the study area is highly
suitable wild mango habitat, with between 6% and 11% being moderately suitable. Under the
RCP 4.5 scenario, the net decrease in suitable habitat is predicted to be 7% by 2070. Under
the RCP 8.5 scenario, the model predicts that the total area suitable for mango will reduce by
12% by 2050, disappearing altogether by 2070. Therefore, urgent measures are required for
the conservation of M. sylvatica in Bangladesh. The application of the species distribution
model may provide policymakers and conservationists with a useful tool for the prediction of
future distribution (at both local and regional scales); of poorly known species with high
preservation concerns. The approach used in this study can provide a rapid assessment of the
future conservation status of other important forest tree species in Bangladesh to improve our
understanding of the vulnerability under changing climate.

Keywords: Threatened species, MaxEnt, Geographic distribution, Habitat suitability,
Conservation



1. Introduction

Global climate change is occurring at an unprecedented rate. Average temperatures have
increased by 0.85°C in the last century and are predicted to continue to increase by a
minimum of 0.3°C-1.7°C to a maximum of 2.6°C-4.8°C by 2100 (IPCC, 2013). There are
known effects of this change on ecosystems, species and biodiversity (IPCC, 2015; CBD,
2010; Hansen et al., 2001). Effects include changes in phenology, habitat range shifts and
extinction risk in one-fifth of plant species (Brummitt and Bachman, 2010; Lenoir et al.,
2008; Fischlin et al., 2007; Hickling et al., 2006, Parmesan, 2003). Hence, it is important to
understand the impacts of climate change on the future habitat distribution and suitability of
species. Bangladesh is a biodiversity hotspot zone because of its geographical and climatic
traits. It supports species numbers of at least 5,000 angiosperms, five gymnosperms, 113
mammals, 628 birds, 126 reptiles, 22 amphibians, 708 fish, 2,493 insects, 66 corals, 168
algae and 15 crabs (MoEF, 2001; IUCN, 2000; Ahmed and Ali, 1996). This rich biodiversity
is highly vulnerable to climate change. According to the GOB (2005), the average increase in
temperature would be between 1.4°C and 2.4°C; predicted increases in rainfall are 6% and
10% for the two projection years 2050 and 2100, respectively. The consequences of climate
change are already felt in Bangladesh. There has been an increase in the frequency and
intensity of floods, cyclones and droughts. Together with a rise in sea levels, these pose an
increasing threat to the livelihoods of people (Ahmed, 2006). Unfortunately, very few studies
have been conducted yet on the impact of climate change on forest ecosystems and
biodiversity in Bangladesh (Alamgir et al., 2015; Sohel et al., 2016). Yet, for conservation
planning, knowledge of species’ potential distribution under current and future climates is
imperative. For example, species re-introduction is a common strategy for recovery of
depleted species as well as restoration of degraded habitats and ecosystems (Polak and Saltz,
2011; Rodriguez-Salinas et al., 2010; Nazeri et al., 2010; Ren et al., 2009). To ensure the
long-term success of re-introduction strategies, a detailed knowledge of the current
distribution of the species is required as well as its potential distribution under future climates
(Adhikari et al., 2012). Here, species distribution modelling (SDM) is an effective tool to
predict potential distribution and habitat suitability of target species, which can be used to
design proper conservation plans.

In Bangladesh, there are 59 edible wild forest fruits available (Das, 1986), an important one
of which is the wild mango species, M. sylvatica. According to IUCN, the species is in the
category of ‘lower risk/least concern’. However, this status is based on the data from 1998,
and therefore needs updating (World Conservation Monitoring Centre, 1998). The species is
threatened in Bangladesh (BFRI, 2013; Dutta et al., 2016) and India (Jiji, 2015). M. sylvatica
is one of the most important species in the hilly region of Bangladesh, not only for its fruits
but also because of its role in carbon storage. Alamgir and Al-Amin (2007) found that M.
sylvatica has the second highest mean value in above-ground, below-ground and total organic
carbon (2.78, 0.42 and 3.20 t/tree) in the CHTs of Bangladesh. Moreover, they also state that
M. sylvatica has the fifth highest total organic carbon storage (2.00 t/ha) among the species
available in hilly regions. Unfortunately, this species is declining at an alarming rate due to
various factors. Dewan (2009) found that the important Value Index (IVI) of M. sylvatica in
the CHTSs is very low in comparison to other plant species. According to Dewan (2009), the
reason behind the depletion is legal or illegal logging as well as shifting cultivation. Forest
fires associated with clearance for shifting cultivation have a further negative impact on the
natural regeneration of this species. Moreover, in Bangladesh, this species is used mainly in
the plywood industries for making tea chests, internal decoration of buses, aircraft, cabinet



making, house building and sports goods. In Bangladesh, there are approximately 25 factories
producing commercial plywood; the majorities are located in Chittagong and the CHTs and
one of the major raw materials used is M. sylvatica. The Bangladesh Standards and Testing
Institution recommends 16 timber species for plywood production and M. sylvatica is one of
them (Sattar, 2006). In Bangladesh, the young leaves of M. sylvatica are used as vegetables
and the fruits are consumed (fresh and processed) by the tribes in the CHTs (Jalil and
Chowdhury, 2000). Therefore, a decline in the M. sylvatica population will have a negative
impact on the socio-environmental aspect. Bangladesh Forest Research Institute (BFRI) has
undertaken initiatives to conserve the species. It has initiated two projects: ‘Ex-situ
conservation of threatened forest tree species in different agro-ecological regions of
Bangladesh’ and ‘Conservation of threatened plant species through domestication’, which
started in 2006—7 and 2003-4, respectively. Under these two projects, the BFRI raised 17.5
ha and 0.2 ha of conservation plots from seed, together with eight and ten other threatened
species as gene banks (BFRI 2013). Over time, M. sylvatica’s habitat has shrunk due to an
ever-increasing demand on land for cultivation, industry, human habitation, over exploitation,
illegal logging and encroachment. An important first step in the conservation of this valuable
species is to provide information on its potential habitat extent for re-introduction and
restoration. Without this, it is difficult to plan and implement strategies for species
conservation, including re-introduction in areas where it has disappeared. The present study
aims to fill this gap by modelling the potential distribution under current climate conditions
and to use these models to assess the potential effects of projected climate changes on the
future habitat suitability and distribution of this species. We thereby considered three
research questions. Firstly, which bioclimatic variables most influence the predicted
distribution of M. sylvatica? Secondly, to what extent is the potential distribution of this
species expected to change under projected future climate changes?

2. Materials and Methods

2.1. Study area

The study area (Figure 1) is located in eastern part of Bangladesh in Sylhet, Chittagong,
Chittagong Hill Tracts (CHTs) and Cox's Bazar. The natural vegetation in this region is hill
forest (evergreen to semi evergreen forest) and is considered one of the most biodiversity rich
hotspots in the country (Sohel et al., 2015; Akhter et al., 2013; Sohel et al., 2010; Biswas and
Choudhury, 2007; Mukul et al., 2014). It receives a mean annual precipitation of 2540 mm.
Mean annual temperature ranges from 22°-25°C. Mean annual humidity ranges from 75 -
83%. In the last decades there has been a trend of increasing mean annual temperature and
rainfall from 1989 - 2009 in the north-eastern part of Bangladesh (Akhter et al., 2013),
including our study area.

"Figure 1 here™

2.2. Studied species

The investigated species for this study is M. sylvatica Roxb, a wild mango species, which
belongs to the Anacardiaceae family. The species has several different local names in
Bangladesh and we will hence forward refer to this species as Uriam. Uriam is mainly
distributed in the tropical forests and subtropical rainforests of the Indo-Malayan
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biogeographic region (Udvardy, 1975), in India, Bangladesh, Thailand, Cambodia, Nepal,
China and Myanmar (Figure 1). In Bangladesh, the species is distributed in the hilly areas
such as Chittagong, Cox’s Bazar, the Chittagong Hill Tracts and Sylhet (Figure 1). The
species prefers ‘Brown Hill Soils’, which are found in the hilly regions and vary from brown
sandy loam to clay loam (FRA, 2000). A recent study showed that the kernel of this species
can be used as a cocoa butter alternative (Akhter et al., 2016) and has the potential to be
incorporated into small-scale forestry programmes (Baul et al., 2016).

2.3. M. sylvatica occurrence data collection

As the species is locally threatened, to gain information on the species location, key
informant interviews were conducted. Key informants were considered based on: a) their
familiarity with the forest area, and b) an adequate background on the status of M. sylvatica
in the study area. Selected respondents included: local forest department officials, forest
product collectors, and indigenous group leaders living within and outside of the forest area.
253 trees (134 trees from Cox’s Bazar, 95 trees from Sylhet, 23 trees from Chittagong and 1
tree in Banderban) were located in the study area and their positions recorded using Global
Positioning System coordinates (Figure 1).

2.4. Spatial modelling

MaxEnt (version 3.3.3k) was used to model the distribution of the species under present
climate conditions and project the potential distribution under future climates. MaxEnt is a
widely used species distribution model that can be used to predict the probable distribution of
a species based on biophysical and bioclimatic parameters (Phillips et al., 2006). It needs
only presence data points (Phillips et al., 2006) and performs relatively well with small
sample sizes compared to other modelling methods (Kumar and Stohlgren, 2009; Wisz et al.,
2008; Pearson et al., 2007; Papers and Gaubert, 2007; Elith et al., 2006; Weber, 2011).
MaxEnt generates an estimate of habitat suitability for the species that varies from 0 (lowest
suitability) to 1 (highest suitability). The strong attributes of MaxEnt are: i) it has strong
mathematical definition; ii) it gives a continuous probabilistic output; iii) it can handle both
continuous and categorical environmental data; iv) it can investigate variable importance; v)
it has the capacity to handle low sample sizes; and vi) it has simplicity for model
interpretation (Elith et al., 2011; Pearson et al., 2007; Phillips et al., 2006).

Models were created using the default parameters and based on present climate conditions.
As calibration data, we used a 75% random selection of the presence points and 10,000
random selected background points, and the other 25% presence points were used to evaluate
the model’s goodness-of-fit using the Area Under the Receiving Operator Curve (AUC) as
the evaluation statistic. To validate the model robustness, we executed 10 replicated model
runs for the species. To find out which variables were most important, the jackknife
procedure of the MaxEnt model was used. We used the average of 10 model runs to create
potential distribution maps under current conditions. We used the same approach, but using
the future bioclimatic data as input, to create potential distribution maps under projected
future climate conditions. We did this for all four combinations of the two RCPs (RCP 4.5
and RCP 8.5) and years (2050 and 2070). The 0 to 1 suitability values of the resulting species
suitability distribution maps were aggregated into four classes of potential habitats following



the method by Yang et al. (2013), viz. ‘high potential’ (> 0.6), ‘good potential’ (0.4-0.6),
‘moderate potential’ (0.2—0.4) and ‘least potential’ (< 0.2).

"Table 1 here"

2.5. Bioclimatic variables

We used 19 climatic variables (Table 1) as potential predictors of M. sylvatica’s habitat
distribution. Bioclimatic variables (Hijmans et al., 2005) are biologically more meaningful to
define the eco-physiological tolerances of a species than simple rainfall or temperature
(Graham and Hijmans, 2006). They are, therefore, frequently used in modelling species
distributions (Yang et al., 2013; Garcia et al., 2013; Adhikari et al., 2012). Data layers for
these bioclimatic variables were downloaded from the WorldClim database, with 30 arc
seconds (~1 km) spatial resolution. To project the future distribution and habitat suitability
due to climate change, we used projected climatic data for 2050 and 2070 based on the IPCC
fifth assessment report available from www.worldclim.com. Among four future greenhouse
gas concentration trajectories (also known as representative concentration pathways or RCPS)
two GHG concentration trajectories, RCP 4.5 and RCP 8.5, were considered for the two time
periods. RCP 4.5 represents a stable scenario where GHG will be stabilised due to green
technologies and the radiative force will reach up to 4.5 W/m? by 2100 (Wise et al., 2009;
Clarke et al., 2007; Smith and Wigley, 2006; Guisan and Thuiller, 2005). RCP 8.5 represents
a relatively extreme scenario where GHG will continuously increase throughout 2100, at
which time radiative force will reach 8.5 W/m? (Meinshausen et al., 2011; Riahi et al., 2007).
A widely used global circulation model, HddGEM2-CC (Hadley Global Environment Model
2 Carbon Cycle) was used in this study because of its well-known acceptability (Shrestha and
Bawa, 2014). This model has been used to perform all of CMIP5 (Coupled Model Inter
Comparison Project Phase 5) and was also used by the IPCC in its fifth Assessment Report
(Shrestha and Bawa, 2014).

The bioclimatic variables and the species presence data were extracted and prepared using
ArcGIS 10. To minimise multi-collinearity, we used a step-wise variance inflation factor
(Graham, 2003) selection procedure, whereby we first computed the VIF using all bioclim
variables. The variable with the highest VIF was removed and VIF was computed for the
remaining variables. This was repeated until the VIF was below 10 for all remaining
variables. The remaining eight bioclimatic variables (Table 1, Supplementary Table 1) were
used in our model.

3. Results

3.1. Model evaluation

The model calibration test for M. sylvatica yielded satisfactory results (AUCtrain = 0.92 +
0.002 and AUCtest = 0.89£0.02). This indicates that the bioclimatic variables used for the
model explained the predicted distribution very well. Amongst the input variables, mean
diurnal range (BI1O 2) contributed 29.2% and precipitation seasonality (BIO 15) contributed
22%. BIO 2, BIO 15, BIO 14 and BIO 18 together contributed 83% to the model. Maximum
temperature of warmest month (BIO 5) is the lowest contributed climatic variable. The



jackknife test showed that mean diurnal range (BIO 2) has the highest training gain when
considered alone (Figure 2).

"Figure 2 here"

3.2. Species response and habitat suitability under present and future climatic
conditions

Response curves showed changes in the logistic prediction when each predictor variable
changed by keeping all other variables at their average sample value. Responses of the
species to the changes of bioclimatic variables are shown in Figure 3. The response curves
showed that the distribution of M. sylvatica is highly controlled by both temperature and
precipitation. The probability of presence is high when mean diurnal temperature (BIO 2) is
above 10°C. The probabilities of increasing the presence of the studied species increased with
increased temperature and were found to be highest between 32°C and 33°C. The mean
temperature of the warmest quarter (BIO 10) provides the mean temperatures during the
warmest three months of the year, which can be useful for examining how such
environmental factors may affect species seasonal distributions. The species, however, started
to decline when the temperature exceeded more than 28°C during the warmest month. The
maximum temperature of warmest month (BIO 5) is useful when examining whether species
distributions are affected by warm temperature anomalies throughout the year. Precipitation
seasonality (BIO 15) provides a percentage of precipitation variability where larger
percentages represent greater variability of precipitation. The results showed that the study
species was able to tolerate higher variability (ranges from 98% to 115%) of rain.
Precipitation of the coldest quarter (BIO 19) provides total precipitation during the coldest
three months of the year. The study species showed a higher probability of presence in the
winter season when rainfall ranges between 30mm to 36mm (Figure 3). Precipitation of the
warmest quarter (BIO 18) provides total precipitation during the warmest three months of the
year and the model showed that this species prefers moderately high amounts of rain in the
range of 800-1200 mm.

The predicted current distribution of M. sylvatica under current climatic conditions is shown
in Figure 4. Based on our model, about 4.58% of the study area is ‘highly suitable’ for wild
mango habitat, followed by ‘good potential’ at 6.53% and ‘moderate potential’ at 10.71%,
while 78.19% of the area is ‘least suitable’ or ‘unsuitable’ for this species (Table 2). Current
suitable habitats for M. sylvatica were predicted in the north-eastern and south-eastern parts
of Bangladesh (Figure 3). The concentration of pixels with highly suitable, good potential
and moderate potential is observed in the CHTs, Cox’s Bazar, and the Maulvibazar and
Habiganj districts when the current predicted distribution habitat map is overlaid with the
district map of Bangladesh.

"Figure 3 here™
"Figure 4 here"
"Figure 5 here™



According to the results of the MaxEnt modelling, the predicted future ranges of habitat are
likely to be negatively affected by future climate. The predicted distribution and habitat
change of wild mango in future climate scenarios are shown in Figure 5 and Table 2. The
maximum expansion (16.05% addition to the current potential suitable area considering high,
good and moderately suitable areas) would occur under RCP 4.5 by 2050, whereas the total
loss of habitat was predicted for the year 2070 for RCP 8.5. Most of the expansion was
observed in the CHTs and Cox’s Bazar and in RCP 4.5 during 2050. In RCP 4.5 during 2070,
a 7.82% reduction of suitable habitat was observed compared to the present distribution.
However, a decline in habitat was observed for RCP 8.5 during both 2050 and 2070, and by
2070 the species will be completely lost. Wild mango habitat will be completely lost from the
north-eastern part of the country under all scenarios.

"Table 2 here"

4. Discussion and Conclusion

This study is the first attempt to look into the impact of climate change on the distribution
and range of suitable habitat of a threatened wild mango species of Bangladesh. The study
findings show that the distribution of the threatened wild mango species is partly controlled
by precipitation-related bioclimatic variables (Figure 2 and Figure 3), with the most
important explanatory variables being mean diurnal temperature, precipitation seasonality,
precipitation of the warmest quarter and precipitation of the driest period. Especially under
the RCP 8.5 scenario, these factors are projected to show considerable changes, causing large
parts of the current distribution area to become unsuitable by 2050, while the whole study
region is projected to become unsuitable by 2070. It should be noted that RCP 8.5 represents
a more extreme scenario. On the other hand, rainfall patterns are expected to become more
erratic in many parts of the world, while extended dry spells may become more frequent;
factors that we did not include in our models. Recent climate data analysis for the period
1961-2010 shows that temperature is increasing slowly and the total amount of annual
precipitation is increasing along with increasing trends in consecutive dry days (CDD) (Islam
et al., 2014). In light of the potential importance of rainfall patterns for M. sylvatica, these
extreme climate events in future may cause more stress to the existing populations and
prevent expansion to areas that would be considered suitable when considering average
conditions only.

Given that a number of bioclimatic variables, highly correlated to currently used variables,
were excluded from our analysis, more analyses are needed to determine the sensitivity of the
species considering more environmental and climatic variables. It is important to notice that
we only employed one GCM and two RCP scenarios. For a more reliable assessment of
future changes, we need to consider a wider range of GCMs and all four RCP scenarios (RCP
2.5, RCP 4.5, RCP 6.0, RCP 8.5) for better understanding of the vulnerability and sensitivity
of the studied species to climate change. Moreover, although our models were based on
climate data only, we were able to capture the observed distribution well, but the need
remains to consider other biophysical factors, such as soil characteristics, land cover and
geology (Alamgir et al., 2015), to obtain more reliable and relevant predictions of where the



species will be able to grow in the next decades. Such data with higher resolution is currently
scantily available for Bangladesh. For example, new global data sets such as the
http://soilgrids.org/ are being developed, but currently still have a limited thematic (wide
confidence limits) and spatial accuracy (Hengl et al., 2014). In the case of land cover data, the
land use  classification of  freely available global-scale  data  from
http://www.eea.europa.eu/data-and-maps/data/global-land-cover-250m does not cover the
detailed land use of the study area. However, better resolution satellite images were not
analysed in this study due to funding limitations. Moreover, the addition of regional/local
climate change models may give considerably more reliable predictions of climate change
effects. However, in light of the limitations of only one GCM and two RCP scenarios (RCP
4.5 and RCP 8.5), and as regional models were not used, our study provides a preliminary
assessment of the effects of climate change on the species, and is useful to highlight the most
vulnerable areas.

The predicted potential distribution of M. sylvatica was largely in agreement with what we
know about the distribution of this species, with the species’ major habitats to be the forests
in the CHTs, Cox’s Bazar, and the Maulvibazar and Habigang districts. Our results confirm
that future climate changes may result in a major decline in the potential distribution of this
species, especially under the scenario in which GHG will continue to increase at the current
pace throughout 2100. In contrast, under the stable climate change scenario (RCP 4.5), the
potential distribution of the species may even show a modest increase in the south-eastern
part of our study area by 2070. Restoration of depleted populations may, therefore, be an
option in these parts of the country if humanity manages to limit the increase in radiative
force to less than 4.5 W/m?2,

The future for the species is considerably bleaker in the north-east. Our model results suggest
that, under both climate change scenarios, conditions are likely to become unsuitable for the
species. Other studies in different locations also show both reduction, expansion and
complete habitat loss due to climate change (Barrett et al., 2013; Molloy et al., 2013;
Dullinger et al., 2012; Dawson et al., 2011; Loarie et al., 2008; Bakkenes et al., 2002). M.
sylvatica seems to have shifted upwards little, which may have also caused the local
extinction of wild mango from north-eastern regions under all climate scenarios. These
results might be a useful guide for government and NGOs responsible for the conservation
and management of forest resources. There is still a major knowledge and research gap about
how forests respond to climate change at local scales and what adaptation strategies can be
taken in such contexts (Kaeslin et al., 2012). Here, Species Distribution Modelling (SDM)
can be a helpful tool that can provide information on the effect of climate change on species’
geographic distribution and habitat suitability. This information can facilitate better
management and conservation of those species, especially for threatened and rare species.
Protection of threatened species’ habitat is an important step. Here, protected areas can play a
significant role. Apart from declaring protected areas, landscape connectivity between non-
protected areas should also be taken into account (Hannah et al. 2002). Additionally, the
active participation of the local, forest-dependent people is fundamental, especially in
developing countries, as successful forest conservation is not possible without their active
participation (Sohel et al., 2010). To engage the local people in the decision-making process
of conserving forests, a participatory approach or co-management system should be
introduced (Mukul et al., 2012). Apart from this, establishing non-timber forest product
facilities in buffer zones around the protected areas will help reduce the pressure on the
protected areas for forest-based livelihood activities (Mukul et al., 2016). The government of
Bangladesh has prioritised the above mentioned issues, so most of the protected areas of



Bangladesh are now under a co-management system. Finally, an awareness programme
should also be prioritised to address climate change issues and protect the valuable forest
resources of Bangladesh for future generations (Sohel et al., 2016). From the present study,
the area identified from the predicted potential current distribution can be used for the re-
introduction of wild mango trees. This will help restoration of the forest as well as improve
the overall conservation status of the species. This pioneer study can act as an early warning
for climate change effects on valuable threatened tree species of the forest ecosystems of
Bangladesh. Taking this into consideration, conservation managers could start to think of
adapting policy that can reduce the extinction risk of this valuable species. The method and
approach used in this research can be applied to other forest tree species of Bangladesh to see
how they respond to climate change impact in order to better inform conservation decisions.

Acknowledgement

European Union funds this research through FONASO (Forest and Nature for Society) PhD
program. We would like to give special thanks to Jane Elith from Melbourne University for
organizing a workshop on SDM in Student Conference on Conservation Science in 2014 held
in University of Queensland. We also would like to thank all the forest department officials
and local people for their great help in searching tree location. Special thanks to Md Bashir
Al Mamun (Bangladesh Forest Department), Md Sumon Reza (Department of Forestry and
Environmental Science, SUST), Md Hadayet Ullah (World Fish Centre, Bangladesh), Kanan
Akbar Hossain ( Department of Forestry and Environmental Science, SUST), Palash Sarkar
(CNRS, Bangladesh), Rohan, Chisol, Ramjan, Shakil, Mehedi Hasan, Gofur and Jabbar for
their tremendous help during the field work.

References

Akhter, S., McDonald, M., Mariott, R. 2016 Mangifera sylvatica (Wild Mango): A new
Cocoa butter alternative. Sci. Rep. 6, 32050; doi: 10.1038/srep32050.

Alamgir, M., Mukul, S.A., Turton, S.M. 2015. Modelling spatial distribution of critically
endangeredAsian elephant and Hoolock gibbon in Bangla-desh forest ecosystems
under a changing cli-mate. App. Geog. 60, 10-19.

Adhikari, D., Barik, S.K.Upadhaya, K. 2012. Habitat distribution modelling for
reintroduction of llex khasianaPurk., a critically endangered tree species of
northeastern India. Ecol. Engin. 40, 37— 43.

Ahmed, A.T.A., Ali, M.L. 1996. Fisheries Resources Potential in Bangladesh and Manpower
Development for Fisheries Activities. In: Population Dimension of Fisheries
Development and Management Policies of Bangladesh. Dhaka, Bangladesh. Available
at http://www.fao.org/fishery/countrysector/naso_bangladesh/en.

Ahmed, A.U. 2006. Bangladesh Climate Change Impacts and Vulnerability: A Synthesis.
Climate Change Cell, Department Of Environment, Comprehensive Disaster
Management Programme Government of the People’s Republic of Bangladesh.

Akhter, S., Raihan, F., Sohel, M.S.1., Syed, M.A., Das, S.K.Alamgir, M. 2013. Coping with
Climate Change by Using Indigenous Knowledge of Ethnic Communities from in and
around Lawachara National Park of Bangladesh. J. For. Sci. 29, 181-193.

Alamgir, M., Al-Amin. 2007. Organic carbon storage in trees within different Geopositions
of Chittagong (South) forest division, Bangladesh. J. For. Res. 18 (3), 174—180.



Bakkenes, M., Alkemade, J.M.R., Ihle, F., Leemans, R.,Latour, J.B. 2002. Assessing effects
of forecasted climate change on the diversity and distribution of European higher plants
for 2050. Glob. Chan. Biol. 8, 390-407.

Barrett, M.A., Brown, J.L., Junge, R.E., Yoder, A.D. 2013. Climate change, predictive
modeling and lemur health: Assessing impacts of changing climate on health and
conservation in Madagascar. Biol.Conserv. 157, 409-422.

Baul, T. K., Alam, M. J., Nath, T. K. 2015. Mangifera sylvatica Roxb.in the forests of South-
Eastern Bangladesh: A Potential Underutilised Tree for Small-Scale Forestry. Small-
scale Forestry. DOI 10.1007/s11842-015-9314-x.

Bangladesh Forest Research Institute (BFRI). 2013. Annual Research Programmes: 2012-
2013. Silviculture Research Division, Forest management branch, Bangladesh Forest
Research Institute, Chittagong, Bangladesh. Available at
http://bfri.portal.gov.bd/sites/default/files/files/bfri.portal.gov.bd/page/36776elf_6dOf
4869 9ab8_6cfa84eec3e7/BFRI%20Progress%2012-13.pdf. Last accessed on 10
August, 2016.

Biswas, S.R., Choudhury, J.K. 2007. Forest and Forestry in Bangladesh: the question of
sustainability. Intern. For. Rev. 9 (2), 627-640.

Brummitt, N., Bachman, S. 2010. Plants under pressure a global assessment. The first report
of the IUCN Sampled Red List Index for Plants. Royal Botanic Gardens, Kew, UK.
Clarke, L., Edmonds, J., Jacoby, H., Pitcher, H., Reilly, J.,Richels, R. 2007. Scenarios of
Greenhouse Gas Emissions and Atmospheric Concentrations. Sub-report 2.1A of
Synthesis and Assessment Product 2.1 by the U.S. Climate Change Science Program
and the Subcommittee on Global Change Research. Department of Energy, Office of

Biological & Environmental Research, Washington, 7 DC. USA. 154,

Convention on Biological Diversity (CBD).2010. Global biodiversity outlook 3 (GBO-3).
Montreal, Canada: Secretariat of the Convention on Biological Diversity Retrieved
October 7, 2012, Available at http://www.chd.int/GBO3/.

Das, D.K. 1986. An investigation on the edible fruits of Bangladesh forestsBangladesh
Agricultural Research Council, Dhaka  (Bangladesh). Available at
http://agris.fao.org/aos/records/BD8625092

Dawson, T.P., Jackson, S.T., House, J.I., Prentice, I.C.,Mace, G.M. 2011. Beyond
predictions: 247 biodiversity conservation in a changing climate. Sci. 332, 53— 58.

Dewan, S. 2009. Analysis of regeneration and species richness along different disturbance
levels in the Kassalong Reserve Forest at Chittagong Hill Tracts, Bangladesh. A Thesis
submitted to partial fulfillment of the requirements of Master of Science in Mountain
Forestry. Department of Forest and Soil Sciences, University of Natural Resources and
Applied Life Sciences, Vienna, Austria.

Dullinger, S., Gattringer, A., Thuiller, W., Moser, D., Zimmermann, N.E., Guisan, A.,
Willner, W., Plutzar, C., Leitner, M., Mang, T., Caccianiga, M., Dirnbock, T., Ertl, S.,
Fischer, A., Lenoir, J., Svenning, J., Psomas, A., Schmatz, D.R., Silc, U., Vittoz,
P.,Hulber, K. 2012. Extinction debt of high-mountain plants under twenty-first century
climate change. Nat. Clim. Chan. 2, 619-622.

Elith, J., Graham, C.H.,Anderson, R.P. 2006. Novel methods improve prediction of species’
distributions from occurrence data. Ecogra. 29, 129-151.

Elith, J., Phillips, S.J.,Hastie, T. 2011. A statistical explanation of MaxEnt for ecologists.
Diver. Distri. 17, 43-57.

Fischlin, A., Midgley, G.F., Price, J.T., Leemans, R., Gopal, B., Turley, C. 2007. Ecosystems,
their properties, goods and services. In Parry, M.L., Canziani, O.F., Palutikof, J.P.,
Vander, V.P.J., Hanson C.E. (Eds.), Climate change 2007: Impacts, adaptation and
vulnerability. Contribution of Working Group 11 to the Fourth Assessment Report of the

10


http://agris.fao.org/aos/records/BD8625092

Intergovernmental Panel of Climate Change (pp. 211e272). Cambridge, UK:
Cambridge University Press Available at
www.ipcc.ch/pdf/assessmentreport/ar4/wg2/ar4-wg2-chapter4.pdf.

FRA.(2000). Forest Resource of Bangladesh. Working Paper 15, Rome.

Garcia, K., Lasco, R., Ines, A., Lyon, B., Pulhin, F.(2013). Predicting geographic distribution
and habitat suitability due to climate change of selected threatened forest tree species in
the Philippines. Appli. Geo. 44, 12-22.

Government of Bangladesh (GOB) 2005. National Adaptation Programme of Action
(NAPA), Final report: November 2005, Ministry of Environment and Forest,
Government of the People’s Republic of Bangladesh (GOB), Dhaka, 48.

Graham, C.H.,Hijmans, R.J. 2006. A comparison of methods for mapping species ranges and
species richness. Glob. Ecol. Biogeo. 15, 578-587.

Graham, M.H. 2003. Confronting multicollinearity in ecological multiple regression. Ecol.
84, 2809-2815.

Guisan, A.,Thuiller, W. 2005. Predicting species distribution: 261 offering more than simple
habitat models. Ecol. Lett. 8, 993-10009.

Hansen, A.J., Neilson, R.P., Dale, V.H., Flather, C.H.,lverson, L.R. 2001. Global change in
forests: responses of species, communities, and biomes. Biosci. 51, 765-779.

Hengl, T., de Jesus, J.M., MacMillan, R.A., Batjes, N.H.,Heuvelink, G.B.M.,Ribeiro, E.
2014. SoilGrids1lkm — Global Soil Information Based on Automated Mapping. PL0S
ONE. 9 (8), €105992. doi:10.1371/journal.pone.0105992.

Hickling, R., Roy, D.B., Hill, J.K., Fox, R.,Thomas, C.D. 2006. The distributions of a wide
range of taxonomic groups are expanding pole wards. Glob. Chan. Biol. 12, 450-455.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., Jarvis, A. 2005. Very high resolution
interpolated climate surfaces for global land areas. Internat. J.Climat. 25, 1965-1978.

Hannah L, Midgley G, Millar D (2002). Climate change-integrated conservation strategies.
Global Ecology and Biogeography 11: 485-495.

IPCC.(2015). Summary for policymakers. In Solomon, S., Qin, D., Manning, M., Chen, Z.,
Marquis, M., Averyt, K.B. (Eds.), Climate change 2007: The physical science basis.
Contribution of Working Group 1 to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (pp. 1-18). Cambridge: Cambridge
University Press, UK Available at WWW. ipcc.
ch/publications_and_data/publications_ipcc_fourth_assessment_report_wgl
report_the_physical_science_basis.htm.

IPCC.(2014). Climate Change 2014: Synthesis Report. Contribution of Working Groups I, 11
and 11l to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change [Core Writing Team, R.K. Pachauri and L.A. Meyer (Eds.)]. IPCC, Geneva,
Switzerland, 151.

IPCC. (2013). Climate Change 2013: The physical science basis. Contribution of working
group | to the fifth assessment report of the Intergovernmental Panel on Climate
Change. In: Stocker, T.F., Qin, D., Plattner, G.K., Tignor, M., Allen, S.K., Boschung,
J., Nauels, A., Xia, Y., Bex, V., Midgley, P.M. (Eds). Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA. 1535.

Islam, A.K.M.S., Murshed, S.B., Khan, M.S.A.,Hasan, M.A. 2014. Impact of Climate
Change on Heavy Rainfall in Bangladesh. Final Report R01/2014. Institute of Water
and Flood Management (IWFM), Bangladesh University of Engineering and
Technology (BUET).
http://teacher.buet.ac.bd/akmsaifulislam/reports/Heavy_Rainfall_report.pdf.

IUCN. 2000. Red List of Threatened Animals of Bangladesh. In: Islam, M.A., Ameen, M.,
and Nishat, A. (Eds.). The World Conservation Union. Dhaka, Bangladesh.

11



Jalil, S.M.,Chowdhury, J.K. 2000. Participatory forest Management: Implications for Policy
and Human Resources' Development in Bangladesh and the Chittagong Hill Tracts. In:
Chowdhury, M.S.H., Miah, M.D. Housing pattern and food habit of the Mro-tribe
community in Bangladesh: A forest dependence perspective, J. For. Res. 14 (3), 253-
258.

Jiji, P. 2015. Endangered Plants and their uses of Sivasagar District, Assam, India.
Endangered Plants and their uses of Sivasagar District, Assam, India. International Res.
J. Biol. Sci. 4(7), 15-18.

Kaeslin, E., Redmon, I.,Dudley, N. 2012. Wildlife in a changing climate. Rome, Italy: Food
and Agriculture Organization Forestry Paper.

Kumar, S.,Stohlgren, T.J.2009. Maxent modeling for predicting suitable habitat for
threatened and endangered tree Canacomyricamonticola in New Caledonia. J. Ecol.
Natur. Environ. 1 (4), 94-98.

Lenoir, J., Ge"gout, J.C., Marquet, P.A., Ruffray, P.d., Brisse, H. 2008. A significant upward
shift in plant species optimum elevation during the 20th century, Sci. 320, 1768-1771.

Loarie, S.R., Carter, B.E., Hayhoe, K., McMahon, S.,Moe, R. 2008. Climate change and the
future of California’s endemic flora. PL. ON. 3 (6), 2502.

Meinshausen, M., Smith, S.J., Calvin, K., Daniel, J.S., Kainuma, M.L.T., Lamarque, J.F.,
Matsumoto, K., Montzka, S.A., Raper, S.C.B., Riahi, K., Thomson, A., Velders,
G.J.M., Van Vuuren, D.P.P.2011. The RCP greenhouse gas concentrations and their
extensions from 1765 to 2300. Clim. Chan. 109, 213-241

MEA. 2005. Ecosystems and human well-being: Wetlands and water synthesis. Washington,
DC: World Resources Institute.

MOoEF. 2001. State Of Environment Bangladesh 2001. Ministry of Environment and Forest,
Government of Peoples Republic of Bangladesh.

Molloy, S.W., Davis, R.A.,Van Etten, J.B. 2013. Species distribution modelling using
bioclimatic variables to determine the impacts of a changing climate on the western
ringtail possum (Pseudocheirus occidentals; Pseudocheiridae). Environmental
Conservation. 1-11.

Mukul, S.A., Herbohn, J., Rashid, A.Z.M.M., Uddin, M.B. 2014. Comparing the
effectiveness of forest law enforcement and economic incentive to prevent illegal
logging in Bangladesh. International Forestry Review, 16(3), 363-375.

Mukul, S.A., Rashid, A.Z.M.M., Quazi, S.A., Uddin, M.B., Fox, J. 2012. Local peoples'
response to co-management in protected areas: A case study from Satchari National
Park, Bangladesh. Forests, Trees and Livelihoods, 21(1): 16-29

Mukul, S.A., Rashid, A.Z.M.M., Uddin, M.B., Khan, N.A. 2016. Role of non-timber forest
products in sustaining forest-based livelihoods and rural households’ resilience capacity
in and around protected area: a Bangladesh study. Journal of Environmental Planning
and Management, 59: 628-642.

Nazeri, M., Jusoff, K., Bahaman, A.R.,Madani, N. 2010. Modelling the potential distribution
of wildlife species in the tropics. Wor.J. Zoolo. 5, 225-231.

Papers, M., Gaubert, P. 2007. Modelling ecological niches from low numbers of occurrences:
assessment of the conservation status of poorly known viverrids (Mammalia,
Carnivora) across two continents. Diver.Distribu. 13, 890-902.

Parmesan, C.,Yohe, G. 2003. A globally coherent fingerprint of climate change impacts
across natural systems. Nat. 421, 37-42.

Pearson, R.G., Raxworthy, C.J., Nakamura, M.Peterson, A.T. 2007. Predicting species
distributions from small numbers of occurrence records: a test case using cryptic
geckos in Madagascar. J.Biogeogra. 34, 102-117.

12



Phillips, S.J., Anderson, R.P.,Schapire, R.E. 2006. Maximum 307 entropy modeling of
species geographic distributions. Ecol. Model. 190, 231-259.

Polak, T.,Saltz, D. 2011. Reintroduction as an ecosystem restoration technique. Conser. Biol.
25, 424-4217.

Ren, H., Lu, H., Shen, W., Huang, C., Guo, Q., Li, Z.,Jian, S. 2009. SonneratiaapetalaBuch.
Ham in the mangrove ecosystems of China: an invasive species or restoration species?
Ecol. Engin. 35, 1243-1248.

Riahi, K., Gruebler, A., Nakicenovic N. 2007. Scenarios of long-term socio-economic and
environmental development under climate stabilization. Technol. Forecast. Soc.
Chan.74, 887-935.

Rodriguez-Salinas, P., Riosmena-Rodriguez, R., Hinojosa-Arango, G.,Muniz-Salazar, R.
2010. Restoration experiment of Zostera marina L in a subtropical coastal lagoon. Ecol.
Engin. 36, 12-18.

Root, T.L., Price, J.T., Hall, K.R. 2003. ‘Fingerprints’ of global warming on animals and
plants. Nat. 421, 57-60.

Sattar, M.A. 2006. Plywood. Available at www.banglapedia.org/httpdocs/HT/P_0199.HTM

Shrestha, U.B.,Bawa, K.S. 2014. Impact of Climate Change on Potential Distribution of
Chinese Caterpillar Fungus (Ophiocordycepssinensis) in Nepal Himalaya. PL. ON, 9,
e106405.

Smith, S.J.,Wigley, T.M.L. 2006. Multi-Gas Forcing Stabilization with the MiniCAM. Ener.
J. 3,373-391.

Sohel, M.S.1., Mukul, S.A., Burkhard, B. 2015. Landscape's capacities to supply ecosystem
services in Bangladesh: A mapping assessment for Lawachara National Park. Ecosys.
Serv. 12, 128-135.

Sohel, M.S.I., Rana, M.P., Karim, S.M.F.,Akhter, S. 2010. Linking co-management,
livelihoodand forest conservation in protected area: a case study of wildlife sanctuary.
Interna.J. Ecol. Econ. Stat. 16, 86-95.

Sohel, S.I., Akhter, S., Ullah, H., Haque, E., Rana, P. 2016. Predicting impacts of climate
change on forest tree species of Bangladesh: evidence from threatened Dysoxylum
binectariferum (Roxb.) Hook.f. ex Bedd. (Meliaceae). iForest (early view). —
doi:10.3832/ifor1608-009

Trisurat, Y., Shrestha, R.,Kjelgren, R. 2011. Plant species vulnerability to climate change in
Peninsular Thailand. Appl.Geogra. 31, 1106-1114.

Weber, T.C. 2011. Maximum entropy modelling of mature hardwood forest distribution in
four U.S. states. For. Ecol.Manag. 261, 779-788.

Wise, M.A., Calvin, K.V., Thomson, A.M., Clarke, L.E., Bond-Lamberty, B., Sands, R.D.,
Smith, S.J., Janetos, A.C..Edmonds, J.A. 2009. Implications of Limiting CO2
Concentrations for Land Use and Energy. Sci. 324, 1183-1186.

Wisz, M.S., Hijmans, R.J., Li, J., Peterson, A.T., Graham, C.H.,Guisan, A. 2008. Predicting
species distributions working group. Effects of sample size on the performance of
species distribution models. Diver. Distrib. 14, 763-773.

World Conservation Monitoring Centre. 1998. Mangifera sylvatica. The IUCN Red List of

Threatened Species 1998: e.T31405A9630938.
http://dx.doi.org/10.2305/IUCN.UK.1998.RLTS.T31405A9630938.en. Downloaded on
10 August 2016

Yang, X.Q., Kushwaha, S.P.S., Saran, S., Xu, J., Roy, P.S. 2013. Maxent modeling for
predicting the potential distribution of medicinal plant, Justiciaadhatoda L. in Lesser
Himalayan foothills. Ecol.Engin. 51, 83— 87.

Udvardy, M.D.F. 1975. A classification of the biogeographical provinces of the world. IUCN
occasional paper number 18, Switzerland.

13



Tables

Table 1. Environmental variables used in the study

Code Climatic variables Unit
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BIO 1 Annual mean temperature °C
BIO 2 Mean diurnal range (mean of monthly max. and min. temp.) | °C
BIO 3 Isothermality ((Bio2/Bio7) x 100)

BIO 4 Temperature seasonality (standard deviation x 100) CofV
BIO 5 Maximum temperature of warmest month °C
BIO 6 Minimum temperature of coldest month °C
BIO 7 Temperature annual range (Bio5-Bio6) °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 period mm
BIO 14 Precipitation of driest period mm
BIO 15 Precipitation seasonality (CV) CofV
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

N.B. Variable with bold were used for final model run. The other variables removed because
of high V (supplementary table 3.1).

Table 2. Changes in habitat class of M. sylvatica under current and future climate scenarios

Suitability Area (km?)

15



Least
potential

Moderate
potential

Good
potential

High
potential

. | B & | B S | B S | B B
[ [e\] < [9\] < (q\] ] AN <
El 2| 5 %2 5| 2 5| 2%
<
3 a s a N o S o 3
@) = @) - @) = O =
@ < x < @ < x <
28116 | 22347 | -5769 | 30929 | 2813 | 32603 | 4487 | o | "28116
3851 | 5280 | 1429 | 1971 | -1880 | 2363 | -1488 | o | 3851
2347 | 3584 | 1237 | 1637 | -710 | 877 | -1470 | o | 2347
1646 | 4749 | 3103 | 1423 | -223 | 117 | -1529 | o | 1646

Supplementary Table 1: Multi-Collinearity test by using VIF analysis among environmental

variables
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Variables VIF Scores

bio 2 9.50

bio 3 4.52

bio 5 6.23

bio 10 4.26

bio_14 2.05 Variables with VIF Score > 10 were
bio 15 6.75 excluded for further analysis
bio 18 4.08

bio_19 6.07
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