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Abstract

Climate change poses a significant threat to global agriculture, with implications
for food security. Regions that rely heavily on rain-fed agriculture, especially in
developing countries, such as the Western province of Sri Lanka are particularly
vulnerable. The current research aims to assess future climate expectations and
their impacts on paddy cultivation in Sri Lanka’s Western province for the purpose
of identifying measures to address the multi-faceted consequences of climate
change. The main objective of the study was to determine the spatial suitability

of paddy in the Western province for the years 2030 and 2050 under different
climate change scenarios. Rice occurrence points and bioclimatic variables were
employed to model the spatial suitability of paddy under current, 2030 SSP 245,
2030 SSP 585, 2050 SSP 245, and 2050 SSP 585 climatic conditions using ‘bio-
mod2’ package of RStudio software. The results revealed that areas unsuitable for
paddy cultivation increased under 2030 SSP 245 (1,437.30 km?), 2030 SSP 585
(1,594.80 km?), 2050 SSP 245 (2,624.40 km?), and 2050 SSP 585 (2,627.10 km?)
conditions when compared with current (1,044 km?) climatic conditions. Further,
the simulation indicated that the species range change between the current cli-
matic conditions and 2030 SSP 245 (-16.58), 2030 SSP 585 (-13.62), 2050 SSP
245 (-37.03), and 2050 SSP 585 (-50.51) is negative. The percentage loss in
paddy range between current and 2030 SSP 245, 2030 SSP 585, 2050 SSP 245
and 2050 SSP 585 climatic conditions were shown to be 52.94%, 47.89%, 22.07%
and 67.85%, respectively. Therefore, the results of the present study highlight the
need for a comprehensive approach that integrates climate change adaptation and
mitigation in agriculture to ensure food security and to protect vital ecosystems.
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Introduction
Climate change and paddy cultivation

Rice (Oryza sativa) is the staple food of an estimated 3 billion people worldwide [1]
and its cultivation is the primary source of income and employment for more than
200 million households in developing countries [2]. Consequently, of all the global
agricultural activities, paddy cultivation can be considered one of the most significant.
However, there has been growing constraints on global rice production due to factors
such as scarcity of good quality water, salt stress, nutrient imbalance, soil constraints,
and most importantly, changing climate factors — particularly rising temperatures and
altered radiation patterns [3].

The impacts of climate change on paddy cultivation are multi-dimensional. The
productivity of paddy in Malaysia has been constrained due to increases in tempera-
ture [4]. In China’s Jiangsu province, increasing trends in daily minimum tempera-
tures, hot days (daily maximum temperature 235°C) and severe hot days (days with
critical limits of both hot days and of days with higher minimum temperature 228°C),
as well as the decreasing diurnal temperature range during rice reproductive growth
period, pose a significant threat to rice production [5]. Similarly, adverse rainfall has
been shown to significantly decrease rice production [6]. In West Africa, in the dry
season, irrigated rice yields are projected to decrease by 45% when appropriate
adaptation measures are not undertaken, largely due to the reduction in photosyn-
thesis at high temperatures [7]. However, with appropriate adaptation measures, the
reduction of rice yield was significantly less, a mere 15% [7]. In Indonesia, the rice
yields are estimated to decrease by 32.0% (under Representative Concentration
Pathway/RCP 8.5) and 31.8% (under RCP 4.5) in the near-future (2011-2040) com-
pared to the baseline period (1981-2010) [8]. Likewise, in Pakistan, mean rice yields
could decline by 15-17% between the periods of 2040—2069 under RCP 8.5 con-
centration scenario [9]. These climate change induced rice yield reductions can have
detrimental impacts on nations such as Sri Lanka, where rice is the staple food.

Maijority of rural households in Sri Lanka rely on rice production as their primary and
supplementary source of income [10]. Nearly 72% of the country’s paddy production
is carried-out during the wet season in dry zones, where water resources are already
under stress [11]. As a result, paddy cultivation—a vital component of Sri Lanka’s food
and economic security—which is already vulnerable, is becoming increasingly threat-
ened by climate change. According to the Food and Agriculture Organization [12] the
drought of 2012 destroyed 300,000 hectares of paddy cultivation, and in 2014, the
drought conditions reduced agricultural production by around 40%.

Research shows that crop damage is possible where the ambient temperature
exceeds 35°C for at least 60—90 minutes during the flowering stage of paddy [13].

In Sri Lanka, ambient temperatures above 33°C for 60—90 min would result in high
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temperature injuries to paddy which are at the flowering stage by causing the flowers to dry up and shed [14]. Further-
more, according to Kandegama et al. [14], climate change also impacts the post-harvest handling and storage of rice,
and rice distribution practices particularly due to erractic rainfall patterns, thereby interfering with dry weather conditions
required for better storage life. In Sri Lanka’s Bayawa minor irrigation scheme, one reason for low paddy production was
the variability of annual and seasonal rainfall [15]. Variations in temperature have decreased paddy yields in the dry zone
and changing rainfall patterns have significantly reduced yields in the dry and wet zones of Sri Lanka [16]. These impacts
highlight the urgent need to evaluate paddy cultivation systems to meet the changing climatic conditions.

Numerous crop models such as Decision Support System for Agro-technology Transfer [17], APSIM [18], Maximum
Entropy (MaxEnt) [19] and Cropping Systems Simulation [20] are used to assess various impacts of climate change
on agriculture, including paddy cultivation. Among them, biomod2 package in RStudio software plays a significant role.
Biomod2 consists of a range of tools for model selection, model fusion, and model evaluation that can be used to predict
the spatial distribution of plant and animal species under different environmental variables [21]. By integrating several
commonly used species distribution models [22], it enhances predictive accuracy and reliability compared to the use of a
single model [21].

A range of studies worldwide have utilized biomod2 package to uncover the extensive impacts of climate change on
vegetation. For example, one study found that the mid-high habitat suitability of Ammannia coccinea- an invasive weed
that competes with rice in paddy fields-are projected to gradually increase over time [23]. Similarly, in a study conducted
in China, the highly and moderately suitable areas of Phyllostachys edulis, a non-timber plant resource were found to
considerably shrink and fragment respectively, under future climate scenarios [24]. These findings highlight the critical role
of biomod2 in assessing climate-driven shifts in vegetation patterns, providing valuable insights for sustainable agricultural
practices in the face of changing environmental conditions.

The motivation for this study stems from the rapid exacerbation of climate change and its potential threats to agricul-
tural systems. Specifically, the increasing vulnerability of paddy cultivation in Sri Lanka motivated this research to assess
future climate projections and their likely impacts, to identify adaptive measures to mitigate anticipated consequences.
Despite the country’s heavy dependence on rice, the effects of climate change on paddy cultivation under both current
and future climatic conditions remain insufficiently explored. To bridge this knowledge gap, the present study evaluates
the spatial suitability of paddy in the Western province of Sri Lanka under different climate change scenarios for the years
2030 and 2050 as they are yet unknown.

The main objective of the study is to determine the spatial suitability of paddy in the Western province for the years
2030 and 2050 under different climate change scenarios. The specific objectives of the study are to determine the current
distribution of paddy in the Western province using bioclimatic (historical) data, to determine the suitable land areas for
paddy in Western province under the projected climate conditions for 2030 and 2050 based on Shared Socio-economic
Pathway (SSP) scenarios 245 and 585, and to determine the importance of climatic variables influencing paddy cultivation
in the Western province. The research questions addressed in this study are: Which bioclimatic variables most influence
paddy suitability? What is the current extent (in km?) of suitable land for paddy cultivation in the Western Province? What
is the extent (in km?) of suitable land under 2030 SSP 245 and SSP 585 scenarios? What is the extent (in km?) of suitable
land under 2050 SSP 245 and SSP 585 scenarios?

Methodology

In the present study, suitable areas for paddy cultivation in Sri Lanka’s Western province were assessed under current
(1970-2000) and future (2030 and 2050) climate change conditions, based on two SSP emission scenarios (SSP 245 and
SSP 585). The assessment was primarily conducted using 19 bioclimatic variables. Coordinates of existing paddy fields
were collected by a Global Positioning System (GPS) survey, and the data analysis was performed using RStudio soft-
ware (Version 2022.12.0 + 353).
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This research did not involve collection of data from the public as the method was mainly involved in modelling, model
application, model validation, model calibration and model simulation. The research proposal was presented to the
Department of Zoology and Environmental Management, Faculty of Science, University of Kelaniya, and the proposal and
the methodology were approved. As the research did not involve any data collection from any community or public, ethical
review or approval was not necessary. Further, the field verification on the availability of paddy fields was done based
on satellite images. The field verification and primary data collection of paddy fields were done by visiting the locality for
which no approval is needed from any authority under the local context as they are openly accessible to the public.

Study area

The Western province of Sri Lanka, comprising of Colombo, Gampaha, and Kalutara districts was considered as the study
area (Fig 1). The Western province is situated between 7° 18’ 40.1148" and 6° 20’ 29.97708” North latitude, and 79° 59’
26.48328” and 80° 39’ 53.5608” East longitude.
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Fig 1. Elevation map of the study area. Base map: SRTM 30 m DEM [25].

https://doi.org/10.1371/journal.pone.0333100.9001
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From 1866 to 2017, the average temperature of the Western province of Sri Lanka has increased by 0.7°C, and it is
projected to increase by a further 1°C to 3.6°C by 2100 [26]. Additionally, from 1980 to 2015, paddy production in the
Western province decreased from 143,900 Metric Tons to 127,600 Metric Tons [27].

The Western Province is considered the most urbanised province in the country. An increase in average rainfall fre-
quency and intensity have resulted in recurrent flooding and related damages to infrastructure, utility supply and the urban
economy, consequentially making food production in the Western province insufficient and challenging the importation of
food from other areas of the country [28].

Data collection

Environmental variables. Historical and future bioclimatic variables (19) were downloaded from the WorldClim
Website (Version 2.1) (https://worldclim.org/data/worldclim21.html). Historical climate data refers to the period from
1970 to 2000, while the future climate data were downloaded for the years 2030 and 2050 under the two projected
climate scenarios (SSP 245 and SSP 585) using two global circulation models (GCMs): Canadian Earth System Model
Version 5 (CanESM5) and Meteorological Research Institute Earth System Model Version 2.0 (MRI-ESM2-0). The
Intergovernmental Panel on Climate Change (IPCC) has generated GCMs from the Coupled Model Intercomparison
Project Phase-6 (CMIP-6) [29]. The bioclimatic variables were obtained from a combination of GCMs as combining
multiple GCMs can enhance the prediction skill beyond a single best performing GCM [30]. The data were downloaded
with a spatial resolution of 30 seconds (~ 1 km?).

Rice occurrence points. Rice occurrence points (ROPs) were obtained as GPS coordinates of paddy fields within
the Western province of Sri Lanka (Fig 2). The ROPs were obtained both primarily and secondarily. Primary ROPs were
collected through a field study (mainly focused on the paddy fields of Biyagama Divisional Secretariat Division due to ease
of accessibility), and secondary ROPs were obtained through Google Earth Pro (Version 7.3). It was ensured that the
ROPs approximately represent the center of each paddy field. A total of 300 ROPs were collected.

Habitat Suitability Modelling (HSM) using biomod2 (Version 4.2-2)

The present study has employed the biomod2 package of RStudio software. The biomod2 package is a system that
is used for ensemble modelling of the spatial suitability of species [32]. An ensemble model (EM) has the capability
to combine predictions from different individual models into one single model, ‘the ensemble model’ [33]. Accord-
ingly, in the present study, biomod2 was utilised to carry-out Habitat Suitability Modelling (HSM) of paddy due to its
advantageousness over other models as a package that can compare and combine multiple algorithms using the
same set of initial data and parameterisation [34]. Biomod2 houses ten individual models that can be employed to
build ensemble models; Generalized Linear Model (GLM), Generalized Additive Model (GAM), Generalized Boosting
Model (GBM), Classification Tree Analysis (CTA), Artificial Neural Network (ANN), Surface Range Envelope (SRE),
Flexible Discriminant Analysis (FDA), Multivariate Adaptive Regression Splines (MARS), Random Forest (RF), and
MaxEnt [35]. In the present study, eight of the ten models mentioned above were utilised; GLM, GBM, CTA, ANN,
SRE, FDA, MARS and RF.

The biomod2 package (Version 4.2-2) requires coordinate points of regions where species are present (presence data)
and absent (absence data) (Fig 3). However, as species absence data are difficult to obtain and require a high level of
reliability, artificial absence data can be created [36]. Therefore, pseudo-absence data for ROPs were generated randomly
using the ‘BIOMOD_FormattingData’ function. Pseudo-absence data affect model performance as well as the relative
importance of predictor variables [37].

The individual models (GLM, GBM, CTA, ANN, SRE, FDA, MARS and RF) to be used for the ensemble model were
defined using the ‘BIOMOD_ModelingOptions’ function. Thereafter, the original data set was randomly divided, where 70%
of the original data were used for evaluation and the remaining 30% for calibration of the model as it is the usual practice
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Fig 2. Rice occurrence points collected in the Western province of Sri Lanka. Base map: Survey Department, Sri Lanka (2025) [31].

https://doi.org/10.1371/journal.pone.0333100.9002

in biomod2 to divide the original data set into two subsets [32]. The evaluation and calibration processes were repeatedly
run ten times to achieve a robust model estimation.

There is no clear consensus on which metric evaluation method is preferable for assessing individual model accu-
racy [38]. However, in the present study, three metric evaluation methods-True Skill Statistics (TSS), Receiver Operating
Characteristics/Area Under the Curve (ROC/AUC) and Cohen’s Kappa (KAPPA)-were used to assess the individual model
accuracy via the ‘get_evaluations’ function. For the ensemble models, only TSS and ROC were employed. Thereafter,
TSS and ROC value scores for individual models were considered to build the ensemble model as previous studies have
showcased the potential of combining TSS and ROC evaluation methods [39]. Thus, individual models with TSS score
>0.6 and ROC score >0.7 were incorporated into the paddy suitability prediction ensemble model. These scores were
considered as they are within the performance range considered as “Good” for TSS (0.5-0.8) and ROC (0.7-0.9) [39].
Six ensemble models (ensemble model 1/EM 1, ensemble model 2/EM 2, ensemble model 3/EM 3, ensemble model 4/
EM 4, ensemble model 5/EM 5 and ensemble model 6/EM 6) were developed, from which ensemble model 1 (EM 1) and
ensemble model 4 (EM 4) were negligible due to their very low TSS and ROC scores.
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The ‘get_variables_importance’ function was utilised to determine the importance of each predictor variable on paddy
cultivation. The resulting score was derived by subtracting between the calculated correlation values between variables
and 1 [35], where higher values indicate a greater influence of the variable on the model [32]. Thus, nine suitable bio-
climatic variables were identified as imposing a significant contribution to the potential suitability of paddy (Fig 4) and
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Fig 4. Graph summarizing variable importance rankings of the nine bioclimatic variables imposing a significant contribution to the potential
suitability of paddy. BCV, Bioclimatic Variable; BCV4, temperature seasonality (standard deviation x100); BCV12, annual precipitation; BCV13, precip-
itation of wettest month; BCV 14, precipitation of driest month; BCV15, precipitation seasonality (coefficient of variation); BCV16, precipitation of wettest
quarter; BCV17, precipitation of driest quarter; BCV178, precipitation of warmest quarter; BCV19, precipitation of coldest quarter.

https://doi.org/10.1371/journal.pone.0333100.9004
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their relative contribution to the model outcome was calculated (Table 1). These variables were temperature seasonality
(standard deviation x100) (BCV4), annual precipitation (BCV12), precipitation of wettest month (BCV13), precipitation of
driest month (BCV14), precipitation seasonality (coefficient of variation) (BCV15), precipitation of wettest quarter (BCV16),
precipitation of driest quarter (BCV17), precipitation of warmest quarter (BCV18), and precipitation of coldest quarter
(BCV19).

Subsequently, the Pearson correlation coefficient for the above nine bioclimatic variables was determined to identify the
variables that associate with each other. Thus, it was found that the variables temperature seasonality (standard devia-
tion x100) (BCV4), precipitation of wettest month (BCV13), precipitation of driest month (BCV14), precipitation of wettest
quarter (BCV16), and precipitation of coldest quarter (BCV19) had acceptable correlation values, i.e., Pearson correlation
coefficient<0.7 [40].

Thereafter, the five bioclimatic variables were used to predict the current and future potential suitability of paddy
using the developed ensemble models, followed by the computation of the change in the range size of paddy at
current, 2030, and 2050 climatic conditions using RStudio software. The areas within the projected maps of poten-
tial suitability of paddy were categorised into four groups using the reclassify tool in ArcGIS: high suitable, moderate
suitable, low suitable and unsuitable to determine the areas suitable for paddy cultivation under current and future
climatic conditions [39].

Inclusivity in global research

Additional information regarding the ethical, cultural, and scientific considerations specific to inclusivity in global research
is included in the Supporting Information (S1 Checklist).

Results
Model performances

Individual model accuracy. The individual climate models that were initially considered include: Generalized Linear
Model (GLM), Generalized Additive Model (GAM), Generalized Boosting Model (GBM), Classification Tree Analysis
(CTA), Artificial Neural Network (ANN), Surface Range Envelope (SRE), Flexible Discriminant Analysis (FDA), Multivariate
Adaptive Regression Splines (MARS), Random Forest (RF) and MaxEnt. However, depending on the TSS and ROC
scores of each individual model, only the models GBM, CTA and RF were used to develop the ensemble models 1-6.

It was evident that the accuracy of individual models differed when compared with one another (Table 2). However,
with respect to TSS and KAPPA scores, the accuracy of the models seemed to be similar. The RF model performed best

Table 1. Relative contribution (%) of each important bioclimatic variable to the model outcome.

The bioclimatic variable The relative contribution
to the model (%)
Temperature seasonality (standard deviation x100) (BCV4) 13.41924
Annual precipitation (BCV12) 9.12337
Precipitation of wettest month (BCV13) 11.15021
Precipitation of driest month (BCV14) 11.50502
Precipitation seasonality (coefficient of variation) (BCV15) 15.99732
Precipitation of wettest quarter (BCV16) 8.683131
Precipitation of driest quarter (BCV17) 9.465495
Precipitation of warmest quarter (BCV18) 9.023218
Precipitation of coldest quarter (BCV19) 11.633

https://doi.org/10.1371/journal.pone.0333100.t001
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Table 2. Individual model scores of KAPPA, ROC, and TSS generated through the ‘get_evaluations’ function of biomod2 package.

Evaluation Method Individual Model and their Corresponding Scores

GLM GBM CTA ANN SRE FDA MARS RF
KAPPA 0.25 0.54 0.38 0.32 0.14 0.26 0.30 0.97
ROC 0.66 0.83 0.72 0.69 0.57 0.67 0.69 0.99
TSS 0.25 0.54 0.39 0.32 0.14 0.26 0.30 0.97

KAPPA, Cohen’s Kappa; ROC, Receiver Operating Characteristics; TSS, True Skill Statistics; MARS, Multivariate Adaptive Regression Splines; GLM,
Generalized Linear Model; GBM, Generalized Boosting Model; CTA, Classification Tree Analysis; ANN, Atrtificial Neural Network; SRE, Surface Range
Envelope; FDA, Flexible Discriminant Analysis; RF, Random Forest.

https://doi.org/10.1371/journal.pone.0333100.t002

with scores of 0.97+£0.003 for both TSS and KAPPA, while GBM, CTA and ANN models performed second best, third best
and fourth best with TSS values 0.54+0.017, 0.39+0.13, and 0.32+0.06 and KAPPA values 0.54+0.017, 0.38+£0.13,

and 0.32+0.06, respectively. The SRE model performed worst under TSS and KAPPA with scores of 0.14+0.06 and

0.14 £0.06, respectively. Thus, the order of performance based on TSS and KAPPA scores were RF, GBM, CTA, ANN,
MARS (0.30+0.016), FDA (0.26+0.005), GLM (0.25+0.005), and SRE.

In relation to ROC/AUC scores, similar to TSS and KAPPA scores, the RF model performed best with a score of
0.99+0.001. The GBM model performed second best with a score of 0.83+0.006, while the CTA model performed third
best with a value of 0.72+0.006. The SRE model performed worst according to ROC scores with a value of 0.57+0.03.
Thus, the order of performance based on ROC/AUC scores was RF, GBM, CTA, ANN (0.69+0.006), MARS (0.69+0.006),
FDA (0.67+0.02), GLM (0.66+0.003), and SRE.

Ensemble model accuracy. The predictive performance of ensemble models significantly increased in comparison to
individual models (Table 3). The ensemble model 5 performed best based on ROC scores (0.823). However, ensemble
models 1 and 4 performed the worst as TSS and ROC were not generated for them. Furthermore, ensemble models 2, 3,
5 and 6 produced average sensitivity and specificity scores of 79.268 and 64.143, respectively, which indicates that they
will accurately predict the presence of paddy at an average rate of 79.27% and its absence at an average rate of 64.14%.

Assessment of the suitability of paddy cultivation areas in the Western province for the years 2030 and 2050
under SSP 245 and SSP 585

Current and future projections. The current and future spatial suitability of paddy are illustrated below in Fig 5.
The future paddy habitat suitability scenarios include, 2030 SSP 245 (Fig 5B), 2030 SSP 585 (Fig 5C), 2050 SSP

Table 3. TSS and ROC scores generated via the ‘get_evaluations’ function of biomod2 package for each Ensemble Model (EM).

Ensemble Models (EMs)?
Evaluation Method EM 1° EM 2¢ EM 3¢ EM 4° EM 5¢ EM 6° Mean
TSS - 0.373 0.383 - 0.527 0.46 0.436
ROC - 0.760 0.748 - 0.823 0.805 0.784
Sensitivity - 92.683 58.537 - 81.533 84.321 79.268
Specificity - 44571 79.714 - 71.143 61.143 64.143

TSS, True Skill Statistics; ROC,
aEnsemble Models 1-6 are the models that were developed from individual models (GLM, GBM, CTA, ANN, SRE, FDA, RF).

Receiver Operating Characteristics.

PEnsemble Models 1 and 4 showcased very low TSS and ROC scores and therefore were negligible.
°Ensemble models 2, 3, 5 and 6 were the ensemble models that generated a TSS and ROC score greater than 0.6 and 0.7 respectively.

https://doi.org/10.1371/journal.pone.0333100.t003
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Fig 5. Map of paddy habitat suitability under (A) current climatic conditions; (B) 2030 SSP 245; (C) 2030 SSP 585; (D) 2050 SSP 245; (E) 2050

SSP 585 climatic conditions.
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245 (Fig 5D), and 2050 SSP 585 (Fig 5E). The maps in Fig 5 indicate the areas that are highly suitable (dark green),
moderately suitable (light green), less suitable (yellow), and unsuitable (red) for paddy cultivation.

The above maps have been developed using the results generated by the ensemble models 2, 3, 5 and 6 built by bio-
mod2 package.

The spatial area (in km?) suitable for paddy cultivation under current and future climate conditions is presented in Fig 6
below. When current climatic conditions to future climatic conditions are compared, there is a reduction in the areas that
are highly suitable for paddy and an increase in the areas that are unsuitable for paddy. Under the current climatic con-
ditions, the extent of area highly suitable for paddy is 861.30 km?, while under 2030 SSP 245, 2030 SSP 585, 2050 SSP
245, and 2050 SSP 585 climatic conditions, the area highly suitable for paddy was recorded as 869.40 km?, 818.10 km?,
327.60 km?, and 171.90 km?, respectively.

Species range change (SRC). Table 4 and Fig 7 demonstrate the change in the range of paddy (in pixel values)
between current and four predicted climate change scenarios namely 2030 SSP 245, 2030 SSP 585, 2050 SSP 245 and
2050 SSP 585 climatic conditions, respectively. Table 4 presents the areas where paddy range will remain unchanged
(“Unchanged”), will be lost (“Loss”), will be gained (“Gain”), the percentage of paddy range that will be lost and gained
(“%Loss” and “%Gain”), and the paddy range change (“SRC”, which is the difference between the percentage of paddy
range that will be gained and the percentage of paddy range that will be lost). It is evident that the paddy suitability range
has decreased under each climatic condition compared to the current state. When considering the change in paddy
suitability between the current and 2030 climatic conditions, the decrease in range is greater under SSP 245 climatic
conditions (1,047.75 pixels) than under SSP 585 conditions (916.75 pixels). In contrast, when the change in paddy
suitability range between the current and 2050 climatic conditions are considered, the decrease in paddy suitability range
is greater under SSP 585 climatic conditions (1,388.5 pixels) than under SSP 245 climatic conditions (1,166.5 pixels).
Thus, between the current and 2030 SSP 245 climatic conditions, the percentage loss in paddy range is 52.9%, while the
percentage loss of paddy range between the current and 2030 SSP 585 climatic conditions is 47.9%. The loss of paddy
range between the current and 2050 SSP 245 climatic conditions and between the current and 2050 SSP 585 climatic
conditions is 59.1% and 67.9%, respectively.

Model 2, Model 3, Model 5 and Model 6 represent the ensemble models 2, 3, 5 and 6 developed by biomod2 package.

Fig 7 presents the maps generated under each ensemble model (ensemble models 2, 3, 5 and 6) for SRC. The
green-coloured regions represent the areas in which the paddy range will be gained under future climatic conditions when
compared with the current climatic conditions. The areas shaded in white and blue represent the regions where paddy is
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Fig 6. Graph of paddy habitat suitability areas under current and future (2030 SSP 245, 2030 SSP 585, 2050 SSP 245 and 2050 SSP 585) cli-
matic conditions.

https://doi.org/10.1371/journal.pone.0333100.9006
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Table 4. Species range change, range of paddy unchanged, lost and gained, and the percentage of range of paddy lost and gained between
current and future climatic conditions.

SRC* EM Unchanged® Loss" Gain® % Loss % Gain SRC
Between current and 2030 SSP 245 climatic conditions EM 2 2,687 383 992 12.48 32.31 19.84
EM 3 929 1,262 1,028 57.59 46.92 -10.68
EM 5 79 1,396 449 94.64 30.44 -64.20
EM 6 1,294 1,150 874 47.05 35.76 -11.29
Mean 1,247.25 1,047.75 835.75 52.94 36.36 -16.58
Between current and 2030 SSP 585 climatic conditions EM 2 2,809 261 1,032 8.50 33.62 25.11
EM 3 855 1,336 949 60.98 43.31 -17.66
EM 5 83 1,392 315 94.37 21.36 -73.02
EM 6 1,766 678 949 27.74 38.83 11.09
Mean 1,378.25 916.75 811.25 47.89 34.28 -13.62
Between current and 2050 SSP 245 climatic conditions EM 2 2,690 380 1,052 12.38 34.27 21.89
EM 3 253 1,938 266 88.45 12.14 -76.31
EM 5 6 1,469 42 99.59 2.85 -96.75
EM 6 1,565 879 954 35.97 39.03 3.07
Mean 1,128.5 1,166.5 578.5 59.09 22.07 -37.03
Between current and 2050 SSP 585 climatic conditions EM 2 2,475 595 1,081 19.38 35.21 15.83
EM 3 191 2,000 181 91.28 8.26 -83.02
EM 5 0 1,475 41 100.00 2.78 -97.22
EM 6 960 1,484 564 60.72 23.08 -37.64
Mean 906.5 1,388.5 466.75 67.85 17.33 -50.51

SRC, Species Range Change; EM; Ensemble Model.

aSpecies Range Change is the difference between the percentage of paddy range that will be gained and the percentage of paddy range that will be lost
between current and future climate conditions.

®The range of paddy unchanged, lost and gained are provided in terms of number of pixels.

https://doi.org/10.1371/journal.pone.0333100.t004

absent and present under the current climatic conditions, respectively, and will remain unchanged under future climatic
conditions. The red-coloured regions represent the areas where paddy range will be lost under future climatic conditions
with respect to current climatic conditions.

Discussion
Model predictions

In the present study, an ensemble model was developed through the combination of several individual models and was
used to determine the spatial suitability of paddy. According to Dang et al. [39], the selection of single models based on
the corresponding predictive performances is important when determining the spatial suitability of a particular species.
The high ensemble model scores of the present study (such as ensemble model 5=0.823) provide evidence as to the
model’s high reliability and improved performance According to Boonman et al. [41], ensemble models are better at mak-
ing predictions than individual models. Therefore, due to the good predictive performance of the ensemble models, the
results derived for the habitat suitability of paddy can be considered acceptable.

In the current study, Random Forest (RF) model and Generalized Boosting Model (GBM) were found to perform the
best under all the three evaluation metrices. This is similar to the findings of a study that was carried-out on a rare Tulipa
species in Uzbekistan [42] and on paddy habitat suitability in Mekong Delta, Vietnam [39]. The performance of the individ-
ual models can be further improved by incorporating non-climatic variables (i.e., eco-physiological variables, such as soil
type and soil acidity) [39] and iterating the process [43].
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Fig 7. Map of species range change between current and (A) 2030 SSP 245; (B) 2030 SSP 585; (C) 2050 SSP 245; (D) 2050 SSP 585 climatic

conditions.
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Important variables for spatial suitability of paddy

The results indicated that out of all the important variables, temperature seasonality (BCV4) and precipitation seasonality
(BCV15) are the two variables that are the most important for the spatial suitability of paddy. Temperature seasonality
refers to the temperature change throughout the year, while precipitation seasonality refers to the change in monthly
precipitation over a year [44]. With regards to temperature, high temperatures (generally >30°C in tropical countries)
harmfully influence paddy growth and yield [45]. Paddy germination time and intensity are highly affected by temperature,
paddy seedlings are subjected to death at temperatures above 40°C, heat stress causes discolorations and abnormalities
in paddy during the ripening stage of paddy, and heat stress affects paddy yield through changes in physiological pro-
cesses related to grain production [45].

Precipitation seasonality is likely to affect the spatial suitability of paddy as it can lead to drought or flood phenomena.
Specifically, since rainfed paddy cultivation is carried-out in the Western province, precipitation seasonality significantly
impacts the spatial suitability of paddy. For instance, in Malaysia the rice yield will decrease by 12% (in the main season)
and 31.3% (in the off-season) until 2030 due to the increase in temperature and changes in precipitation patterns [46].

Paddy suitability loss due to climate change

The results of the present study revealed that climate change will significantly affect the spatial suitability of paddy for the
years 2030 and 2050 within the Western province of Sri Lanka. The range of paddy under current climatic conditions was
seen to reduce drastically under the SSP 245 and SSP 585 climatic conditions in both 2030 and 2050 (Figs 5-7 and Table
4). Contrastingly, a study conducted in South Asia found that high land suitability for rice is expected to rise under 2040
SSP 585 and 2060 SSP 585 scenarios by 32.3% and 31.8%, respectively, compared to the current climatic conditions
[47]. When the spatial extent of areas suitable for paddy is considered, it was revealed that under the current climatic con-
ditions, the extent of areas highly suitable, moderately suitable, less suitable and unsuitable as 861.30 km?, 1,150.20 km?,
866.70 km?, and 1,044.00 km?, respectively.

Upon comparison of the spatial suitability of paddy under the current climate condition with 2030 SSP 245 climatic
conditions, it was evident that under 2030 SSP 245 climatic conditions, the highly suitable and moderately suitable areas
for paddy slightly increased to 869.40 km? and 1,548.90 km?, respectively, while less suitable areas drastically reduced to
66.60 km?, and unsuitable areas increased to 1,437.30 km?2. Similarly, in China, the portion of area moderately and highly
suitable for Sorbus alnifolia were seen to decrease from 2.57% and 1.14% under current climate conditions to 2.51% and
1.08% under SSP 245 climate scenario, respectively, by 2060 [48]. With regards to 2030 SSP 585 climatic conditions,
there was a reduction in highly suitable areas for paddy (818.10 km?) and less suitable areas (77.40 km?), whereas mod-
erately suitable areas (1,431.90 km?), and unsuitable areas (1,594.80 km?) increased in comparison to the current climatic
conditions. Contrastingly, it had been found that due to the increase in carbon dioxide levels, rice yields would increase by
14.49% under SSP 245, and by 14.33% under SSP 585 during the 2030s in the Nile River Delta [49].

Similarly, the SRC between the current and 2030 climatic conditions, SSP 245 and SSP 585 scenarios demonstrated
a 52.94% and 47.89% loss of paddy range, respectively. However, it also indicated an increase in the range of paddy;
36.36% under SSP 245 climatic conditions and 34.28% under SSP 585 climatic conditions. Despite the gain in the paddy
range size, there seems to be an overall loss of paddy range size amounting to 16.58% under SSP 245 conditions and
13.21% under SSP 585 conditions between the current and 2030 climatic conditions. It is noteworthy that although SSP
585 reflects worse climatic conditions than SSP 245, the loss in the paddy range size is greater under SSP 245 climatic
conditions than under SSP 585 conditions for the year 2030. According to Sekiewicz et al (2024), the Colombo Metropol-
itan Area has witnessed an increase in the urban area from 9.6% in 1988 to 39.6% by 2022, indicating an estimated 9.1
km? increase in the urban area per year. Therefore, the decline in paddy habitat suitability may be attributable to anthropo-
genic activities, such as urbanization [50].
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When the spatial suitability of paddy under 2050 SSP 245 climatic conditions are considered, it was revealed that the
areas considered highly suitable (327.60 km?), moderately suitable (297.90 km?), and less suitable (672.30 km?) for paddy
decreased with respect to the spatial suitability of paddy under the current climatic conditions, while the areas unsuitable
for paddy increased (2,624.40 km?). However, certain simulations carried-out over Sikkim in the Eastern Himalayan region
had indicated an increase in mean rice yield for RCP 4.5 and RCP 8.5 climatic conditions during 2021-2099, which were
attributed to the availability of suitable temperature, increase in the carbon dioxide concentration, high elevation of the
study area and no significant water stress during the growing seasons [51].

Further, areas highly suitable (171.90 km?), moderately suitable (855.00 km?), and less suitable (268.20 km?) for paddy
decreased, whereas areas unsuitable (2,627.10 km?) for paddy increased under 2050 SSP 585 conditions when com-
pared to the areas suitable for paddy under the current climatic condition. Similarly, in Saint Catherine Protectorate, Egypt,
Micromeria serbaliana habitat suitability was found to decrease with climate warming by 180 km? at SSP 585 conditions
by 2050 compared to the current distribution [52].

The above change in paddy suitability was reflected in the assessment of the change in paddy range between the
current and 2050 climatic conditions. The 2050 SSP 245 scenario indicated that the paddy range will increase by 22.07%,
while the 2050 SSP 585 scenario indicated that the paddy range will increase by 17.33% when compared with current cli-
matic conditions. However, with respect to the current climate, it was revealed that the paddy range will be reduced under
the 2050 SSP 245 (59.09%) and the 2050 SSP 585 (67.85%) climatic conditions. Therefore, the ensemble models predict
that from current to 2050, there will be an overall reduction in the paddy range (37.03% under SSP 245 conditions and
50.51% under SSP 585 conditions). In contrast to the range change between the current and 2030 climatic conditions, the
range change between the current and 2050 climatic conditions highlights that the range change under the SSP 585 cli-
matic conditions will be greater than the SSP 245 climatic conditions. These declines in paddy range may be attributable
to long-term effects of rainfall fluctuations and temperature variations. For instance, a study conducted on Sri Lanka’s rice
production projected a decline in rice production by 0.405%, with each 1% increase in rainfall and by 2.620%, with 1% rise
in temperature [53].

Furthermore, under the SSP 245 climatic conditions, when considering the change in the paddy range between the
current period and years 2030 and 2050, it is evident that the loss in the paddy range will be greater between the cur-
rent and 2050 conditions (59.09%) when compared with the current and 2030 conditions (52.94%). Similarly, the loss in
the paddy range will be greater between the current and 2050 conditions (67.85%) than between the current and 2030
conditions (47.89%) for SSP 585. This is similar to a study conducted in Sanjiang and Songnen Plains of China, where the
paddy area in the plains-as a percentage of China’s total area-indicated a slight decline from 2030 (516.74 x 10* hectares)
to 2050 (503.31 x 10* hectares) [54].

These reductions in paddy range are likely to be attributable to the important climatic variables, mainly temperature
seasonality, and precipitation seasonality because of changes in temperature and precipitation as stated above. Studies
have shown that in Sri Lanka the temperature will increase by 0.7°C (under SSP 245) and 0.9°C (under SSP 585) by
2030, whereas the temperature will increase by 1.4°C and 2.2°C under SSP 245 and SSP 585 scenarios by 2050 [55].
Similarly, according to Almazroui et al. [55], it has been projected that Sri Lanka’s precipitation will increase by 4.3%
(under SSP 245) and 5.8% (under SSP 585) by 2030, by 8.8% (under SSP 245) and 13.2% (SSP 585) by 2050, and by
the end of the 21t century (2100), the country-average annual mean precipitation will increase by 25.1% under SSP 585
climatic conditions. Among the nine provinces of Sri Lanka, the Western province is one of the regions most affected by
floods. From 2006 to 2016, a spatial area of 704 km? was under the impact of floods, and it is suggested that there could
be an increased risk of floods in the Western province in the future [56,57]. Therefore, it is likely that the change in the
range of paddy is a result of the above-mentioned climatic factors, as paddy cultivation is vulnerable to climate change
impacts such as floods and extreme heat [58]. The findings of the present study confirm the negative impacts of climate
change on paddy cultivation that have been identified by studies conducted in other parts of the world [59,60].
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Non-bioclimatic and eco-physical variables were not considered which may be regarded as a limitation of the study.
However, it is noteworthy that non-bioclimatic and eco-physiological variables were assumed to be constants when
predicting the changes in paddy suitability. Non-bioclimatic variables such as irrigation mechanisms and future land-use
changes, and eco-physiological variables such as soil type, soil acidity, and saline intrusion tend to further negatively
impact paddy cultivation as they themselves are prone to change due to climate change. Nevertheless, it should be noted
that paddy cultivation within the Western province may not require any irrigation systems as it is mainly based on rainwa-
ter. Therefore, the absence of irrigation systems in modelling may not have caused substantial changes in the modelling
results.

Implications on the impacts of paddy suitability loss

The present study provides evidence of the loss of areas suitable for paddy in the Western province of Sri Lanka under
future climatic conditions. The precipitation received by the Western province of Sri Lanka decreased from 1987 to 2017
[61], implying that it is likely to further reduce in the future because of climate change. Therefore, with paddy being one of
the most vulnerable sectors to the variabilities of climate parameters such as precipitation [62], it is inevitable that such
changes in the climate will negatively impact paddy production and critically affect food security.

The Central Bank of Sri Lanka [63] reports that based on the Gross Domestic Product, the growth rate of paddy in Sri
Lanka was 6.7% in 2021, and the yield per hectare decreased from 4,802kg/ha in 2020-4,571kg/ha in 2021. Conse-
quently, the climate change-induced reduction in areas suitable for paddy cultivation in the Western province is likely to
affect the livelihood of paddy farmers and parallelly reduce the functionality of paddy fields as important wetlands (i.e.,
reduce their capability to purify water resources and provide habitats for faunal and floral biodiversity).

Recommendations for the future

It is recommended that the findings of the present study be used to understand the changes in paddy habitat suitability

in Sri Lanka under different climate change scenarios and to utilize these data in future research aiming for conservation,
restoration, or monitoring. The study can be used as a foundation for informed decision-making in the efforts for conser-
vation and land management. Researchers may extrapolate the current findings to areas beyond the Western Province

of Sri Lanka to better understand the effect of climate change on Sri Lanka’s paddy cultivation. Through such analyses,
recommendations can be provided to the State officials with regards to management and conservation of paddy fields and
thereby urge the prioritization of Sri Lanka’s food security.

Conclusion

The current study sought to determine the spatial suitability of paddy under future climatic conditions. The results revealed
that there is an impact of climate change on paddy cultivation as hypothesised in the present study. For instance, areas
suitable for paddy (sum of areas that are highly suitable, moderately suitable and less suitable) decreased under 2030
SSP 245 (2,484.90 km?), 2030 SSP 585 (2,327.40 km?), 2050 SSP 245 (1,297.80 km?), and 2050 SSP 585 (1,295.10 km?)
climatic conditions with respect to the current suitability of paddy (2,878.20 km?) in the Western province of Sri Lanka. The
results of the present study can therefore be used to develop important adaptation mechanisms to mitigate the impact of
climate change on paddy cultivation within the Western province and then can be extrapolated to the other parts of Sri
Lanka.

Primarily, the study recommends that the areas that are already highly and moderately suitable for paddy, and the
areas that will be suitable for paddy in the future should be conserved and preserved for the optimisation of paddy pro-
duction. Thereafter, areas where paddy suitability is low and areas where paddy suitability will be lost should be managed
with modern technology to mitigate the reduction in suitability. Furthermore, the utilisation of ensemble models in this
study demonstrates a robust approach for HSM over the use of individual models, significantly improving the prediction
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results and reliability. Therefore, the present study provides comprehensive information on the impact of climate change
on paddy cultivation in the future and highlights the urgency of adopting climate change mitigation actions to facilitate
sustainable paddy production.

Furthermore, as no prior research has been carried-out with respect to paddy habitat suitability within the Western
province of Sri Lanka under future climatic conditions, this study contributes to narrowing the research gap. Thereby, it
contributes to the formulation of policies to address the effects of climate change on paddy cultivation. Eventually, through
implementation of such policies, grave consequences of climate change on agriculture such as food insecurity may be
prevented. Consequently, the current findings can be used as a framework by policy-makers and stakeholders in formu-
lating strategies for sustainable paddy production. The information regarding the areas that are suitable and unsuitable for
paddy in the future can be utilised in urban planning (such as infrastructure development). Therefore, through the effective
corporation of all the sectors (i.e., government institutions, non-governmental bodies, academic personnel, farmers, etc.),
the proper maintenance and rehabilitation of paddy fields can be encouraged, thereby achieving the protection and con-
servation of these crucial wetland ecosystems.
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