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Abstract
Variations in rainfall patterns, whether in quantity or frequency, pose a significant challenge
that sugarcane crops must adapt to in the context of climate change. This study aimed to
assess the impact of future climate scenarios from 2015 to 2100 on sugarcane yield at a re-
gional scale in Reunion Island and to identify adaptation practices to mitigate the impact of
climate. Different irrigation regimes were tested to assess the impact on growth and future
water requirements using the Mosicas sugarcane crop growth model at a 3 x 3 km resolu-
tion. High-resolution climate data for three IPCC future scenarios (RCP 2.5, 4.5, and 8.5) were
obtained from the BRIO project, conducted by Météo France, the French national weather
service. Results showed that, despite a favorable increase in temperature, changes in precip-
itation patterns resulted in minimal yield change at the island scale compared to the current
period. However, the impact of climate change varied significantly across different climatic
areas on the island. On the south-west coast, yields decreased significantly (by -8% and -4%
on average in 2060 and 2090, respectively), while on the east and north-east coasts at high
altitudes, yields increased (by +9% and +17% in 2060 and 2090). Overall, water irrigation de-
mand increased by 15 and 24% in 2060 and 2090, respectively, on average across scenarios.
It was found that irrigating non-irrigated areas reduced the negative impact of climate change,
particularly in high altitudes in the south and north-east. Additionally, the simulation of more
drought-resistant varieties was able to limit the negative impact of climate change in areas
facing increasing water deficits without changing the irrigation regime. Finally, this study illus-
trated how areas currently less suitable for sugarcane production, such as high-altitude areas,
will become more favorable due to climate change. Adaptation methods, such as changes in
irrigation management or the adoption of more drought-tolerant varieties, were identified as
effective strategies to cope with climate change and maximize the sugarcane’s potential in a
more favorable temperature environment.
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Introduction 

Crop growth simulation models are crucial for understanding and forecasting the intricate 
dynamics among climate, soil conditions, and agricultural management practices, which influence 
crop development and yield. These models provide valuable insights to address critical challenges 
in agriculture, including food security, sustainability, and the mitigation of the adverse effects of 
climate change (Dias & Inman-Bamber, 2020). In tropical and sub-tropical areas, sugarcane is a 
primary source of sugar, ethanol, and materials for electricity generation (Botha & Moore, 2013). 
With the growing demand for ethanol and electricity in the energy sector, there is potential to 
substitute for fossil fuels to reduce greenhouse gas emissions (Goldemberg et al., 2014). However, 
due to the diverse climatic zones involved in sugarcane production, regions engaged in this 
cultivation may experience shifts in temperature and precipitation patterns that could significantly 
impact future sugarcane productivity (IPCC, 2023). This underscores the urgent need for 
adaptation strategies and effective irrigation management for future sugarcane production. 

Sugarcane exhibits adaptability to diverse climatic conditions worldwide, as documented by 
Rott (2018). In tropical and subtropical regions, including sections of South America, Africa, Asia, 
and the Caribbean, sugarcane is widely adapted in warm, humid climates with abundant rainfall. 
Conversely, in more temperate zones like the United States, South Africa, and Australia, 
sugarcane cultivation is confined to specific areas where temperatures support its growth, often 
necessitating irrigation systems to compensate for lower rainfall. The challenges presented by 
climate change have a notable impact on sugarcane production (Linnenluecke et al., 2018). While 
sugarcane may benefit from increased temperatures, alterations in precipitation patterns may also 
adversely affect sugarcane cultivation. 

Extensive research has been conducted to evaluate the impact of climate change on sugarcane 
yield, accounting for factors such as atmospheric CO2 levels, temperature fluctuations, and 
precipitation changes. These investigations span diverse countries, including Brazil (Marin et al., 
2013), Australia (Linnenluecke et al., 2020), South Africa (Jones et al., 2015), India (Sonkar et al., 
2020), and Thailand (Pipitpukdee et al., 2020). The outcomes of these studies have revealed 
varying projections for specific climatic regions (Zhao & Li, 2015). These disparities stem from 
favorable conditions for C4 crops, such as rising temperatures and CO2 levels (Marin et al., 2013; 
Ruan et al., 2018), alongside unfavorable precipitation patterns (Knox et al., 2010; Santos & 
Sentelhas, 2012). Among others, two key adaptation strategies have been identified to address 
rainfall change under climate change: effective irrigation management (Santillan-Fernandez et al., 
2016; Guo et al., 2021; Singels et al., 2023) and the development of drought-tolerant sugarcane 
varieties able to withstand heat and water stresses, thereby maintaining yield and productivity even 
under changing climatic conditions (Shrivastava & Srivastava, 2012). 

Irrigation practices strongly influence the ecophysiological responses and productivity of 
sugarcane, particularly in regions with high evaporative demand or variable rainfall. Under 
adequate soil water availability, sugarcane maintains high stomatal conductance, supporting 
sustained canopy photosynthesis and biomass accumulation throughout the growing season (Carr 
& Knox, 2011). In contrast, water deficits during critical growth stages can reduce stomatal 
conductance and leaf expansion, accelerate leaf senescence, and limit internode elongation, 
ultimately decreasing yield (Venkataramana et al., 1986; Inman-Bamber & Smith, 2005). Water 
deficits during the tillering and grand growth phases often cause the greatest reductions in biomass 
and sugar content (Carr & Knox, 2011). Optimized irrigation management can durably mitigate 
these effects by preventing recurrent phases of stomatal conductance decline throughout the crop 
cycle, thereby stabilizing canopy photosynthetic activity and reducing cumulative productivity 
losses. 

Limited research has been conducted on tropical islands due to the challenges in predicting 
future climates at low spatial resolution. However, initial studies have highlighted the potential for 
sugarcane to be adversely affected by future conditions in these areas, particularly precipitation 
patterns, which could lead to yield declines. This trend has been observed in islands such as La 
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Réunion (Christina et al., 2024), Mauritius (Cheeroo-Nayamuth & Nayamuth, 2001), the South 
Caribbean (Singh & Maayar, 1998), and Fiji (Gawander, 2007). The tropical island of La Réunion 
(-21.15° / 55.50°) is susceptible to precipitation pattern alteration due to its highly variable spatial 
and temporal precipitation (Christina et al., 2021). With approximately 21,000 hectares of 
sugarcane cultivation, constituting about 55% of the total agricultural area (Levet, 2023), Reunion 
Island features a broad elevation range from sea level to 1000 meters above sea level, resulting 
in significant temperature and radiation variations. Reunion Island also exhibits notable spatial 
diversity in rainfall, with some areas receiving deficient precipitation (<300 mm.y-1) and others 
receiving substantial rainfall (>3000 mm.y-1). At present, only the western and southern parts of 
the island at low altitudes are irrigated. However, yield forecasts from previous studies suggest 
that irrigated areas will need to be adapted in the future (Christina et al., 2024). 

The recent advancements in climate modeling, particularly the high-resolution climate 
projections conducted by Meteo France under the Building Resilience in the Indian Ocean (BRIO) 
project (Leroux et al., 2021), provide an excellent opportunity to assess the impact of climate 
change on future sugarcane yields in Reunion Island. The objectives of this study were i) to 
evaluate how climate change would affect sugarcane yield across various climatic scenarios on 
the entire tropical island of La Réunion and ii) to explore how managing sugarcane irrigation or 
drought-resistant varieties could help preserve or improve sugarcane yield in response to future 
climatic conditions. 

Material and methods 

Simulated areas in Reunion Island.  

The research was conducted on La Réunion, a volcanic island located in the Indian Ocean at 
21° 06’ 52” south latitude and 55° 31’ 57” east longitude. Reunion Island is broadly categorized 
into distinct climatic regions: the wet East Coast and the water-limited West Coast, as well as low- 
and high-altitude areas (Figure 1a, b). While lower altitude eastern and southern areas rely mainly 
on irrigation, all other areas primarily depend on rainfall (Christina et al., 2021, Figure 1d). The 
entire sugarcane cultivation region was divided into 3x3 km grid cells (Figure 1c) spanning from 
sea level to 1000 m above sea level. The choice of grid cells to be taken into account was decided 
by local stakeholders (sugar Tereos company and CTICS) based on the current and future areas 
they considered most relevant. Simulations were conducted in each grid cell, with an average plot 
size of 1 hectare. Each grid cell was assigned an average soil available water capacity, sourced 
from the GeoDE online atlas (https://geode.cirad.fr/), previously used by Christina et al. (2021). 
The sugarcane cultivation areas were further categorized into 13 uniform agroclimatic zones 
(Figure 1d) based on insights from the sugarcane company (Personal communication from Tereos 
company, the sugar industry on the island). 

MOSICAS model description  

The MOSICAS model (Martiné et al., 1999; Christina et al., 2021) simulates daily sugarcane 
growth at a field scale for specific management scenarios. The model is a deterministic thermo-
radiative type model that considers water stress. It consists of growth and carbon balance modules 
linked to a water balance module. As the model does not account for the effects of elevated CO2 
on plant processes, any changes in atmospheric CO2 concentration across the different climate 
scenarios will not be reflected in subsequent simulations. The growth of sugarcane is highest at 
an optimal mean daily temperature and decreases at temperatures below or above this level. The 
daily increase in leaf area is influenced by temperature and restricted by water stress and intra-
specific competition. Temperature and water stress coefficients impact the conversion of 
photosynthetically active radiation into total dry mass based on a classic radiation use efficiency 
approach: 

(1) 𝛥𝑇𝐷𝑀 = 𝑖𝑃𝐴𝑅	 × 𝑅𝑈𝐸!"# ×	𝑠𝑤𝑑𝑓$%& × 𝑘' × 𝑘()* 
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Where ΔTDM is the daily increase in total dry mass (g m-2 d-1), iPAR the intercepted 
photosynthetically active radiation (MJ m-2 d-1) based on canopy leaf area index and interception 
coefficient, RUEMAX the maximum radiation use efficiency (plant parameter, g MJ-1), swdfRUE the 
soil water deficit factor, and kT and kage some function defining the effect of air temperature and 
maintenance respiration (see model description for details).  

 

Figure 1 - Distribution in average rainfall patterns (a), altitude (b), and localization 
of the current sugarcane agricultural area (green, c) over the island. (d) present the 
subdivision of sugarcane areas into homogeneous agroclimatic zones (LA: low 
altitude, HA: high altitude, I: irrigated areas, NI: non-irrigated areas). The grid cells 
in (c) and (d) indicate the simulation units in this study. 

The soil water deficit factor swdfRUE is calculated based on Brisson et al. (1992) and is 
controlled by two plant parameters, “sthydrue” (a parameter defining the sensitivity to water deficit) 
and “Ψcr” (the critical leaf water potential): 

(2) 𝑠𝑤𝑑𝑓$%& = 3 +,-.!"
/.1234.5674.18×#$!%& :

4
+;<=->?*

= 1 −𝑊𝑆𝐼 

Where tp is the potential transpiration rate (mm d-1), and swdfrf is the filling rate of the available 
soil water capacity in the soil explored by sugarcane roots (see the model description for more 
details). In the following study, the sugarcane water stress index (WSI) was defined as 1 - swdfRUE 
(0 indicating no stress and 1 indicating high stress).  

The Ψcr parameter represents the critical value of leaf water potential defined as the leaf water 
potential at which stomata begin to close appreciably, so that CO2 uptake is no longer at its 
maximum. Physiologically, it corresponds to the onset of significant hydraulic limitation, where 
stomata progressively close to prevent hydraulic failure. The critical leaf water potential is 
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crop-specific (and sometimes cultivar-specific) and reasonably ranges from -8 to -12 bars in 
sugarcane (Brisson et al., 1992). The sthydrue parameter is a shape parameter that controls how 
rapidly photosynthesis declines as water availability declines and allows for the representation of 
different transpiration efficiencies across varieties. 

Subsequently, the allocation of total dry mass gain to root, millable stalks, and leaves is 
controlled by dynamic allometric fractions. Stalk water content remains constant at the beginning 
of growth and decreases with thermal time. The formulas governing cane growth and responses 
to water and temperature stresses used in this study are available in the 
“MOSICAS_model_description” file in the Gitlab repository 
(https://gitlab.cirad.fr/mathias.christina/mosicas). The model code and manual are open source 
(General Public License) and available on Gitlab. 

An updated version of the MOSICAS model (v1.2, Christina, 2025b) was used in this study. 
The modified version used a new equation for the RUE-temperature response, following the work 
of the International Consortium for Sugarcane Modeling (Christina et al., 2025a). The authors 
proposed using the Wang-Engel formalism (Wang & Engel, 1998) in studies aimed at quantifying 
the impact of climate change on sugarcane growth. Consequently, the R570 sugarcane cultivar 
was re-parameterized using the maximum RUE and the cardinal temperature proposed by 
Christina et al. (2025a) and following the calibration procedure proposed in the same study to avoid 
compensatory effects. The model was calibrated using 29 ratoon crop trials conducted on Reunion 
Island from 1986 to 2016, sourced from the ECOFI database (Christina et al., 2020). The 
comparison between observed and simulated sugarcane variables was presented in Figure S1 
and S2. In this study, sugarcane stalk fresh mass was defined as the sugarcane yield. The 
sugarcane water stress index (WSI) was simulated using MOSICAS (equation 2). 

Climatic data and scenarios 

In the BRIO project, Meteo France conducted high-resolution climate projections for the South 
West Indian Ocean. These projections were based on the main socio-economic development 
scenarios and adaptation and mitigation strategies (SSP). The simulations used the CM5 model 
from the National Center for Climate Research (CNRM) from 2015 to 2100. Three climatic 
scenarios were evaluated: i) RCP 2.6: Warming limited to 2°C, describing a world marked by strong 
international cooperation and sustainable development prioritization; ii) RCP 4.5: Warming limited 
to 3°C, describing a world characterized by the continuation of current trends; and iii) RCP 8.5: 
Warming up to 6°C, describing a world that focuses on the traditional and rapid development of 
developing countries, based on high energy consumption and C-emitting technologies. The 
climatic data were obtained from the CIRAD Meteor platform (https://smartis.re/METEOR) at the 
center of each grid cell (Figure 1). Daily climatic data included rainfall, global radiation, potential 
evapotranspiration (Penman-Monteith reference), minimum, mean, and maximum daily 
temperatures. Different climatic index were calculated during each simulated one-year crop cycle: 
average temperature (TMEAN, °C) sum of precipitation (sPPT, mm.y-1) and potential 
evapotranspiration (sETP, mm.y-1), the aridity index (AI) defined as sPPT/sETP, and two extreme 
climate index from Yao et al. (2025), the number of heavy rainfall events (defined as daily 
precipitation higher than 20 mm d-1) and the maximum number of consecutive dry days (CDDX, a 
dry day was defined as a day with lower than 1 mm d-1). 

Model simulations and irrigation management 

The sugarcane yield (fresh stalk mass, Mg ha-1) was simulated yearly from 2015 to 2100 in 
each grid cell under the three RCP scenarios. The sugarcane cultivar chosen for the simulation 
was the R570 cultivar for the following reasons: i) it is the main historically planted cultivar still 
grown in Reunion Island; ii) it is a robust cultivar that grows in all climatic areas; iii) it was the 
cultivar parameterized with the most available experimental data in previous studies (Christina et 
al., 2021). All sugarcane yields were simulated as ratoon in the MOSICAS model. For each year, 
two different harvest dates were used: the 15th of August and the 15th of November, representing 
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the beginning and the end of the harvest season in Reunion. Different irrigation scenarios were 
defined: 

1) Current irrigation regime: all areas on the island were rainfed except for the sugarcane areas 
in the west and south at low altitude (defined as “LA West”, “LA South – St Louis”, “LA South – St 
Pierre”, “LA South - Langevin”, and “LA South - Sauvage”, Figure 1d). In this case, the irrigated 
areas were irrigated with a fixed dose of 15 mm per week representing current practices (CTICS 
personal communication).  

2) Automatic irrigation scenarios: all areas were subjected to automatic irrigation. In these 
scenarios, the irrigated dose was simulated each week to fill 20%, 40%, 60%, or 80% of the soil 
available water capacity. The automatic scenario with 80% filling of soil available water capacity 
was used to estimate the irrigation water demand. 

Virtual variety simulation experiments 

The use of more drought-resistant varieties as an adaptation strategy was explored through a 
virtual simulation experiment based on two key parameters controlling the photosynthesis 
response to water deficit (Ψcr and sthydrue). In a previous study using data from an international 
genotype x environment network trials, Jones et al. (2019) showed that RUEMAX was weakly 
influenced by varieties in no-stress environments (variation coefficient of 6.9%), whereas it was 
highly influenced by varieties in stressed environments under water deficit (variation coefficient of 
20.7%). Consequently, we assumed that the variety response to water stress could explain 13.8% 
of the RUE variability (i.e., difference between the two environments) and, consequently, that 
swdfRUE could vary by ±13.8% accross varieties. To achieve this swdfRUE variability, we explored 
the necessary variability in sthydrue and Ψcr parameters under stressed environments (swdfr 
between 0.05 and 0.4) using an expanded grid method (with a 3% variation step). We found that 
a 13.8% variability in swdfRUE could be reached by variability of around 50% of both sthydrue and 
Ψcr (Figure S3). 

We simulated the impact of decreasing both the sthdyrue and Ψcr parameters from 0 to -50% 
on future sugarcane yield under the current management regime in all simulation grids on the 
Island. To this aim, we simulated all combinations of decreasing sthdyrue and Ψcr at 0, 8.3, 16.7, 
25, 33.3, 41.7, and 50% variations. To analyse the output, we classified the virtual varieties into 
eight water-stress-resistant (WSR) variety classes based on their WSI value responses to sthydrue 
and Ψcr. 

Data analysis 

All data analyses were performed using R 4.2 (R Development Core Team, 2025). The relative 
contribution of climatic drivers (TMEAN, sPPT, sETP, AI, and CDDX) to the explained yield variance, 
at the grid cell scale, was quantified using the Lindeman, Merenda, and Gold (LMG) method 
(relaimpo R package), which decomposes the model R2 coefficient, averaged over all possible 
predictor orderings, allowing robust assessment of predictor importance in the presence of 
collinearity. Then, the simulated variables were averaged for each grid cell and each year across 
the two harvest dates. The average variables across the island were calculated by weighting 
simulated yields in each grid cell by the proportion of cultivated area in that cell. Similarly, the 
variables were averaged per agroclimatic zone, weighted by the proportion of cultivated area in 
each grid cell.  

Long-term trends in sugarcane yield and other variables were analysed using the non-
parametric Mann–Kendall test to detect monotonic changes over time, and Sen’s slope estimator 
was applied to estimate the corresponding linear rate of change (trend R package). Three climatic 
periods were defined in each climate change scenario: i) the “current period” was defined as the 
average from 2015 to 2025, ii) the “2060 period” was defined as the average between 2050 and 
2070, and iii) the “2090 period” was defined as the average between 2080 and 2100. Data 
smoothing for improved visualization was achieved using local polynomial regression curves 
(geom_smooth function). 
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Results 

Change in temperature, evapotranspiration, and precipitation patterns 

The long-term trend of average temperatures across the island increased by +0.008 (p<0.001), 
+ 0.025 (p<0.001), and +0.051°C y-1 (p<0.001), in the RCP 2.6, 4.5, and 8.5 scenarios, respectively 
(Figure 2a). This increase was homogeneous across the island (Figure S4). Similarly, average 
ETP increased by +1.53 to +1.64 mm.y-1 (p<0.001), depending on scenarios (Figure 2c). The 
increase in ETP was higher in the East and South parts of the island compared to the western 
areas (Figure S5). On the contrary, annual rainfall was much more variable in the future across 
periods and scenarios, and no significant monotonic long-term trends were found (Figure 2b). It 
included periods of decreasing rainfall (e.g., RCP 4.5 and RCP 8.5 in the 2060 period) or constant 
regimes. Nonetheless, changes in rainfall relative to the current period were highly variable across 
the considered climatic areas (Figure S6, Table S1). In RCP 4.5 and RCP 8.5 scenarios, the south 
of the island was the most impacted (-8 to -20% accrosse scenario and period, compared to the 
current period, Figure S6). The northeast was also characterized by lower rainfall in the 2060 
period but not in the 2090 period. The aridity index (sPPT/sETP ratio) tended to decrease in 
average across the island (Figure 2), but the trend was significant only in the RCP 8.5 scenario 
(p=0.011). In addition, the RCP 8.5 scenario was characterized by an increase in maximum 
consecutive dry days (CDDX, p = 0.002) and a decrease in heavy rainfall events (> 20 mm d-1, p = 
0.005) on average across the island. 

Relative importance analysis indicated that annual rainfall, CDDX, and aridity index were the 
main climatic drivers of projected sugarcane yield variability, accounting for 34%, 31, and 27% of 
the explained variance, respectively. The average temperature contributed 4% of the explained 
variance, whereas ETP contributed even less (3%). Together, these five annual climatic variables 
explained 75% of the total yield variability. 

Change in yield, water stress, and irrigation demand under the current irrigation regime 

Under the current irrigation regime, the average sugarcane yield across the island was little 
affected by climate change scenarios (Figure 3a). However, yield variations were highly variable 
across agroclimatic zones (Figure 3b, Figure 4, Table S1). Despite some discrepancies between 
RCP scenarios and periods, the current irrigated areas in the South, West, and North-East tended 
to have lower sugarcane yields (Figure 3b, 4, S7), except for the “South - Langevin” and “South – 
Sauvage” areas. In these areas, long-term decreases were mainly significant in the RCP 8.5 
scenario (Table S1). In particular, the low-altitude areas “South – St Pierre” and “South – St Louis” 
showed an average decrease in yield of -8 % and -4% by 2060 and 2090, respectively (averaged 
across the RCP 4.5 and 8.5 scenarios), corresponding to a decrease in yield of -9 and -5 Mg ha-1 
(Figure S7). On the contrary, high-altitude areas in the East, North-East, and “South-Sauvage” 
showed significant increases in yields in the RCP 4.5 and 8.5 scenarios (Table S1). Average yield 
increase in these areas ranged from +11 to +27% by 2090 (Figure 3b), corresponding to increase 
in yield from +12 to +33 Mg ha-1 (Figure S7). More specifically, high-altitude areas in East and 
North-East showed an average increase in yield of +9% (+10 Mg ha-1) and +17% (+20 Mg ha-1) by 
2060 and 2090, respectively (averaged across the RCP 4.5 and 8.5 scenarios). Finally, the low-
altitude eastern areas were little impacted by RCP scenarios compared to the current period. 

All three scenarios were characterized by a significant increasing water stress index (WSI) and 
irrigation water demand on average across the island (Figure 3c,e, Table S1), with an increase of 
31 and 47% in WSI, and an increase of 15 and 24% in irrigation demand, averaged across RCP, 
in the 2060 and 2090 periods compared to the current one, respectively. In general, the 
agroclimatic zones that were most negatively affected in terms of yield were also those with the 
greatest increases in WSI and irrigation water demand (Figure 3d,f). 
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Figure 2 - Change in average daily temperature (a), annual rainfall (b), potential 
evapotranspiration (ETP, c), aridity index (d), heavey raindall events (> 20 mm d-1, 
e), and maximum number of consecutive dry days (CDDX, f) in Reunion Island 
cultivated areas from 2015 to 2100, considering three RCP scenarios. The dashed 
lines represent the current average from 2016 to 2025, and points represent the 
annual average across the island. 
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Figure 3 - Variations in sugarcane yield (a,b), water stress index (WSI, c,d), and 
irrigation water demand (e,f) under the current irrigation regime. The average annual 
changes across the island, depending on RCP scenarios, are presented from 2015 
to 2100 (a,c,e). Simulations were performed with the R570 cultivar. The dashed 
lines represent the current average from 2016 to 2025. The average changes in 
yield and WSI in each agroclimatic zone between the 2060 or 2090 period and the 
current period are presented in (b,d). Average irrigation water demand per 
agroclimatic zone and RCP scenario is presented in (f). The current irrigation regime 
in each agroclimatic zone is indicated by I (irrigated areas) and NI (non-irrigated 
areas). The altitude range of the agroclimatic zones is indicated by LA (low altitude) 
and HA (high altitude). In (b,d,f), a gradient of colors was added to improve visibility. 
Changes in yield (b) expressed in Mg ha-1 are presented in Figure S7. 
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Figure 4 - Change in sugarcane yield (%) in each simulated grid cell across the 
island between the 2060 period (a,c) or the 2090 period (b,d) and the current 2020 
period in the RCP 4.5 (a,b) and 8.5 (c,d) scenarios. Simulations were performed 
with the R570 cultivar. A gradient of color from decreasing (red) to increasing (blue) 
values was added. The map showing changes in yield expressed in Mg ha-1 is 
presented in Figure S8. 

Change in yield under different irrigation management across the island 

All currently non-irrigated areas showed an increase in yield in all scenarios, compared to the 
current period, as soon as an automatic irrigation of 20% of soil available water capacity (AWC) 
was applied (Figure 5, Figure S9). The highest increase in percentage was observed in non-
irrigated areas at high altitude, particularly in the West and South – St Louis. The northeastern 
areas in low altitudes also showed increasing yield by 8 to 14% (+11 to 19 Mg ha-1, Figure S9) 
under 20% AWC automatic irrigation in the future, depending on climatic scenarios and periods, 
compared to the 0 to -6% decrease under the current irrigation regime (Figure 3b). Regarding 
current irrigated areas with fixed weekly dose, an automatic irrigation with 40% or 60% of AWC 
showed an increase in yield compared to current period, in all climate change scenarios. The 
highest increases with these automatic irrigations in currently irrigated areas were predicted in low-
altitude areas of “St-Pierre” and “St-Louis”, as well as low-altitude western areas (Figure 5, Figure 
S9).  
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Figure 5 - Change in sugarcane yield under automatic irrigation regime filling weekly 
20, 40, and 60% of soil available water capacity (AWC) in the 2060 and 2090 periods 
compared to the current period and current irrigation regime (fixed dose of 15mm w-

1 in irrigated areas), under the three RCP scenarios, and depending on the 
agroclimatic zones. Simulations were performed with the R570 cultivar. The current 
irrigation regime in each agroclimatic zone is indicated by I (irrigated areas) and NI 
(non-irrigated areas). The altitude range of agroclimatic zones is indicated by LA 
(low altitude) and HA (high altitude). A color gradient was added to improve visibility. 
Changes in yield under the different irrigation regimes expressed in Mg ha-1 are 
presented in Figure S9. 

Change in yield depending on cultivar water stress sensitivity 

Based on the Ψcr and sthydrue parameters in the virtual experiment, eight sugarcane water-
stress-resistant (WSR) varieties were defined (Figure 6a). The WSR0 variety corresponded to the 
current R570 variety used in this study, while the WSR7 variety corresponded to the variety with 
the lowest sensitivity to water stress. On average, in the current period, the WSI was lower by 8, 
14, 20, 29, 36, 45, and 53% with WSR1, WSR2, WSR3, WSR4, WSR5, WSR6, and WSR7, 
respectively, compared to WSR0. Change in sugarcane yield compared to the current period and 
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current variety increased with the increase in water-stress resistance in varieties (Figure 6c), and 
positive changes were reached on average on Reunion Island from the WSR2 variety in both the 
2060 and 2090 periods in all three climate change scenarios. Among the main sugarcane areas 
facing a negative impact of climate change on yield (Figure 3b), positive changes in yield compared 
to the current period were observed in low altitudes in currently irrigated areas (LA West, LA South 
St Louis, LA South St Pierre) and in non-irrigated areas (LA North-East) from the WSR2 and WSR3 
varieties (Figure 6c). Similar observations were made on areas in high altitudes facing a negative 
climate change impact on yield. On average across climate change scenarios, the simulation with 
the WSR7 variety, which showed the lowest sensitivity to water stress, increased sugarcane yield 
by 15% and 18% in 2060 and 2090, respectively, compared to the current period and current 
variety. 

Discussion 

Sugarcane response to climate change 

Climate change poses a serious threat to sugarcane agriculture, but the expected 
consequences vary significantly across affected areas (Linnenluecke et al., 2018). Globally, 
projections show contrasting responses across climatic zones (Zhao & Li, 2015) due to the 
combination of favorable conditions such as increasing temperature and atmospheric CO2 (Marin 
et al., 2013; Ruan et al., 2018), and unfavorable rainfall patterns (Knox et al., 2010; Sonkar et al., 
2020). In tropical regions, temperature increases are generally expected to remain within the 
optimal range for sugarcane carbon assimilation (Christina et al., 2025a), suggesting that future 
yield limitations will be increasingly linked to water availability rather than thermal constraints (Dias 
& Inman-Bamber, 2020). In this regard, our study used an improved model of carbon assimilation 
response to temperature (Christina et al., 2025a), allowing us to better isolate water limitations in 
future climates.  

While average yields at the island scale were only slightly affected, large spatial contrasts 
emerged between agroclimatic zones. Areas projected to experience decreasing rainfall or longer 
dry periods showed increased water stress and yield reductions, whereas areas with more stable 
or favorable rainfall patterns showed yield increases. This spatial and temporal heterogeneity 
illustrates the strong sensitivity of sugarcane production to rainfall availability in Reunion Island. 
Relative importance analysis showed that water-deficit conditions, expressed through the aridity 
index together with annual rainfall and maximum consecutive dry days (CDDX), were the dominant 
climatic drivers of projected yield variability. These results highlight the importance of taking into 
account the increase in ETP in the future (through its role on aridity index) linked to temperature, 
as both rising temperatures and no rain period are expected to increase atmospheric evaporative 
demand through higher vapor pressure deficit (VPD), thereby enhancing potential transpiration 
rates (Hsiao et al., 2019). This stronger evaporative demand accelerates soil water depletion, 
shortening the duration during which soil water remains available to sustain canopy 
photosynthesis. The importance of precipitation distribution in the response of sugarcane, beyond 
annual precipitation, is therefore critical, as longer dry spells combined with elevated VPD intensify 
the rate at which soil water reserves are exhausted between rainfall events. The strong contribution 
of consecutive dry days emphasizes the importance of drought duration and rainfall intermittency. 
Prolonged intra-seasonal water deficits during the formative and grand growth stages reduce 
green leaf area, hasten canopy decline, and limit stalk elongation and tiller survival, even when 
total seasonal water inputs are only moderately reduced (Rossler, 2013) because higher 
evaporative demand increases daily crop water use, amplifying the speed and severity of soil water 
depletion under otherwise comparable rainfall totals. Increasing VPD is now recognized as a major 
driver of plant physiological responses under climate change, inducing stomatal closure, 
constraining photosynthesis and growth, and increasing the risk of hydraulic failure, even 
independently of changes in total rainfall (Grossiord et al., 2020). 
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Figure 6 - Change in yield depending on virtual water-stress resistant (WSR) 
varieties. (a) represent the average sugarcane water stress index (WSI) depending 
on Ψcr and sthydrue parameter values in the current period and the categorization 
of Ψcr and sthydrue into WSR varieties. WSR0 represents the current R570 variety, 
while WSR7 represents the variety with the lowest sensitivity to water stress. (b) 
illustrate the change in average WSI across the different grid cells as a function of 
the average rate of filling of the soil available water capacity (AWC) for each WSR 
variety (WSR0 to WSR7). (c) Changes in sugarcane yield in the 2060 and 2090 
periods relative to the current period, under the current irrigation regime, depending 
on the three RCP scenarios and WSR varieties. Changes are presented on average 
in Reunion Island and a few agro-climatic zones where irrigation was insufficient to 
cope with climate change under the current irrigation regime. Irrigation in 
agroclimatic zones is indicated by I (irrigated areas) and NI (non-irrigated areas). 
The altitude range of agroclimatic zones is indicated by LA (low altitude) and HA 
(high altitude). 
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Our study highlights the growing potential of higher-altitude areas for sugarcane production 
using the historic R570 variety in the model. This conclusion would still hold true if we also consider 
the use of new varieties adapted to these high-altitude conditions (Poser et al., 2020). Rising 
temperatures are expected to reduce thermal limitations in these zones while maintaining sufficient 
water availability in some regions, thereby increasing yields. This confirms the importance of 
considering future crop redistribution strategies within the island. Similar trends have been 
suggested in other tropical regions where warming may open new suitable production zones while 
increasing water stress in currently productive lowland areas. For instance, higher-altitude zones 
in the tropical islands of the Indian Ocean will become more conducive to sugarcane cultivation, 
even without irrigation (Nayamuth, 2005; Christina et al., 2024), as observed in the high-altitude 
areas in the Northeast and East in our study. In Brazil, the world’s leading sugarcane producer, 
climate change may also progressively favor expansion into the southern part of the country, where 
cooler temperatures have historically limited cultivation (Mombo et al., 2025), while current 
sugarcane areas may require additional irrigation (da Silva et al., 2021). Nevertheless, on Reunion 
Island, the expansion of sugarcane areas at higher altitudes may encounter technical difficulties 
(e.g., steep slopes) and potential conflicts with other systems, such as livestock farming.  

Small islands are particularly vulnerable to the impacts of climate change, yet they are poorly 
investigated, especially in the Indian Ocean. Previous projections for tropical islands suggested 
significant yield decreases, such as 20-40% in the South Caribbean (Singh & Maayar, 1998) or 
32-57% in Mauritius (Cheeroo-Nayamuth & Nayamuth, 2001), which are higher than the decrease 
predicted in our study. Compared with earlier projections performed using coarse climate models, 
the high-resolution BRIO projections used here (Leroux et al., 2021) suggest more moderate but 
spatially contrasting impacts. Consequently, ongoing research on tropical islands is still needed to 
provide updated local climate change projections and their impact on sugarcane yield. Despite 
scenario uncertainties, consistent trends emerge, including increasing irrigation demand, the 
growing relevance of irrigation in new areas, and the rising suitability of high-altitude zones. These 
results support the need for locally adapted adaptation strategies rather than island-wide uniform 
responses. 

Irrigation management as an adaptation strategies 

Among the adaptation levers identified in this study, irrigation management appears as a major 
short- to medium-term strategy to mitigate climate change impacts on sugarcane yield. Our 
simulations show that extending irrigation to currently rainfed areas could significantly reduce yield 
losses and even generate yield gains, particularly in high-altitude and northeastern areas that 
currently lack irrigation infrastructure. 

These results reinforce previous studies showing that maintaining soil water availability during 
key growth stages is essential for sustaining canopy development, biomass accumulation, and 
final yield (Knox et al., 2010; Jones et al., 2015; Santillan-Fernandez et al., 2016). However, 
reduced precipitation and increased evapotranspiration due to higher temperatures are decreasing 
the availability of freshwater, leading to increased competition for this resource between 
agriculture, domestic, and industrial uses (Dvigun et al., 2022) and even more so in the context of 
a demand for improved water quality (van Grieken et al., 2013). This is particularly critical in island 
environments where water resources are limited and highly variable spatially and seasonally. In 
this context, irrigation with saline or brackish water is increasingly considered as an alternative to 
alleviate freshwater scarcity. However, salinity can negatively affect sugarcane growth, yield, and 
quality through both osmotic and ionic stresses (Morais et al., 2022). Nonetheless, sugarcane is 
generally classified as moderately salt-tolerant, and strong genotypic variability exists (Chiconato 
et al., 2019), suggesting substantial potential for breeding and selection. 

Beyond simple irrigation expansion, improving irrigation efficiency will be essential in Reunion, 
as seen in many other regions (Shrivastava & Srivastava, 2012; Ribeiro et al., 2014; Guerrero-
Carrera et al., 2015; Singels et al., 2023). Advanced irrigation technologies such as drip or 
subsurface irrigation can reduce water losses and improve water productivity (Gunarathna et al., 
2018; He et al., 2021). However, their implementation in Reunion Island faces technical and 
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economic constraints, including infrastructure costs, maintenance complexity (e.g., difficulties in 
managing buried drip lines during harvesting), and compatibility with sugarcane cropping systems 
(e.g., need to reconstruct the entire network during replanting). Beyond these technologies, our 
study highlights that dynamic irrigation scheduling strategies that match crop water demand 
throughout the season can yield greater water savings than fixed-dose irrigation strategies. On 
Reunion Island, irrigation is still mainly carried out using fixed systems (hence the baseline 
scenario used). Some growers adapt their irrigation to rainfall, but mainly by manually stopping 
irrigation when rain is expected. Our study illustrates how automatic irrigation planning (based on 
soil water content or rainfall) has great potential to limit yield losses in irrigated areas, while also 
reducing water use (Anjaly et al., 2024). Greater efficiency would allow irrigation to be allocated to 
areas currently not irrigated at a constant water volume, thereby limiting competition with other 
uses. 

Importantly, our results raise questions about the economic and logistical feasibility of 
developing irrigation infrastructure in new agricultural areas. Future work should integrate 
agronomic, hydrological, and economic assessments to identify optimal irrigation expansion 
strategies under climate change scenarios. To address both societal and environmental 
constraints on water availability, future studies could assess irrigation requirements for a given 
new area under efficient irrigation and evaluate their impact on yield gains relative to associated 
costs. Crop models can be useful tools for these issues (Rehana & Mujumdar, 2013; Foster & 
Brozović, 2018), but they essentially simulate climate or soil-limited growth without taking into 
account certain limitations that will also be influenced by water availability, such as weed pressure, 
thus potentially overestimating yield gain following the implementation of irrigation. 

Varietal adaptation strategies 

Varietal improvement represents a complementary long-term adaptation strategy to irrigation 
management under climate change (Bhaskaran & Nair, 2014; Zhao & Li, 2015; Grandis et al., 
2024). Our virtual variety simulations demonstrate that moderate improvements in drought 
tolerance could significantly reduce yield losses under future climate conditions, even without 
modifying irrigation practices. On Reunion Island, the breeding programme led by the eRcane 
institute has focused on creating varieties adapted to the different environments of La Réunion 
(Dumont et al., 2019) without specifically targeting improved drought tolerance. However, the 
recent establishment of a new breeding station under water-limited conditions (Dumont et al., 
2022), as well as ongoing work showing variability in transpiration efficiency between Reunion 
varieties (Pilloni et al., 2025), opens the door to better consideration of these constraints in the 
breeding programme. 

The simulated variety improvements were mainly associated with traits linked to leaf water 
relations, particularly lower critical leaf water potential thresholds and improved tolerance of 
photosynthesis to declining soil water availability. These traits allow plants to maintain 
photosynthesis and growth under moderate soil water deficits, thereby reducing the impact of 
drought episodes. Although not explicitly simulated in this study, traits such as rooting depth and 
root system architecture are also likely to play a key role by improving soil water exploration during 
dry periods (Inman-Bamber et al., 2012). Given that both water use efficiency and root depth may 
have a genetic basis (as seen in other crops, Hund et al., 2009), they represent relevant targets 
for breeding efforts to improve drought tolerance. Nonetheless, root phenotyping remains 
challenging in field conditions (Teramoto & Uga, 2022). Root traits remain poorly characterized at 
the varietal level under field conditions in sugarcane, and their characterization has mainly been 
conducted in controlled-environment experiments (Pierre et al., 2019). In addition, above-ground 
architectural traits that optimize light distribution may also have contrasting effects on drought 
response, depending on how they modulate evaporative demand and water use efficiency (Ponce 
de León & Bailey, 2024). 

To translate these modeling insights into breeding programs, improving phenotyping 
approaches will be essential. New digital phenotyping tools, such as 3D and multispectral imaging, 
show strong potential for aboveground traits in other crops (Lazarević et al., 2022; Sarić et al., 
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2022). These strategies remain largely unexplored in sugarcane. Combining high-throughput 
phenotyping and crop modeling approaches could help accelerate the identification of drought-
adaptive traits in sugarcane breeding programs. 

Perspective for variety-specific modeling strategies regarding water stress response 

To face the challenge of a changing climate, the focus will need to shift toward developing 
drought-tolerant cultivars and integrating drought-tolerance traits into crop models (Inman-Bamber 
et al., 2012). This approach is crucial for predicting crop performance under water-limited 
conditions and for guiding breeding strategies to maintain yields amid increasing climatic 
variability. Crop models, widely used for simulating genotype × environment (G × E) interactions 
(Jones et al., 2021), must evolve to incorporate varietal traits that determine physiological 
responses to water stress. In most crop models (e.g., APSIM-Sugar, Keating et al., 1999; DSSAT-
Canegro, Jones & Singels, 2018; or MOSICAS, Christina et al., 2021), photosynthesis and 
transpiration are limited by the extent to which the root water supply meets the demand of the crop 
canopy. Consequently, genotypic trait variation related to water stress can be represented as 
either crop canopy demand or root water uptake capacity. 

Traits that mediate the canopy’s ability to cope with water deficit, such as stomatal regulation 
of transpiration in response to evaporative demand, are essential under scenarios of short-term, 
transient drought (Vadez et al., 2024). Differences in sugarcane water use efficiency among 
genotypes may result from genetic variation in leaf internal CO2 concentrations (Jackson et al., 
2016) or the plant’s ability to close its stomata during periods of high vapor pressure deficit (Inman-
Bamber & De Jager, 1986). The APSIM-Sugar model introduced these mechanisms, in particular 
through the variety-specific response of transpiration efficiency to water stress (Inman-Bamber et 
al., 2016). More indirectly, the DSSAT-Canegro and MOSICAS models also enabled variety-
specific transpiration efficiency by altering the sensitivity of carbon assimilation to the water stress 
index (Singels et al., 2010; Christina et al., 2021). Nevertheless, in these two models, canopy 
transpiration is limited only by root water uptake and potential demand (based on potential 
evapotranspiration), and does not allow for stomatal closure in response to high vapor pressure 
deficits. 

Contrary to the change in canopy water demand with variety, the variety-specific root water 
uptake capacity response to water stress in crop models has been much less studied. In most crop 
models, root water uptake is calculated based on root length and soil-to-root conductance (Inman-
Bamber et al., 2016; Singels et al., 2010; Christina et al., 2021), with various methods used to 
represent the latter. Therefore, an intuitive approach is to simulate, for each variety, different root 
length distributions between varieties and the response of these systems to water stress in a 
differentiated manner. However, to our knowledge, no study has focused on this aspect, 
specifically the importance of representing variability in root systems between sugarcane varieties. 
The primary reason is the limited amount of experimental data available in this regard. As 
previously mentioned, the root system architecture, despite its critical role in water uptake during 
dry periods, remains insufficiently studied at the varietal level under field conditions, even though 
some studies have reported phenotypic variability in root length (Set-Tow et al., 2020; Vengavasi 
et al., 2022). Nevertheless, several initial model improvements could be made. In particular, 
reduced water availability has been shown to increase root length and root front (Battie Laclau & 
Laclau, 2009). Improving the integration of these traits into sugarcane crop models and their 
variability across varieties could support the identification of ideotypes better adapted to future 
climates, enabling a more robust evaluation of breeding strategies. 

Conclusions 

This research provides insights into the impacts of climate change on sugarcane yield in 
Reunion Island and suggests adaptation strategies. Average yields across the island may 
experience minor fluctuations, but significant regional disparities are expected due to varying 
precipitation patterns. Specifically, the southern coast is projected to experience substantial yield 
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declines, whereas high-altitude areas in the east are expected to benefit from increased yields. 
The study identifies measures to mitigate adverse effects, such as improving irrigation 
management and cultivating drought-resistant sugarcane varieties. The research also suggests 
high-altitude regions could become viable for sugarcane cultivation, indicating a strategic shift in 
agricultural zones that must be anticipated. Overall, integrating these adaptive practices offers a 
framework for maintaining and enhancing sugarcane productivity. These findings are highly 
relevant to policymakers and farmers across a wide range of tropical regions experiencing similar 
environmental conditions, underscoring the need for proactive measures to ensure sustainable 
agricultural practices in the face of climate change. 

Acknowledgements 

We are thankful to Météo France for sharing the climate change projection from the BRIO 
Project. Preprint version 3 of this article has been peer-reviewed and recommended by Peer 
Community In Plants (https://doi.org/10.24072/pci.plants.100002; Mathieu, 2026). 

Funding 

The research was supported by the CIRAD, France, the Conseil Regional de La Réunion, 
France, the French Ministry of Agriculture and Food, France, and the European Union as part of 
the CAPTERRE project (Feader - REU77071-1-000010 and Feder - 2024-1248-005756 
programs). 

Conflict of interest disclosure 

The authors declare that they comply with the PCI rule of having no financial conflicts of interest 
in relation to the content of the article. 

Data, scripts, code, and supplementary information availability 

Scripts and code are available online: https://doi.org/10.5281/zenodo.15130335 (Christina, 
2025a) 

Supplementary information is available online: https://doi.org/10.5281/zenodo.15350078 
(Christina et al., 2025b).  

References 

Anjaly V, Sindhu VK, Singh K (2024) Agronomical Interventions for Improving Sugarcane Water 
Productivity: A Review. Sugar Tech, 26, 1053–1067. https://doi.org/10.1007/s12355-024-
01459-0 

Battie Laclau P, Laclau J-P (2009) Growth of the whole root system for a plant crop of sugarcane 
under rainfed and irrigated environments in Brazil. Field Crops Research, 114, 351–360. 
https://doi.org/10.1016/j.fcr.2009.09.004 

Bhaskaran A, Nair NV (2014) Challenges and opportunities in sugarcane cultivation under climate 
change scenario. Journal of Sugarcane Research, 4, 1–18. 
https://doi.org/https://www.cabidigitallibrary.org/doi/full/10.5555/20173377089 

Botha FC, Moore PH (2013) Biomass and Bioenergy. In: Sugarcane: Physiology, Biochemistry, 
and Functional Biology , pp. 521–540. John Wiley & Sons, Ltd. 
https://doi.org/10.1002/9781118771280.ch19 

Brisson N, Seguin B, Bertuzzi P (1992) Agrometeorological soil water balance for crop simulation 
models. Agricultural and Forest Meteorology, 59, 267–287. https://doi.org/10.1016/0168-
1923(92)90097-N 

Mathias Christina et al. 17

Peer Community Journal, Vol. 6 (2026), article e75 https://doi.org/10.24072/pcjournal.764

https://doi.org/10.24072/pci.plants.100002
https://doi.org/10.5281/zenodo.15130335
https://doi.org/10.5281/zenodo.15350078
https://doi.org/10.1007/s12355-024-01459-0
https://doi.org/10.1007/s12355-024-01459-0
https://doi.org/10.1016/j.fcr.2009.09.004
https://doi.org/https://www.cabidigitallibrary.org/doi/full/10.5555/20173377089
https://doi.org/10.1002/9781118771280.ch19
https://doi.org/10.1016/0168-1923%2892%2990097-N
https://doi.org/10.1016/0168-1923%2892%2990097-N
https://doi.org/10.24072/pcjournal.764


 
 

Carr MKV, Knox JW (2011) The water relations and irrigation requirements of sugar cane 
(Saccharum officinarum): a review. Experimental Agriculture, 47, 1–25. 
https://doi.org/10.1017/S0014479710000645 

Cheeroo-Nayamuth FB, Nayamuth RA (2001) Climate change and sucrose production in 
Mauritius. In: Proceedings of the XXIVth ISSCT Congress, 24, pp. 107–112. Hogarth D.M. (ed.), 
XXIV ISSCT Congress, Brisbane, Australia. 

Chiconato DA, da Silveira Sousa Junior G, dos Santos DMM, Munns R (2019) Adaptation of 
sugarcane plants to saline soil. Environmental and Experimental Botany, 162, 201–211. 
https://doi.org/10.1016/j.envexpbot.2019.02.021 

Christina M (2025a) Scripts and code for journal paper “Enhancing sugarcane yield resilience 
under a changing climate: adaptive irrigation and varietal strategies in Reunion Island”. Zenodo. 
https://doi.org/10.5281/zenodo.15130335 

Christina M (2025b) MOSICAS, a R-based Sugarcane Crop Growth Model. Zenodo. 
https://doi.org/10.5281/zenodo.15594299 

Christina M, Chaput M, Martiné J-F, Auzoux S (2020) ECOFI: a database of sugar and energy 
cane field trials. Open Data Journal for Agricultural Research, 6, 14–18. 
https://doi.org/10.18174/odjar.v6i0.16322 

Christina M, Clark D, Marin FR, Ribeiro RV, Saez JV, Chibarabada TP, Vianna M dos S, Jones 
MR, Cuadra SV, Cabral OMR, Acreche MM, Dias HB (2025a) Sugarcane radiation use 
efficiency: varietal differences, temperature dependence, and implications for modeling 
biomass across environments. Agricultural and Forest Meteorology, 375, 110854. 
https://doi.org/10.1016/j.agrformet.2025.110854 

Christina M, Jones M-R, Versini A, Mézino M, Le Mézo L, Auzoux S, Soulié JC, Poser C, 
Gérardeaux E (2021) Impact of climate variability and extreme rainfall events on sugarcane 
yield gap in a tropical Island. Field Crops Research, 274, 108326. 
https://doi.org/10.1016/j.fcr.2021.108326 

Christina M, Mézino M, Le Mezo L, Todoroff P (2024) Modeled Impact of Climate Change on 
Sugarcane Yield in Réunion, a Tropical Island. Sugar Tech, 26, 639–646. 
https://doi.org/10.1007/s12355-024-01372-6 

Christina M, Pilloni R, Mézino M, Loison R, Le Mézo L, Poser C (2025b) Supplementary material 
for “Enhancing sugarcane yield resilience under a changing climate: adaptive irrigation and 
varietal strategies in Reunion Island”. Zenodo. https://doi.org/10.5281/zenodo.15350078 

Dias HB, Inman-Bamber G (2020) Sugarcane: Contribution of Process-Based Models for 
Understanding and Mitigating Impacts of Climate Variability and Change on Production. In: 
Systems Modeling  (ed Ahmed M), pp. 217–260. Springer Singapore, Singapore. 
https://doi.org/10.1007/978-981-15-4728-7_8 

Dumont T, Barau L, Thong-Chane A, Dijoux J, Mellin M, Daugrois J, Hoarau J-Y (2022) Sugarcane 
Breeding in Reunion: Challenges, Achievements and Future Prospects. Sugar Tech, 24, 181–
192. https://doi.org/10.1007/s12355-021-00998-0 

Dumont T, Thong-Chane A, Barau L, Siegmund B, Hoarau J-Y (2019) Genetic Variabilities and 
Genetic Gains for Yield Components in Regional Sugarcane Breeding Programmes on Réunion 
Island. Sugar Tech, 21, 868–878. https://doi.org/10.1007/s12355-019-00718-9 

Dvigun A, Datsii O, Levchenko N, Shyshkanova G, Dmytrenko R (2022) Rational Use of Fresh 
Water as a Guarantee of Agribusiness Development in the Context of the Exacerbated Climate 
Crisis. Science and Innovation, 18, 85–99. https://doi.org/10.15407/scine18.02.085 

Foster T, Brozović N (2018) Simulating Crop-Water Production Functions Using Crop Growth 
Models to Support Water Policy Assessments. Ecological Economics, 152, 9–21. 
https://doi.org/10.1016/j.ecolecon.2018.05.019 

Gawander J (2007) Impact of climate change on sugar-cane production in Fiji. WMO Bulletin, 56, 
34–39. https://doi.org/https://www.cabidigitallibrary.org/doi/full/10.5555/20073141384 

Goldemberg J, Mello FFC, Cerri CEP, Davies CA, Cerri CC (2014) Meeting the global demand for 
biofuels in 2021 through sustainable land use change policy. Energy Policy, 69, 14–18. 
https://doi.org/10.1016/j.enpol.2014.02.008 

18 Mathias Christina et al.

Peer Community Journal, Vol. 6 (2026), article e75 https://doi.org/10.24072/pcjournal.764

https://doi.org/10.1017/S0014479710000645
https://doi.org/10.1016/j.envexpbot.2019.02.021
https://doi.org/10.5281/zenodo.15130335
https://doi.org/10.5281/zenodo.15594299
https://doi.org/10.18174/odjar.v6i0.16322
https://doi.org/10.1016/j.agrformet.2025.110854
https://doi.org/10.1016/j.fcr.2021.108326
https://doi.org/10.1007/s12355-024-01372-6
https://doi.org/10.5281/zenodo.15350078
https://doi.org/10.1007/978-981-15-4728-7_8
https://doi.org/10.1007/s12355-021-00998-0
https://doi.org/10.1007/s12355-019-00718-9
https://doi.org/10.15407/scine18.02.085
https://doi.org/10.1016/j.ecolecon.2018.05.019
https://doi.org/https://www.cabidigitallibrary.org/doi/full/10.5555/20073141384
https://doi.org/10.1016/j.enpol.2014.02.008
https://doi.org/10.24072/pcjournal.764


 
 

Grandis A, Fortirer JS, Navarro BV, de Oliveira LP, Buckeridge MS (2024) Biotechnologies to 
Improve Sugarcane Productivity in a Climate Change Scenario. Bioenergy Research, 17, 1–
26. https://doi.org/10.1007/s12155-023-10649-9 

van Grieken ME, Thomas CR, Roebeling PC, Thorburn PJ (2013) Integrating economic drivers of 
social change into agricultural water quality improvement strategies. Agriculture Ecosystems & 
Environment, 180, 166–175. https://doi.org/10.1016/j.agee.2011.06.013 

Grossiord C, Buckley TN, Cernusak LA, Novick KA, Poulter B, Siegwolf RTW, Sperry JS, McDowell 
NG (2020) Plant responses to rising vapor pressure deficit. New Phytologist, 226, 1550–1566. 
https://doi.org/10.1111/nph.16485 

Guerrero-Carrera J, Landeros-Sánchez C, Martínez-Dávila JP, López-Romero G, Nikolskii-
Gavrilov I, Hernández-Pérez JM, Soto-Estrada A (2015) Climate change impact on sugarcane 
crop in the Gulf of Mexico: a farmers perception and adaptation measures. Journal of 
Agricultural Science, 7, 140–158. https://doi.org/http://dx.doi.org/10.5539/jas.v7n10p140 

Gunarathna M, Sakai K, Nakandakari T, Momii K, Onodera T, Kaneshiro H, Uehara H, Wakasugi 
K (2018) Optimized Subsurface Irrigation System: The Future of Sugarcane Irrigation. Water, 
10, 314. https://doi.org/10.3390/w10030314 

Guo H, Huang Z, Tan M, Ruan H, Awe GO, Are KS, Abegunrin TP, Hussain Z, Kuang Z, Liu D 
(2021) Crop resilience to climate change: A study of spatio-temporal variability of sugarcane 
yield in a subtropical region, China. Smart Agricultural Technology, 1, 100014. 
https://doi.org/10.1016/j.atech.2021.100014 

He S-S, Zeng Y, Liang Z-X, Jing Y, Tang S, Zhang B, Yan H, Li S, Xie T, Tan F, Li M (2021) 
Economic Evaluation of Water-Saving Irrigation Practices for Sustainable Sugarcane 
Production in Guangxi Province, China. Sugar Tech, 23, 1325–1331. 
https://doi.org/10.1007/s12355-021-00965-9 

Hsiao J, Swann ALS, Kim S-H (2019) Maize yield under a changing climate: The hidden role of 
vapor pressure deficit. Agricultural and Forest Meteorology, 279, 107692. 
https://doi.org/10.1016/j.agrformet.2019.107692 

Hund A, Ruta N, Liedgens M (2009) Rooting depth and water use efficiency of tropical maize 
inbred lines, differing in drought tolerance. Plant and Soil, 318, 311–325. 
https://doi.org/10.1007/s11104-008-9843-6 

Inman-Bamber NG, De Jager JM (1986) The reaction of two varieties of sugarcane to water stress. 
Field Crops Research, 14, 15–28. https://doi.org/10.1016/0378-4290(86)90043-2 

Inman-Bamber NG, Jackson PA, Stokes CJ, Verrall S, Lakshmanan P, Basnayake J (2016) 
Sugarcane for water-limited environments: Enhanced capability of the APSIM sugarcane model 
for assessing traits for transpiration efficiency and root water supply. Field Crops Research, 
196, 112–123. https://doi.org/10.1016/j.fcr.2016.06.013 

Inman-Bamber NG, Lakshmanan P, Park S (2012) Sugarcane for water-limited environments: 
Theoretical assessment of suitable traits. Field Crops Research, 134, 95–104. 
https://doi.org/https://doi.org/10.1016/j.fcr.2012.05.004 

Inman-Bamber NG, Smith DM (2005) Water relations in sugarcane and response to water deficits. 
Field Crops Research, 92, 185–202. https://doi.org/10.1016/j.fcr.2005.01.023 

IPCC (2023) Summary for Policymakers. In: Climate Change 2023: Synthesis Report. Contribution 
of Working Groups I, II and III to the Sixth Assessment Report of the Intergovernmental Panel 
on Climate Change, pp. 1-34. Core Writing Team, H. Lee and J. Romero (eds.), IPCC, Geneva, 
Switzerland. https://doi.org/10.59327/IPCC/AR6-9789291691647 

Jackson P, Basnayake J, Inman-Bamber G, Lakshmanan P, Natarajan S, Stokes C (2016) Genetic 
variation in transpiration efficiency and relationships between whole plant and leaf gas 
exchange measurements in Saccharum spp. and related germplasm. Journal of Experimental 
Botany, 67, 861–871. https://doi.org/10.1093/jxb/erv505 

Jones MR, Singels A (2018) Refining the Canegro model for improved simulation of climate change 
impacts on sugarcane. European Journal of Agronomy, 100, 76–86. 
https://doi.org/10.1016/j.eja.2017.12.009 

Mathias Christina et al. 19

Peer Community Journal, Vol. 6 (2026), article e75 https://doi.org/10.24072/pcjournal.764

https://doi.org/10.1007/s12155-023-10649-9
https://doi.org/10.1016/j.agee.2011.06.013
https://doi.org/10.1111/nph.16485
https://doi.org/http://dx.doi.org/10.5539/jas.v7n10p140
https://doi.org/10.3390/w10030314
https://doi.org/10.1016/j.atech.2021.100014
https://doi.org/10.1007/s12355-021-00965-9
https://doi.org/10.1016/j.agrformet.2019.107692
https://doi.org/10.1007/s11104-008-9843-6
https://doi.org/10.1016/0378-4290%2886%2990043-2
https://doi.org/10.1016/j.fcr.2016.06.013
https://doi.org/https://doi.org/10.1016/j.fcr.2012.05.004
https://doi.org/10.1016/j.fcr.2005.01.023
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1093/jxb/erv505
https://doi.org/10.1016/j.eja.2017.12.009
https://doi.org/10.24072/pcjournal.764


 
 

Jones MR, Singels A, Chinorumba S, Patton A, Poser C, Singh M, Martiné JF, Christina M, Shine 
J, Annandale J, Hammer G (2019) Exploring process-level genotypic and environmental effects 
on sugarcane yield using an international experimental dataset. Field Crops Research, 244, 
107622. https://doi.org/10.1016/j.fcr.2019.107622 

Jones MR, Singels A, Chinorumba S, Poser C, Christina M, Shine J, Annandale J, Hammer GL 
(2021) Evaluating process-based sugarcane models for simulating genotypic and 
environmental effects observed in an international dataset. Field Crops Research, 260, 107983. 
https://doi.org/10.1016/j.fcr.2020.107983 

Jones MR, Singels A, Ruane AC (2015) Simulated impacts of climate change on water use and 
yield of irrigated sugarcane in South Africa. Agricultural Systems, 139, 260–270. 
https://doi.org/10.1016/j.agsy.2015.07.007 

Keating BA, Robertson MJ, Muchow RC, Huth NI (1999) Modelling sugarcane production systems 
I. Development and performance of the sugarcane module. Field Crops Research, 61, 253–
271. https://doi.org/10.1016/S0378-4290(98)00167-1 

Knox JW, Rodriguez Diaz JA, Nixon DJ, Mkhwanazi M (2010) A preliminary assessment of climate 
change impacts on sugarcane in Swaziland. Agricultural Systems, 103, 63–72. 
https://doi.org/https://doi.org/10.1016/j.agsy.2009.09.002 

Lazarević B, Kontek M, Carović-Stanko K, Clifton-Brown J, Al Hassan M, Trindade LM, Jurišić V 
(2022) Multispectral image analysis detects differences in drought responses in novel seeded 
Miscanthus sinensis hybrids. GCB Bioenergy, 14, 1219–1234. 
https://doi.org/10.1111/gcbb.12999 

Leroux MD, Bonnardot F, Kotomangazafy S, Veerabadren P, Oikil Ridhoine A, Somot S, Alias A, 
Chauvin F (2021) Regional climate projections and associated climate services in the 
southwest Indian ocean basin. In: EGU General Assembly Conference Abstracts, EGU21-
7029. EGU: the European Geosciences Union (e.d.), EGU General Assembly 2021 : Engage • 
Discover • Inspire - Gather Online (vEGU 2021), Vienne, Austria. 
https://doi.org/10.5194/egusphere-egu21-7029 

Levet L (2023) RA2020 - Typologie des exploitations ayant de la canne. Agreste Etudes, 3, 1-4. 
DAAF La Réunion, Saint-Denis, La Réunion. https://daaf.reunion.agriculture.gouv.fr/ra2020-
typologie-des-exploitations-ayant-de-la-canne-a3308.html 

Linnenluecke MK, Nucifora N, Thompson N (2018) Implications of climate change for the 
sugarcane industry. Wiley Interdisciplinary Reviews-Climate Change, 9, e498. 
https://doi.org/10.1002/wcc.498 

Linnenluecke MK, Zhou C, Smith T, Thompson N, Nucifora N (2020) The impact of climate change 
on the Australian sugarcane industry. Journal of Cleaner Production, 246, 118974. 
https://doi.org/10.1016/j.jclepro.2019.118974 

Marin FR, Jones JW, Singels A, Royce F, Assad ED, Pellegrino GQ, Justino F (2013) Climate 
change impacts on sugarcane attainable yield in southern Brazil. Climatic Change, 117, 227–
239. https://doi.org/10.1007/s10584-012-0561-y 

Martiné J-F, Siband P, Bonhomme R (1999) Simulation of the maximum yield of sugar cane at 
different altitudes: effect of temperature on the conversion of radiation into biomass. Agronomie, 
19, 3–12. https://doi.org/10.1051/agro:19990101 

Mathieu L (2026) Adaptive irrigation and drought-tolerant varieties mitigate climate change impacts 
on sugarcane yield on a tropical island. Peer Community in Plants, 1, 100002. 
https://doi.org/10.24072/pci.plants.100002 

Mombo V-G, Duvallet M, Schaeffer M, Baarsch F (2025) Have crops already reached peak 
suitability: assessing global climatic suitability decreases for crop cultivation. Environmental 
Research Letters, 20, 034009. https://doi.org/10.1088/1748-9326/adacfe 

Morais JEF de, Silva ÊF de F e, Godoi Neto AH, Lima BL de C, Lira RM de, Berto SD da C, Jardim 
AM da RF, Simões Neto DE, Silva TGF da, Rolim MM (2022) Sugarcane (Saccharum 
officinarum L.) under saline stress: Growth, productivity, technological quality, and industrial 
yield. Industrial Crops and Products, 188, 115642. 
https://doi.org/10.1016/j.indcrop.2022.115642 

20 Mathias Christina et al.

Peer Community Journal, Vol. 6 (2026), article e75 https://doi.org/10.24072/pcjournal.764

https://doi.org/10.1016/j.fcr.2019.107622
https://doi.org/10.1016/j.fcr.2020.107983
https://doi.org/10.1016/j.agsy.2015.07.007
https://doi.org/10.1016/S0378-4290%2898%2900167-1
https://doi.org/https://doi.org/10.1016/j.agsy.2009.09.002
https://doi.org/10.1111/gcbb.12999
https://doi.org/10.5194/egusphere-egu21-7029
https://daaf.reunion.agriculture.gouv.fr/ra2020-typologie-des-exploitations-ayant-de-la-canne-a3308.html
https://daaf.reunion.agriculture.gouv.fr/ra2020-typologie-des-exploitations-ayant-de-la-canne-a3308.html
https://doi.org/10.1002/wcc.498
https://doi.org/10.1016/j.jclepro.2019.118974
https://doi.org/10.1007/s10584-012-0561-y
https://doi.org/10.1051/agro:19990101
https://doi.org/10.24072/pci.plants.100002
https://doi.org/10.1088/1748-9326/adacfe
https://doi.org/10.1016/j.indcrop.2022.115642
https://doi.org/10.24072/pcjournal.764


 
 

Nayamuth AR (2005) Climate change: impacts, adaptation and implications for a sustainable 
sugarcane industry. In: Proceedings of the XXV ISSCT Congress, 26, pp. 73–74. Hogarth D.M. 
(ed.), XXV ISSCT Congress, Guatemala City, Guatemala. 

Pierre JS, Perroux JM, Rae AL (2019) Screening for Sugarcane Root Phenes Reveals That 
Reducing Tillering Does Not Lead to an Increased Root Mass Fraction. Frontiers in Plant 
Science, 10, 119. https://doi.org/10.3389/fpls.2019.00119 

Pilloni R, Hoarau E, Dumont T, Mellin M, Hoarau J-Y (2025) LysiRun – Development of a simple 
mini-lysimetric platform for direct measurement of water use efficiency in sugarcane on La 
Réunion island. In: Interdrought conference 8th book of abstract, p. 2. Interdrought conference 
8th, La Serena, Chile. https://agritrop.cirad.fr/616882/ 

Pipitpukdee S, Attavanich W, Bejranonda S (2020) Climate change impacts on sugarcane 
production in Thailand. Atmosphere, 11, 408. 
https://doi.org/https://doi.org/10.3390/atmos11040408 

Ponce de León MA, Bailey BN (2024) Quantifying water-use efficiency in plant canopies with 
varying leaf angle and density distribution. Annals of Botany, 133, 605–620. 
https://doi.org/10.1093/aob/mcae018 

Poser C, Barau L, Mézino M, Goebel F-R, Ruget F (2020) Effect of the germination threshold 
temperature on the geographical distribution of the variety R583 in Reunion Island. International 
Sugar Journal, 122, 640–657. 
https://doi.org/https://www.cabidigitallibrary.org/doi/full/10.5555/20220511450 

R Development Core Team (2025) R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. 

Rehana S, Mujumdar PP (2013) Regional impacts of climate change on irrigation water demands. 
Hydrological Processes, 27, 2918–2933. https://doi.org/10.1002/hyp.9379 

Ribeiro MS, Netto AT, do Couto TR, da Silva JR, de Assis Figueiredo FAMM, Nogueira RJMC, 
Glenn DM, Campostrini E (2014) Partial rootzone drying in sugarcane (Saccharum officinarum 
L.): effects on gas exchange, growth and water use efficiency. Theoretical and Experimental 
Plant Physiology, 26, 251–262. https://doi.org/https://doi.org/10.1007/s40626-014-0024-0 

Rossler RL (2013) Water stress effects on the growth, development and yield of sugarcane. PhD 
Thesis. University of Pretoria, Pretoria. http://hdl.handle.net/2263/40346 

Rott P (2018) Achieving sustainable cultivation of sugarcane. Volume 1: Cultivation techniques, 
quality and sustainability. Burleigh Dodds Science Publishing Limited, Cambridge, United 
Kingdom. 

Ruan H, Feng P, Wang B, Xing H, O’Leary GJ, Huang Z, Guo H, Liu DL (2018) Future climate 
change projects positive impacts on sugarcane productivity in southern China. European 
Journal of Agronomy, 96, 108–119. https://doi.org/10.1016/j.eja.2018.03.007 

Santillan-Fernandez A, Santoyo-Cortes VH, Garcia-Chavez LR, Covarrubias-Gutierrez I, Merino 
A (2016) Influence of drought and irrigation on sugarcane yields in different agroecoregions in 
Mexico. Agricultural Systems, 143, 126–135. https://doi.org/10.1016/j.agsy.2015.12.013 

Santos DL, Sentelhas PC (2012) Climate change scenarios and their impact on the water balance 
of sugarcane production areas in the State of São Paulo, Brazil. Ambiente e Agua - An 
Interdisciplinary Journal of Applied Science, 7, 7–17. https://doi.org/10.4136/ambi-agua.907 

Sarić R, Nguyen VD, Burge T, Berkowitz O, Trtílek M, Whelan J, Lewsey MG, Čustović E (2022) 
Applications of hyperspectral imaging in plant phenotyping. Trends in Plant Science, 27, 301–
315. https://doi.org/10.1016/j.tplants.2021.12.003 

Set-Tow S, Songsri P, Jongrungklang N (2020) Variations in Root Distribution Patterns and Cane 
Yield of 16 Elite Sugarcane Clones Grown Under Varied Soil Conditions. Sugar Tech, 22, 1018–
1031. https://doi.org/10.1007/s12355-020-00834-x 

Shrivastava AK, Srivastava S (2012) Sugarcane: Physiological and Molecular Approaches for 
Improving Abiotic Stress Tolerance and Sustaining Crop Productivity. In: Improving Crop 
Resistance to Abiotic Stress , pp. 885–921. John Wiley & Sons, Ltd. 
https://doi.org/10.1002/9783527632930.ch35 

Mathias Christina et al. 21

Peer Community Journal, Vol. 6 (2026), article e75 https://doi.org/10.24072/pcjournal.764

https://doi.org/10.3389/fpls.2019.00119
https://agritrop.cirad.fr/616882/
https://doi.org/https://doi.org/10.3390/atmos11040408
https://doi.org/10.1093/aob/mcae018
https://doi.org/https://www.cabidigitallibrary.org/doi/full/10.5555/20220511450
https://doi.org/10.1002/hyp.9379
https://doi.org/https://doi.org/10.1007/s40626-014-0024-0
http://hdl.handle.net/2263/40346
https://doi.org/10.1016/j.eja.2018.03.007
https://doi.org/10.1016/j.agsy.2015.12.013
https://doi.org/10.4136/ambi-agua.907
https://doi.org/10.1016/j.tplants.2021.12.003
https://doi.org/10.1007/s12355-020-00834-x
https://doi.org/10.1002/9783527632930.ch35
https://doi.org/10.24072/pcjournal.764


 
 

da Silva GJ, Berg EC, Calijuri ML, dos Santos VJ, Lorentz JF, Alves S do C (2021) Aptitude of 
areas planned for sugarcane cultivation expansion in the state of Sao Paulo, Brazil: a study 
based on climate change effects. Agriculture Ecosystems & Environment, 305, 107164. 
https://doi.org/10.1016/j.agee.2020.107164 

Singels A, Jones MR, Lumsden TG (2023) Potential for Sugarcane Production Under Current and 
Future Climates in South Africa: Sugar and Ethanol Yields, and Crop Water Use. Sugar Tech, 
25, 473–481. https://doi.org/10.1007/s12355-022-01227-y 

Singels A, Van Den Berg M, Smit MA, Jones MR, Van Antwerpen R (2010) Modelling water uptake, 
growth and sucrose accumulation of sugarcane subjected to water stress. Field Crops 
Research, 117, 59–69. https://doi.org/10.1016/j.fcr.2010.02.003 

Singh B, Maayar ME (1998) Potential impacts of greenhouse gas climate change scenarios on 
sugar cane yields in Trinidad. Tropical Agriculture, 75, 348–354. 
https://doi.org/https://journals.sta.uwi.edu/ojs/index.php/ta/article/view/1595 

Sonkar G, Singh N, Mall RK, Singh KK, Gupta A (2020) Simulating the Impacts of Climate Change 
on Sugarcane in Diverse Agro-climatic Zones of Northern India Using CANEGRO-Sugarcane 
Model. Sugar Tech, 22, 460–472. https://doi.org/10.1007/s12355-019-00787-w 

Teramoto S, Uga Y (2022) Improving the efficiency of plant root system phenotyping through 
digitization and automation. Breeding Science, 72, 48–55. https://doi.org/10.1270/jsbbs.21053 

Vadez V, Grondin A, Chenu K, Henry A, Laplaze L, Millet EJ, Carminati A (2024) Crop traits and 
production under drought. Nature Reviews Earth & Environment, 5, 211–225. 
https://doi.org/10.1038/s43017-023-00514-w 

Vengavasi K, Raja AK, Srinivasavedantham V, Hari K, Arumuganathan T, Suresha GS, Durai AA, 
Chandran K, Nisha M, Pooja D (2022) Multipronged Phenotyping Approaches to Characterize 
Sugarcane Root Systems. Journal of Visualized Experiments, e63596. 
https://doi.org/10.3791/63596 

Venkataramana S, Gururaja Rao PN, Naidu KM (1986) The effects of water stress during the 
formative phase on stomatal resistance and leaf water potential and its relationship with yield 
in ten sugarcane varieties. Field Crops Research, 13, 345–353. https://doi.org/10.1016/0378-
4290(86)90035-3 

Wang E, Engel T (1998) Simulation of phenological development of wheat crops. Agricultural 
Systems, 58, 1–24. https://doi.org/10.1016/S0308-521X(98)00028-6 

Yao S, Wang B, Liu DL, Li S, Ruan H, Yu Q (2025) Assessing the impact of climate variability on 
Australia’s sugarcane yield in 1980–2022. European Journal of Agronomy, 164, 127519. 
https://doi.org/10.1016/j.eja.2025.127519 

Zhao D, Li Y-R (2015) Climate Change and Sugarcane Production: Potential Impact and Mitigation 
Strategies. International Journal of Agronomy, 2015, 1–10. 
https://doi.org/10.1155/2015/547386 

 

22 Mathias Christina et al.

Peer Community Journal, Vol. 6 (2026), article e75 https://doi.org/10.24072/pcjournal.764

https://doi.org/10.1016/j.agee.2020.107164
https://doi.org/10.1007/s12355-022-01227-y
https://doi.org/10.1016/j.fcr.2010.02.003
https://doi.org/https://journals.sta.uwi.edu/ojs/index.php/ta/article/view/1595
https://doi.org/10.1007/s12355-019-00787-w
https://doi.org/10.1270/jsbbs.21053
https://doi.org/10.1038/s43017-023-00514-w
https://doi.org/10.3791/63596
https://doi.org/10.1016/0378-4290%2886%2990035-3
https://doi.org/10.1016/0378-4290%2886%2990035-3
https://doi.org/10.1016/S0308-521X%2898%2900028-6
https://doi.org/10.1016/j.eja.2025.127519
https://doi.org/10.1155/2015/547386
https://doi.org/10.24072/pcjournal.764

