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Abstract

Current agricultural production depends on very limited species grown as monocultures that
are highly vulnerable to climate change, presenting a threat to the sustainability of agri-food
systems. However, many hundreds of neglected crop species have the potential to cater to
the challenges of climate change by means of resilience to adverse climate conditions.
Proso millet (Panicum miliaceum L.), one of the underutilised minor millets grown as a
rainfed subsistence crop, was selected in this study as an exemplary climate-resilient crop.
Using a previously calibrated version of the Agricultural Production Systems Simulator
(APSIM), the sensitivity of the crop to changes in temperature and precipitation was studied
using the protocol of the Coordinated Climate Crop Modelling Project (C3MP). The future
(2040-2069) production was simulated using bias-corrected climate data from 20 general
circulation models of the Coupled Model Intercomparison Project (CMIP5) under RCP4.5
and 8.5 scenarios. According to the C3MP analysis, we found a 1°C increment of tempera-
ture decreased the yield by 5-10% at zero rainfall change. However, Proso millet yields
increased by 5% within a restricted climate change space of up to 2°C of warming with
increased rainfall. Simulated future climate yields were lower than the simulated yields under
the baseline climate of the 1980-2009 period (mean 1707 kg ha™') under both RCP4.5 (-
7.3%) and RCP8.5 (-16.6%) though these changes were not significantly (p > 0.05) different
from the baseline yields. Proso millet is currently cultivated in limited areas of Sri Lanka, but
our yield mapping shows the potential for expansion of the crop to new areas under both cur-
rent and future climates. The results of the study, indicating minor impacts from projected cli-
mate change, reveal that Proso millet is an excellent candidate for low-input farming
systems under changing climate. More generally, through this study, a framework that can
be used to assess the climate sensitivity of underutilized crops was also developed.
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Introduction

Climate change impacts on regional temperature, rainfall and evaporation patterns can alter
meteorological, hydrological, ecological and agricultural interactions [1] and can negatively
impact the sustainability of agro-food systems [2]. Global agricultural production is expected
to decline as a result of climate change-induced rising temperatures and increased evaporation
that lead to water stress and changes in the intensity and distribution of rainfall patterns [3, 4].
It is reported that both yields and calorie content of the world’s major crops, including cassava,
maize, rice, sorghum, soybean and wheat, are severely affected by climate change and it is
expected that this situation will worsen in the future [5-8].

Various adaptation strategies are developed to avoid yield losses due to climate change [9]
and developing resilient agricultural systems is a low-cost and effective strategy to overcome
the increased risk of droughts and other climatic hazards [10]. Identification and mainstream-
ing of crops that are currently neglected or underutilised is central to this process [11]. Under-
utilised crops that are traditionally grown in low-input systems and are adapted to marginal
environments can contribute to the diversification and resilience of agroecosystems, and can
potentially contribute to global food and nutrition security. It is therefore important to invest
in research and development of evidence-bases for these crops [12-14].

Evaluation of the sensitivity of different crops to changes in climate and to adaptation strat-
egies is a key component in identification and development of measures that have optimum
impact. However, most attention is given to simulation of performance for staple/ major crops
[10, 15, 16]. While yield forecasting for neglected and underutilised crops is gaining popular-
ity, major work remains to simulate their suitability and response to climate and economic sce-
narios [7, 17].

Prediction of climate change and the assessment of its impact on crop yield are important
to identify adaptation strategies [18]. Crop simulation modelling allows studying the potential
of crops and crop varieties in different geographic locations under different climates without
the need for extensive agronomic experiments that can be time-consuming and expensive
[19]. More specifically, novel crop modelling approaches and supportive databases have been
developed to simulate the production of neglected and underutilised crops [20]. In order to
overcome the lack of research evidence and to make a rapid progress with the current study,
quantification of crop-climate interactions was implemented through the crop modelling
approach [10, 16].

Proso millet (Panicum miliaceum L.) is an underutilised minor cereal that is a staple food in
some parts of Africa and Asia, that is generally found in rainfed farming systems [21]. It is also
suitable for cultivation in several geographic locations including Europe [12]. Farmers grow
Proso millet as a subsistence crop with local landraces for dietary requirements as well as for
income generation [22]. The primary sources of demand for this crop are the rural farming
population where people prefer it as a substitute for rice [23]. It is rich in protein content
(12.5%) and contains higher nutritive (vitamins, minerals, essential amino acids, fats and die-
tary fiber) values compared to major cereals such as rice, maize and wheat [21, 24, 25]. The
crop has a short growing period of around 70 days and requires a low amount of water to
develop and yield [21, 26]. The available literature suggests that Proso millet is a stress-tolerant
plant and produces reasonable yields where other crops like maize and paddy fail to grow or
give poor yields [27, 28]. Proso millet is cultivated under harsh environmental conditions in
Sri Lanka where other crops (paddy, vegetables, maize and groundnuts) fail in the dry season
[29]. It is also a good candidate in crop rotations to control weeds, disease and pest cycles [30].
The ability of Proso millet to grow in a wide range of soils and climates suggests suitability as a
future crop under climate change [31]. However, the climate sensitivity, and yield projections

PLOS ONE | https://doi.org/10.1371/journal.pone.0283298 March 23, 2023 2/19


https://doi.org/10.1371/journal.pone.0283298

PLOS ONE

Climate sensitivity of Proso millet

for Proso millet under climate change, are not well documented. However, growth data from
regions in which proso millet is cultivated can be used to determine the degree of resiliency of
this crop against a wide range of current and future climates.

With the substantial uncertainty in climate change projections [32], it is important to study
the resilience of drought-tolerant underutilised minor millets such as Proso millet. Therefore,
this paper aims (i) to evaluate the sensitivity of Proso millet production to temperature and
precipitation variability, (ii) to analyse the projected future climate (2040-2069) of a known
Proso millet growing area using the data from 20 general circulation models (GCMs) under
different emission scenarios, (iii) to project the crop yields under future climate scenarios in
the growing region and (iv) to identify the potential for Proso millet production areas across
Sri Lanka under climate change. This paper describes the first study that estimates the poten-
tial production of Proso millet using a crop modelling approach which also can be applied to
other underutilised crops (see discussion section).

Materials and methods
Location details

As trial data for modelling is scarce for Proso millet, data from a case study in Sri Lanka was
chosen to evaluate the agro-climatic sensitivity of this crop. Sri Lanka is a small tropical island
in the Indian ocean with year-round warm weather. The country is vulnerable to climate
change in terms of rainfall variability and an increase in climate extremes and warming [33].
Most farmers and consumers in the country are expected to be adversely affected by climate
change, and cultivation of several crops including the staple rice will be at risk due to limitation
of water [15].

The suitability of five Proso millet samples (hereafter named as accessions), which were
namedasL_1,L 11,L 12,L_14and L_25 [23], was evaluated for a known Proso millet grow-
ing region (6.428°N, 81.090°E) in Bodagama, Sri Lanka. These 5 accessions were not cultivated
in all locations, with sampled fields each typically containing a single accession. This area
belongs to the Low County Dry Zone region (DL1b) of Sri Lanka, which receives 1100-1750
mm of annual rainfall. The Northeastern monsoon that falls during December-February is the
predominant rainy season, while Proso millet is cultivated during a secondary rainy season in
March-June. The rainfall characteristics of the study area were previously described in Wima-
lasiri et al [29].

Climate data

Baseline (1980-2009) climate data. A complete observed climatic dataset for the 1980-
2009 period was not available in the cultivation area. Thus, as observed climate data, we used
daily rainfall observations at Thanamalwila (6.44°N, 81.13°E, for 1989-2009), the closest (4.6
km away from the cultivation location) meteorological station to the growing area along with
daily minimum and maximum temperatures at Sewanagala (6.40°N, 80.91°E, 1986-2009, 20.1
km from the cultivation location). Gaps in these observed datasets were filled by NASA Mod-
ern Era Retrospective-analysis for Research and Applications (MERRA) [34] data. The
MERRA data were previously used in Sri Lanka for gap filling in climate change studies [15].
Neither meteorological station recorded solar radiation, therefore MERRA data were used.

Mid-21* century (2040-2069) climate data. The climate and yield projections include 30
growing seasons for mid-21°*" century (2040-2069), using downscaled climate model data. The
climate change scenarios were obtained from 20 GCMs (labelled A-T in S1 Table) in the Cou-
pled Model Intercomparison Project (CMIP5) archive [35], which were selected as those avail-
able for both RCP4.5 and RCP8.5 in the online data portal (http://ccafs-climate.org/) of
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Consultative Group for International Agricultural Research (CGIAR) Research Program on
Climate Change, Agriculture and Food Security (CCAFS).

Two Representative Concentration Pathways (RCPs) were selected for this study as;
RCP4.5 represents a medium-lower concentration scenario that is broadly consistent with cur-
rent global pledges for mitigation policies, and RCP8.5 represents an extreme high emission
scenario [36]. Daily rainfall, minimum and maximum temperatures and solar radiation data
for mid-century (2040-2069) growing seasons were downscaled based on the delta method
[37]. The delta method assumes that the relationships between variables of the current (base-
line) climate are maintained towards the future and changes in climate are relevant at coarse
scales [38]. Therefore, the GCM in the following sections indicates downscaled future climate
data using the delta method.

Crop model

The calibrated Agricultural Production Systems Simulator (APSIM) [39] millet model (version
7.8) was used to simulate the effect of different realizations (Section 2.4) of climate variability
and climate change on the yield of the five Proso millet accessions (L_1,L_11,L_12,L 14,
L_25). A crop module for Proso millet is not available in the APSIM model, therefore, the mil-
let model was used. The model description, calibration and validation procedures were
described in detail [23], therefore a brief summary is presented here.

Model description. Daily growth and development of Pearl millet crop was simulated in
APSIM millet model. The model was developed based on the field experimental data from
ICRISAT-Patancheru, India [40-42]. In phenology of millet module, there are 11 crop growth
stages and thus, 10 growth phases; sowing, germination, emergence, end of juvenile, floral ini-
tiation, flag leaf, flowering, start grain fill, end of grain filling, maturity and harvest ripe. Soil
moisture controls sowing to germination stages while the accumulation of thermal time deter-
mines all other growth stages. The daily thermal time is decreased by nitrogen or water stress
between emergence and flag leaf stages, which delays phenology. Daily biomass accumulation
is a function of soil water (for transpiration) and radiant energy. Accumulation of thermal
time or biomass determines the rate of tiller appearance. Once the crop is harvested, residues
pass to other modules (residue2 and soiln2). The base, optimum and maximum temperatures
used in the model were 10°C, 30°C and 45°C respectively. The genotype coefficients of 5 cali-
brated Proso millet accessions are mentioned in Table 1 [23].

Yield simulations

Proso millet yield under different climate scenarios (Table 2) was simulated using the above
calibrated model. The period from 15™ March to 15" June was considered the Proso millet

Table 1. Accession specific genotype coefficients used to calibrate APSIM model.

Parameter

Potential grains per head

Potential grain growth rate

TT from emergence to end of juvenile phase
Photoperiod sensitivity

TT from flowering to maturity

TT from flag leaf to flowering

TT from flowering to start grain fill

TT from maturity to harvest ripe

https://doi.org/10.1371/journal.pone.0283298.t001

Unit L1 L_11 L_12 L 14 L 25
grains/head 2940 2645 3140 2795 3210
mg/grain/d 0.61 0.61 0.61 0.61 0.61
°C days 348.5 322 345 331 339
°Cd/h 112.4 112.4 112.4 112.4 112.4
°C days 440 466 437 450 457
°C days 85 90.5 94 87 70
°C days 83 80 86 91 95
°C days 1 1 1 1 1
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Table 2. Different types of yield simulations performed using the APSIM model.

Input to APSIM Description
simulation
Baseline climate Climate data for 1980-2009 based on weather station observations with MERRA gap

filling for the Proso millet growing area in Bodagama, Sri Lanka.
(30 years x 5 accessions)-Section Baseline (1980-2009)-Section: Climate Data

CMIP5 climate change | Baseline climate data with temperature and precipitation anomalies (‘Delta’ for 2040-
2069 vs 1980-2009) from CMIP5 models under RCP4.5 and RCP8.5

(30 years x 5 accessions x 20 models x 2 scenarios)-Section: Mid-21* Century (2040~
2069) Climate Data

C3MP climate change | Baseline climate data with 99 combinations of temperature and precipitation anomalies
within C3MP-defined climate change space

(30 years x 5 accessions x 99 anomaly combinations)-Section: Coordinated Climate-
Crop Modelling Project

Sri Lanka baseline Climate data for 1980-2009 from MERRA for a 0.25° grid of 95 locations covering Sri
Lanka

(30 years x 5 accessions x 95 locations)-Section: Mapping of yield potential and
sensitivity
Sri Lanka climate Sri Lanka baseline climate data with 5 idealized temperature or precipitation anomalies

change (30 years x 5 accessions x 95 locations x 5 anomalies)-Section: Mapping of yield potential

and sensitivity

https://doi.org/10.1371/journal.pone.0283298.t1002

growing season. Crop management practices, soil and climate data used in APSIM simulations
are previously described [23]. It was assumed that crop management practices such as planting
and fertiliser application dates and amount of fertiliser are similar in all the simulations, with
the only difference in the climate data.

Coordinated Climate-Crop Modelling Project (C3MP)

The Agricultural Model Intercomparison and Improvement Project (AgMIP) developed Coor-
dinated Climate-Crop Modelling Project (C3MP) to study the sensitivity of crop yields to
changes in [CO,], temperature and rainfall by 99 combinations of these variables [10, 16]. In
contrast to climate projections using GCMs, C3MP analysis is not based on emission scenar-
ios, is not climate or location dependent, but instead is universal to, and comparable across,
every agricultural land in the world [10]. The C3MP sensitivity tests are designed to test the
combinations of temperature, rainfall and carbon dioxide changes at the end of 21* century,
within defined ranges (Table 3). The C3MP has extended the climate metric ranges slightly
beyond the climate extremes projected by GCMs in CMIP5 [16].

This range covers the majority of cropping areas in the world, although larger percentage
changes to small baseline rainfall amount are expected in some arid regions [10]. The 99 cli-
mate sensitivity tests, generated using the Latin Hypercube sampling method [10], were
applied to the baseline (1980-2009) daily weather data.

The APSIM millet model is not sensitive to CO, as it was not parameterised for variations
in CO, concentration. Being a C4 plant, the response of Proso millet to CO, variations will be

Table 3. Climate metric ranges for C3MP climate sensitivity experiments.

Climate Metric Lower Bound Upper Bound
Temperature change -1°C +8°C
Rainfall change -50% +50%
Carbon dioxide concentration 330 ppm 900 ppm

https://doi.org/10.1371/journal.pone.0283298.t003
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smaller than for C; plants, therefore it was not expected that the reduction of yield due to
increased temperature will be offset by increased CO, [43]. Hence, CO, variation was omitted,
and the analysis proceeded with varying rainfall and temperature only. The issues and possible
outcomes of not including CO, variations are covered in the discussion section. The climate
control option of the APSIM model was used to create the 99 climate sensitivity simulations.

Mapping of yield potential and sensitivity

Ninety-five locations in 0.25° resolution grids were selected across Sri Lanka for mapping (S1
Fig). Daily meteorological data for all the locations during 1980-2009 period were collected
from Nasa MERRA. Site specific soil data were obtained from Soilgrids [44]. Five hypothetical
climate change scenarios were prepared as +1°C, +1.5°C and +2°C temperature increments
and +25% and -25% rainfall changes, relative to the baseline climate. All simulations were per-
formed using the calibrated APSIM millet model. It was assumed that sowing date (which is in
the minor growing season) and crop management practices are the same in all 95 locations.
Spatial interpolations between the 95 locations were done according to the Inverse Distance
Weighting (IDW) model using ArcMap 10.7.1.

Results
Proso millet simulation for baseline (1980-2009) period

The average yield for the baseline climate (1980-2009) period ranged from 1622 kg ha™' (SD
941 kg ha™') for L_14 to 1823 kg ha™' (SD 1036 kg ha™") for L_25 with a mean of 1707 kgha™"
for all accessions. The simulated yields of five different accessions (for whole 30 years) were
not significantly different (p > 0.05) form each other. Out of 30 years, 15 years (50%) showed
higher yields than the average (1707 kg ha™') while the rest of the years were below average.
The reported lower limit of seasonal rainfall above which Proso millet gives a satisfactory yield
is 300 mm [45]. However, out of all the growing seasons in the baseline period, the rainfall in
57% of seasons were below this limit.

The average yield variation of five accessions showed a negative trend (42.5 kg ha™! per
year) throughout the 1980-2009 period and it was significantly different from zero
(p =0.0384) at 95% confidence level. The variation of average Proso millet yield of five acces-
sions and seasonal climate parameters (rainfall, minimum and maximum temperatures) dur-
ing the growing season is shown in Fig 1.

Proso millet production sensitivity according to the C3MP analysis

For all accessions simulated Proso millet yield increased by around 5% within a restricted cli-
mate change space of up to 2°C of warming and with increased rainfall (Fig 2). Accession L_12
showed the highest yield increment (10%) at 1°C of warming under wetter conditions (50%
increment of rainfall). The yield decreased with increasing temperature in all the tested acces-
sions. For example, yield reductions at 1°C, 2°C and 3°C increments with unchanged rainfall
were 5-10%, 10-20%, and 20-30% respectively. Temperature reduction of -1°C without
changing rainfall did not reduce Proso millet yield for all the accessions, suggesting an ability
to withstand slightly cooler environments.

Proso millet yield also decreased with the reduction of rainfall in all the tested accessions. A
25% and 50% reduction of rainfall at zero temperature change reduced the yield by 25-30%
and 60-65% respectively. Proso millet sensitivity to rainfall increment showed a similar pattern
in all accessions but in different magnitudes. However, the highest rainfall increment did not
lead to the highest yield increment (Fig 2). The accession L_12 gave the highest yield in a wide
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Fig 1. Variation of average simulated Proso millet yield of five accessions and climate parameters during Proso millet growing season in the
baseline (1980-2009) period. The Tmin and Tmax stand for seasonally averaged minimum and maximum temperatures respectively.
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Fig 2. Yield sensitivity of five Proso millet accessions to rainfall and temperature changes in Dry Zone, Sri Lanka
under C3MP and mid-century climate, where filled blue triangle is mean annual rainfall (P) and temperature (T)
changes for RCP4.5, red dot is annual P and T change for RCP8.5, open triangle is mean Proso millet growing
seasonal P change, open dot is mean Proso millet growing seasonal T change and star is yield sensitivity at zero P
and T change.
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range of rainfall increments (14-46%) suggesting its ability to withstand wetter conditions.
The pattern of increased yields with a medium rainfall increment (25%) and decreased yields
with a higher rainfall increment (+50%) at zero temperature change is consistent across
accessions.

Mid-21* century climate of Proso millet growing area

The annual and Proso millet growing seasonal (15" March to 15™ June) climate during the
observed baseline period (1980-2009) and over the mid-21* century (2040-2069) for the
downscaled 20 GCMs under RCP4.5 and RCP8.5 are summarised in Table 4.

The mean maximum temperature (Tmax) and minimum temperature (Tmin) of the
observed baseline period (1980-2009) were 32.1°C and 23.3°C respectively. The mean Tmax
and Tmin increased in all the GCMs under both RCP4.5 and RCP8.5 scenarios. The mean
Tmax increased by 0.6°C (INM_CM4) to 2.1°C (GFDL_CM3) in RCP4.5 and by 1.0°C
(INMCM4.0) to 2.8°C (GFDL_CM3) in RCP8.5. The mean Tmax for 2040-2069 period under
RCP4.5 and RCP8.5 was 33.3°C and 34.0°C respectively.

The annual and Proso millet growing seasonal rainfall during the observed baseline period
was 1121 mm and 289 mm respectively. Under RCP4.5, seventeen GCMs (85%) showed an
increment of annual rainfall while 3 GCMs (15%) exhibited a decrease in annual rainfall

Table 4. The annual mean maximum and minimum temperatures, annual and growing seasonal (15th March- 15th June) rainfall for the baseline period (1980-
2009) and in mid of the 21st century (2040-2069) for 20 general circulation models (downscaled using delta method) under the RCP4.5 and RCP8.5 scenarios in

Bodagama, Sri Lanka.
Model

Baseline
BCC-CSM1-1 (A)
BCC_CSM1_1_M (B)
BNU-ESM (C)
CanESM2 (D)
CSIRO-Mk3-6-0 (E)
GFDL_CM3 (F)
GFDL-ESM2G (G)
GFDL-ESM2M (H)
INMCM4.0 (I)
IPSL-CM5A-LR (J)
IPSL-CM5A-MR (K)
MIROC-ESM (L)

MIROC_ESM_CHEM
M)

MIROCS5 (N)
HadGEM2-CC (O)
HadGEM2-ES (P)
MPI-ESM-LR (Q)
MPI-ESM-MR (R)
MRI-CGCM3 (S)
NorESM1-M (T)

Multi-model mean

Mean Tmax A Mean Tmin

49
32.1
33.1
332
332
337
333
342
332
334
326
337
335
332
33.0

33.3
33.4
33.6
33.4
33.3
33.1
33.1
33.3

€Y
23.3
24.4
24.3
24.5
24.8
25.0
25.3
24.3
24.4
23.8
24.9
24.9
24.7
24.7

24.5
24.8
25.0
24.6
24.7
24.3
24.3
24.6

https://doi.org/10.1371/journal.pone.0283298.t1004

RCP4.5 RCP8.5
Total annual Seasonal rainfall | Mean Tmax | Mean Tmin Total annual Seasonal rainfall
rainfall (mm) (mm) Q) “C) rainfall (mm) (mm)

1121 289

1124 321 334 24.7 1360 338
1065 249 33.5 24.7 1107 253
1249 298 33.7 25.0 1331 344
1264 300 34.5 25.6 1661 445
1628 222 34.2 254 1291 313
1300 333 34.8 26.1 1908 1088
1247 445 33.7 25.0 1050 257
1045 228 33.8 25.0 995 198
1084 282 33.0 243 1046 285
1383 308 34.6 255 935 169
1331 319 34.3 255 1800 279
1244 274 34.0 25.2 1265 305
1226 303 34.2 254 1346 355
1225 296 339 25.1 1896 491
1169 290 34.1 253 1284 358
1222 303 34.2 254 1200 377
1239 254 34.1 25.2 1129 268
1438 334 34.1 25.2 1160 287
1213 275 33.6 24.7 1235 462
1227 314 33.7 24.9 1798 349
1246 297 34.0 25.2 1340 361
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compared to the baseline period. The annual rainfall change ranged from -6.8%
(GFDL_ESM2M) to +45.2% (CSIRO_Mk3_6_0) under RCP4.5. Proso millet growing seasonal
rainfall increased in 13 GCMs (65%) and decreased in 7 GCMs (35%) for the RCP4.5 emission
scenario. Proso millet growing seasonal rainfall change ranged from -23.2% (CSIR-
O_Mk3_6_0) to +54% (GFDL_ESM2G).

Under RCP8.5, the annual rainfall increased in 15 GCMs (ranged from +0.8% in
MPI-ESM-LR to +70.3% in GFDL_CM3). The IPSL-CM5A-LR recorded the highest annual
rainfall reduction (-16.6%) for RCP8.5. Rainfall during Proso millet growing season increased
in 12 GCMs (60%), with 8 GCMs (40%) projecting a rainfall reduction.

GFDL_CM3 was identified as an outlier under the RCP8.5 scenario for Proso millet grow-
ing seasonal rainfall, projecting an average of 1088 mm (+277% compared to the baseline) for
2040-2069, compared with an average of 323 mm from the 19 other GCMs for the same
period. However, annual and Proso millet growing seasonal rainfall of GFDL_CM3 under
RCP4.5 did not show extreme values (Table 4).

However, 50% of GCMs under RCP4.5 and 40% of GCMs under RCP8.5 were below the
lower limit of seasonal rainfall above which Proso millet gives a satisfactory yield [45]. Com-
paratively higher variation was recorded for both annual (CV-coefficient of variation 0.11)
and Proso millet growing seasonal (CV 0.16) rainfall under RCP4.5 than the RCP8.5 scenario
where the CV values were 0.23 and 0.52 in respective season under RCP8.5.

APSIM millet yield prediction for the mid-21*' century

The predicted Proso millet yields from the APSIM millet model, using downscaled climate
data for mid-century (2040-2069) under RCP4.5 and RCP8.5 scenarios were statistically ana-
lyzed for deviations from the baseline (1980-2009) yields. It was found that Proso millet yields
of all the tested accessions (L_1, L_11,L_12, L_14 and L_25) were not significantly (p > 0.05)
different from the baseline yields under both RCP4.5 and RCP8.5 scenarios. The average yield
of all the accessions in all GCMs under RCP4.5 and RCP8.5 were 1584 kg ha™" and 1425 kg ha™
! respectively.

Taking the average across all GCMs, mean Proso millet yields of all the accessions simulated
by APSIM were lower than the baseline (1980-2009) yield under both RCP4.5 (7.3% reduc-
tion) and RCP8.5 (16.6% reduction) scenarios for 2040-2069 period. These values are close to
the yield change values expected based on the C3MP analysis (0-10% reduction) when only
the rainfall and temperature sensitivity on Proso millet yield were analysed. However, it should
be noted that there is no change in the rainy days in the C3MP analysis as the modifications
(precipitation in %) were applied to the baseline climate.

The variation of future climate among different models led to the variation of Proso millet
yield in the mid-21st century. In RCP4.5, the average yield of 5 Proso millet accessions
increased in 25% of GCMs (Fig 3). Among the yield change bins in Fig 3, the highest percent-
age of climate models (40%) simulated climates that led to a decrease in Proso millet yield by
0-10% below the average for the baseline period. Simulated climate changes led to a Proso mil-
let yield reduction greater than 20% in 10% of GCMs. In RCP8.5, the yield decreased by
0-10% in 40% of GCM:s followed by 10-20% in 35% of GCMs. Only 5% of GCM:s (one model)
recorded a yield reduction greater than 60% from the baseline. None of the GCMs showed a
yield increment under the RCP8.5 scenario.

Out of 20 GCMs, only four (BCC-CSM1-1, GFDL-ESM2G, IPSL-CM5A-MR and MIRO-
C_ESM_CHEM) showed yield increment for 2040-2069 period under RCP4.5 scenario in all
the accessions (S2 Fig). The MPI-ESM-MR showed yield increment in all four accessions
except L_14.
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Fig 3. Relative Proso millet yield change (average of 5 accessions) for the 2040-2069 period with compared to
baseline (1980-2009) period in all GCMs under RCP4.5 (a) and RCP8.5 (b).

https://doi.org/10.1371/journal.pone.0283298.9003

Proso millet yield potential map

The gridded MERRA data was used as an input to APSIM simulations to cover all of Sri
Lanka. No significant (p > 0.05) difference was reported between the simulated yield from the
gridded data and observed data (gap-filled) at the experimental site in Thanamalwila, Sri
Lanka for the baseline (1980-2009) period (average yield 1707+984 kg hal). The potential
Proso millet yield and the yield difference compared to the experimental site is shown in Fig 4.

The average yield for the baseline period varied from 617 kg ha™ to 3282 kg ha™' with an
average of 1818+ 491 kg ha™' across the country. When compared to the study site, simulated
Proso millet yield is different by between -70.1% to +59.1% across the country. Comparatively
lower yields were reported for the North and Eastern parts of the country where North-East
Monsoon is the prominent rainy season (Fig 4a). The yields are also lower in central highlands
which is currently used for tea cultivation due to cooler climate. An unusual higher yield was
reported from one location in the Wet Zone (Fig 4).

Out of the all locations, 31.9% showed higher yields than the study area while 21.3%
belonged to -5 to +5% yield change category. The yield is higher in parts of the Intermediate
and Wet Zones, where Proso millet is not normally cultivated at present. The southern part of
the Dry Zone also showed a yield increment when compared to the current growing area. This
indicates a huge potential exists for Proso millet cultivation in other locations of the country
during the minor growing season (15" March- 15" June). All the maps can be downloaded
from https://doi.org/10.5281/zenodo.7456224.

The impact of climate change on hypothetical Proso millet yields across Sri Lanka was stud-
ied using accession L_12, which showed the closest yield to the average baseline yield (Fig 5).
The yield of accession L_12 was not significantly (p > 0.05) different from the average yield of
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Fig 4. (a) Potential average Proso millet yield of five accessions and (b) yield difference compared to the currently
growing area (circled) during 1980-2009 period (the boundary was obtained from https://data.humdata.org/
dataset/cod-ab-lka).

https://doi.org/10.1371/journal.pone.0283298.9004

five accessions. Uniform increments of temperature by 1°C, 1.5°C and 2°C increased the yield
in 30.9%, 33.0% and 25.5% of locations respectively.

Rainfall increment by 25% increased the average yield (1837+367 kg ha™") while 25% reduc-
tion of rainfall decreased the average yield (16304685 kg ha™*). A higher yield variability was
observed under the rainfall reduction scenario. Yield under climate change clearly showed that
yields behave in different ways in different climatic zones. The increased yield and lower
reduction under increased temperature and decreased rainfall showed the tolerability of Proso
millet to harsh agroclimatic conditions and suggest the possibility of use of the crop under cli-
mate change.

Discussion

The future temperature projections recorded in this study are consistent with the Intergovern-
mental Panel on Climate Change (IPCC) global projections [46]. The IPCC [46] projected an
increment of global temperature by 1.4°C (ranged from 0.9°C to 2°C for RCP4.5) and 2.0°C
(ranged from 1.4°C to 2.6°C) for RCP8.5 during 2046-2065 period (IPCC 2013). The mean
increment of temperature in Proso millet growing region in Sri Lanka for the 2040-2069
period (1.3°C and 1.9°C for RCP4.5 and RCP8.5 respectively) are in alignment with the IPCC
[46] projected range. Further, the projected temperature increment in Proso millet growing
region agrees with the previous studies (1.5-2.8°C for minor and 1.1-2.4°C for major season)
in North Western province of Intermediate Zone of Sri Lanka for 2040-2070 period [15] and
Walawe basin in the Southern part of the country [47]. However, rainfall projections showed
both higher and lower values for mid-century than the baseline period that stems from the
uncertainties among climate models. A higher model uncertainty was reported in the precipi-
tation projections over Sri Lanka for 1901-2100 period when compared with India [48] and
the present study confirms these findings. The small spatial scale considered in the study [15,
32] hindered the accurate comparison and discussion on model uncertainty and variability.
This should be better answered by more data from different geographic locations.

The projected future climate of 20 GCMs showed variation among models. Out of 20
GCMs used in this study, the GFDL_CM3 projected an extreme rainfall for April (RCP8.5)
while it was not an outlier under RCP4.5 (Table 4). The GFDL_CM3 is one of the best
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Fig 5. (a) Average yield of Proso millet accession L_12 for 1980-2009 period and yield change under (b) 1°C, (c)
1.5°C and (d) 2°C temperature increment, (e) 25% rainfall increment and (f) 25% rainfall reduction compared to
the baseline (1980-2009) climate (the boundary was obtained from https://data.humdata.org/dataset/cod-ab-lka).

https://doi.org/10.1371/journal.pone.0283298.9005

performing models to predict Indian Summer Monsoon (June-September) in different time-
scales (up to year 2099 -[49]; year 2051 to 2099 period-[50]) under the RCP8.5 scenario. The
predicted extreme rainfall belongs to First Inter Monsoon while the studies were done for
South West Monsoon period in Sri Lanka (Indian Summer Monsoon). However, the rainfall
during June-September period was predicted well by the GFDL_CM3. The implausible
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increment of April rainfall to 900 mm from this model cannot be addressed by the available lit-
erature, therefore, further studies are needed on the behaviour and strength of GFDL_CM3
over Sri Lanka, specially under the First Inter Monsoon period. The multimodal mean with
and without GFDL_CM3 were studied, therefore it will not affect the results of the current
study.

Proso millet yields in all the tested accessions are likely to decrease with the expected warm-
ing, regardless of the variation of rainfall, however, low rainfall makes this more severe.
According to Sharmila et al. [50] there are three key processes that cause yield reduction of
millets and sorghum in warmer environments: i) increased potential evapotranspiration in
water scarce soils limits the water availability for roots to uptake, ii) increased maintenance
respiration per biomass unit decreases biomass production and iii) reduced length of crop
cycle also lowers the biomass production.

According to the model output, the sensitivity of Proso millet to rainfall which was gener-
ated using C3MP approach showed that the highest yield was not from the highest rainfall
increment. It was reported that heavy rains after two weeks of planting Proso millet are
destructive, causing poor plant stand by covering seeds too deep to emerge or create soil sur-
face crust difficult for seedlings to penetrate [51]. Nielsen and Vigil [52] studied the effect of
environmental parameters influence on Proso millet yield and found that the rainfall during
12-18 August (59-65 DAS) has the highest impact on yield, where sowing was 14 June and
harvesting was 15 September. Further studies are needed on the most effective and destructive
rainfalls during Proso millet lifespan.

Different GCMs, time slices, crops, locations and methodologies hamper proper compari-
son of the yield projections of this study with other studies. However, based on the similar
approach, but using APSIM and DSSAT models driven by future climate that has 4 GCMs
(RCP8.5) similar to the present study (GFDL-ESM2M, MIROC5, HadGEM2-ES and
MPI-ESM-MR), Zubair et al. [15] projected a reduction of Paddy yield by 28%, 33%, 41% and
36% respectively in minor season in the Intermediate Zone of Sri Lanka. In contrast, APSIM
simulations reported by Zubair et al. [15] for the same season in the same location recorded
yield increment in three GCMs (ranged from 3-9%) except HadGEM2-ES where a 2% reduc-
tion was observed. Proso millet yield reduction in this study are smaller than DSSAT simula-
tions (39%, 9%, 13% and 5% different cultivars respectively), but larger than the APSIM
simulations. It should be noted that paddy farming includes extensive use of irrigated water,
fertiliser and crop husbandry practices that are not presently used in Proso millet cultivation.
Further, the agroecological zone and soil characteristics of the study area are also different for
the present study.

One of the limitations of the present study is that the APSIM millet model was not cali-
brated for CO,, therefore the effect of CO, on Proso millet yield could not be studied. Being a
C, plant, it is not expected that a higher yield reduction due to increased temperature is coun-
teracted by the increased atmospheric CO,, because the response of C, plants to increasing
CO, is lesser than the C; plants [43]. The carbon dioxide concentration is 3 to 6 times higher
within C, plants than the atmospheric CO, concentration because RuBisCO (ribulose-
1,5-biphosphate carboxylase-oxygenase), that reacts with CO, are localised to bundle sheath
cells [43]. Therefore, the cells saturate, and RuBisCO prevents the increasing CO, uptake with
increasing CO, concentration [53]. However, reduction of stomatal conductance that
increases the water use efficiency may increase the yield in C, plants [54]. It was found that
doubling the carbon dioxide approximately increased yield by 30% in C; species and less than
10% in C, species [55]. However, previous studies showed that the increasing CO, caused
yield increment in sorghum [56], a C4 plant that is also cultivated in Sri Lanka. Under drought
conditions, a beneficial effect from enriched CO, is prominent in C, crops like maize due to
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higher radiation use efficiency and water use efficiency [57]. Therefore, Proso millet that is cul-
tivated under moisture stress conditions can take advantage from the increased CO,. Further
studies are needed on the CO, sensitivity of Proso millet. However, it is necessary to use a dif-
ferent crop modelling tool to study the effect of changes in CO, on Proso millet yield since cur-
rent version of the APSIM millet does not represent CO, changes.

The severity of climate change impact on crop yield depends on the crop variety and the
region of cultivation [58]. It was found that different crop models play in different ways in the
same location [15], therefore this should also be evaluated. None of the climate projections
lead to predictions within APSIM of the maximum potential Proso millet yield (4 t ha™') in the
mid-21* century in the growing region in the country. In Sri Lanka, Proso millet is found in
subsistence farming systems with very low inputs such as no artificial irrigation and fertiliser
application that was observed rarely [29]. Therefore, it is important to study the soil moisture
conservation, water management, fertiliser application and advanced crop husbandry technol-
ogies and their impact on future yield and climate sensitivity of Proso millet in Low Country
Dry Zone Sri Lanka.

The climate beyond the mid-21*' century (2040-2069) was not studied in this work. It is
projected that global mean surface temperature will be increased by 1.8°C (ranged from 1.1°C
t0 2.6°C) under RCP4.5 and 3.7°C (ranged from 2.6°C to 4.8°C) under RCP8.5 scenario by the
end of the century (2081-2100) relative to the 1986-2005 period [46]. Further, there are larger
differences between the RCP4.5 and RCP8.5 scenarios at the end of the century than during
mid-century [46]. Therefore, it is expected that yield losses in the end-21% century would be
much larger under the RCP8.5 scenario.

Yield simulation for other locations and interpolations revealed the potential production of
the crop in other locations in Sri Lanka. This is the first study that estimates the potential pro-
duction for any underutilised crop in Sri Lanka. The findings of the current study can be used
as a baseline for detailed field studies on Proso millet in other locations of the country and
other underutilised crops globally. Also, a similar approach can be used to assess the potential
production of many neglected and underutilised crops in different locations beyond the cur-
rent niches. Fig 6 presents such a roadmap for the sensitivity analysis of underutlised crops in
order to understand the response of different crops to climate change. Such information is
invaluable for developing cropping options for the areas that are already affected by climate
change and where it is not clear which crop, variety or accession could be suitable. This should
be completed with detailed land and climate suitability analysis and detailed economic analysis.

Conclusions

This paper describes the first study that estimates the climate sensitivity and potential produc-
tion of Proso millet using a crop modelling approach. The C3MP results revealed that the
Proso millet yield increased with up to 2°C of warming at wetter conditions and then decrease
with additional warming. In Proso millet growing area, a 1°C increment of temperature
decreased the yield by 5-10% at zero rainfall change. The projections for the future climate
using 20 GCMs under RCP4.5 and 8.5 scenarios showed a clear increment of annual and sea-
sonal temperatures in the mid-21* century. The studied models showed a possibility of a wet-
ter future in Proso millet growing area for RCP4.5 (85% GCMs) and RCP8.5 (75% GCMs).
Proso millet yields of all the tested accessions (L_1,L_11,L_12,L_14 and L_25) were not sig-
nificantly (p > 0.05) deviated from the baseline yields under both emission scenarios. Potential
areas for Proso millet cultivation were identified under both baseline (1980-2009) and future
climates. Proso millet yield under climate change showed that yields behave in different ways
in different climatic zones. Proso millet, that is mostly cultivated in low input agricultural
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Fig 6. The process flow chart used to study the climate sensitivity of Proso millet.
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systems without irrigation and fertiliser, shows both increments and low reductions of yield in
the mid-21* century compared to the baseline, suggesting the ongoing suitability of the crop
under a changing climate. The yields of key crops like paddy are predicted to fall for similar
changes in climate, therefore, Proso millet that is grown with low inputs will be an ideal candi-
date for marginal areas to provide considerable yield under changing climate in mid-21* cen-
tury. The framework developed in this study can be used as a baseline study to evaluate the
agroclimatic sensitivity of other underutilised crops.

Supporting information

S1 Fig. Distribution of location used in yield mapping (the boundary was obtained from
https://data.humdata.org/dataset/cod-ab-lka).
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S2 Fig. The heatmap for the variation of Proso millet yield change in five different acces-
sions (L_1,L_11,L 12,L 14 and L_25) for all the GCM:s individually (A-T in Table 5.3)
and the average (Av) of the GCM:s for (a) RCP4.5 and (b) RCP8.5.

(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0283298 March 23, 2023 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283298.s001
https://data.humdata.org/dataset/cod-ab-lka
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283298.s002
https://doi.org/10.1371/journal.pone.0283298.g006
https://doi.org/10.1371/journal.pone.0283298

PLOS ONE

Climate sensitivity of Proso millet

S1 Table. Description of general circulation models (GCMs) used in the study.
(DOCX)

Acknowledgments

Authors acknowledge The University of Nottingham Malaysia, Crops For the Future Research
Centre Malaysia, The University Grants Commission of Sri Lanka and Sabaragamuwa Univer-
sity of Sri Lanka.

Author Contributions

Conceptualization: Eranga M. Wimalasiri, Matthew J. Ashfold, Sue Walker, Asha S.
Karunaratne.

Data curation: Eranga M. Wimalasiri.

Formal analysis: Eranga M. Wimalasiri.

Methodology: Eranga M. Wimalasiri.

Project administration: Ebrahim Jahanshiri, Asha S. Karunaratne.
Software: Eranga M. Wimalasiri, Ebrahim Jahanshiri.

Supervision: Matthew J. Ashfold, Sue Walker, Asha S. Karunaratne.
Validation: Eranga M. Wimalasiri.

Visualization: Eranga M. Wimalasiri, Ebrahim Jahanshiri.

Writing - original draft: Eranga M. Wimalasiri, Ebrahim Jahanshiri.

Writing - review & editing: Matthew J. Ashfold, Ebrahim Jahanshiri, Sayed N. Azam-Ali,
Asha S. Karunaratne.

References

1. Rosenzweig C, Iglesius A, Yang XB, Epstein P, Chivian E. Climate change and extreme weather
events—Implications for food production, plant diseases, and pests. Global Change and Human Health.
2001 Jan 1;2:90-104.

2. Obwocha EB, Ramisch JJ, Duguma L, Orero L. The Relationship between Climate Change, Variability,
and Food Security: Understanding the Impacts and Building Resilient Food Systems in West Pokot
County, Kenya. Sustainability. 2022 Jan; 14(2):765.

3. Rosenzweig C, Hillel D. Climate Change Challenges to Agriculture, Food Security, and Health. In: Our
Warming Planet [Internet]. World Scientific; 2016 [cited 2022 Jul 24]. p. 373-95. (Lectures in Climate
Change; vol. Volume 1). https://www.worldscientific.com/doi/abs/10.1142/9789813148796_0018

4. Fujimori S, Hasegawa T, Krey V, Riahi K, Bertram C, Bodirsky BL, et al. A multi-model assessment of
food security implications of climate change mitigation. Nat Sustain. 2019 May; 2(5):386-96.

5. Ray DK, West PC, Clark M, Gerber JS, Prishchepov AV, Chatterjee S. Climate change has likely
already affected global food production. PLOS ONE. 2019 May 31; 14(5):e0217148. https://doi.org/10.
1371/journal.pone.0217148 PMID: 31150427

6. Adhikari U, Nejadhashemi AP, Woznicki SA. Climate change and eastern Africa: a review of impact on
major crops. Food and Energy Security. 2015; 4(2):110-32.

7. Jahanshiri E, Goh EV, Wimalasiri EM, Azam-Ali S, Mayes S, Tengku Mohd Suhairi TAS, et al. The
potential of Bambara groundnut: An analysis for the People’s Republic of China. Food and Energy
Security. 2022; n/a(n/a):e358.

8. Karunaratne AS, Wheeler TR. Maize and climate change in Sri Lanka: progress, trends, and challenges
in simulating impacts. Acta Hortic. 2016 Mar;(1112):55-62.

9. Challinor AJ, Watson J, Lobell DB, Howden SM, Smith DR, Chhetri N. A meta-analysis of crop yield
under climate change and adaptation. Nature Clim Change. 2014 Apr; 4(4):287-91.

PLOS ONE | https://doi.org/10.1371/journal.pone.0283298 March 23, 2023 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283298.s003
https://www.worldscientific.com/doi/abs/10.1142/9789813148796_0018
https://doi.org/10.1371/journal.pone.0217148
https://doi.org/10.1371/journal.pone.0217148
http://www.ncbi.nlm.nih.gov/pubmed/31150427
https://doi.org/10.1371/journal.pone.0283298

PLOS ONE

Climate sensitivity of Proso millet

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

McDermid SP, Ruane AC, Rosenzweig C, Hudson NI, Morales MD, Agalawatte P, et al. The AgMIP
Coordinated Climate-Crop Modeling Project (C3MP): Methods and Protocols. In: Handbook of Climate
Change and Agroecosystems [Internet]. IMPERIAL COLLEGE PRESS; 2014 [cited 2022 Jul 12]. p.
191-220. (ICP Series on Climate Change Impacts, Adaptation, and Mitigation; vol. Volume 3). https:/
www.worldscientific.com/doi/abs/10.1142/9781783265640_0008

Wimalasiri EM, Jahanshiri E, Perego A, Azam-Ali SN. A Novel Crop Shortlisting Method for Sustainable
Agricultural Diversification across Italy. Agronomy. 2022 Jul; 12(7):1636.

Mabhaudhi T, Chibarabada TP, Chimonyo VGP, Murugani VG, Pereira LM, Sobratee N, et al. Main-
streaming Underutilized Indigenous and Traditional Crops into Food Systems: A South African Perspec-
tive. Sustainability. 2019 Jan; 11(1):172.

Padulosi S, Heywood V, Hunter D, Jarvis A. Underutilized Species and Climate Change: Current Status
and Outlook. In: Yadav SS, Redden RJ, Hatfield JL, Lotze-Campen H, Hall AE, editors. Crop Adaptation
to Climate Change [Internet]. Oxford, UK: Wiley-Blackwell; 2011 [cited 2021 Sep 30]. p. 507-21.
https://onlinelibrary.wiley.com/doi/10.1002/9780470960929.ch35

Mohd Nizar NM, Jahanshiri E, Tharmandram AS, Salama A, Mohd Sinin SS, Abdullah NJ, et al. Underu-
tilised crops database for supporting agricultural diversification. Computers and Electronics in Agricul-
ture. 2021 Jan 1; 180:105920.

Zubair L, Nissanka SP, Weerakoon WMW, Herath DI, Karunaratne AS, Prabodha ASM, et al. Climate
Change Impacts on Rice Farming Systems in Northwestern Sri Lanka. In: Series on Climate Change
Impacts, Adaptation, and Mitigation [Internet]. United Kingdom: IMPERIAL COLLEGE PRESS; 2015
[cited 2021 Oct 30]. p. 315-52. https://www.worldscientific.com/doi/abs/10.1142/9781783265640_
0022

Ruane AC, McDermid S, Rosenzweig C, Baigorria GA, Jones JW, Romero CC, et al. Carbon-Tempera-
ture—Water change analysis for peanut production under climate change: a prototype for the AgMIP
Coordinated Climate-Crop Modeling Project (C3MP). Global Change Biology. 2014; 20(2):394—407.
https://doi.org/10.1111/gcb.12412 PMID: 24115520

Wimalasiri EM, Jahanshiri E, Chimonyo VGP, Kuruppuarachchi N, Suhairi TASTM, Azam-Ali SN, et al.
A framework for the development of hemp (Cannabis sativa L.) as a crop for the future in tropical envi-
ronments. Industrial Crops and Products. 2021 Nov 15; 172:113999.

Jones MR, Singels A, Ruane AC. Simulated impacts of climate change on water use and yield of irri-
gated sugarcane in South Africa. Agricultural Systems. 2015 Oct 1; 139:260-70.

Charles BC, Elijah P, Vernon RNC. Climate change impact on maize (Zea mays L.) yield using crop
simulation and statistical downscaling models: A review. Sci Res Essays. 2017 Sep 30; 12(18):167-87.

Wimalasiri EM, Jahanshiri E, Chimonyo V, Azam-Ali SN, Gregory PJ. Crop model ideotyping for agricul-
tural diversification. MethodsX. 2021 Jan 1; 8:101420. https://doi.org/10.1016/j.mex.2021.101420
PMID: 34430315

Habiyaremye C, Matanguihan JB, D’Alpoim Guedes J, Ganjyal GM, Whiteman MR, Kidwell KK, et al.
Proso Millet (Panicum miliaceum L.) and Its Potential for Cultivation in the Pacific Northwest, U.S.: A

Review. Frontiers in Plant Science [Internet]. 2017 [cited 2022 Jul 24];7. Available from: https://www.
frontiersin.org/articles/10.3389/fpls.2016.01961 PMID: 28119699

Ghimire KH, Joshi BK, Dhakal R, Sthapit BR. Diversity in proso millet (Panicum miliaceum L.) landraces
collected from Himalayan mountains of Nepal. Genet Resour Crop Evol. 2018 Feb 1; 65(2):503-12.

Wimalasiri GEM. Modelling the climate sensitivity of proso millet (panicum miliaceum L.) in Sri Lanka.
[Internet] [PhD]. [Malaysia]: The University of Nottingham Malaysia Campus; 2019 [cited 2022 Jul 12].
http://eprints.nottingham.ac.uk/56888/

Amadou |, Gounga ME, Le GW. Millets: Nutritional composition, some health benefits and processing—
a review. Emirates Journal of Food and Agriculture. 2013 May 1; 25(7):501-8.

Saleh ASM, Zhang Q, Chen J, Shen Q. Millet Grains: Nutritional Quality, Processing, and Potential
Health Benefits. Comprehensive Reviews in Food Science and Food Safety. 2013; 12(3):281-95.

Baltensperger DD. Progress with Proso, Pearl and Other Millets. In: Janick J, Whipkey A, editors.
Trends in new crops and new uses [Internet]. Alexandria, VA: ASHS Press; 2002. p. 100-3. https://
www.hort.purdue.edu/newcrop/ncnu02/pdf/baltensperger.pdf

Liu M, Qiao Z, Zhang S, Wang Y, Lu P. Response of broomcorn millet (Panicum miliaceum L.) geno-
types from semiarid regions of China to salt stress. The Crop Journal. 2015 Feb 1; 3(1):57-66.

Ravi SB, Swain S, Sengotuvel D, Parida NR. Promoting Nutritious Millets for Enhancing Income and
Improved Nutrition: A Case Study from Tamil Nadu and Orissa. In: Mal B, Padulosi S, Ravi SB, editors.
Minor millets in South Asia: learnings from IFAD-NUS project in India and Nepal [Internet]. Maccarese,
Rome, ltaly: Biodiversity International; 2010. p. 19-46. http://www.nuscommunity.org/uploads/tx_
news/1407_Minor_millets_in_South_Asia_learnings_from_IFAD-NUS_project_in_India_and_Nepal.
pdf#page=30

PLOS ONE | https://doi.org/10.1371/journal.pone.0283298 March 23, 2023 17/19


https://www.worldscientific.com/doi/abs/10.1142/9781783265640_0008
https://www.worldscientific.com/doi/abs/10.1142/9781783265640_0008
https://onlinelibrary.wiley.com/doi/10.1002/9780470960929.ch35
https://www.worldscientific.com/doi/abs/10.1142/9781783265640_0022
https://www.worldscientific.com/doi/abs/10.1142/9781783265640_0022
https://doi.org/10.1111/gcb.12412
http://www.ncbi.nlm.nih.gov/pubmed/24115520
https://doi.org/10.1016/j.mex.2021.101420
http://www.ncbi.nlm.nih.gov/pubmed/34430315
https://www.frontiersin.org/articles/10.3389/fpls.2016.01961
https://www.frontiersin.org/articles/10.3389/fpls.2016.01961
http://www.ncbi.nlm.nih.gov/pubmed/28119699
http://eprints.nottingham.ac.uk/56888/
https://www.hort.purdue.edu/newcrop/ncnu02/pdf/baltensperger.pdf
https://www.hort.purdue.edu/newcrop/ncnu02/pdf/baltensperger.pdf
http://www.nuscommunity.org/uploads/tx_news/1407_Minor_millets_in_South_Asia_learnings_from_IFAD-NUS_project_in_India_and_Nepal.pdf#page=30
http://www.nuscommunity.org/uploads/tx_news/1407_Minor_millets_in_South_Asia_learnings_from_IFAD-NUS_project_in_India_and_Nepal.pdf#page=30
http://www.nuscommunity.org/uploads/tx_news/1407_Minor_millets_in_South_Asia_learnings_from_IFAD-NUS_project_in_India_and_Nepal.pdf#page=30
https://doi.org/10.1371/journal.pone.0283298

PLOS ONE

Climate sensitivity of Proso millet

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Wimalasiri EM, Ashfold MJ, Walker S, Nissanka SP, Karunaratne AS. The relationship between rainfall
characteristics and Proso millet (Panicum miliaceum L.) cultivation in low country dry zone, Sri Lanka.
Tropical Agricultural Research & Extension. 2017; 20(1 & 2):32—44.

Heyduck RF, Baltensperger DD, Nelson LA, Graybosch RA. Yield and Agronomic Traits of Waxy Proso
in the Central Great Plains. Crop Science. 2008; 48(2):741-8.

Gregory PJ, Mayes S, Hui CH, Jahanshiri E, Julkifle A, Kuppusamy G, et al. Crops For the Future
(CFF): an overview of research efforts in the adoption of underutilised species. Planta. 2019 Sep 1; 250
(3):979-88. https://doi.org/10.1007/s00425-019-03179-2 PMID: 31250097

Hawkins E, Sutton R. The Potential to Narrow Uncertainty in Regional Climate Predictions. Bulletin of
the American Meteorological Society. 2009 Aug 1; 90(8):1095—108.

Esham M, Garforth C. Agricultural adaptation to climate change: insights from a farming community in
Sri Lanka. Mitig Adapt Strateg Glob Change. 2013 Jun 1; 18(5):535—49.

Rienecker MM, Suarez MJ, Gelaro R, Todling R, Bacmeister J, Liu E, et al. MERRA: NASA’s Modern-
Era Retrospective Analysis for Research and Applications. Journal of Climate. 2011 Jul 15; 24
(14):3624-48.

Taylor KE, Stouffer RJ, Meehl GA. An Overview of CMIP5 and the Experiment Design. Bulletin of the
American Meteorological Society. 2012 Apr 1; 93(4):485-98.

Hausfather Z, Peters GP. Emissions—the ‘business as usual’ story is misleading. Nature. 2020 Jan; 577
(7792):618-20. https://doi.org/10.1038/d41586-020-00177-3 PMID: 31996825

Wilby R, Charles S, Zorita E, Timbal B, Whetton P, Mearns L. Guidelines for Use of Climate Scenarios
Developed from Statistical Downscaling Methods [Internet]. 2004 [cited 2022 Jul 15] p. 28. (IPCC Task
Group on Data and Scenario Support for Impact and Climate Analysis (TGICA)). https://www.ipcc-data.
org/guidelines/dgm_no2_v1_09_2004.pdf

Ramirez Villegas J, Jarvis A. Downscaling Global Circulation Model Outputs: The Delta Method Deci-
sion and Policy Analysis Working Paper No. 1 [Internet]. Colombia: International Center for Tropical
Agriculture; 2010 [cited 2022 Jul 12]. https://cgspace.cgiar.org/handle/10568/90731

Holzworth DP, Huth NI, deVoil PG, Zurcher EJ, Herrmann NI, McLean G, et al. APSIM—-Evolution
towards a new generation of agricultural systems simulation. Environmental Modelling & Software.
2014 Dec 1; 62:327-50.

van Oosterom EJ, Carberry PS, O’Leary GJ. Simulating growth, development, and yield of tillering pearl
millet: |. Leaf area profiles on main shoots and tillers. Field Crops Research. 2001 Aug 20; 72(1):51-66.

van Oosterom EJ, Carberry PS, Hargreaves JNG, O’Leary GJ. Simulating growth, development, and
yield of tillering pearl millet: 1. Simulation of canopy development. Field Crops Research. 2001 Aug 20;
72(1):67-91.

van Oosterom EJ, O’Leary GJ, Carberry PS, Craufurd PQ. Simulating growth, development, and yield
of tillering pearl millet. lll. Biomass accumulation and partitioning. Field Crops Research. 2002 Dec 20;
79(2):85-106.

von Caemmerer S, Furbank RT. The C4 pathway: an efficient CO2 pump. Photosynthesis Research.
2003 Aug 1; 77(2):191.

Hengl T, de Jesus JM, Heuvelink GBM, Gonzalez MR, Kilibarda M, Blagoti¢ A, et al. SoilGrids250m:
Global gridded soil information based on machine learning. PLOS ONE. 2017 Feb 16; 12(2):e0169748.
https://doi.org/10.1371/journal.pone.0169748 PMID: 28207752

Changmei S, Dorothy J. Millet- the Frugal Grain. IJSSR. 2014; 3(4):75-90.

Stocker TF, Qin D, Plattner GK, Tignor MMB, Allen SK, Boschung J, et al. Summary for Policymakers.
In: Stocker T, Qin D, Plattner GK, Tignor M, Allen S, Boschung J, et al., editors. Climate Change 2013:
The Physical Science Basis Contribution of Working Group | to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change [Internet]. Cambridge, UK, and New York, NY, USA: Cam-
bridge University Press; 2014 [cited 2022 Jul 31]. p. 3—29. https://boris.unibe.ch/71453/

Jayatillake HM, Droogers P. Will there be sufficient water under internal and external changes? Walawe
Basin (Sri Lanka). In: Aerts JCJH, Droogers P, editors. Climate change in contrasting river basins:
adaptation strategies for water, food and environment [Internet]. Wallingford, UK: CABI Publishing;
2004 [cited 2022 Jul 31]. p. 195-214. https://www.cabdirect.org/globalhealth/abstract/20043205144

Pattnayak KC, Kar SC, Dalal M, Pattnayak RK. Projections of annual rainfall and surface temperature from
CMIP5 models over the BIMSTEC countries. Global and Planetary Change. 2017 May 1; 152:152—66.

Menon A, Levermann A, Schewe J, Lehmann J, Frieler K. Consistent increase in Indian monsoon rain-
fall and its variability across CMIP-5 models. Earth System Dynamics. 2013 Aug 28; 4(2):287-300.

Sharmila S, Joseph S, Sahai AK, Abhilash S, Chattopadhyay R. Future projection of Indian summer
monsoon variability under climate change scenario: An assessment from CMIP5 climate models. Global
and Planetary Change. 2015 Jan 1; 124:62-78.

PLOS ONE | https://doi.org/10.1371/journal.pone.0283298 March 23, 2023 18/19


https://doi.org/10.1007/s00425-019-03179-2
http://www.ncbi.nlm.nih.gov/pubmed/31250097
https://doi.org/10.1038/d41586-020-00177-3
http://www.ncbi.nlm.nih.gov/pubmed/31996825
https://www.ipcc-data.org/guidelines/dgm_no2_v1_09_2004.pdf
https://www.ipcc-data.org/guidelines/dgm_no2_v1_09_2004.pdf
https://cgspace.cgiar.org/handle/10568/90731
https://doi.org/10.1371/journal.pone.0169748
http://www.ncbi.nlm.nih.gov/pubmed/28207752
https://boris.unibe.ch/71453/
https://www.cabdirect.org/globalhealth/abstract/20043205144
https://doi.org/10.1371/journal.pone.0283298

PLOS ONE

Climate sensitivity of Proso millet

51.

52.

53.

54.

55.

56.

57.

58.

Lyon D, Burgener PA, De Boer KL, Harveson RM, Hein GL, Hergert GW, et al. Producing and Marketing
Proso Millet in the Great Plains [Internet]. USA: University of Nebraska-Lincoln Extension; 2008 [cited
2022 Jul 31]. Report No.: EC137. https://extensionpubs.unl.edu/publication/9000016365843/
producing-and-marketing-proso-millet-in-the-great-plains

Nielsen DC, Vigil MF. Water use and environmental parameters influence proso millet yield. Field Crops
Research. 2017 Oct 1; 212:34—44.

Long SP, Ainsworth EA, Leakey ADB, Nosberger J, Ort DR. Food for Thought: Lower-Than-Expected
Crop Yield Stimulation with Rising CO2 Concentrations. Science. 2006 Jun 30; 312(5782):1918-21.
https://doi.org/10.1126/science.1114722 PMID: 16809532

Long SP, Ainsworth EA, Rogers A, Ort DR. Rising atmospheric carbon dioxide: plants FACE the future.
Annu Rev Plant Biol. 2004; 55:591-628. https://doi.org/10.1146/annurev.arplant.55.031903.141610
PMID: 15377233

Lawlor DW, Mitchell R a. C. The effects of increasing CO2 on crop photosynthesis and productivity: a
review of field studies. Plant, Cell & Environment. 1991; 14(8):807—-18.

Hatfield JL, Boote KJ, Kimball BA, Ziska LH, Izaurralde RC, Ort D, et al. Climate Impacts on Agriculture:
Implications for Crop Production. Agronomy Journal. 2011; 103(2):351-70.

Manderscheid R, Erbs M, Weigel HJ. Interactive effects of free-air CO2 enrichment and drought stress
on maize growth. European Journal of Agronomy. 2014 Jan 1; 52:11-21.

Sultan B, Roudier P, Quirion P, Alhassane A, Muller B, Dingkuhn M, et al. Assessing climate change
impacts on sorghum and millet yields in the Sudanian and Sahelian savannas of West Africa. Environ
Res Lett. 2013 Mar; 8(1):014040.

PLOS ONE | https://doi.org/10.1371/journal.pone.0283298 March 23, 2023 19/19


https://extensionpubs.unl.edu/publication/9000016365843/producing-and-marketing-proso-millet-in-the-great-plains
https://extensionpubs.unl.edu/publication/9000016365843/producing-and-marketing-proso-millet-in-the-great-plains
https://doi.org/10.1126/science.1114722
http://www.ncbi.nlm.nih.gov/pubmed/16809532
https://doi.org/10.1146/annurev.arplant.55.031903.141610
http://www.ncbi.nlm.nih.gov/pubmed/15377233
https://doi.org/10.1371/journal.pone.0283298

