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Abstract

Climate change poses increasing risks to global food security, with maize production in vulnerable
regions such as Nakuru County, Kenya, and Northwest China expected to be significantly affected.
This study assessed the impacts of future climate conditions on maize growth and yield in the 2030s
(2021-2040) and 2050s (2041-2060) under RCP 4.5 and RCP 8.5, relative to a 1986-2005 baseline. The
CERES-Maize model was used to simulate the effects of projected changes in temperature,
precipitation, and solar radiation, and to evaluate the effectiveness of key adaptation strategies.
Results showed that climate change is likely to shorten maize growing durations by up to 34 days in
Nakuru County and 38 days in Northwest China, leading to yield reductions of 2.7-26.5% and 4.6—
22.4%, respectively, with stronger impacts in the 2050s and under RCP 8.5. Simulations further
demonstrated that adaptation measures—including adjusting planting dates, applying appropriate
irrigation, and adopting improved cultivars —could increase maize yields by 20.7-38.6% in Nakuru
and 17.6-28.6% in Northwest China, depending on the scenario. These findings indicate that
integrating multiple adaptation strategies can substantially reduce climate-induced yield losses,
emphasizing the need for investment in irrigation infrastructure, climate services, and cultivar
improvement to safeguard future maize production.

Keywords: climate change; maize yields; CERES-Maize model; adaptation strategies; climate
scenarios

1. Introduction

The global surface temperatures have risen by 0.99 °C in the year 2001-2020 compared to 1850—
1900 [11]. The average global surface temperatures are projected to increase by 2.7 °C and 4.4 °C in
2080-2100 compared to 1995-2014 under SSP2-4.5 and SSP5-8.5 scenarios, respectively [11]. Globally,
the impact of climate variability on food security and crop production has been seen as a major
concern [6]. Both Asia and Africa have been identified as vulnerable regions to the negative impacts
of climate change, with the agricultural sector highlighted as the most vulnerable [42, 43].

In Africa, climate change is expected to have catastrophic impacts on the agricultural and
economic sectors, of which 85 % of agriculture is rainfed and up to 55 % of the continent’s gross
domestic product comes from the agricultural sector [1, 28]. In China, maize has become one of the
most important crops for livestock forage, contributing to the production of meat, eggs, and milk [4].
Agriculture over decades has become one of the largest sectors affected by climate change, and
consequently maize production has been impacted in China [16]. The average temperature increase
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in Africa between 1991 and 2021 has been recorded at +0.3 °C per decade, which was higher compared
to +0.2 °C per decade for 1961-1990 [43]. This increase in temperature has led to a 34 % decline in
agricultural productivity for Africa since 1961, increasing the risk of food insecurity [43]. In Asia, the
average temperature was estimated to be +0.86 °C above the 1981-2010 average and +1.41 °C above
the 1961-1990 period [42]. Precipitation levels were also recorded as below normal in the Western
Asia sub-region, contributing to reduced agricultural production [42].

Future climate projections in Kenya based on downscaled GCM data from CMIP5 under RCP4.5
show an increase in precipitation and temperature ranging by 7-48 % and 1-7 °C, respectively, for
2020-2100 [10, 25]. Meanwhile, an average precipitation and temperature increase of 17.5 % and 0.84
°C in Northwest China by the 2030s relative to the 2000s under RCP4.5 has been projected, which
may have varying impacts on maize yields [45].

Northwest China is the most vulnerable area, with low precipitation for crop growth and higher
temperature risks, similar to many regions in Kenya. Kenya’s over-dependence on rainfed agriculture
has influenced food security both directly and indirectly, a situation magnified by the changing
climate [21, 38]. In Kenya, agriculture is one of the key pillars of the economy, contributing
approximately 26 % to GDP and supporting 80 % of livelihoods, with the crop sub-sector contributing
about 60 % of agricultural GDP [8]. Rainfall, temperature, climate variability, surface water runoff,
and carbon dioxide fertilization have been identified as major climate factors affecting crop
production in Africa [35]. As a result of projected increases in precipitation and temperature levels in
Northwest China [49], various future climate scenarios have recorded an increase in mean annual
maize yield under RCP4.5 and RCP8.5 of 2.51 % and 2.3 %, respectively, while a decrease under
RCP2.6 of 2.07 % was noted for 2021-2050 relative to 2012-2015 [19]. Adaptation is therefore
considered essential to enhance resilience in the agricultural sector and reduce food insecurity risks,
since agriculture is a major source of livelihood for rural communities in Africa [33].

In Kenya, adaptation strategies vary across farm levels and include crop management (changing
cultivars and planting dates suitable for new climates) and conservation agriculture (irrigation, soil
management, and soil water conservation) [2, 15, 25]. Adapting to climate change in Northwest China
under increasing temperature and heat-wave conditions will require efficient water resource use [30,
36]. Maize adaptation measures in China include delaying sowing dates to avoid heat stress during
grain filling and using heat-resistant hybrid cultivars [3].

There are still limited studies comparing climate change impacts and adaptation measures on
crop yield in Africa and vulnerable areas in China. In this study, we used the CERES-Maize model
(DSSAT v4.7) to simulate and compare maize yield under future climate change scenarios based on
different adaptation measures in both Nakuru County (Kenya) and Northwest China for the 2030s
(2021-2040) and 2050s (2041-2060), relative to the baseline (1986-2005), under RCP4.5 and RCP8.5
scenarios.

2. Results

2.1. Impact of future climate change on maize yield in Nakuru County, Kenya

2.1.1. Model Calibration in Nakuru County, Kenya

Six set of genetic cultivar coefficients at each site were obtained with appropriate modelling
results compared with observed data in Nakuru County, Kenya. The NMRSE for flowering period,
maturation period and maize yield for all the six maize cultivars ranged between 0.8 to 9.0 % which
is considered excellent. The predicted deviation values for all the six maize cultivars in regard to the
difference between simulated and observed flowering period, maturation period and maize yield
ranged between -10.0 to 9.6 %. In conclusion, the CERES-Maize model was able to simulate grain
yield under various agricultural management strategies and soil conditions, which suggests that this
model could be applied in Kenya (Table S5).
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2.1.2. Changes in the Major Meteorological Elements in 2030s and 2050s in Nakuru County, Kenya

According to Table 54, the projected changes in temperature, precipitation, and solar radiation
relative to the baseline from 1986 to 2005 were analysed under two climate change scenarios RCP4.5
and RCP8.5 at 6 study sites in Nakuru County (Fig. S1), during the future periods of 2030s and 2050s.
The results showed that the mean temperature was expected to increase by a range of 0.58 to 1.48 °C
and 1.07 to 3.35 °C in 2030s and 2050s, respectively, under RCP8.5, which was higher than that under
RCP4.5. The annual average precipitation was projected to increase in the future periods under both
scenarios, with a higher increase under RCP8.5 compared to RCP4.5. Solar radiation was expected to
decrease by a range of -2.82 to -8.05% and -1.74 to -7.84% for the 2030s and 2050s, respectively, under
RCP8.5, which was a further decrease compared to RCP4.5.

2.1.3. Impact of Future Climate Change on Maize Phenology by 2030s and 2050s

The phenological duration from sowing to flowering in days, one of the important phenological
indicators, was listed in Fig.54 based on six different genetic coefficient parameters under future
climate change scenarios. The modelling results showed that maize phenology for the six cultivars
based on the genetic coefficients under RCP4.5 and RCP8.5 showed a decrease in the number of days
to flowering if no adaptation measures were taken (Fig. S4). This decrease was due to the projected
increase in temperature and decrease in solar radiation under RCP4.5 and RCP8.5 between 2021 and
2060 (Fig. S4). The reduction in the number of days to flowering was higher under RCP8.5 than
RCP4.5 due to differences in CO: levels between the two scenarios. The reduction in days to flowering
ranged from 1 day under parameter 2 in Molo for 2030s to 13 days under parameter 2 and 3 in Njoro
for 2050s under RCP8.5 (Fig. S4). Njoro and Bahati recorded the largest reduction in the number of
days to flowering due to the projected rise in mean temperature under RCP4.5 and RCP8.5 (Table
54). The time-to-maturity of maize, which is the length of the life cycle in days, was compared using
six different genetic coefficients and assessed for variation under climate change scenarios. Results
showed a decrease in simulated days to maturity, ranging from 3 days under parameter 6 in Molo
and parameter 2 in Gilgil in the 2030s to 32 days under parameter 1 and 3 in Molo in the 2050s under
RCP4.5, and from 3 days under parameter 1 in Subukia in the 2030s to 34 days under parameter 1 in
Molo in the 2050s under RCP8.5 (Fig. S5). The projected warming climate for all study sites in Nakuru
County in the 2030s and 2050s under RCP4.5 and RCP8.5 (Table 54) accelerated crop development
and resulted in early flowering and maturity dates (Fig. S4 and Fig. S5). The variation in CO2 levels
between RCP4.5 and RCP8.5 also contributed to a higher reduction in maturation duration for maize
under RCP8.5 compared to RCP4.5.

2.1.4. Impact of Future Climate Change on Maize Yield in Nakuru County, Kenya

Maize yield percentage changes were calculated based on average maize yields in the 2030s and
2050s for climate change scenarios RCP4.5 and RCP8.5 without considering adaptation measures at
six study sites (Fig. 1). The simulation results showed a decrease in mean maize yield, ranging from
3.2 to 26.1 % under RCP4.5 and 2.7 % to 26.5 % under RCP8.5 for the 2030s to 2050s. The highest
reductions were recorded under RCP8.5, due to a projected increase in temperature and reduction in
solar radiation compared to RCP4.5 since elevated CO2 had no significant impact on maize yield as a
C4 plant (Fig. 1).
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Figure 1. Changes in maize yield (%) under future climate scenarios compared to the baseline year (1986-2005)
in Kenya. (Notes: 1) Station a~f denotes Bahati, Gilgil, Molo, Naivasha, Njoro and Subukia respectively; 2) Par.
1~6 denotes the six situations with different group of modelling parameters).
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2.1.5. Effect of Adaptation Measures on Maize Yield in Nakuru County, Kenya

Effect of Changing Planting Dates on Maize Yield in Nakuru County, Kenya

As shown in (Fig. 1), maize yield would decrease by 0 to 8.1 % if planting dates were advanced
by 5 to 15 days under RCP4.5 in the 2030s, while it will increase by 0 to 14.3 % if planting dates were
delayed by the same amount, based on different genetic coefficients. The delay of planting dates will
result in higher grain yield, as it helps the maize crop avoid thermal stress during key developmental
stages. The level of grain yield increase varies based on RCP scenarios (RCP4.5 and RCP8.5) which
have varying CO: levels. In the 2050s, maize yield will decrease by 0 to 12.8 % if planting dates were
advanced under RCP4.5, and increase by 0 to 21.4 % if planting dates were delayed, according to (Fig.
S7). Under RCP8.5 in the 2030s, maize yield will decrease by 0 to 7.5 % if planting dates were
advanced and increase by 0 to 14.9 % if planting dates were delayed, according to (Fig. S8). In the
2050s, maize yield will decrease by 0 to 11.1 % if planting dates were advanced under RCP8.5, and
increase by 0 to 24.6 % if planting dates were delayed, according to (Fig. S9).

Effect of Adding Irrigation Practices on Maize Yield

Under an appropriate irrigation practice expressed as with automatic irrigation in the modelling
combined with early planting, the maize yield decreased 0 to 7.5 % for the 2030s and 0 to 10 % for the
2050s under RCP4.5 (Fig. 510 & S11) compared to that without these practices. Delaying the planting
dates increased the maize yield levels by 13.2 % for the 2030s and 21.9 % for the 2050s under RCP4.5
(Fig. 510 & S11). Under RCP8.5 for the future period 2030s, maize yield decreased by 0 to 13.3 % with
early planting and increased by 0 to 14.8 % with delayed planting (Fig. S12). For the future period
2050s under RCP8.5, maize yield decreased by 0 to 8.7 % with early planting and increased by 0 to 21
% with delayed planting (Fig. S13).

Effect of Replacing Cultivar on Maize Yield

The late-maturing maize cultivar H6218 was selected to replace the medium-maturing cultivars
H519 and H513 at Njoro and Gilgil sites in Kenya, as it had a longer growing period and a lower
decrease in yield compared to the shorter season cultivars under future climate conditions. According
to simulations, replacing H519 with H6218 would result in an increase in maize yield by 17 to 22 %
under RCP4.5 for the period 2030s and 2050s and by 15 to 14 % under RCP8.5 for the same periods.
Similarly, replacing H513 with H6218 would increase the maize yield by 11.9 to 13.9 % under RCP4.5
and by 8.7 to 7.7 % under RCP8.5 for the period 2030s and 2050s. The late-maturing cultivar
introduced from the lower altitude site increased the maize yields significantly compared to the local
cultivars, as it takes advantage of the increased temperatures. Therefore, more benefits would come
from developing high-temperature-tolerant crop cultivars with higher thermal requirements (Fig.
S14).

Effect of Adopting Multiple Measures on Maize Yield

The study found that by adopting early planting dates, appropriate irrigation, and replacing
medium maturing maize cultivars (H519 at Njoro and H513 at Gilgil) with the late maturing cultivar
H6218, a significant increase in maize yield was projected. The projections showed an increase of 33.9
to 38.6 % in Njoro and 24.9 to 26.9 % in Gilgil under RCP4.5 for the period 2030s and 2050s based on
optimal treatment parameters. This demonstrates that adapting planting dates, irrigation practices,
and choosing suitable maize cultivars with longer growth periods can exploit the benefits of increased
temperatures brought by climate change (Fig. 2).
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Figure 2. Changes in maize yield (%) after adopting early planting, appropriate irrigation and cultivar change
with cultivar H6218 under future climate scenarios for Kenya. (Notes: 1) Station a and b denotes Njoro and Gilgil,
respectively; 2) Results were based on adoption of all sets of optimal treatment parameters compared with the
baseline year (1986-2005).

2.2. Impact of future climate change on maize yield in Northwest China

2.2.1. Model Calibration in Northwest China

Six set of genetic cultivar coefficients at each site in Northwest China were also got with
appropriate modelling results versus observed data in Nakuru County, Kenya for each of the maize
cultivars. The NMRSE for flowering period, maturation period and maize yield for all the six maize
cultivars ranged between 0.7 to 5.9 % which is considered excellent. The predicted deviation values
for all the six maize cultivars regarding the difference between simulated and observed flowering
period, maturation period and maize yield ranged between -3.4 to 2.0 %. In conclusion, the CERES-
Maize model, was able to simulate grain yield under various agricultural management strategies and
soil conditions, which suggests that this model could be applied in Northwest China (Table S7).

2.2.2. Changes in the Major Meteorological Elements in 2030s and 2050s in Northwest China

Table S6 shows projected changes in annual average temperature, precipitation, and solar
radiation for six study sites in Northwest China (Table S6), compared to the baseline (1986-2005),
under RCP4.5 and RCP8.5 scenarios for 2030s and 2050s. The projected increase in mean temperature
for 2030s and 2050s under RCP4.5 ranged from 1.02 to 1.50 °C and 1.77 to 2.46 °C respectively, and
under RCP8.5 from 0.48 to 1.78 °C and 1.93 to 3.26 °C respectively which was higher than RCP4.5,
especially for 2050s. The annual average precipitation under RCP4.5 was projected to increase from -
0.35 to 24.96 % and 6.07 to 39.49 % for 2030s and 2050s, while under RCP8.5 it was projected to
increase from -2.34 to 38.83 % and 12.30 to 54.31 % respectively which was an increase compared to
RCP4.5. The solar radiation was projected to decrease from -0.40 to -1.98 % and -0.53 to -2.29 % under
RCP4.5 and further decrease to -0.81 to -3.00 % and -1.36 to -3.31 % under RCP8.5 for 2030s and 2050s.

2.2.3. Impact of Future Climate Change on Maize Phenology by 2030s and 2050s

The phenological duration from phenology flowering period of maize under different genetic
coefficients and climate change scenarios (RCP4.5 and RCP8.5). Results showed a decreasing trend in
the number of days to flowering for the six cultivars if no adaptation measures were taken (Fig. S15).
The reduction was due to the projected increase in temperature and decrease in solar radiation as
well as higher CO: levels under RCP8.5 compared to RCP4.5. The decrease in the number of days to
flowering ranged from 1 to 17 days across different regions and parameters. The largest reductions

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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were observed in Hami at 17 days, Yulin at 14 days, and Hetian at 15 days (Fig. S15). The main factor
for the large reduction was the projected rise in mean temperature under both RCP4.5 and RCP8.5
(Table S6). The time-to-maturity, or the length of maize life cycle, was analysed based on six different
genetic coefficient parameters to determine the variation under different climate change scenarios
(RCP4.5 and RCP8.5). The results showed that the simulated days to maturity for all study sites
declined, with the largest reduction ranging from 3 days under parameter 2 in Jingyuan in the 2030s
to 34 days under parameter 4, 5, and 6 in Hami in the 2050s under RCP4.5, and from 10 days under
parameter 2 and 6 in Hetian in the 2030s to 38 days under parameter 1 in Hami in the 2050s under
RCP8.5 (Fig. 516). The declining trend in the time-to-maturity was due to the projected rise in
temperature in all study sites in Northwest China (Table 56), which accelerated crop development,
resulting in earlier flowering and maturity dates (Fig. S15 and Fig. S16). The difference in CO:z levels
between RCP4.5 and RCP8.5 also contributed to the decline, with a higher reduction in the maturation
duration for maize under RCP8.5 compared to RCP4.5. The highest reduction in maturation duration
was recorded in Hami at 38 days under parameter 1 in Xinjiang, in Jingyuan at 28 days under
parameter 1 in Gansu, and in Yulin at 22 days under parameter 1, 4, 5, and 6 in Shaanxi.

2.2.4.. Impact of Future Climate Change on Maize Yield in Northwest China

The results of the maize yield simulation showed that there will be a decrease in average maize
yield under both RCP4.5 and RCP8.5 future climate change scenarios, ranging from 4.6 % in 2030s to
22.4 % in 2050s under RCP8.5 (Fig. 3). The highest reduction in maize yield was recorded in Hami at
22.4 % in Xinjiang province under parameter 4 and in Jingyuan at 19.3 % in Gansu province under
parameter 4. The high reduction in maize yield was attributed to the projected increase in
temperature and reduction in solar radiation under RCP8.5 compared to RCP4.5 for the future period
2021 to 2060 (Table S6). The results showed that elevated COz2 levels had no significant impact on
maize yield, as maize is a C4 plant.
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Figure 3. Changes in maize yield (%) under future climate scenarios compared to the baseline year (1986-2005
) in Northwest China. (Notes: 1) Station a~f denotes Bahati, Hami, Changji, Hetian, Jiuquan, Jingyuan and Yulin

respectively; 2) Par. 1~6 denote the six situations with different group of modelling parameters).

2.2.5. Effect of Adaptation Measures on Maize Yield in Northwest China

Effect of Adjusting Planting Dates on Maize Yield in Northwest China

The simulation results showed that delaying planting dates by 5 to 15 days under RCP4.5 and
RCP8.5 would increase maize yield for the period 2030s and 2050s, as shown in Fig. 517-520. The
maximum increase in yield was up to 18.1 % for RCP4.5 in 2050s, and the maximum decrease in yield
was up to 24.5 % for RCP8.5 in 2050s compared to that without changing planting dates, respectively.
The results indicated that delaying planting dates would help the maize crop avoid thermal stress
during its key developmental stages.

Effect of Adding Irrigation Practices on Maize Yield

Under appropriate irrigation, early planting by 5-15 days showed the decrease in maize yield by
0 to 14.5% (Fig. 521) and 0 to 9.3 % (Fig. S22) under RCP4.5 for the 2030s and 2050s respectively.
Meanwhile, delayed planting by 5-15 days would increase maize yield by 0 to 17 % (Fig. 521) and 0
to 19.8 % (Fig. 522) under RCP4.5 for the 2030s and 2050s respectively. Under RCP8.5, early planting
decreased maize yield by 0 to 11.7 % (Fig. S23) and 0 to 16.5 % (Fig. 524) for the 2030s and 2050s
respectively, while delayed planting increased maize yield by 0 to 17.6 % (Fig. 523) and 0 to 15.9 %
(Fig. S524) for the 2030s and 2050s respectively.

Effect of Replacing Cultivar on Maize Yield
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Late maturing cultivar Xinyu No.18 with a longer growing period of 153 days was selected to
replace medium maturing cultivars SC704 that had a growing period of 139 days at Hami and
Shendan No.16 that had a growing period of 149 days at Jingyuan due to its lower yield reduction
relative to cultivars at higher latitudes. Xinyu No.18 replaced SC704 and Shendan No.16, increasing
maize yield by 13.9 % to 18.6 % under RCP4.5, for the period 2030s and 2050s and 11.5 % to 10.6 %
under RCP8.5, for the period 2030s and 2050s based on optimal treatment parameter 3, and 11.4 % to
16.1 % under RCP4.5, for the period 2030s and 2050s and 9.0 % to 8.1 % under RCP8.5, for the period
2030s and 2050s based on optimal treatment parameter 4 (Fig. S25). The late maturing cultivar at a
lower altitude, with a longer growing period, benefits from increased temperatures and results in
higher yields compared to local cultivars, which are affected and reduce yield. The development of
high-temperature-tolerant cultivars with higher thermal requirements would lead to further benefits.

Effect of Adopting Multiple Measures on Maize Yield

Adoption of early planting dates, appropriate irrigation, and late-maturing cultivar Xinyu No.18
showed increase in maize yield at both Hami and Jingyuan sites compared to the previous medium-
maturing cultivars. In Hami, the yield increase was projected to be between 23.9 to 28.6 % under
RCP4.5 and 21.5 to 20.6 % under RCP8.5 for the periods 2030s and 2050s respectively (Fig. 4). In
Jingyuan, the yield increase was projected to be between 20.9 to 25.6 % under RCP4.5 and 18.5 to 17.6
% under RCP8.5 for the periods 2030s and 2050s respectively (Fig. 4). The results indicated that
increased temperatures from climate change can be leveraged by using late-maturing maize cultivars,
early planting dates, and appropriate irrigation.
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Figure 4. Changes in maize yield (%) after adopting early planting, appropriate irrigation and cultivar change
with Xinyu No.18 under future climate scenarios for Northwest China. (Notes: 1) Station a and b denotes Hami
and Jingyuan, respectively; 2) Results were based on adoption of one set of optimal treatment parameters
compared with the baseline year (1986-2005).

3. Discussion

3.1. Impact of Future Climate Change on Maize Yield under different Parameters in Nakuru County, Kenya
and Northwest China

In Kenya, maize is considered a staple food crop, but despite its economic and nutritional
advantages, it remains highly vulnerable to climate variability [22]. Our findings indicate that
anticipated temperature and precipitation increases, ranging from 0.58 to 3.35 °C and 3.01 to 11.76%,
respectively, with a projected decline in annual average solar radiation of -1.15 to -8.05% in NCK
during the future periods of the 2030s and 2050s under RCP4.5 and RCP8.5, would result in a decrease
in maize yield by 2.7 to 26.5% and shorten the maize growth duration by 1 to 34 days. In Kenya's
Western and Central Highlands, there is a gradual reduction of maize yield projected to occur by an
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average of 10.8% and 23.7% in the time periods 2050s and 2070s, respectively, with the lowest and
highest reductions recorded in Naivasha and Subukia at 3.2% under parameter 2 and 26.1% under
parameter 6 due to climate change [23]. These results are consistent with [23], which projected
increased temperature and rainfall during the 2050s and 2070s in Kenya based on five state-of-the-art
climate models in the CMIP5 RCP8.5.

In Northwest China, higher maize yield reductions were found to result from temperature
increases between 1979 and 2016 [44]. Our study shows that the projected increases in temperature
and precipitation, ranging from 0.48 to 3.26 °C and 2.34 to 54.31%, respectively, with a decline in
annual average solar radiation of —0.40 to -3.31% during the future periods of the 2030s and 2050s in
NWC under RCP4.5 and RCP8.5, would shorten maize growth durations by 0 to 38 days and decrease
maize yield by 4.6 to 22.4%, with the lowest and highest reductions recorded in Hetian and Hami at
4.6% under parameter 2 and 22.4% under parameter 4, respectively. These findings align with [26]
and [27], which projected an increase in temperature of approximately 6 °C, precipitation by more
than 50 mm, and a downward trend in average daily solar radiation by the end of the 21st century
using the latest regional climate model RegCM4.6, leading to maize yield reduction. The trend in
current and future temperature increases during the maize growth period also aligns with other
research studies [29]. Additionally, our results are consistent with those of [41] and [44], where maize
yield reduction was recorded in NWC due to increased temperatures.

3.2. Effect of Adaptation Measures on Maize Yield in Nakuru County, Kenya and Northwest China

Maize is a primary staple crop in Kenya, and addressing food insecurity requires implementing
adaptation strategies, as suggested by [1]. [2] found that selective adoption of adaptation measures,
such as using hybrid cultivars without applying fertilizers or changing planting dates, did not result
in significant maize yield gains. In contrast, [3] identified crop management practices, cultivar
changes, soil fertility enhancement, and varying planting density as effective approaches to improve
maize yield in Kenya's Eastern Provinces. In Kenya, delaying planting dates by 5-15 days was the
most effective adaptation measure, resulting in a maize yield increase of between 14.3 to 21.4%.
However, combining adaptation measures in this study was projected to lead to exponential maize
yield increases ranging from 20.7 to 38.6% in the 2030s and 2050s, under RCP4.5 and RCP8.5.

In Northwest China, agriculture relies on rainfall, and [4] and [5] suggested irrigation practices
as a way of adapting to climate change-induced temperature increases. [6] also noted the dependence
on rainfall in this region. Our study similarly found that appropriate irrigation measures were the
most effective adaptation approach, leading to a maize yield increase of between 15.9 to 19.8%. When
combined with other adaptation measures, maize yields in NWC were projected to increase by a
range of 17.6 to 28.6% in the 2030s and 2050s under RCP4.5 and RCP8.5. [7] recommended using
hybrid cultivars and delaying sowing dates to avoid thermal heat stress, among other adaptation
measures that could improve maize yields in NWC. However, future studies should examine
additional factors like soil conditions, human resources, market prices, and local production levels,
which were not considered in this study, that might influence maize yield variation.

4. Materials and Methods

4.1. Studies Area in Kenya and China

4.1.1. Nakuru County in Kenya

The study area of Nakuru County (Fig. S1), which is located in Southwest Kenya, consists of 11
sub-counties, of which 6 were selected for study in this paper, including Bahati, Gilgil, Molo,
Naivasha, Njoro, and Subukia, since the other 5 sub-counties are non-agricultural dominated. The
greater Nakuru County is in the Rift Valley Region and occupies an area of 7,242.3 km? with a
population of 2,162,202 million [1]. Nakuru County is found between longitudes 35°28' and 35° east
and latitudes 0°13' and 10°10' South at an altitude of about 1912 meters above sea level. The climate
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of Nakuru County covers four zones that are strongly influenced by altitude and physical features,
with mean annual rainfall ranging between 500 mm and 2700 mm and temperatures ranging between
10 °C and 20 °C during the cold months (July and August) and during the hot months (January to
March), respectively [2]. Maize production in Nakuru County accounts for about 61% of the total
crop production, making Nakuru County one of the food baskets of Kenya [3]. The county’s soil type
presents a complex distribution of three main classifications that have been influenced by climatic
conditions, volcanic activities, and the underlying rock type. The three major soil types in the county
are Latosolic, Planosolic, and Alluvial [4].

4.1.2. Northwest China

The study area, Northwest China (Fig. S2), consists of 5 provinces, namely Shaanxi, Xinjiang,
Gansu, Qinghai, and Ningxia, covering a total area of approximately 3,100,000 km? and with a
population of around 103.5 million [1]. NWC lies between longitudes 73° East and latitudes 30° North
(Figure 3) and boasts various mountains such as the Qilianshan Mountains, Helanshan Mountains,
Wushaoling Mountains, Tianshan Mountains, Altai Mountains, and Kunlun Mountains that could
have an impact on the regional climate [2]. NWC has various basins located in the rain shadow of
these mountains, such as the Junggar Basin, Tarim Basin, and Qaidam Basin [2,3].

The climate in NWC is a typical temperate continental climate, with an annual mean
temperature of 8 °C, an annual mean rainfall of less than 200 mm, and an annual mean evaporation
of 1291 mm [2,4,5]. In Northwest China, maize is one of the main crops grown, contributing to more
than 50% of the region’s total grain yields and covering more than 30% of the total grain planting
area, thereby playing a pivotal role in the regional agricultural economy [6]. A vast area in NWC is
characterized by continental arid conditions, partly attributed to the presence of deserts such as the
Taklimakan Desert, Gurbantunggut Desert, Qaidam Desert, and Tengger Desert [1]. The soil type of
the region is Siltigi-Orthic Anthrosols, which developed over time from Calci-Orthic Aridisols due to
long-term application of fertilizer, cultivation, and mineral-rich sediment water [7].

4.2. CERES-Maize Model and Modeling Method

The most recent version of CERES-Maize (DSSAT v4.7) crop model was used to simulate spring
maize development, growth, and yield in both Kenya and China as a function of weather data, soil
characteristics, crop management practices, and crop genotype and phenotype. This new version of
CERES-Maize (DSSAT v4.7) is the best in comparison to all the other previous versions of CERES-
Maize (DSSAT) models, since it has more added functions and data that will help in the simulation
process [1]. According to the UNFCCC report, DSSAT crop model is cited as one of the best tools that
can be integrated with other tools to simulate and evaluate climate change effects on crop production
[2]. According to Fig. S3, input data on crop management practices to be included are: crop type,
cultivar, planting date, planting density, planting space and rows, fertilizer type and rate of
application, irrigation method and amount, and tillage practices [3]. Weather data to be included are:
temperature (minimum and maximum), precipitation, humidity, and solar radiation. Soil data to be
included are: soil type, soil texture, soil pH, soil moisture, soil organic carbon, and soil nitrogen levels

[4].

4.3. Criteria for Site Selection for modelling

In order to validate the CERES-Maize (DSSAT v4.7) crop model, we used measured data at six
representative stations to calibrate and validate the model at either Nakuru County, Kenya (Table S1)
or Northwest China (Table S2) before doing the future modelling. The criteria for validating the
model was based on the following;

1. Maize cultivars must have been cultivated for a minimum of 3 years and at the same time they
should not have been distressed by either diseases, pests, insects or severe climatic events.
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2. Availability of records on good field management practices e.g., sowing dates, row spacing,
cultivar change, fertilization and irrigation.

3. The location of the study sites are representative in the sub-areas and should be near the major
Agricultural Meteorological Experimental Stations (AMESs) so as to ensure easy accessibility to
accurate weather observation data.

4.4. Criteria for Climate Scenario Selection

In this particular study, two future climate scenarios, RCP4.5 and RCP8.5, were used to
investigate the possible effects of anthropogenic and natural activities on future climate variability
[31]. Based on the possible future radiative forcing (W/m?) in 2100 and greenhouse gas emission
pathways, RCP4.5 and RCP8.5 represent the medium- and high-emission scenarios, respectively,
according to the IPCC Fifth Assessment Report (AR5) [17,24,45].

4.5. Crop Model Input Data

Weather data: To calibrate or validate the CERES-Maize crop model using documented data
from agrometeorological stations, specific weather input data for the selected sites were captured
from the China Meteorological Data Network for each of the selected Agricultural Meteorological
Experimental Stations (AMESs; http://data.cma.cn/) for Northwest China and from the Kenya
Meteorological Station (https://meteo.go.ke/). The weather input data included daily maximum and
minimum air temperatures, daily precipitation, daily humidity, and daily solar radiation. The daily
solar radiation for each of the selected weather stations was calculated from the observed sunshine
hours using the Angstrom—Prescott equation [1]. Future climate elements at the daily level under
RCP scenarios were generated using the GCM HadGEM2-ES model at a high spatial resolution of
0.50 x 0.50 (55.5 km x 55.5 km) and were bias-corrected before being incorporated into the CERES-
Maize model. These data were downloaded from the following websites:
https://pcmdi.llnl.gov/?cmip5 and https://esgf-node.llnl.gov/projects/esgf-1Inl/. The site information
used for calibrating and validating the model is listed in Table 51 and Table S2.

Soil data: The CERES-Maize (DSSAT v4.7) model required soil input data, including soil color,
soil texture, soil particle size, soil organic carbon, soil pH, soil nitrogen levels, soil bulk density, soil
type, soil cation exchange capacity, and soil drainage [2]. These data were obtained from the local
Agricultural Meteorological Experimental Stations (AMESs), the Chinese Soil Scientific Database
(http://vdb3.soil.csdb.cn), and the Kenya Soil Scientific Database (https://data.isric.org), respectively.

Crop observation and management data: The input data on crop management practices for the
selected study sites in Northwest China and Nakuru County, Kenya, covering the period from 2005
to 2009, were provided by Agricultural Meteorological Experimental Stations (AMESs) within the
study areas. The study stations used to supply maize data were selected based on specific criteria to
ensure data credibility: availability of up-to-date records on maize crop management practices, use
of maize cultivars that had been continuously planted for a minimum of three years, and absence of
significant stress from diseases, pests, insects, or severe climatic events [3].

The crop management input data were used to parameterize the CERES-Maize (DSSAT v4.7)
model and included crop type, cultivar, planting date, planting density, planting spacing and row
configuration, fertilizer type and application rate, irrigation method and amount, harvesting date,
and tillage practices [4].

4.6. Genetic coefficients for Maize and Simulation Evaluation

Genetic coefficients in the CERES crop model are defined as a set of parameters that describe the
interaction between crop genotype and environmental conditions [1]. In the CERES-Maize (DSSAT
v4.7) model, six genetic coefficients are used to characterize a maize cultivar (Table S3), namely P1,
P2, P5, G2, G3, and PHINT. These coefficients govern crop phenology, growth, and development
processes [2,3].
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DSSAT incorporates a coefficient estimator module known as the Generalized Likelihood
Uncertainty Estimation (GLUE), which is used to estimate genotype-specific coefficients for crop
cultivars within the model [4,5]. Of the six genetic coefficients, four parameters (P1, P2, P5, and
PHINT) primarily control the timing of phenological stages, while the remaining two parameters (G2
and G3) define potential yield under optimal growth conditions (Table S1). For each maize cultivar,
a unique set of six genetic coefficients was derived using the GLUE approach by calibrating simulated
outputs against observed data on maize phenological duration and grain yield.

Two statistical indicators were used for the evaluation: (i) normalized root mean square error
(NRMSE), presenting relative error magnitude; and (ii) predicted deviation (PD), indicating possible
over- or under-estimation. The simulated values for maize yield were considered excellent if NRMSE
is <10%, good if NRMSE is >10 % and < 20%, fair if NRMSE is > 20% and < 30%, and poor if NRMSE
is > 30%. Additionally, a negative PD value indicates under-prediction, while a positive one indicates
over-prediction.

n =077
=17 q

NRMSE =
o

PD; = (S; — 0;)/0;
where s; and o; are simulated and observed variables, respectively; 0 is the mean value of the

observed data; n is the number of comparisons; and i denotes each comparison.

5. Conclusions

In this investigation, we produced six distinct hereditary parameters that corresponded with the
observed maize growth data for CERES-Maize model v4.7 at six major locations in either Northwest
China or Kenya. Our simulation outcomes revealed that the current maize varieties' phenological
growth period would decline by 3 to 34 days in Kenya and 0 to 38 days in Northwest China, due to
a rise in temperature from 1986 to 2005 to 2021 to 2060 under RCP4.5 and RCP8.5. The overall maize
yield would decrease by 2.7 to 26.5% in Nakuru County, Kenya, due to the projected increase in
temperature by 0.58 to 3.35 °C and rainfall by 3.01 to 11.76% and a decrease in solar radiation by -1.15
to -7.84% during the period 2021 to 2060 under RCP4.5 and RCP8.5 compared to the baseline year.
Likewise, in Northwest China, the maize yield would decrease by 4.6 to 22.4% due to increased
temperatures by 0.48 to 3.26 °C and a decrease in sunshine hours by -0.40 to -3.31% and precipitation
by 2.34 to 54.31% during the period 2021 to 2060 under RCP4.5 and RCP8.5. The high CO2 emissions
under RCP8.5 had a significant impact on maize, being a C4 plant, resulting in higher maize yields
under RCP4.5 than RCP8.5 in both Nakuru County, Kenya, and Northwest China. The results of the
adaptation measures indicated that adjusting planting dates, appropriate irrigation, and using
suitable cultivars would increase maize yield to different extents in both Nakuru County, Kenya, and
Northwest China, by 20.7 to 38.6% and 17.6 to 28.6%, respectively. In both regions, using the late
maturing cultivar increased maize yield compared to the local early and medium maturing maize
cultivars, as the late maturing cultivar has a more extended growing period and would benefit from
warming resources at lower altitudes in both Nakuru County, Kenya, and Northwest China.
Consequently, it is evident that for temperature-sensitive varieties, early planting, cultivar selection,
and appropriate irrigation are effective adaptation options to decrease yield loss caused by climate
change.
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