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Abstract

Climate change significantly threatens maize (Zea mays L.) production through rising
temperatures, erratic precipitation, and extreme weather events, thereby jeopardising
global food security. This review synthesises current knowledge on the impacts of climate
change, abiotic stresses, crop simulation models, and adaptation strategies for maize. A
bibliometric analysis of 485 articles published between 2015 and 2025 and indexed in
the Web of Science was conducted using VOSviewer. The results showed a significant
increase in publications (Mann–Kendall test, p = 0.0001; R2 = 0.8207), with dominant
research themes shifting toward climate-smart agriculture and sustainable intensification.
Heat stress, drought, and nutrient deficiencies were identified as the primary abiotic
constraints. DSSAT-CERES-Maize and APSIM emerged as the most widely used models
for assessing climate impacts and the effectiveness of adaptation strategies. Effective
adaptation measures include the use of resilient varieties, optimised water management,
conservation agriculture, and diversified cropping systems. Future research should focus
on integrated adaptation approaches, improved model validation, and long-term field
studies to enhance maize resilience. This study provides a comprehensive overview of
the research landscape and highlights critical pathways for ensuring sustainable maize
production under changing climate scenarios.

Keywords: Zea mays; bibliometric analysis; abiotic stress; crop simulation models; climate-
smart agriculture; adaptation strategies; food security

1. Introduction
Climate change represents one of the greatest challenges to global agricultural sus-

tainability by altering temperature regimes, precipitation patterns, atmospheric carbon
dioxide (CO2) concentrations, and the frequency of extreme climatic events [1]. These
changes have profound effects on agricultural systems by influencing water availability,
soil quality, crop productivity, and rural livelihoods [2–4]. Climate variability directly
affects crop phenology, growth duration, and yield formation, with irregular rainfall and
increasing temperatures contributing to drought periods, shortened crop maturity cycles,
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and reduced production stability [5,6]. Consequently, climate change threatens agricultural
development, food security, and poverty reduction efforts, particularly in regions highly
dependent on climate-sensitive farming systems [7].

Among major cereal crops, maize (Zea mays L.) is particularly vulnerable to climate
change due to its sensitivity to temperature increases, water availability, and environmental
variability [8,9]. Maize plays a fundamental role in global food and economic security,
providing an important source of dietary energy and supporting millions of farming
households worldwide [10–12].

Maize production has generally increased in recent years, supported by expansion of
harvested area, technological progress, improved management practices, and advances
in stress-tolerant cultivars. However, this overall increase masks substantial year-to-year
variability in yield. As shown in Figure 1, harvested area increased from approximately
186,000 ha in 2014 to 210,000 ha in 2024, whereas yield fluctuated considerably over the same
period. These fluctuations highlight the continuing sensitivity of maize productivity to
environmental variability and climate-related stresses [7]. In particular, rising temperatures,
heat stress, drought, erratic precipitation, extreme weather events, and nutrient limitations
can adversely affect crop establishment, flowering, pollination, grain filling, and final
yield [5,6,8,9,13,14]. The development of resilient varieties, improved water and nutrient
management, conservation agriculture, and other climate-smart practices has contributed
to reducing these risks; nevertheless, increasing climatic variability continues to pose a
major challenge to stable and sustainable maize production.

 

Figure 1. Maize production trends and vulnerability to climate-related abiotic stresses. Source: FAO
(Accessed 1 July 2026) (2014–2024).

However, climate-driven changes in environmental conditions increasingly threaten
maize productivity by disrupting physiological processes, crop development, and yield
stability [13,14]. Several studies project maize yield reductions of 12–28% by the end of
the twenty-first century, even when adaptation strategies are considered; however, the
magnitude of these losses depends on the region, climate scenario, crop system, and
modelling approach [15,16]. Previous studies have demonstrated strong relationships
between maize yield variability and climatic factors, including temperature, precipitation,
and radiation, highlighting the need to understand climate-crop interactions under future
scenarios [17–20].

The impacts of climate change on maize production are primarily manifested through
increasing abiotic stresses, particularly heat stress, drought, water scarcity, and soil fertility
decline. Among these stresses, rising temperatures and extreme heat events are major
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constraints affecting maize growth and yield formation. Temperatures above 30 ◦C dur-
ing the reproductive stages can reduce pollen viability, increase kernel abortion, impair
pollination, and ultimately decrease grain yield [18,21–23]. Although moderate warming
may extend the growing season in some regions, excessive temperatures negatively affect
reproductive development by reducing pollen fertility and disrupting kernel formation [24].
Heat stress has been shown to affect maize reproductive development more severely than
vegetative growth, with high temperatures during early vegetative stages reducing ear
development and heat stress during tasselling affecting reproductive success [25,26]. One
cross-study estimate reported an approximate 7.4% decrease in maize yield for each 1 ◦C
increase in mean temperature [9,27]. This estimate should be interpreted as an average
temperature-response relationship rather than a uniform yield-loss rate applicable to all
regions and production systems [9,27].

Drought and water scarcity further increase the vulnerability of maize production
under changing climate conditions. Drought stress reduces photosynthetic capacity, carbon
assimilation, and biomass accumulation while accelerating leaf senescence, ultimately
limiting yield potential [28,29]. Water deficits during critical developmental stages reduce
maize productivity by decreasing leaf expansion, impairing photosynthesis, and reducing
grain filling [29]. The increasing frequency and intensity of drought events associated
with climate change have contributed to greater instability in global maize yields. In
severely drought-affected regions, maize yield reductions of approximately 25–30% have
been reported [30]. This range represents conditions in particularly vulnerable production
environments and should not be interpreted as a global average [30]. Furthermore, changes
in rainfall distribution influence soil moisture dynamics, evapotranspiration, and water
productivity, creating additional challenges for maize production systems [31,32].

Beyond climatic stresses, declining soil fertility and unsustainable nutrient manage-
ment practices represent additional threats to sustainable maize production. Excessive
mineral fertiliser application has contributed to nutrient losses, greenhouse gas emissions,
and soil acidification [33–35]. Climate change combined with soil fertility decline can
reduce crop productivity and increase vulnerability among smallholder farmers, highlight-
ing the importance of sustainable soil management practices that enhance soil health and
nutrient-use efficiency.

Addressing climate-related risks requires a better understanding of crop responses
through advanced assessment methods and effective adaptation strategies. Crop simulation
models have become important tools for evaluating climate impacts on crop growth,
yield potential, soil water balance, and nutrient cycling under different environmental
scenarios [36,37]. Models such as CERES and CROPGRO have been widely applied to
simulate interactions among climate, soil, crop genetics, and management practices and
to assess impacts on productivity and environmental outcomes, including soil organic
carbon dynamics and greenhouse gas emissions [38,39]. Coupling crop models with climate
projections from General Circulation Models (GCMs) and Representative Concentration
Pathways (RCPs) provides valuable information for evaluating future production risks and
adaptation options [40–44].

Developing resilient maize production systems requires integrated responses that
combine improved agronomic management, sustainable resource use, and climate-resilient
crop improvement. Conservation agriculture has emerged as an important climate-smart
approach for improving soil quality, conserving water resources, and enhancing food
security [45]. Similarly, drought-tolerant maize genotypes and locally adapted varieties
offer promising strategies to reduce climate vulnerability and improve farmers’ adaptive
capacity [46,47]. Other complementary responses, such as adjusting planting dates and crop
management practices, water and nutrient management, and the use of climate-adapted
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crop varieties, can further strengthen adaptation capacity [36,37,40–44]. However, individ-
ual adaptation approaches may not be sufficient to address the multiple stresses associated
with climate change. This underscores the growing need to build long-term resilience
by integrating technological, agronomic, ecological, and management interventions [47].
Therefore, a comprehensive understanding of climate change risks, appropriate response
options, and pathways towards resilient maize production is essential for sustaining pro-
ductivity and supporting global food security under future climate scenarios [45]. However,
evidence on climate-driven stresses, modelling approaches, and adaptation strategies is
dispersed across different aspects of maize production, making an integrated synthesis
particularly important [46]. The working hypothesis of this review is that climate change–
induced abiotic stresses, particularly heat stress, drought, water scarcity, and declining
soil fertility, negatively affect maize productivity and yield stability, but that their impacts
can be reduced through the integration of climate-resilient varieties, improved agronomic
and resource management, and appropriate crop modelling and adaptation strategies.
We further hypothesise that an integrated approach combining climate-risk assessment,
crop modelling, sustainable agronomic practices, and climate-smart adaptation measures
can provide a more effective pathway for strengthening the resilience and sustainability
of maize production under future climate scenarios. This review therefore synthesises
recent advances in understanding the effects of climate change on maize productivity,
with particular emphasis on climate-driven abiotic stresses, crop modelling approaches,
and sustainable adaptation strategies. By linking climate-related risks with assessment
approaches and adaptation responses, the review highlights pathways for enhancing maize
resilience and sustaining production under future climate scenarios.

2. Materials and Methods
2.1. Data Source and Search Strategy

A bibliometric analysis combined with a focused qualitative synthesis was conducted
to examine scientific literature on maize (Zea mays L.) production under climate change.
The bibliometric analysis assessed publication trends, influential authors and countries,
collaboration patterns, research themes, and intellectual structure, while the qualitative
synthesis examined climate risks, maize productivity, modelling, adaptation, resilience,
and food security.

The Web of Science (WoS) Core Collection was used because of its broad coverage
of peer-reviewed literature and availability of standardised bibliographic and citation
data. The search was conducted on 1 July 2026 using: (“maize” OR “corn” OR “Zea
mays”) AND (“climate change” OR “climate variability” OR “global warming”) AND
(yield OR productivity OR production) AND (adaptation OR mitigation OR resilience
OR sustainability).

The initial search identified 3973 records. Sequential filtering reduced the dataset
to 3228 records for 2015–2025 (−745), 1258 in the Agriculture research area (−1970),
1246 English-language records (−12), 695 open-access records (−551), 596 Research Articles
(−99), and finally 485 records classified under Sustainable Development Goal 2 (SDG 2:
Zero Hunger) (−111).

The 485 records constituted the bibliometric dataset and were all included in the
bibliometric analysis. A separate relevance and eligibility screening of these 485 publica-
tions identified 85 studies for the qualitative synthesis. Thus, exclusion during qualitative
screening did not affect the bibliometric dataset.

Open-access and SDG 2 filters were used to facilitate full-text assessment and improve
alignment with food security and sustainable agricultural production, respectively. How-
ever, these database-based criteria may exclude relevant studies that are not open access
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or are not classified under SDG 2. Therefore, the resulting dataset represents a predefined
subset of the WoS literature rather than the complete maize–climate-change literature, and
this potential selection bias was considered when interpreting the findings.

2.2. Study Selection and Eligibility Criteria

The 485 publications were screened separately for inclusion in the qualitative syn-
thesis. Eligible studies directly examined climate change or climate variability affecting
maize production, including yield responses, drought, heat stress, water scarcity, climate
projections, crop modelling, adaptation, resilience, sustainable production, or food security.

Studies were excluded if they (i) lacked a maize-specific analysis, (ii) did not explicitly
address climate change or variability, (iii) examined maize traits unrelated to climate or
production, or (iv) focused on downstream processes unrelated to climate-driven maize
production. Exclusion reasons were recorded during screening.

Of the 485 publications, 400 were excluded during qualitative screening and 85 were
retained. The study therefore used two nested datasets: 485 publications for bibliometric
analysis and 85 studies for qualitative synthesis. The complete filtering and screening
process is presented in Figure 2.

Figure 2. PRISMA flow diagram of literature screening and study selection.

2.3. Data Export and Bibliometric Analysis

Bibliographic data for the 485 publications were exported from WoS as a CSV file
containing full records and cited references. Microsoft Excel was used for descriptive
analysis, and VOSviewer version 1.6.20 [48] was used for bibliometric mapping.
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The analysis included co-authorship, country collaboration, citation, keyword co-
occurrence, bibliographic coupling, and co-citation analyses to identify major research
themes, influential contributors, and the field’s intellectual structure.

The 85 studies selected for qualitative synthesis were thematically analysed across
three dimensions: (i) climate-related risks and abiotic stresses; (ii) crop modelling and
assessment of climate impacts; and (iii) adaptation, resilience, and sustainable produc-
tion. Findings were compared across climate hazards, geographical contexts, modelling
approaches, and management conditions.

The bibliometric and qualitative findings were interpreted jointly to identify dominant
themes, emerging research directions, evidence gaps, and priorities for climate-resilient
maize production.

3. Results
3.1. Publication Trends of the Selected Studies

The Mann–Kendall test showed a significant increasing trend (p = 0.0001) in the
number of research publications on climate change and maize production. The annual
publication trend is presented in Figure 3. Publications increased from 14 in 2015 to 112 in
2025, although some year-to-year variation was observed. This increase indicates growing
research interest in climate change and maize production based on the publication data
analysed in this study. In Figure 3, each blue bar represents the number of publications
in a given year, and the orange dotted line shows the exponential trendline fitted to these
annual counts. The fitted equation (y = 11.554e0.1903x) indicates an average growth rate
of about 21% per year (e0.1903 ≈ 1.21). The R2 value of 0.8207 shows that the exponential
model explains about 82% of the variation in annual publication counts, indicating a strong
and consistent upward trend. The slight decline in 2023 falls below the trendline, but
output recovered in 2024 and rose sharply in 2025.

 

Figure 3. Annual Trend of Publications Indexed in Web of Science (2015–2025).

The increasing number of publications reflects growing scientific attention to climate-
related challenges in agricultural systems. Previous studies have documented the effects of
rising temperatures, altered precipitation patterns, and extreme weather events on maize
production and crop productivity [49–53]. Climate change has also increased concerns
about agricultural sustainability and food security [54]. Rising temperatures [55], erratic
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rainfall and drought [56], and extreme weather events can affect maize growth and yield,
highlighting the need for adaptation and resilient production systems [50–53].

The research literature increasingly addresses climate-resilient maize varieties [57],
adaptation and mitigation strategies [58,59], and sustainable farming practices [60]. These
themes indicate growing research attention to improving maize resilience, resource-use
efficiency, and food security under changing climatic conditions [50,54].

Overall, the publication trend demonstrates increasing research interest in climate
change and maize production rather than providing direct evidence of climate impacts. The
Mann–Kendall test assessed the statistical significance of the temporal trend in publication
numbers. The publication trend therefore complements, but does not replace, the scientific
evidence on climate impacts discussed in the following sections [49–60].

3.2. Bibliometric Network Analysis of the Selected Literature

Figure 4 presents the temporal co-occurrence network of Author Keywords published
between 2015 and 2025, while Table 1 lists the ten most frequently occurring author-
supplied keywords and their total link strengths. In VOSviewer (v1.6.20), node size
represents keyword occurrence, link thickness indicates co-occurrence strength, and node
colour represents the average publication year, ranging from earlier (blue) to more recent
(yellow) studies. Author Keywords are terms explicitly provided by authors to describe the
main focus of their studies; therefore, they primarily reflect the terminology and themes
that researchers themselves considered important.

Figure 4. Co-occurrence network of Author Keywords (2015–2025) visualised using the VOSviewer
overlay network.

In the Author Keyword network, climate change was the most frequently occurring
term (132 occurrences; total link strength [TLS] = 180), followed by maize (50; 79), food
security (27; 42), and adaptation (22; 47) (Table 1). Other frequently occurring terms
included yield (19; 27), drought (15; 28), agriculture (15; 26), climate-smart agriculture
(13; 18), heat stress (10; 19), and climate change mitigation (9; 19). These author-selected
terms indicate that researchers explicitly framed their studies around climate impacts on
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maize production, adaptation, food security, productivity, and sustainable agricultural
practices [61].

Table 1. Top 10 Author Keywords by occurrence and total link strength in the maize–climate change
literature. Source: WoS (2015–2025).

Keywords Occurrence Total Link Strength (TLS)

Climate change 132 180
Maize 50 79

Adaptation 22 47
Food security 27 42

Drought 15 28
Yield 19 27

Agriculture 15 26
Climate change Mitigation 9 19

Heat Stress 10 19
Climate-smart agriculture 13 18

Source: Web of Science (2015–2025). Author Keywords are terms supplied directly by the article authors.

The temporal overlay further indicates a shift in research priorities. Earlier studies
were more strongly associated with crop models, APSIM, CMIP6, crop yield, and drought,
reflecting an emphasis on climate-impact assessment, modelling, and adaptation. More
recent studies show greater association with double cropping, carbon footprint, nitrous
oxide, greenhouse gas emissions, and water productivity, suggesting increasing attention
to sustainable intensification, resource-use efficiency, and climate mitigation [62].

Figure 5 and Table 2 show that the Keywords Plus network of maize research during
2015–2025 is dominated by maize, yield, and climate change. Maize and yield had the
highest occurrence frequencies (105 each), followed by climate change (100), management
(68), agriculture (59), and productivity (55). These three leading terms also had the highest
total link strengths: maize (568), yield (544), and climate change (541), indicating strong
connections with other concepts in the research network. In Figure 5, node colour rep-
resents the average publication year of each keyword, with purple and blue indicating
earlier research themes and yellow indicating more recent ones. Keywords such as Africa,
smallholder farmers, conservation agriculture, soil fertility and N2O appear in purple and blue,
showing that they were more prominent earlier in the period. Terms such as management,
irrigation, stress, quality, system and economic impacts appear in yellow-green, indicating a
more recent shift toward water and stress management, system-level analysis, and eco-
nomic assessment. The dominant terms maize, yield and climate change sit in the green-blue
middle of the scale, meaning they were central throughout the study period.

The network also highlights temperature, drought, adaptation, growth, and water-use
efficiency, reflecting increasing research attention to climate-related effects on maize growth
and yield [52,62,63] and to adaptive management strategies for maintaining productiv-
ity [63]. Unlike author keywords, keywords plus are generated from terms in the titles of
cited references and therefore capture broader citation-based conceptual connections.

Overall, the results indicate that maize yield responses to climate change remain
the dominant research focus, while increasing attention to adaptation, resource-use effi-
ciency, and management suggests a broader shift toward improving the resilience and
sustainability of maize production systems.
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Figure 5. Co-occurrence network of Keywords Plus (2015–2025) visualised using the VOSviewer
overlay network.

Table 2. Top 10 Keywords Plus by occurrence and total link strength in the maize–climate change
literature. Source: WoS (2015–2025).

Keyword Occurrence Total Link Strength (TLS)

Maize 105 568
yield 105 544

Climate change 100 541
Management 68 366
Agriculture 59 333
Productivity 55 322

Impact 57 312
Growth 54 291

Temperature 46 257
Food security 33 179

Source: Web of Science (2015–2025). Keywords Plus are generated by Web of Science from terms
appearing in the titles of cited references.

Table 3 indicates that the USA and China are the foremost contributors to the research
domain in terms of both publication volume and citation impact. China leads in publi-
cation productivity with 110 articles, marginally surpassing the USA’s 108 publications.
Nonetheless, the USA attains the highest citation count, totalling 2721 citations, reflecting a
greater overall scientific influence despite its slightly lower publication output.
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Table 3. Top 10 Most Productive Countries Based on Number of Publications and Citations. Source:
WoS (2015–2025).

Rank Country Number of Publications Citation

1 USA 108 2721
2 China 110 2566
3 India 23 1260
4 Germany 53 1143
5 England 29 1013
6 Italy 40 994
7 France 33 937
8 Australia 33 878
9 Nigeria 16 812
10 Spain 21 714

The international collaboration network depicted in Figure 6 corroborates the domi-
nant roles of the USA and China as central nodes in global research cooperation. The USA
occupies a pivotal position within the network, fostering extensive collaborative ties with
several European nations, including Germany, Italy, Spain, Belgium, Austria, Portugal,
and Poland. These partnerships align with the robust research output and citation impact
of Germany (53 publications; 1143 citations) and Italy (40 publications; 994 citations) as
reported in Table 3.

 
Figure 6. Country Collaboration Network and Research Productivity Analysis Based on Publications
and Citations. Source: WoS (2015–2025).

Similarly, China anchors a distinct major collaboration cluster, maintaining strong
research linkages with countries such as England, Canada, Pakistan, Egypt, and Morocco.
Despite England’s relatively modest publication count of 29, it has accrued 1013 citations,
signifying notable research impact.

The collaboration network further reveals a discrete cluster centred on France and
the Netherlands, which connects multiple African countries including Nigeria, Kenya,
Uganda, Ethiopia, Ghana, Mali, and Senegal. Nigeria, with 16 publications, has garnered
812 citations, indicating substantial scholarly influence relative to its research output.
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Additionally, India forms a regional collaboration cluster with Bangladesh, Mexico, and
Argentina. Although India’s publication count stands at 23, it has achieved 1260 citations,
surpassing the citation impact of several countries with higher publication volumes. This
underscores the significant scientific contribution and citation visibility of Indian research.

Collectively, the publication metrics (Table 3) and the international collaboration
patterns (Figure 6) demonstrate the pre-eminence of the USA and China in both research
productivity and global partnerships. Moreover, countries such as India and Nigeria exhibit
high citation impact relative to their publication output, highlighting the critical role of
international collaborations in amplifying research visibility and scientific influence.

The data suggest that while larger economies lead in absolute research production,
countries like India and Nigeria are producing highly influential work that attracts a
disproportionately high number of citations per paper.

3.3. Climate Change-Driven Abiotic Stress Factors Influencing Maize Productivity

Climate change poses a critical challenge to global agriculture by shifting temperature
and precipitation regimes, degrading soil, and reducing water availability. These alterations
increase the frequency of droughts and floods, thereby threatening maize productivity and
global food security [37,64–66]. Elevated atmospheric CO2 and greenhouse gas concentra-
tions have accelerated global warming and extreme climatic events. Projections indicate
temperature increases of 2.6–4.8 ◦C in major production zones by the late 21st century,
posing severe risks to agricultural sustainability [55,67,68].

Heat stress is a primary constraint on maize, particularly during sensitive reproduc-
tive stages where rising temperatures and frequent heatwaves impair development [69].
While maize tolerates 8–34 ◦C during vegetative growth, exceeding 30 ◦C during tas-
selling and silking shortens reproductive duration, disrupts pollination, and reduces kernel
set [70–73]. Long-term simulation studies have projected yield declines of 44–75% under
severe-warming conditions; however, these estimates are scenario- and region-specific and
should not be directly compared with empirical estimates obtained under current climatic
conditions [74] (Table 4). Empirical data confirm negative correlations between productivity
and accumulated heat stress [75], which reduces chlorophyll, leaf area, and biomass [76].
Adaptive measures like those that delayed planting must balance heat avoidance against
increased frost risks in cooler regions [15].

Table 4. Reported maize yield-loss estimates under different warming conditions, regions, and
modelling approaches.

Yield-Loss
Estimate Warming/Scenario Region or Production

Context Crop/Model/Method Source

12–28%
End-of-century climate
projection; adaptation

considered
China, Global

APSIM maize crop
model, Linear

mixed-effects models
[15,16]

7.4% per 1 ◦C
increase

Temperature-response
estimate Global Multi-method

synthesis [9,27]

44–75% Severe-warming scenario U.S.
Nonlinear

temperature–yield
model

[74]

25–30% Severe drought or
water-deficit conditions U.S. Multiple linear

regression [30]

Approximately 30%
by the 2080s

Future climate projection;
insert scenario Global EPIC model [52]
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Across the reviewed studies, there is strong agreement that increasing temperature is
a major threat to maize productivity, particularly when heat occurs during tasseling and
silking. However, the magnitude of yield loss varies considerably among studies because
it depends on the timing, duration, and intensity of heat exposure, as well as cultivar
characteristics, soil conditions, and management practices. Simulation studies generally
project larger yield reductions under severe warming scenarios than empirical studies
conducted under current climatic conditions, indicating that projected losses should be
interpreted as scenario-dependent rather than as fixed estimates [69–76]. Thus, the evidence
is strong regarding the direction of the heat-stress effect, but the magnitude of the response
remains context-specific.

Water scarcity and drought further limit maize production, especially in rain-fed
systems where altered rainfall patterns reduce potential yields [62,77]. Smallholder farmers,
reliant on precipitation and lacking irrigation infrastructure, are particularly vulnera-
ble [45,78,79]. Drought during critical growth stages impairs grain filling and biomass
accumulation [49,56,80], a trend expected to intensify under future scenarios [81,82]. Mois-
ture deficits restrict photosynthesis by limiting leaf expansion and inducing stomatal
closure [83,84], necessitating improved water-use efficiency to maintain productivity [85].

Evidence for drought-related yield losses is similarly consistent, but the severity of
the response differs among production environments. Rain-fed and smallholder systems
generally show greater vulnerability because limited irrigation capacity reduces the ability
to buffer rainfall deficits [45,62,77–82]. Physiological evidence provides strong support for
the mechanisms through which drought reduces leaf expansion, stomatal conductance,
photosynthesis, biomass accumulation, and grain filling [56,80,83,84]. Nevertheless, the
magnitude of yield reduction depends on drought timing, soil water-holding capacity,
cultivar characteristics, and management. Therefore, drought should not be interpreted as
producing a uniform yield penalty across maize-growing environments.

Climate change also accelerates soil degradation; rising temperatures increase evapo-
ration and carbon loss, while extreme rain promotes erosion and nutrient depletion [86].
These processes undermine soil fertility and systemic resilience [54,87,88]. Vulnerability
is exacerbated in nutrient-poor or inadequately fertilised systems where nutrient deple-
tion and acidification reduce soil quality [89,90]. Paradoxically, agriculture contributes
significantly to climate change, accounting for approximately 66% of anthropogenic N2O
emissions, which facilitates global warming while reducing nitrogen-use efficiency [91–94].

Compared with heat and drought, the evidence linking climate change directly to soil
degradation and subsequent maize yield losses is more indirect and strongly dependent on
local soil and management conditions. The literature consistently indicates that warming,
intensified rainfall, erosion, carbon loss, nutrient depletion, and declining soil quality
can progressively reduce the capacity of soils to sustain maize production [54,86–90].
However, these processes generally operate over longer timescales and interact with soil
type, organic matter management, fertilisation, and land use, making their individual
contribution to yield loss more difficult to isolate. Consequently, heat and drought have
relatively well-established direct physiological effects, whereas soil degradation represents
a cumulative pathway through which climate change can progressively reduce production-
system resilience.

Importantly, these abiotic stresses should not be considered independently. Heat
and drought may occur simultaneously, with water deficits potentially increasing crop
sensitivity to high temperatures, while degraded soils can further reduce water and nutrient
availability. The combined occurrence of these stresses may therefore produce greater yield
instability than would be predicted from individual stressors considered separately.
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Collectively, extreme heat, drought, and soil degradation represent the primary abiotic
constraints on maize under shifting climates. One future-climate assessment projected
maize yield reductions of approximately 30% by the 2080s without effective adaptation [52].
Because this projection is associated with a specific scenario, region, baseline period, and
modelling framework, it should be interpreted as a context-specific estimate rather than a
universal global value [52]. Developing resilient production systems requires a thorough
understanding of the physiological and environmental mechanisms underlying these
stresses to ensure future food security.

The estimates summarised in Table 4 are not contradictory; they represent different
climatic, geographical, temporal, and methodological conditions. Regional differences in
baseline temperature, precipitation, drought frequency, soil water-holding capacity, and
management practices influence maize sensitivity to climate stress. In addition, heat and
drought occurring during reproductive stages may cause greater losses than similar stresses
occurring during less sensitive growth stages. Therefore, yield-loss estimates from empirical
observations, statistical models, and process-based simulations should be interpreted
within their respective contexts rather than combined as a single universal estimate.

Overall, the reviewed evidence demonstrates substantial agreement that climate
change affects maize productivity through multiple interacting abiotic stresses rather
than through a single climatic factor. However, the magnitude of impacts varies among
environments because genotype, soil properties, water availability, management practices,
and the timing and intensity of climatic stress modify maize vulnerability. This distinction
is important for interpreting future projections and for designing adaptation strategies that
are appropriate to specific production contexts.

3.4. Integrated Climate Change Adaptation Strategies

Adapting cropping systems is vital to mitigate climate change impacts, with irrigation
and water management serving as primary adaptation pillars [58,59]. Effective strategies,
including new crop varieties resistant to pests, diseases, and environmental stresses (heat,
drought, salinity), as well as crop rotation and row planting, help maintain production
reliability [95–98]. Shorter growing cycles, precision agriculture, and efficient water man-
agement are also critical, alongside broader technological innovations [62]. Most long-term
assessments of maize vulnerability rely on simulations projecting significant yield reduc-
tions due to heat affecting physiological processes [27]. Despite the IPCC highlighting
the importance of adaptation, research often focuses more on impact assessment than on
simulating adaptation measures such as breeding new cultivars, optimising soil nutrient
management, adjusting sowing dates, and implementing conservation tillage [63,99,100].
Crop rotation improves soil quality and microbial diversity, while legumes further mitigate
climate effects [101].

The effectiveness of these adaptation strategies is not uniform across environments
because different interventions address different components of climate vulnerability. Ad-
justing sowing dates and deploying heat- or drought-tolerant cultivars primarily reduce
crop exposure or sensitivity to climatic stress, whereas irrigation directly buffers water
deficits and is therefore particularly effective where adequate water resources and infras-
tructure are available [58,59,102,103]. In contrast, conservation agriculture, crop rotation,
residue retention, and organic amendments primarily improve soil water retention, nutrient
cycling, and soil structure, providing broader but often slower improvements in system
resilience [101,104–106].

Crop growth models serve as quantitative laboratories to evaluate genetics, management,
and environmental conditions [54,107]. DSSAT-CERES-Maize is widely applied to project
climate impacts and evaluate strategies, including fertiliser optimisation [36,108–113]. Addi-
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tionally, the MaxEnt model assesses crop suitability, while optimised sowing dates mitigate
yield losses [3,114]. Local calibration of the CERES-Maize model remains necessary for
accurate phenology and yield assessments [43,50,115–117].

The reviewed modelling approaches differ in their objectives and applicability. DSSAT-
CERES-Maize and APSIM are process-based crop models that simulate interactions among
climate, soil, genotype, and management, making them suitable for assessing yield re-
sponses to sowing dates, irrigation, fertilisation, and cultivar traits [36,54,107–117]. How-
ever, both require appropriate parameterisation and local calibration, particularly for
phenology, soil water dynamics, and yield formation.

In contrast, MaxEnt focuses on environmental suitability rather than physiological
crop responses, making it more suitable for assessing potential shifts in maize-suitable
areas under future climates [3,114]. Thus, DSSAT-CERES-Maize and APSIM are better
suited to management-specific yield assessment, whereas MaxEnt is more appropriate for
spatial suitability analysis. These models are therefore complementary, and their reliability
depends on appropriate calibration, validation, and context-specific application.

To address water scarcity, drip and subsurface irrigation enhance productivity by
reducing evaporation and runoff [118–123]. Adopting weather-resistant varieties and
appropriate sowing dates significantly influences yield potential [102,103], offering local
benefits that complement global emission reduction efforts [124,125]. Conservation agri-
culture (CA) and climate-smart agriculture (CSA) sustainably increase resilience through
drought-tolerant germplasm and intercropping [46,104–106,126]. Genetically engineered
(GE) varieties and optimised fertilisation further support yield resilience and soil health
under climate variability [58,127–130]. Overall, irrigation and improved heat tolerance are
critical for mitigation [130–133].

The evidence suggests that adaptation measures are complementary rather than substi-
tutable. Irrigation reduces water stress, improved cultivars increase heat and drought tolerance,
and soil-health practices strengthen long-term resilience [58,59,101,102,104–106,130,132,133].
However, their effectiveness depends on local water availability, soil conditions, infrastruc-
ture, resources, and access to technology [45,58,59,78,124,125].

Overall, an integrated approach is more appropriate than relying on a single inter-
vention. Evidence is strongest for practices with well-established mechanisms, such as
irrigation and stress-tolerant cultivars, while broader system-level benefits remain more
context-dependent [58,59,95–98,104–106,131].

The evidence reviewed in this section supports the second component of the working
hypothesis, which proposes that the impacts of climate change can be reduced through
appropriate adaptation strategies. However, the evidence indicates that adaptation effec-
tiveness depends on the interaction between intervention, environment, and production
system [58,59,101–106]. Therefore, adaptation strategies should be selected according
to local climate risks and resource constraints, while crop modelling can provide a use-
ful framework for comparing alternative management combinations under current and
projected climate conditions [36,54,107–117].

3.5. Resilience Pathways for Sustainable Maize Production

Implementing climate-smart practices and policy interventions is critical for mitigating
risks from shifting maize suitability zones and ensuring regional economic stability [3].
Crop yield remains the primary measure of agricultural sustainability [89]. Enhancing
soil health through soil organic matter (SOM) accumulation is a key resilience mechanism,
fostering biodiversity and nutrient reservoirs [60,134]. SOM improves structural stability
and reduces erosion, promoting sustainable production [61,135], while organic amend-
ments sustain long-term productivity. Integrated nutrient management, specifically NPK
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fertilisers combined with organic manure (NPKM), improves yield sustainability more
effectively than mineral fertilisers alone [89,136].

The evidence indicates that soil-health interventions contribute to resilience through
mechanisms that differ from those of short-term climate adaptation. Whereas irriga-
tion or altered sowing dates can directly reduce exposure to immediate climatic stress,
SOM accumulation, organic amendments, and integrated nutrient management improve
soils’ underlying capacity to retain water and nutrients and sustain productivity over
time [60,61,89,134–136]. Their benefits may therefore become more apparent over repeated
growing seasons rather than through immediate yield responses.

Agronomic practices, such as delaying sowing or selecting open-pollinated cultivars,
effectively mitigate heat stress [54]. Conservation Agriculture (CA) reverses land degrada-
tion, improves water conservation, and bolsters drought resilience [137–140]. CA systems,
strengthened by crop diversification and residue retention, offer higher economic viability
than conventional tillage [141–143]. Diversified systems, including double cropping, fur-
ther enhance land-use efficiency [67]. Technological advancements in irrigation and plant
breeding for drought tolerance also augment resilience [65,144], with drought-tolerant
hybrids effectively mitigating impacts for smallholders [145]. Integrating agroforestry into
maize systems enhances yields and delivers ecosystem services such as erosion control,
biodiversity, and carbon sequestration.

However, the literature also indicates important trade-offs and applicability limits. Irriga-
tion can provide strong protection against rainfall variability but is less feasible where water
resources or infrastructure is limited. Drought-tolerant cultivars may be more suitable for
water-limited smallholder systems, but their benefits depend on seed availability, genotype–
environment interactions, and appropriate agronomic management [65,144,145]. Similarly,
conservation agriculture and diversification can improve soil and water conservation, but
their performance may vary with soil type, rainfall regime, residue availability, labour
requirements, and farm resources [137–143]. Agroforestry provides additional ecosystem
services but may involve competition for light, water, and land depending on system
design and environmental conditions [146].

Policy frameworks are essential to facilitate these strategies, promoting drought-
tolerant varieties, soil conservation, and conservation tillage [147]. Investments in fer-
tilisation and delayed planting significantly enhance the adaptive capacity of low-input
communities [148]. Sustainable maize production necessitates integrating soil health,
optimised management, genetic resilience, and robust policy support to advance food
security [149,150].

The evidence suggests that resilience depends on the combined capacity of production
systems to withstand climatic shocks, maintain productivity, and recover from adverse
conditions. No single intervention provides all these functions; genetic improvement, water
management, soil-health practices, diversification, and policy support address different
dimensions of resilience [60,65,89,134–150].

Evidence for individual interventions is generally stronger when their mechanisms
are direct and measurable, whereas long-term system resilience is more context-dependent
because outcomes depend on interactions among climate, soil, management, and socioe-
conomic conditions. Thus, resilience strategies should focus on combinations of practices
suited to specific production environments.

Overall, Sections 3.3–3.5 show that climate change affects maize through interacting
abiotic stresses, while adaptation requires complementary interventions. Heat and drought
have well-established physiological effects, whereas soil degradation represents a longer-
term pathway. Similarly, DSSAT-CERES-Maize and APSIM are suited to assessing yield and
management responses, while MaxEnt is more appropriate for spatial climate-suitability
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assessment [3,36,54,107–117]. Appropriate model calibration and validation are therefore
essential for reliable projections.

Overall, the findings support the working hypothesis that climate-related stresses
constrain maize productivity and that their impacts can be reduced through integrated,
context-specific adaptation strategies.

4. Discussion
Climate change poses a major challenge to sustainable maize production because rising

temperatures, changing precipitation, drought, and water scarcity can occur simultaneously
and reduce crop growth and yield. The literature reviewed indicates that these stresses can
interact and intensify yield losses [66,69,74]. Therefore, maize adaptation should consider
multiple stresses together rather than addressing them independently. This integrated
approach is important for improving productivity and long-term resilience.

Heat stress, drought, water scarcity, and soil degradation are particularly important
in climate-vulnerable maize-growing regions. The effectiveness of individual adaptation
measures may be limited when farmers face several constraints simultaneously. Stress-
tolerant varieties, for example, may perform differently depending on water availability,
soil fertility, and planting time. Thus, resilience should consider yield, water-use efficiency,
soil health, nutrient management, and production sustainability.

Key adaptation strategies include stress-tolerant varieties [95–98], suitable planting
dates, efficient irrigation, improved nutrient management, soil conservation, and climate-
smart practices [62,63,99,100]. Combining complementary practices may provide more
stable benefits than relying on a single measure under multiple stresses. Conservation
practices can also improve soil moisture retention and soil conditions [141]. However, their
effectiveness depends on local climatic, soil, and socioeconomic conditions.

Crop modelling can help assess climate impacts and evaluate adaptation strategies
under different environmental conditions. Models can support decisions on planting dates,
water management, and crop responses to temperature and drought. However, reliable
results require local calibration and validation using field observations. Combining mod-
elling with field experiments can therefore improve the development of locally appropriate
adaptation strategies.

Important research gaps remain regarding the long-term effectiveness of integrated
adaptation strategies and interactions among multiple stresses. Adoption is also influenced
by costs, access to technology and irrigation, farmer knowledge, and institutional sup-
port. These factors are particularly important in climate-vulnerable regions with limited
resources. Future research should therefore integrate climate science, agronomy, modelling,
and socioeconomic analysis.

Emerging technologies such as remote sensing, artificial intelligence, and machine
learning can support site-specific monitoring and management of climate risks. Their
effectiveness, however, depends on reliable data, validation, and accessibility. Overall,
improving maize resilience requires an integrated combination of stress-tolerant varieties,
improved water and soil management, appropriate agronomic practices, and locally suit-
able technologies.

5. Conclusions
Climate change poses increasing risks to sustainable maize production through rising

temperatures, changing precipitation patterns, drought, water scarcity, soil degradation,
and extreme weather events, with potential consequences for productivity and global food
security. The bibliometric analysis based on the 485-paper dataset revealed a significant
increase in research on climate change and maize production during 2015–2025, with
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increasing emphasis on climate impacts, adaptation, climate-smart agriculture, sustainable
management, and food security.

The findings from the 85-paper dataset indicate that heat stress, drought, water scarcity,
and soil degradation are important constraints to maize productivity. Building resilient
production systems therefore requires integrated approaches combining climate-resilient
varieties, optimised planting dates, efficient irrigation and nutrient management, conser-
vation agriculture, and climate-smart practices. Crop modelling can further support the
assessment of climate impacts and adaptation options under future climate scenarios.

Based on the evidence synthesised from the 85-paper dataset, the findings support
the working hypothesis that integrated genetic, agronomic, technological, and manage-
ment interventions can strengthen maize resilience under climate change. In contrast, the
485-paper bibliometric dataset provides evidence of the development and structure of the
research field, including major research themes, emerging priorities, publication trends,
and collaboration patterns.

Future research should focus on interacting climate stresses, improved crop modelling
and field validation, digital and AI-based technologies, and the economic and social
feasibility of integrated adaptation strategies, particularly in climate-vulnerable regions.
Strengthening international collaboration and investment will be important for supporting
sustainable maize production and long-term food security.
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