Greenhouse Gas Emissions and Climate Change Impacts on Row Crop Production: Current Evidence, Challenges, and Adaptation Strategies
Abstract
Climate change is increasingly affecting row-crop production systems, which are also sources of greenhouse gas (GHG) emissions. This critical narrative review examines the interactions among GHG emissions, climate change, and row-crop production, specifically for maize, wheat, rice and soybean. The review brings together peer-reviewed evidence published primarily since 2015 to analyse key emission pathways, stressors, physiological and yield responses, adaptation options, methodological and context-specific considerations and reported results and outcomes. The evidence demonstrates that climate impacts are highly context-specific and that compound stresses and elevated atmospheric CO₂, drought, heat and flooding affect different crops in different ways, depending on their developmental stage, genotype, and environmental conditions. N₂O is a significant GHG emitted from upland systems due to nitrogen fertilisation and soil processes, and CH₄ is a significant emission pathway in flooded rice systems. GHG results, however, are quite sensitive to the type of GHG being reported, system boundaries, environmental conditions, and study timeframe. Resilience can be improved through adaptation strategies such as the use of improved cultivars, planting-date adjustments, irrigation and water management, conservation methods, diversification, and improved nitrogen management, but these are rarely effective in all situations. A number of strategies also involve significant trade-offs, such as higher N₂O emissions resulting from water management practices that reduce methane emissions and higher energy-related emissions from irrigation. The overall assessment is that climate resilience is not necessarily a property of individual practices, but rather of the entire production system and its context. Long-term, multi-location, multi-factor studies that include productivity, GHG emissions, water use, soil carbon and economic outcomes are needed, with a focus on under-represented regions such as sub-Saharan Africa. Climate adaptation policies should, for this reason, shift from mandating universal recommendations to combining practices in an integrated way for farmers in the specific locations and conditions in which they operate, to achieve a balance between productivity, resilience, environmental performance and farmer welfare.
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1. Introduction
Row crops are key contributors to food security and are becoming more vulnerable to climate change. Maize and wheat are major crops worldwide and provide nearly one-third of the global food energy needs, while rice is a staple food for about half of the world's population (Yao et al., 2024; Rezaei et al., 2023). Therefore, the productivity of these crops is important not only for food supply but also for understanding how temperature variations and water availability as well as atmospheric CO₂ levels may influence their future yields. However, climate risks are not the same for all crops and production systems. Crop responses depend on crop type, environment, stress level(s), and whether stresses occur simultaneously or sequentially (Rezaei et al., 2023; Jin et al., 2017).
Recent evidence also indicates that rising temperatures, altered rainfall patterns, and climate extremes can constrain crop production, while the effectiveness of adaptation remains dependent on local production conditions and management capacity (Pratap et al., 2024; Abdussalam & Mbaya, 2026).
Another component of the agricultural system that contributes to greenhouse gas (GHG) emissions is row-crop production. The total anthropogenic emissions resulting from the use of agricultural land, including the production of crops and livestock, are around one-fifth to one-quarter of the global total, and the entire agri-food system contributes about one-third when the pre- and post-production uses of crop and livestock land are included (Tubiello et al., 2022). These estimates underscore the need to specify what is included, because agriculture encompasses more than row crops. In cropping systems, the major sources of emissions also differ. N₂O is of particular interest in many upland systems because of nitrogen fertilisation and soil processes, and methane (CH₄) is of particular interest in flooded rice systems (Manco et al., 2024; Li et al., 2025; Kabange et al., 2023). Hence, row-crop production systems differ in climate significance depending on emission magnitude, emission source, gas type, production conditions, and accounting boundaries.
Climate and row-crop production are therefore interrelated and will influence each other. Climate change alters the environmental conditions in which crops are grown, and crop production can also be a source of GHG emissions. Warming, drought, rainfall variability, elevated atmospheric CO₂ and climate extremes can affect crop productivity through various physiological pathways (Rezaei et al., 2023; Ben Mariem et al., 2021; Jin et al., 2017). These effects are also interactive. Generally, elevated CO₂ increases growth rates of C₃ crops (wheat, rice, and soybean) more than those of C₄ crops (maize), but the magnitude of this response may vary under warming, drought and/or nutrient limitation (Rezaei et al., 2023; Ben Mariem et al., 2021). This context dependence is also seen in modelling studies. With regard to relative importance, both heat and drought are found to be crucial for US rainfed maize and soybean, with heat being more important than drought and drought becoming more important than heat under strong warming (Jin et al., 2017). Likewise, in the Northeast regions, temperature can have a negative impact on maize and soybean production, with some scenarios suggesting that temperature and CO₂ changes are partially compensated by precipitation changes (Xu et al., 2024).
Recent syntheses further emphasise that crop resilience under climate change requires coordinated responses to interacting atmospheric, water, temperature, and management constraints rather than reliance on a single adaptation measure (Long, 2025; Verma et al., 2025).
These differences make the evidence difficult to interpret. While there is an existing body of research on the impacts of climate change on crops, it is highly likely that the findings are not entirely comparable because of variations in crop type, location, climate, management practices, experimental design, and analytical method (Rezaei et al., 2023; Jin et al., 2017). The same applies to GHG estimates, as the time range of measurement and the system boundaries and emission measures can result in different estimates that do not necessarily imply contradictory results. A critical synthesis is thus required to differentiate genuine differences in findings from differences in analytical context or method.
In this light, this critical narrative review examines the links among GHG emissions, climate change, and row-crop production with a particular emphasis on maize, wheat, rice and soybean. It addresses the primary sources of GHG emissions, the main climate stressors impacting on crop production, crop physiological and yield impacts, and the effectiveness and constraints of key adaptation strategies. Particular emphasis is placed on similarities and differences in the literature, and the impact of methodological and contextual differences on reported results. The review relates mainly to peer-reviewed publications between 2015 and 2026, with greater weight given to publications from 2020 to 2026, including reviews, meta-analyses, field experiments, modelling studies and controlled experiments.
[bookmark: _bm51pihsp3to]2. Greenhouse Gas Emissions from Row-Crop Production
The sources of GHG emissions from row-crop production are numerous and differ in importance depending on the crop, soil, water regime and management. N₂O is a significant issue in upland crops, such as maize and wheat, due to the high use of nitrogenous fertilisers, which can be a major substrate for nitrification and denitrification processes (Manco et al., 2024; Marcel et al., 2025; Kumar and Bordoloi, 2026). In contrast, flooded rice is another system where prolonged anaerobic conditions promote methanogenesis, leading to CH₄ as a significant part of its GHG profile (Li et al., 2025; Kabange et al., 2023). The differences are such that a single crop-level or gas-level measure is insufficient to represent emissions for row-crop systems.
The management of nitrogen is one of the most prominent factors determining N₂O emissions, but it cannot be considered independently of environmental conditions. The global meta-analysis of N₂O emissions from maize, wheat, and rice revealed a significant difference in yield-scaled N₂O emissions for the three crops, with average values for wheat being higher than those for maize and rice, and showed that climatic and soil-related factors contributed more to the differences in N₂O emissions than did nitrogen management (Yao et al., 2024). This finding is important as it undermines the interpretation that emission rankings at crop level are fixed traits of the crops. Nitrogen continues to be a key management tool, but it will depend on how nitrogen interacts with soil moisture, soil temperature, mineral nitrogen, and other environmental factors.
Field experiments provide evidence that improved N management can lower emissions without necessarily reducing yield. Optimised nitrogen and irrigation reduced N₂O emissions by 49% in a five-year irrigated spring-maize experiment, with an additional 49% reduction for nitrification inhibitors and 56% for slow-release fertiliser, with no significant loss of yield (Lyu et al., 2021). This is consistent with evidence from wheat and rice systems (Kumar and Bordoloi, 2024; Kumar and Bordoloi, 2026). The experimental specificity of this evidence, however, limits the strength of such evidence. The maize experiment was carried out in an intensively irrigated environment, while the wheat and rice studies were conducted over limited periods and in specific areas. These results are thus not necessarily generalisable, but are indicative of what can be achieved with better nitrogen management.
An additional difficulty in estimating N₂O is spatial and temporal variation. Emissions occur in short pulses after fertilisation and irrigation and are linked with the availability of soil moisture, soil temperature and mineral nitrogen (Lyu et al., 2021; Maier et al., 2022). This means that sampling frequency and duration can significantly affect estimated seasonal emissions. This is a significant limitation for field studies because sampling different parts of these emission events can result in different estimates under broadly similar management conditions (Maier et al., 2022).
Rice provides another example of a management trade-off. Water management has a strong influence on CH₄ emissions because flooding creates anaerobic conditions, and water management changes can also influence N₂O emissions (Li et al., 2025; Kabange et al., 2023). Therefore, the climate impact of practices like alternate wetting and drying cannot be assessed solely on the basis of CH₄ reductions. The pertinent question then is whether the decrease in CH₄ is more important than the increase in N₂O when the gases are compared using a common global-warming metric. This distinction is crucial because a reduction in one emission pathway can shift GHG emissions to another pathway.
Including soil management introduces another source of uncertainty. Reported changes in CO₂ emissions and carbon storage resulting from tillage, residue management and soil-carbon dynamics are often inconsistent, depending on soil properties, climate, crop rotation, study duration, and the metric used (Bai et al., 2019; Feng et al., 2020; Bregaglio et al., 2022; He et al., 2023). Conservation practices could enhance soil carbon under certain conditions, and the impacts on soil carbon from various management combinations and environments have been found to differ (Bai et al., 2019; He et al., 2023). Likewise, decreases in direct CO₂ emissions from the soil seem to be associated with system duration, soil texture and climate and are not consistent among locations (Bregaglio et al., 2022).
The selection of measurement units is especially important for soil-carbon evidence. The results depend on the sampling depth, length of the study, soil properties, and the method used to report the results as either soil organic carbon concentration, carbon stock, direct CO₂ flux or net GHG balance (Bai et al., 2019; Feng et al., 2020; Bregaglio et al., 2022; He et al., 2023). Near-surface carbon increases do not necessarily correspond to whole-profile carbon storage. This limits direct conversion of individual soil-carbon measurements into climate-mitigation estimates.
System boundaries are also important for energy use and upstream inputs. When upstream emissions are included within the life-cycle boundary, up to 10% of upstream emissions could occur from the manufacturing of the machinery and fuel used in farming as well as from the production of fertilisers, and up to 10% of downstream emissions may stem from energy required for the irrigation pump (Tubiello et al., 2022). A field study may measure direct N₂O flux, whereas a life-cycle assessment includes the manufacture of fertiliser, use of energy and other upstream processes. Comparisons of these estimates should therefore not automatically be interpreted as contradictory.
Another distinction relates to absolute emissions and emission intensity. Yield-scaled N₂O emissions account for emissions per unit of crop yield, whereas area-based N₂O emissions are emissions per unit of land area (Yao et al., 2024). Thus, an intervention may reduce emissions per unit of product but not necessarily emissions per field. Climate-performance claims should therefore clarify that the result refers to absolute emissions, yield-scaled emissions, soil-carbon change or a broader life-cycle GHG balance.
The evidence therefore favours a more contextual interpretation of row-crop emissions. N-related N₂O is of particular concern in upland systems and CH₄ is of particular concern to the emissions profile of flooded rice. However, emission magnitude is highly sensitive to environmental conditions, management, measurement time and system boundaries (Yao et al., 2024; Maier et al., 2022; Tubiello et al., 2022). The most specific evidence is related to specific emission pathways and management relationships, while uncertainty grows with the integration of various gases, carbon pools, and life-cycle stages into a single assessment. This constraint is significant because the same row-crop scenario can be seen as being either relatively good or bad, depending on the emissions metric and boundary used.
[bookmark: _h21fbl2u22hu]3. Climate Change Stressors Affecting Row-Crop Production
Changes in temperature, water availability, atmospheric CO₂ and extreme events interact to impact row-crop production in the context of climate change. Their effects are influenced not only by changes in climatic averages but also by the intensity, duration, and developmental timing of stresses, as well as crop physiology (Fahad et al., 2017; Rezaei et al., 2023).
[bookmark: _q6r7prf6iy83]3.1 Rising Temperature and Heat Stress
Temperature is a significant limiting factor in crop production and can influence it substantially depending on the timing and intensity of exposure during the growing season. High temperatures can shorten the periods of biomass accumulation and grain formation and can directly impair reproductive processes (Fahad et al., 2017; Lamaoui et al., 2018; Rezaei et al., 2023). In maize, Lizaso et al. (2018) found that the crop cycle was shortened by around 30 days under warmer conditions, but the losses were mainly due to reduced pollen viability. This means that yield loss does not necessarily result solely from phenological acceleration; reproductive sensitivity can be more critical.
Wheat is similarly stage sensitive. Pollen development and anthesis are sensitive to heat around meiosis, which can affect reproduction; the grain-filling stage is also sensitive to heat, which can shorten grain filling and decrease starch and protein accumulation (Ullah et al., 2022; Farhad et al., 2023). As a result, a moderate increase in seasonal temperatures might have a different effect than a short but high-impact heat event when a plant is in a sensitive reproductive phase. The stage dependence provides an explanation for the differences in studies of climate impacts and makes universal temperature thresholds less useful.
[bookmark: _60hum5o3u5m]3.2 Drought and Water Deficit
Drought impacts crop growth by altering stomatal conductance and transpiration, crop development, photosynthetic processes and biomass accumulation, and its effects differ with stress intensity and timing (Fahad et al., 2017; Lamaoui et al., 2018). In maize, Vennam et al. (2023) found that severe early-season soil moisture restriction resulted in a 71–72% decrease in leaf area and 74% decrease in shoot biomass, together with a 65% reduction in stomatal conductance and a 59% reduction in transpiration. These responses indicate that drought stress may decrease yield potential prior to the onset of reproductive development.
Soybean can be particularly sensitive to reproductive-stage drought, although the stage of greatest sensitivity varies among studies. Under the experimental conditions of these studies, seed-yield losses ranged from 73–82% when drought was imposed during flowering and pod setting, while Wang, Sun, et al. (2025) reported higher losses under drought in the grain-filling stage. This difference does not necessarily indicate a contradiction in the evidence. It instead offers an example of how cultivar, stress severity, stress duration and experimental conditions affect apparent stage sensitivity. The data thus indicate a high level of reproductive vulnerability and do not warrant the identification of a single most vulnerable developmental stage.
[bookmark: _d4j7qeu4etx0]3.3 Rainfall Variability, Flooding and Extreme Events
Precipitation changes can be hazardous, whether in the form of a shortage of water or an excess of water. Changes in the timing of rainfall can result in a crop being subjected to drought at an important stage of its life cycle, and too much rainfall can cause flooding, which can affect crop establishment, root function and crop development (Kaye & Quemada, 2017; Omokpariola et al., 2025). The effects of these are more difficult to generalise, as they are very dependent on local hydrology and soil.
The connection between climate change and crop production becomes more difficult when extreme events occur. Short-duration heat, drought, or flood events can cause impacts not captured by seasonal mean changes; impacts can be cumulative or simultaneous (Liu & Basso, 2020; Hultgren et al., 2025). Therefore, climate assessments that rely solely on projected changes in the mean temperature and precipitation might underestimate the risks from extreme events and from the timing of extreme events.
[bookmark: _jyralw9yzsrv]3.4 Elevated Atmospheric CO₂
CO₂ is an important modifying factor because crops and environments respond differently to elevated CO₂. In terms of change in yield, C₃ crops (like wheat, rice and soybean) tend to be more sensitive to increased CO₂ than C₄ crops (like maize) (Ainsworth & Long, 2020; Rezaei et al., 2023). However, CO₂ fertilisation does not always offset warming or water stress.
Cai et al. (2016) found that overall yield losses of about 10–12% in wheat and 17–35% in rice were observed when CO₂ was increased in addition to warming under the conditions of the experiments. However, in another semi-arid FACE experiment, O'Leary et al. (2015) observed a 26% increase in wheat grain yield and a 31% increase in grain water-use efficiency under elevated CO₂. The contrast is crucial as it shows that CO₂ responses are not absolute. Whether enhanced agronomic gains from supplemental CO₂ can occur depends on water availability, temperature, nutrient status, and crop characteristics.

[bookmark: _qmmm4y1cy1bt]3.5 Compound Climate Stressors
Climatic stresses are unlikely to occur in complete isolation throughout a crop growing season. The combined impact of heat and drought may be different from the separate impacts of heat and drought, and may occur in either sequence. The global meta-analysis revealed that the combined effects of heat and drought stress can significantly affect yield and yield components such as harvest index, crop duration, seed number and seed size (Cohen et al., 2021).
This is confirmed by experimental evidence. In maize, combined heat and drought stress caused a 42% decrease in pollen germination, 30% under heat stress alone and 19% under drought stress alone, across genotypes (Bheemanahalli et al., 2022). Hussain et al. (2019) also found that combined heat and drought stress had more severe adverse effects on photosynthesis, nutrient uptake and yield than either stress alone. The results, however, do not warrant the assumption that all combinations of stresses are synergistic. Responses are affected by stress level, timing, genotype and environment. There are also significantly more studies that document combined heat–drought stress than studies documenting combined flooding–drought stress.
The literature on climate stressors therefore suggests that the impacts of climate stressors on crops cannot be reliably estimated by individual climatic variables. Crop development is influenced by temperature, water availability and CO₂, and compound and sequential stresses may result in responses different from those under single stressors. This provides a basis for understanding the physiological and yield responses of the crops to these stressors.
[bookmark: _64a3olgvbr9]4. Physiological and Yield Responses of Major Row Crops
The impact of climate stress on yield is mediated by physiological processes related to water relations, photosynthesis, biomass accumulation and reproductive development. These processes are, however, different in importance for different crops and developmental stages. Therefore, crop responses are better interpreted in terms of interactions among the stressor, crop physiology, and developmental timing rather than fixed rankings of crop vulnerability.

4.1 Maize
Maize is especially sensitive to heat and drought stress during the reproductive stage, but can also be affected early in development. Extreme temperatures during the season can lead to faster growth and decreased pollen viability, while early-season drought can cause reductions in stomatal conductance, transpiration, leaf area, and biomass accumulation (Lizaso et al., 2018; Vennam et al., 2023). Therefore, yield losses can occur because of reduced vegetative growth and reproductive damage.
These effects can be substantially amplified by compound stress. The study of Bheemanahalli et al. (2022) indicated that combined reproductive-stage heat and drought led to yield losses ranging from 49 to 86% across maize genotypes due to decreased pollen germination. The large genotypic differences are important because they demonstrate substantial variation in resilience within crop-level averages. Maize is also different from the C₃ crops in the way that it reacts to increased CO₂. Maize generally shows low yield responses under non-drought conditions, with potential benefits under water limitation (Ainsworth & Long, 2020). Thus, the effects of increasing atmospheric CO₂ on maize must be interpreted in relation to water availability.

4.2 Wheat
Reproductive development and grain filling are strongly correlated with wheat vulnerability. Heat exposure around meiosis, pollen development and anthesis can adversely affect reproductive processes, and heat exposure late in the season can shorten grain filling duration and affect grain quality (Ullah et al., 2022; Farhad et al., 2023). Under pre-anthesis drought, heat, and combined drought and heat stress, respectively, grain-yield reductions of 44.66, 53.05 and 56.47% were reported by Qaseem et al. (2019). Notably, grain number was more sensitive to drought and membrane stability to heat, highlighting that the loss of yield from these two stresses can be mediated by different physiological mechanisms.
Wheat also shows conditionality of CO₂ responses. In a semi-arid system, O'Leary et al. (2015) reported a 26% increase in yield under elevated CO₂ while Cai et al. (2016) observed that elevated CO₂ did not offset yield losses from warming. These results are not contradictory; rather, they confirm that CO₂ benefits depend on environmental conditions. The impacts of warming might then be offset by higher CO₂ but not by higher CO₂ alone.

4.3 Rice
Rice is sensitive to increased CO₂ as it is a C₃ crop, but the response is limited by other climatic factors. Under combined elevated CO₂ and warming, the reduction in yield reported by Cai et al. (2016) was about 17–35%, suggesting that CO₂ fertilisation was not sufficient to compensate for the losses due to warming. This finding is particularly important because it undermines the notion that the benefits of CO₂ fertilisation provide protection against future climate change.
For rice, the difference between a response to one environmental variable and being resilient to climate change in general is illustrated. A crop can have a positive CO₂ response and at the same time have significant impacts from warming or drought. Including CO₂ fertilisation effects in climate projections without adequately representing concurrent stresses may therefore lead to overestimates of future productivity.

4.4 Soybean
Soybean is highly responsive to water stress during the reproductive stages. Under experimental conditions, seed-yield losses of 73–82% were reported when drought occurred during flowering and pod setting by Wei et al. (2018) and were reported to be higher during grain filling by Wang, Sun, et al. (2025). The contrasting findings suggest that reproductive drought is a very significant factor and the relative sensitivity of each stage varies with cultivar, stress characteristics and environmental factors.
Soybean is a C₃ crop and will typically show a greater response than maize under elevated CO₂; however, the extent of the response depends on environment and genetics (Ainsworth & Long, 2020). Thus, as with wheat and rice, the potential for benefits of increased CO₂ does not negate the need to consider other stresses and limitations such as water availability.

4.5 Cross-Crop Synthesis
Timing of development is a significant driver of climate vulnerability, as shown by comparison across maize, wheat, rice and soybean. During reproductive development, heat stress can negatively affect pollen production and reproductive processes, and pre-flowering drought stress can also impact vegetative development and/or pollen and reproductive processes, because the effects of drought depend on its timing (Bheemanahalli et al., 2022; Ullah et al., 2022; Wei et al., 2018). This makes universal rankings of crop-level vulnerability difficult to justify.
Also, there are differences in CO₂ responsiveness among photosynthetic pathways, with wheat, rice, and soybean generally having greater CO₂ responsiveness than maize (Ainsworth & Long, 2020; Rezaei et al., 2023). However, there is substantial inter-crop variation in response depending on water, temperature and nutrient availability in C₃ crops. Likewise, compound heat–drought stress can result in physiological and yield responses that differ from those to individual stresses (Cohen et al., 2021; Bheemanahalli et al., 2022; Qaseem et al., 2019).
The evidence in this instance suggests that the vulnerability of a crop is better understood as a product of interactions among crop, stressor, developmental stage and environment rather than as a crop-inherent trait. FACE and field studies are more powerful for identifying responses under more realistic atmospheric and environmental conditions, while controlled experiments are more valuable for identifying physiological mechanisms. Neither method provides a complete description of all the conditions that occur in agricultural production. This distinction is significant when assessing the potential of adaptation strategies to achieve a shift from physiological to farm-level resilience.
[bookmark: _ei61zj8hbsms]5. Adaptation Strategies and Management Responses
Adaptation strategies can mitigate production losses due to climate change, but their effectiveness depends on the crop type, environment, management capabilities and the prevailing climatic limitation. A growing body of literature shows that the best strategies are not necessarily those that are most effective in the experimental setting, but those that are economically and environmentally sustainable while maintaining production.

5.1 Crop and Cultivar Improvement
Improving resilience through breeding and cultivar selection is important as there is significant genetic variation in response to heat and drought. Wheat genotypes have been identified that maintain relatively high yields under heat stress and the reported indices range from 1.25 to 1.78 (Puri et al., 2020; Lamba et al., 2023). Likewise, the study of maize has revealed that stay-green traits can increase yield stability in water deficit conditions (Bal et al., 2025), and breeding programmes in the tropics have placed a greater emphasis on combining drought, waterlogging and low nitrogen tolerance (Das et al., 2025; Singamsetti et al., 2023).
However, genetic resistance is highly dependent on the environment. Puri et al. (2020) found only a very weak correlation (r = 0.083) between stress and non-stress performance in one wheat nursery. In a multi-environment maize dataset, 75.7% of yield variability under non-irrigated conditions was attributed to management and environmental conditions, whereas 11.4% was attributed to genotype (Bal et al., 2025). The results suggest that a climate-resilient cultivar grown in one climate will not necessarily be climate-resilient in another. Multi-environment testing in breeding should therefore be encouraged rather than reliance on performance at a single site.
Responses to elevated CO₂ are subject to the same context dependence. Overall, CO₂ effects on the yield response are more pronounced for C₃ crops than for C₄ crops, but N deficiency can significantly diminish the yield response (Ainsworth & Long, 2020). This implies that breeding for climate resilience cannot be divorced from the management of water and nutrients. Genetic improvement is a long-term adaptation pathway, but its benefits may not be resilient unless complemented by appropriate management practices.
[bookmark: _ydm5r1zd7p4a]5.2 Planting Date and Cropping Calendar Adjustment
Optimal planting dates can minimise exposure to heat stress and drought. Global modelling suggests that changes in sowing windows can improve production, although the direction of change depends on crop and latitude (Minoli et al., 2022). A meta-analysis of 94 studies revealed that seedling emergence vigour was enhanced by 53% with an early sowing date whereas the yield was reduced by around 24% with a late sowing date, especially when delayed by more than three weeks or with high minimum temperatures (Dadrasi et al., 2024).
There was no evidence, however, for a general trend towards earlier or later planting. In Northeast China, a 10-day delay decreased the baseline maize yield by 6.8%, while under future climate scenarios, it increased by 5.9–30.1% depending on the scenario (Jiang et al., 2021). By contrast, in central Argentina, planting maize nearly 20 days earlier resulted in yield increases of 2–45% (Rolla et al., 2018). Earlier establishment may prevent terminal heat, especially for wheat in the Indo-Gangetic Plains (IGP) (Keil et al., 2015, 2017).
This apparent contradiction is informative rather than problematic: planting-date adaptation works by shifting crop exposure to climatic stress, and the optimal planting time varies with the climate risk being avoided. The approach is therefore more of a location-specific, adaptive and agile strategy, and should not be interpreted as a one-size-fits-all solution. Information on the GHG consequences is still scarce, particularly regarding the impact of crop calendars on nitrogen and water demand and soil emissions.
[bookmark: _v6zlutcs0w82]5.3 Irrigation and Water Management
Potential adaptation–mitigation synergies are most evident when considering water management in rice. Alternate wetting and drying (AWD) generally results in lower CH₄ emissions than continuous flooding. While N₂O increased by 44.0%, CH₄ and combined GWP for CH₄ and N₂O were estimated to decrease by 51.6% and 46.9%, respectively, according to Zhao et al. (2024). Rafy et al. (2025) likewise reported reductions in CH₄ and GWP, with an 18.7% increase in N₂O. A larger synthesis of 2,277 observations from 108 studies reported reductions of 71.0% in CH₄, 54.7% in GWP and 51.7% in GHG intensity with grain yields generally maintained (Xing et al., 2025).
These effects were remarkably consistent in direction, giving relatively strong evidence for AWD, while the magnitude of the effects was context-dependent. CH₄ responses vary with soil texture, drying intensity, precipitation, soil organic carbon and crop duration, and soil texture and pH influence responses of N₂O (Zhao et al., 2024; Rafy et al., 2025). Therefore, the climate value of AWD cannot be judged from CH₄ reduction alone; it depends on the balance among methane reduction, changes in N₂O, and crop productivity.
Yield outcomes under deficit irrigation are less favourable. A meta-analysis of deficit irrigation (DI) in northern China found a 1.61% increase in water productivity and a 16.97% reduction in yield of winter wheat (Fang et al., 2026). The use of 50–70% ETc increased water productivity in Ethiopia by about 48%, but at the same time reduced crop yield by about 16% whereas crop yields at 80% ETc were similar to those under full irrigation (Yimam et al., 2025). The results indicate that deficit irrigation should be considered a context-dependent trade-off between water savings and yield rather than simply a water-saving technique.
Supplemental irrigation can be more targeted, providing water only during dry periods. Supplementing water to compensate for late rainfall onset and early rainfall cessation has been reported to increase yields by about 45.6% in Ethiopia (Gebremedhin et al., 2023). However, it is feasible only where water is available, infrastructure is in place, and storage capacity and financial resources are adequate.
The issue of the cost of adaptation is also illustrated by irrigation. Groundwater extraction and irrigation-water conveyance are energy-intensive processes, and warming may increase groundwater demand (Aryal et al., 2020; Qin et al., 2024). The climate value of irrigation therefore depends on the water source, irrigation energy system, and water-application efficiency rather than on irrigation alone.

[bookmark: _ah6ugcgm7hjv]5.4 Conservation Agriculture and Soil Management
Conservation agriculture, especially no-till, is a more complex pathway to adaptation and mitigation. A global meta-analysis found that yield penalties under no-till compared with conventional tillage were 7.5% for rice, 7.6% for maize, and 2.6% for wheat, with the largest penalties generally occurring during the first 1–2 years of adoption (Pittelkow et al., 2015). The benefits were more pronounced under rainfed conditions in dry climates and where inorganic N was applied.
Evidence from soil carbon is mostly positive, with global syntheses indicating soil organic carbon gains with no-till and residue retention (Haddaway et al., 2017; Beillouin et al., 2023). However, the median yield under no-till was about 1.9% below that under tillage, while an increase in yield of 8.2% was identified for residue retention (Xiao et al., 2021). The distinction is crucial since no-tillage, residue retention and crop rotation are often grouped together, although they yield different agronomic and environmental results.
Other limitations of no-till potential are N₂O dynamics and soil-carbon saturation. The N₂O response is climate-sensitive and duration-dependent, with evidence of both positive and negative effects (van Kessel et al., 2013; Mei et al., 2018; Li et al., 2023). There are also limits to carbon sequestration; taking saturation into account can lead to a 53–81% drop in the expected carbon mitigation contribution (Moinet et al., 2023). Therefore, increases in soil C should not be assumed to represent permanent carbon sequestration.
Such constraints are especially significant in sub-Saharan Africa where the overall yield advantage in favour of conservation agriculture was estimated at only 3.7% in a meta-analysis, whereas the yield advantage for maize was estimated at 4.0%, and 8.4% when all three principles were combined (Corbeels et al., 2020). Other adoption limitations include residue retention, which can compete with livestock feed, fuel and bedding requirements, weed management, and labour requirements (Berre et al., 2021; Mupangwa et al., 2020; Rodenburg et al., 2021). Conservation agriculture is thus seen not as a package of practices that can be used everywhere, but as a group of practices that needs to be adapted to local conditions.
[bookmark: _9m6d0hf32ukr]5.5 Cover Crops and Diversification
Diversification can enhance resilience by distributing climatic and production risks across crops and seasons. A meta-analysis consisting of 3,160 observations from 271 studies revealed that soil organic carbon increased by 5.9% under legume cover crops and 4.0% under non-legume cover crops, with a 16.0% increase in the yield of the following crop under legumes (He et al., 2025). Legume cover crops also caused a 36.2% increase in N₂O emissions. Based on the evidence, it is clear that although improvements in soil C and yield are significant, they do not necessarily imply better overall climate performance.
Crop rotation provides another indication of resilience. Long-term data from North America have shown that diversified rotations can increase maize yields by approximately 28.1% and reduce yield losses due to drought (Bowles et al., 2020). Multi-site experiments also show that cereal–legume diversification can enhance production stability under variable weather conditions (Ewing et al., 2024). Furthermore, intercropping can enhance resource utilisation and protein yield, especially for maize–legume cropping systems, but outcomes depend on nitrogen availability, water competition, and management capacity (Li et al., 2023; Chai et al., 2021).
The mitigation effect of diversification can therefore be considered credible only if the additional biomass, BNF and water demand are taken into account to determine the overall GHG balance. Its benefit is greatest in cropping situations where diversification is not based solely on maximising yield under one climatic condition but instead provides protection from a range of production risks.
[bookmark: _qlk7dr1jboe0]5.6 Nitrogen Management
One of the best opportunities for synergising productivity with GHG mitigation is nitrogen management. Evidence from >6,000 observations shows significant differences in N₂O emissions among wheat, maize and rice, with higher emissions typically associated with tropical and subtropical environments (Yao et al., 2024). Optimising nitrogen-use efficiency through application rate, timing, placement, and formulation can result in lower emissions without affecting productivity (Maaz et al., 2021; Yao et al., 2024).
This potential is confirmed by the use of enhanced-efficiency fertilisers. A global analysis of 191 maize studies found that enhanced-efficiency fertilisers increased yield by 8.5%, N uptake by 11.6%, and N-use efficiency by 35.8%. Urease inhibitors increased yield by 11.0% and reduced ammonia volatilisation by 46.0%, whereas nitrification inhibitors reduced N₂O emissions by 45.9% (Wang, He, et al., 2025). Urease inhibitors lowered NH₃ emissions by 51% while nitrification inhibitors lowered N₂O emissions by 49% (Fan et al., 2022).
However, these actions can redistribute rather than eliminate nitrogen losses. In certain cases, nitrification inhibitors have been linked to enhanced ammonia volatilisation, with their efficacy being influenced by soil pH, organic carbon, texture, precipitation and initial nitrogen surplus of the soil (Fan et al., 2022; Wang, He, et al., 2025). It would therefore be difficult to argue for a universal use of inhibitor technologies. A more appropriate approach is to optimise nitrogen use in relation to crop demand and nitrogen supply rather than simply minimising fertiliser use. This is of particular relevance in the case of nutrient-poor systems, where too much reduction in fertiliser inputs may compromise productivity and resilience.
[bookmark: _x5ujx1xexh8l]5.7 Integrated Adaptation and Adaptation–Mitigation Trade-offs
There is growing evidence that adaptation strategies are best implemented as part of a production system. In the eastern Indo-Gangetic Plains, zero-tillage wheat allows for earlier planting, may provide some protection from terminal heat, and has been reported to yield about 19% or 498 kg ha⁻¹ more than conventional tillage wheat (Keil et al., 2017; McDonald et al., 2022). Conservation-based rice–wheat–greengram systems have also led to higher net returns, increased energy productivity and reduced GWP compared to conventional systems, but the former initially yielded less than the latter (Mishra et al., 2021). Likewise, global modelling studies suggest that the combined approaches of cultivar selection and planting-date adjustment can yield better outcomes for maize and soybean production than either approach on its own (Minoli et al., 2022).
These results corroborate the idea that resilience can be seen as the result of interplay between practices, and not just a single technology. However, more practices do not necessarily lead to better results. Retention of residues can create conflicts with livestock uses, no-till can create weed management issues, and complex packages can lead to greater labour and knowledge requirements (Berre et al., 2021; Corbeels et al., 2020; Rodenburg et al., 2021). Costs of early transition can also be a factor that slows down the practice of conservation tillage.
Trade-offs are especially noticeable when adaptation and mitigation are combined. AWD can significantly reduce CH₄ emissions and increase N₂O emissions; irrigation can maintain yield and increase energy demand; deficit irrigation can increase water productivity and decrease yields; legume cover crops can increase soil carbon and subsequent yield but may also increase N₂O emissions; and no-till can cause yield penalties during transition or alter N₂O emissions (Xing et al., 2025; Zhao et al., 2024; Fang et al., 2026; He et al., 2025; Pittelkow et al., 2015). The examples illustrate that an adaptation cannot be considered climate-beneficial solely because it protects yield. The net value is dependent on the combined effects on productivity, GHG emissions, resource use, timescale, and system boundary.
[bookmark: _9nqczdb691ue]5.8 Economic, Institutional and Regional Constraints
Biophysical effectiveness does not guarantee adoption. In sub-Saharan Africa (SSA), farm size, extension availability, financial resources, inputs, information, and technology are factors that affect the adoption of climate-smart practices (Abegunde et al., 2019; Ma & Rahut, 2024; Mtuwa & Chitakira, 2025). Agronomic performance is not the only factor that influences farmers' decisions; they also consider the perceived risk, labour needs and expected returns (Eitzinger et al., 2018; Menapace et al., 2015).
Zero tillage in the eastern Indo-Gangetic Plains demonstrates the need for practical benefits in addition to yield increases, such as time savings (Keil et al., 2017). On the other hand, cover crops face adoption limitations associated with termination requirements, rotation compatibility, and uncertainty in economic returns (Van Eerd et al., 2023). The examples highlight an important challenge in transferring practices from experiments to farms: practices that work well under experimental conditions or in well-resourced areas do not yield the same results in production environments where there are input limitations, livestock competition, labour constraints or machinery considerations.
The geographical distribution of evidence is also limited. Studies on integrated rice-wheat systems are more prevalent in South Asia, conservation-agriculture studies are more prevalent in sub-Saharan Africa, and long-term rotation and irrigation studies are more prevalent in North America and Europe (Bowles et al., 2020; Corbeels et al., 2020; Jiang et al., 2021; McDonald et al., 2022). This is important because treatment effects can vary significantly based on climate, soil, and farm structure and resource availability. The evidence from one area should not, therefore, be assumed to apply in another area.
There are a number of gaps in the literature. Assessment of adaptation–mitigation trade-offs is limited, as few studies have considered yield, GHG emissions, soil carbon, water use and economic outcomes in a single study. There is also limited evidence for interactions between multiple stresses and genotype-by-management interactions. Furthermore, many climate impact studies still focus on mean climate variables rather than compound and extreme events, and there is significant uncertainty in crop responses and CO₂ fertilisation in future projections (Franke et al., 2020; Li et al., 2023). There is also a lack of evidence from under-represented regions, notably sub-Saharan Africa, which also limits generalisation from more widely studied agricultural systems.
The adaptation literature therefore supports a graded rather than universal interpretation. More convincing evidence is available for targeted nitrogen management and water-efficient rice-production practices that can support productivity while reducing selected GHG emissions. While important, diversification and selected conservation practices are more site-specific and involve trade-offs, as do the resilience benefits of supplemental irrigation. Cultivar improvement and planting-date adjustment are promising options but depend to a large extent on the climatic constraint being addressed and genotype × environment interaction. The main constraint across all strategies is the challenge of sustaining their advantages across varying environmental, farm-size, and socioeconomic settings.
The evidence does not identify a single climate-smart practice, but rather locally feasible combinations of cultivar improvement and planting schedules, nitrogen and water management, diversification, and soil management. Combinations are most likely to create lasting resilience when they address climatic risk, resource constraints, and farmer incentives simultaneously. Future studies should then extend the current evidence base by incorporating additional metrics, such as productivity, GHG emissions, water use, soil health, and economic outcomes, across various production contexts and in areas where farming systems are under-represented.
[bookmark: _8uutd8qixbfn]6. Implications, Research Gaps and Future Directions
[bookmark: _h82eh0fzkn4a]6.1 Implications for Agricultural Management and Policy
Evidence gathered in Sections 1–5 does not justify a one-size-fits-all framework for climate-resilient row-crop management or policy. The outcomes reflect interactions among climatic, soil, physiological and socioeconomic conditions across emissions, climate stressors, crop responses and adaptation strategies. This has important policy implications: practices should not be promoted broadly as "climate-smart" without taking into account the crop, soil regime, water regime, climate conditions and farmers' resources. This is well illustrated by evidence from regions where no-till is being used, which shows differing responses in yield and soil carbon with climate and the duration of no-till adoption and whether it is used in combination with conservation-agriculture principles (Pittelkow et al., 2015; Corbeels et al., 2020; Xiao et al., 2021). Policies based on conservation agriculture as a single entity may therefore fail to take into account the key differences between the various components.
A second implication is that adaptation and mitigation should be assessed together. There are a few strategies that illustrate the danger of drawing incorrect conclusions from concentrating on a single outcome. Alternate wetting and drying (AWD) can decrease CH₄ emissions, but may increase N₂O emissions (Zhao et al., 2024; Rafy et al., 2025; Xing et al., 2025). Irrigation can sometimes be used to safeguard yields during drought years, but can increase emissions if pumping relies on fossil-fuel energy (Aryal et al., 2020; Qin et al., 2024). Legume cover crops can improve soil carbon and crop productivity but may also lead to higher N₂O emissions (He et al., 2025). The examples illustrate that the climate benefit of a practice cannot be determined from yield, CH₄, or soil carbon alone. The overall value is a result of a balance among productivity, emissions, and resource use.
The evidence also supports integrated management, although its benefits are context-dependent. Generally, cultivar adaptation combined with sowing-date adjustment has resulted in higher gains than either strategy alone for both maize and soybean, and full adoption of the principles of conservation-agriculture has outperformed partial adoption in certain maize systems in sub-Saharan Africa (SSA) (Minoli et al., 2022; Corbeels et al., 2020). Zero-tillage wheat in the eastern Indo-Gangetic Plains also offers agronomic advantages and savings in labour and time (Keil et al., 2017). However, increases in practice integration do not necessarily lead to improvements in outcomes. Retention of residues can reduce the amount of livestock feed available, while more complex management packages can add to labour, knowledge and financial demands (Berre et al., 2021; Mupangwa et al., 2020; Rodenburg et al., 2021). It is advisable, therefore, to choose management combinations according to local circumstances rather than as fixed packages.
Greater emphasis should also be placed on energy use in adaptation planning. The use of irrigation is usually considered primarily as a crop-protection measure, but under warming conditions, higher groundwater pumping demand can lead to higher pumping energy use (Aryal et al., 2020). The mitigation impacts of irrigation are thus partly influenced by the source of the energy needed, whether fossil-based or lower-carbon. Irrigation-expansion policies may therefore overlook additional emissions if they do not account for associated energy requirements.
Lastly, biophysical effectiveness does not necessarily lead to adoption. The adoption of climate-smart practices is affected by farm size, access to finance and inputs, extension services, labour requirements and farmers' perceptions of risk (Abegunde et al., 2019; Ma & Rahut, 2024; Mtuwa & Chitakira, 2025; Eitzinger et al., 2018; Menapace et al., 2015). This is especially relevant in sub-Saharan Africa, where evidence remains sparser than in some better-studied regions and resource constraints may substantially affect the feasibility of recommended practices. Climate policies and programmes, therefore, should evaluate not only the agronomic effectiveness of a practice but also whether it is acceptable to farmers and can be implemented and maintained in practice under local conditions.

6.2 Key Research Gaps and Evidence Limitations
A few shortcomings are repeatedly found in the literature surveyed in Sections 2–5. The most critical of these is the small number of studies that quantify yield, GHG emissions, soil carbon, water use and economic outcomes in the same production system. This is important because the benefits of AWD, irrigation and cover crops may be associated with some negative impacts (Zhao et al., 2024; Rafy et al., 2025; He et al., 2025). Therefore, single-outcome studies might not give a complete picture of the overall value of an adaptation strategy.
Another limitation is study duration. The impact of no-till on soil C and N₂O can vary with time and soil C sequestration can reach a saturation level (van Kessel et al., 2013; Beillouin et al., 2023; Moinet et al., 2023). However, many field studies remain short relative to the timescales on which these processes are to be assessed. Therefore, long-term evidence is needed to determine whether early effects persist and whether apparent mitigation benefits remain meaningful over time.
Another limitation concerns interactions among multiple stressors. There is evidence of genotype × environment interactions and of the dependence of CO₂ responses on water and nitrogen availability, which means that the response of crops to CO₂ cannot be predicted from single-factor experiments (Puri et al., 2020; Bal et al., 2025; Ainsworth & Long, 2020; Toreti et al., 2020). However, many experimental studies continue to examine individual stresses in isolation. This means that the existing evidence will not be adequate to represent farm conditions in which multiple stresses, such as heat, drought, nutrient limitation or management constraints, can occur simultaneously.
An additional significant constraint is geographical imbalance. Evidence is especially abundant in certain crop–region combinations, such as the integrated rice–wheat cropping systems of South Asia, conservation agriculture of sub-Saharan Africa, and long-term rotation and irrigation experiments in North America and Europe (Section 5.8). The absence of comparable evidence in other areas should not be interpreted as an indication that certain practices are not effective in these areas but rather as an absence of evidence that precludes generalisation.
There are also some more specific gaps. Possible cultivar effects on nitrogen uptake, rooting, and residue quality are not often measured (Walthall et al., 2025), and cultivar-related GHG consequences are rarely considered together with yield and stress tolerance. Likewise, the impact of planting-date adjustment on water use, N cycling and GHG emissions has been less well studied in relation to yield (Minoli et al., 2022; Dadrasi et al., 2024; Jiang et al., 2021). Uncertainties remain in the ability of crop models to realistically represent extreme and compound climate events, as well as CO₂ fertilisation and realistic farmer adaptation (Franke et al., 2020; Li et al., 2023; Hultgren et al., 2025). The constraints mean that projections under higher levels of future warming are less certain than assessments under observed and moderate warming.
[bookmark: _obbddu7vnk96]6.3 Priorities for Future Research and Integrated Assessment
The following gaps were found, indicating a need for research that goes beyond isolated, practice-level experiments towards integrated, multi-outcome, and multi-context research. Future studies should be designed to consider the trade-offs identified in this review rather than only one outcome of adaptation.
For rice, the study of AWD should always include whole-system GWP and not just CH₄, as mitigation in CH₄ can be paralleled by increased N₂O emissions (Zhao et al., 2024; Rafy et al., 2025; Xing et al., 2025). The research on no-till should not assume that the impact of no-till is constant over time and space (van Kessel et al., 2013; Pittelkow et al., 2015). The assessments and analyses of irrigation should include energy resources and their associated emissions, in addition to reporting outcomes in terms of yield and water use (Aryal et al., 2020; Qin et al., 2024). Likewise, breeding trials need to use multi-environment testing more extensively to accommodate genotype × environment interactions (G × E) (Puri et al., 2020; Bal et al., 2025). Household-level competition for crop residues in sub-Saharan Africa should also be considered in conservation-agriculture research, as residue may need to be used for livestock feed, fuel or other uses (Berre et al., 2021; Mupangwa et al., 2020).
Overall, long-term and multi-location experiments are required to further elucidate soil-carbon and N₂O responses over time. Multi-environment trials should include variation in genotypes, climate, and management factors, and physiological experiments should also increasingly include the compound stresses of heat, drought and nutrient limitation (Bheemanahalli et al., 2022; Cohen et al., 2021). Field experiments also need to be better coupled with crop models to improve the representation of extreme events and farmer adaptation (Hultgren et al., 2025). The imbalance in the evidence base by geographical region supports increased research investment in sub-Saharan Africa and other under-represented regions of the world to further enhance the global relevance of current conclusions.
Greater research emphasis should be placed on linking experimental performance to farm-level outcomes. Participatory assessment of agronomic performance should also consider how practices affect affordability, labour, input availability, institutional support and farmer preferences, which can explain why practices that work well in the field do not always work well on farms. Yield, GHG, water use, soil carbon and economic outcomes should also be assessed together in life-cycle and system-level assessments.
In conclusion, the available evidence suggests that asking whether a specific practice "works" is insufficient. A more useful question is: Under what climatic, soil, crop, management and socioeconomic conditions and across what timeframe would a practice achieve a beneficial productivity-resilience-emissions-resource-use-farmer-welfare balance? Such a conditional approach to decision-making would provide a stronger basis for climate-change adaptation than universal prescriptions for action. Some evidence also indicates that combinations of practices may produce better results than single practices, but more research is required to understand when they provide complementarity and when they compete with each other for scarce labour, water, residue or capital.
[bookmark: _vpsqbzuh1ase]7. Conclusion
This review explored the connection between GHG emissions, climate change and row-crop production in maize, wheat, rice, and soybean. Results indicate that these crops are affected by interacting climate stresses, such as increased temperature, heat stress, drought, rainfall variability, flooding, higher levels of atmospheric CO₂ and extreme events. The effects, however, vary considerably with crop, developmental stage, environmental conditions, and stress level. Responses to heat and drought stress have been shown to be interactive in maize and wheat, and responses to elevated CO₂ are highly dependent on water and nutrient availability. Changes in individual climate variables are therefore not sufficient to represent the impacts of climate on row crops.
Several emission pathways from row-crop production also contribute to climate change. N₂O is of special relevance in many upland systems due to nitrogen fertilisation and soil processes, and CH₄ is a major issue in flooded rice. Other factors, such as energy use, soil management, and upstream inputs, can also affect overall GHG balance. Row-crop production thus has varying climate impacts depending on the gases, emission sources, system boundaries and metrics included. Variations in findings should therefore not be considered contradictory if different measurement techniques or system boundaries have been used.
The adaptation evidence supports the review's strongest overarching conclusion: There is no one best adaptation strategy. Nitrogen management and water-management approaches such as AWD offer relatively good evidence of potential productivity and mitigation benefits, but with trade-offs. Cultivar improvement, planting-date adjustment, plant diversification, supplemental irrigation and conservation practices can have a positive impact on resilience, but their effectiveness depends more strongly on local climate, soil, genotype, management capacity, and resources. There are also some strategies that entail clear trade-offs. AWD can lead to a decrease in CH₄ with an increase in N₂O, irrigation can result in a higher yield with higher energy-related emissions, deficit irrigation can result in higher water productivity with lower yield, and legume cover crops can lead to higher soil carbon levels and higher yields, while also increasing N₂O emissions (Xing et al., 2025; Zhao et al., 2024; Fang et al., 2026; He et al., 2025).
The results indicate that climate resilience is not an intrinsic feature of a practice but a context-specific feature of the production system. The effects of an intervention can vary depending on climate, soil, water, nutrients and socioeconomic factors. As a result, policies should not encourage practices as “climate-smart” without recognising trade-offs and implementation barriers. Planning for adaptation should instead consider suites of practices that are tailored to local conditions, and assessed on the basis of productivity, emissions, water use, soil health and economic impacts.
Major evidence gaps remain. Long-term multi-location and multi-factor studies are required to better understand how adaptation effects evolve over time and across different environments. In addition, compound climate stresses, genotype × environment interactions, the GHG footprint of crop calendar shifts, and the influence of energy use in irrigation need to be given greater attention. Increased research in under-represented areas, especially sub-Saharan Africa, is necessary to improve the global relevance of the evidence base. To be more reliable, crop models need to better represent extreme events and realistic farmer responses to warming.
In general, the evidence is inconclusive on the ability of any single agricultural technology to fully protect row-crop production from climate change. Rather, combinations of better cultivars, planting times and dates, nitrogen management, water management, diversification and feasible soil practices for local conditions are more likely to lead to durable resilience. In addition to being agronomically effective, these combinations need to be affordable, compatible with available resources, responsive to farmer incentives, and supported institutionally. The shift to climate-smart agriculture needs to move beyond generalised practice recommendations to integrated, evidence-based systems explicitly defined to take into account local conditions and trade-offs between yield, resilience, greenhouse-gas emissions, water, soil carbon, and farmer welfare.
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