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Abstract

Climate change threatens rice yields and global food security, while conventional flooded rice
remains a major source of methane emissions. Management options that enhance both mitigation
and adaptation are therefore essential. We evaluate water-saving and low-emission rice manage-
ment practices, alternate wetting and drying (AWD) and system of rice intensification (SRI), com-
pared with continuous flooding across three districts in Bangladesh using an integrated climate—
crop—economic modeling framework. The analysis links climate, crop, methane, water-use, and
farm economic outcomes and assesses impacts across district and farm-size strata to capture spa-
tial and socioeconomic heterogeneity. Under warmer futures, with each management system eval-
uated relative to its own current-climate baseline, farm net returns vary across strata, with modest
gains of up to 5% in some regions but declines of up to 10% in most areas, while methane emis-
sions increase by 12%—-55%. The modeled adoption of SRI-AWD, relative to continuous conven-
tional flooding under both current and future climate conditions, reduces methane emissions by
35% on average while improving farm income and water-use efficiency, although outcomes vary
across farm populations. These results show that SRI-AWD can reduce economic losses and emis-
sions relative to conventional management under both current and future changing climate con-
ditions, while highlighting that scaling potential depends on where and for whom benefits occur
across heterogeneous rice-farming systems.

1. Introduction
Agricultural production is both a major source of greenhouse gas (GHG) emissions and highly vulner-
able to climate change, including shifting conditions and extreme events (Tubiello et al 2021, Jigermeyr

et al 2021). These challenges are particularly important in rice systems, which provide a staple food for
over 3 billion people globally while accounting for 10% of agricultural GHG emissions. Thus, there
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is an urgent need to identify rice management interventions that deliver benefits to farmers, enhance
resilience to climate change, and contribute to mitigation efforts. Assessing such interventions requires
explicit ex-ante characterization of their biophysical and socioeconomic co-benefits and trade-offs
(Verspecht er al 2012, Mbow et al 2019, Antle and Valdivia 2021a). Such assessments can generate the
evidence-based information needed to support decision-making, guide investments towards promising
options, and promote widespread adoption of practices that support sustainable and climate-resilient rice
systems.

This study aims to assess the biophysical and socioeconomic adaptation and mitigation co-benefits
and trade-offs of the system of rice intensification (SRI) in rice cropping systems on both small and
large farms across three representative districts in the North, East, and Southwest of Bangladesh dur-
ing the Boro season (December—April). SRI is based on key agronomic management principles such
as a focus on whole plant and root development and practices including alternate wetting and drying
(AWD) water management, earlier seedling transplanting or direct seeding, and reduced plant density
and/or wider spacing (Thakur et al 2010, 2016, LaHue et al 2016, Jat et al 2023). SRI has been reported
to increase yields and reduce methane under certain local or regional growing conditions, and may also
reduce sensitivity to altered hydro-climate conditions (Thakur et al 2016). Furthermore, complex interac-
tions between these management principles may produce productivity gains over and above any singular
principle (Gathorne-Hardy et al 2016, Thakur er al 2016, Uphoff 2023).

These possible benefits have led over ten countries to officially incorporate SRI (or some subset of
SRI management principles and practices) into their national adaptation plans and nationally deter-
mined contributions (NDCs) for emissions reductions under the Paris Climate Agreement. In addition,
another 40 countries have drafted plans to include SRI in their updated post-2025 NDCs, suggesting a
growing recognition of it as a sustainable strategy for climate adaptation and mitigation (Government of
Bangladesh 2022, SRI-2030 2023, 2025).

One element of SRI is AWD, which has been actively promoted in Bangladesh as a water-saving irri-
gation practice with the government pledging to scale up its adoption to help meet national mitigation
and adaptation targets included in their NDCs (Dittmer et al 2024, IRRI 2024). However, a recent meta-
analysis indicates that while AWD improves water use efficiency, it is generally accompanied by a small
yield penalty for most farmers (Zhang et al 2023). Beyond yield effects, implementing AWD may present
other challenges, including access to and control of water resources as well as increased labor costs and
higher vulnerabilities for laborers such as increased exposure to heat stress, seasonal wage uncertainty,
and disproportionate impacts on gender roles in rice cultivation (Sabarmatee et al 2025).

SRI, which includes AWD among other principles and practices, faces similar challenges (Gathorne-
Hardy et al 2016). Nevertheless, previous studies have demonstrated that SRI can deliver higher yields
and productivity benefits compared to AWD alone, while simultaneously reducing methane emissions
(Thakur et al 2016, Barrett et al 2022, Uphoff 2023, Li et al 2024). Yield gains may provide an important
incentive for farmers to adopt SRI, although realized adoption also depends on access to irrigation water
supply, labor requirements, training, extension support, and other local constraints.

This study provides a forward-looking integrated assessment by linking climate, crop—soil-GHG, and
economic modeling to evaluate how alternative rice management systems affect farm income, poverty,
water-use efficiency (WUE), and methane emissions under current and future climate conditions. The
objective is not to re-estimate historical adoption, but to assess how the distribution of economic and
environmental co-benefits varies across districts, farm types, and climate futures. This mitigation-
adaptation co-benefits (MAC-B) framework builds on the Agricultural Model Intercomparison and
Improvement Project (AgMIP) regional integrated assessment (RIA) protocols (Rosenzweig et al 2013,
Antle et al 2015). It extends their application to rice systems, complementing related applications in the
Red River Delta, Vietnam (Li et al 2024), and crop-livestock systems in Zimbabwe (Homann-kee Tui et al
2021, 2023). The results can support national-scale planning, including NDCs and National Adaptation
Plans (NAPs), as well as subnational decisions about where mitigation and adaptation strategies may
generate combined benefits.

2. Methods

2.1. AgMIP MAC-B modeling approach

We applied an integrated assessment framework to evaluate MAC-B and tradeoffs in Bangladesh rice sys-
tems (figure 1). This framework links climate scenarios with DNDC-ORYZA, a process-based rice crop—
soil model used to simulate yields, water use, soil carbon, and GHG emissions (Li ef al 2017), and TOA-
MD, a multi-dimensional impact assessment model used to assess net returns, poverty, vulnerability,
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Figure 1. Integrated assessment framework for mitigation—adaptation co-benefits and trade-offs in Bangladesh rice systems. The
MAC-B framework links climate scenarios, DNDC-ORYZA crop-soil simulations, and TOA-MD impact assessment to evaluate
rice yield, greenhouse gas emissions, water use, net returns, poverty, vulnerability, and adoption potential.

adoption potential, and environmental outcomes across heterogeneous farm populations (Antle and
Valdivia 2021b).

2.2. Stakeholder engagement

Stakeholder input was used to ensure that the modeled practices reflected research and policy pri-
orities in Bangladesh. Engagement included discussions with national research institutions, govern-
ment agencies, NGOs, and CGIAR partners, including the Bangladesh Agricultural Research Institute,
Bangladesh Rice Research Institute, BRAC Bangladesh, the Ministry of Public Administration, the Center
for Environmental and Geographic Information Services, the International Rice Research Institute, and
the International Maize and Wheat Improvement Center (CIMMYT). These discussions helped identify
AWD and SRI as relevant management options for assessing MAC-B and trade-offs, and informed inter-
pretation of results related to water management, farmer feasibility, and policy relevance.

2.3. Regional Integrated Assessments

The RIA approach uses a whole-farm characterization of agricultural households in a region. This
requires information on household and farm-level production activities, including crop and non-crop
enterprises, production costs, revenues, and non-farm income where available. Data description and
sources are listed in table S1 in supplementary material. Plot-based crop simulations are linked to
distributions of climate, soils, and crop management for a population of farms in a region (e.g., the
Bangladesh districts shown in figure 2). The regions provide a representative sample of farms in North,
East, and Southwest Bangladesh with complete agronomic and economic data for the three manage-
ment systems. This enables the estimation of distributions of farm net returns and the parameters for
the TOA-MD model. The utilized models and their outputs are shown in table S2 in the supplementary
material, as are the analyses these outputs enable.

3. Climate data for soil-crop modeling

The crop-soil simulations required climate information at the daily timestep for 30 continuous years,
including temperature (maximum and minimum), precipitation, solar radiation, along with relative
humidity and wind speed. We leveraged daily station data for these quantities for 1980-2010 from
the Bangladesh Meteorological Department using one station site for each of the eight focus districts.
Missing data was gap-filled using AgMIP methodology (Ruane et al 2015). In brief, these district station
data were used to further bias-correct the spatially-explicit 0.25° latitude x longitude AgMERRA climate
dataset (Ruane et al 2015) to produce a complete daily, 30-year dataset.

This new data was then used to fill gaps in the district station data record, and the district-wise
biases identified were further removed from other AQMERRA 1980-2010 timeseries corresponding to
the surveyed farm sites, using the gridcell closest to the site location within the respective district. These
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Figure 2. Study regions in the North, East, and Southwest of Bangladesh.

approaches have been widely applied to a range of climate-crop model applications. Future mean climate
anomalies were evaluated by taking the difference (i.e., delta) between monthly averages for the model-
simulated baseline (1980-2010) and future (2040-2070) shared socioeconomic pathway (SSP) 2-4.5 cli-
mate scenarios.

These month-wise anomalies were then applied to each day of the corresponding month in the
above-described site-specific baseline climate data. These methods also account for changes in variabil-
ity resulting from future climate changes by adjusting the baseline climate series by monthly changes in
the standard deviation of maximum temperature, the standard deviation of minimum temperature, and
the number of rainy days (precipitation >0.1 mm) (Ruane et al 2015).

Future climate scenarios were constructed using downscaled outputs from the Sixth Coupled Model
Intercomparison Project (CMIP6) (Eyring et al 2016) applying the AgMIP methodology (Ruane and
McDermid 2017, Ruane et al 2017). Specifically, monthly mean anomalies and changes to daily variation
in the relevant climate variables from two global climate models (GCMs) were obtained from the NASA
NEX GDDP bias-corrected downscaled climate model datasets (Thrasher et al 2022). GCMs designated a
‘less extreme future climate’ (LEFC; MIROCS6 climate model (Tatebe et al 2019, Ando et al 2021)) and a
‘more extreme future climate’ (MEFC; KACE-1-0-G, NIMS-KMA climate model (Sung et al 2021)) were
selected from a set of 24 GCMs.

The LEFC and MEFC scenarios were selected from 24 downscaled GCMs to represent lower- and
higher-warming responses for the study region, as shown in figure 3. We focused on temperature
responses as we expected these to have more demonstrable impacts than the variation in precipitation
for irrigated rice systems. Nevertheless, we acknowledge that this approach does not characterize the full
distribution of modeled climate change uncertainty as present in CMIP6.

Anomalies between the future climate projections for SSP2-4.5 (medium mitigation ambition climate
scenario) for 30 years centered on 2050 and baseline simulated climate (1980-2010) were then applied to
the baseline, bias-corrected AgMERRA datasets at each site. Atmospheric CO, concentrations (365.5ppm
for baseline weather and 506.9 ppm for the 2050s) were utilized for the middle-year of the 30-year base-
line and future climate simulations for the respective crop—soil model simulations.
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Figure 3. Distribution of mean Boro season temperature and precipitation anomalies for 24 downscaled global climate model
(GCM) projections representing SSP2-4.5, centered on 2050. The median is identified by dashed lines, defined by + one stan-
dard deviation of change on each axis. The black square represents the mean anomaly across all GCMs. The colored circles with
contrasting borders represent the mean of each quadrant, which delineates warmer/less warm and drier/wetter anomalies, rela-
tive to the distribution of climate model anomalies. The black diamond represents baseline (baseline) climate conditions, situ-
ated at 0 temperature and precipitation change. The black circles with black borders represent the site-specific anomalies of the
selected models, ‘LEFC’ (MIROC6) and ‘MEFC’ (KACE-1-0-G).

All conclusions are limited to the SSP2-4.5 scenario and cannot be extrapolated to other emission
scenarios. A range of CMIP6 emissions scenarios exist (Riahi et al 2017) with associated levels of CO,
that affect crop growth and water use. However, there is uncertainty in the magnitude of the CO, fer-
tilization effects (Toreti et al 2020). Future work will utilize AgMIP methods, protocols, and modeling
frameworks to conduct tests across the uncertainty space of climate scenarios and factors shaping rice
productivity, including CO,, temperature, water, and nutrient management (McDermid et al 2015).

4. Soil-crop modeling

The DNDC-ORYZA model was used to simulate rice growth, grain yield, soil carbon dynamics, and
GHG emissions. The model couples DNDC soil biogeochemical processes with the ORYZA rice crop
model, enabling rice crop development and soil processes to be represented jointly (Li et al 2017). By
incorporating rice physiological responses, DNDC-ORYZA supports analysis of interactions among geno-

type, environment, and management (GxExM) in rice production systems.

Crop model simulations require daily weather data, soil characteristics, crop information, and land-
management inputs. The core weather variables include precipitation, maximum and minimum temper-
ature, and solar radiation, with relative humidity and wind speed included when available to improve
model performance. Management inputs include planting and harvest dates, fertilizer application, irriga-
tion management, and observed grain yield; the latter was used for crop model calibration and valida-
tion of simulated rice production.

Field-level soil properties were derived from SoilGrids 2.0 (Poggio et al 2021) using the geographic
coordinates reported in the survey datasets. Extracted variables included soil texture, organic carbon,
nitrogen, and pH. Soil organic carbon and nitrogen values were then adjusted using available soil-profile
information. Rice management information was extracted from the survey, including the geo-coordinates
and administrative location; rice cultivar; sowing, transplanting, and harvest dates; fertilizer type and

5
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amount; general water management description; and grain yield. The cost of cultivation data available in
the dataset was used in the economic model.

GHG data from rice fields in Bangladesh were unavailable so GHG calibration was done using expert
judgment based on similar MAC-B studies in Vietnam with DNDC-ORYZA. DNDC has been combined
with the crop growth and physiological processes of ORYZA to create a DNDC-ORYZA version, where
the soil biochemical processes are from the original DNDC whose capability of estimating GHG emis-
sions in many environments has been proved in many studies (Yin et al 2020, Hwang et al 2021, Li et al
2024).

A data quality check was conducted to identify the subset of survey observations suitable for DNDC-
ORYZA calibration and validation. The full dataset included survey data from 8,981 farmers’ fields, but
crop-model calibration required complete and internally consistent information on cultivar, planting
and harvest dates, fertilizer management, water management, soil characteristics, location, and grain
yield. Observations with incomplete crop-model inputs were excluded from the calibration dataset, leav-
ing 4427 observations with sufficient information for crop modeling. A further consistency check was
then applied to remove observations with implausible combinations of reported grain yield and fertilizer
management.

The final calibration and validation dataset included 1458 plots for the two dominant cultivars, BRRI
dhan28 and BRRI dhan29. This dataset was split into calibration and validation subsets, with approx-
imately two-thirds of observations used for calibration and one-third for validation. The calibration
subsets for BRRI dhan28 and BRRI dhan29 included 813 and 160 sites, respectively, while the valida-
tion subsets included 404 and 81 sites. The retained calibration and validation dataset covered the target
regions and management systems, providing sufficient variation in soils, management, and yields to esti-
mate cultivar-specific parameters. Model performance was then evaluated against independent validation
observations using regression statistics and normalized RMSE, as reported in Fig. S1 and table S3.

Using this calibrated modeling framework, we tested three rice management systems under Baseline
and future climates: conventional with continuous flooding (CONV-CF); Conventional with AWD
(CONV-AWD); and SRI with AWD (SRI-AWD) (figure 4). CONV-CF maintains continuous flood from
transplanting (or one week after direct-seeding) to one week before physical maturity, while AWD alone
was implemented in cycles of five ‘wetting days’ and seven ‘drying days’ in the period from transplant-
ing to one week before crop maturity. During wet periods, the total of irrigation plus rainfall was set to
maintain at least 1 cm standing surface water. This represents SRI and AWD-based systems that not only
can enhance yield potential but also reduce environmental impact with less variability (see table S4).

5. Socioeconomic modeling

The tradeoff analysis for multi-dimensional impact assessment model (TOA-MD) (Antle and Valdivia
2021b) was used to evaluate potential climate change impacts on socio-economic and environmental
outcomes, as well as the benefits of adopting AWD technology and SRI management practices, following
the methods described in the AgMIP RIA Handbook (Antle et al 2015, Rosenzweig et al 2016). These
outcomes provide the basis for the climate change impact, vulnerability, and adaptation and mitigation
analyses.

TOA-MD. TOA-MD is a parsimonious model for technology adoption, impact assessment, and ecosys-
tem services analysis. It integrates outputs from climate, crop, livestock, and economic analyses to eval-
uate relationships among economic indicators, such as farm income and poverty rates, environmental
indicators, such as GHG emissions, and social indicators, such as food security and gender. The funda-
mental parameters of the model are population statistics, including means, variances, and correlations of
economic variables and associated outcome indicators. These parameters are estimated for current sys-
tems and then used to evaluate how alternative systems or climate conditions affect the distribution of
outcomes across the farm population.

Data. Data to characterize whole-farm production activities were extracted from the BRAC/Monash
household surveys conducted between 2014 and 2016 as part of a randomized SRI intervention study
(Barrett et al 2022). Although the original survey covered a larger set of districts, this analysis used
observations from the three districts selected for the MAC-B Bangladesh assessment: Lalmonirhat,
Gopalganj, and Kishoreganj. After removing observations with incomplete or inconsistent information on
production, costs, prices, outputs, and whole-farm activities, the economic dataset used in this analysis
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Figure 4. Baseline, historical climate distribution of simulated yields, CH4 emissions, and water use efficiency across sites and
districts in the study regions for conventional (CONV) continuous flooding (CF), alternate wetting and drying (AWD), and
Sustainable rice intensification (SRI).

included 601 farms under conventional flooding, 2,116 farms under AWD, and 472 farms under SRI-
AWD.

Experimental design. The experimental design and repeated observations provided information on farms
under conventional and alternative rice management practices, including farms transitioning from con-
ventional practices to SRI-AWD. For TOA-MD, these data were organized into district-by-farm-size
strata. Each stratum represents a population of heterogeneous farms, not a single representative farm.
TOA-MD uses within-stratum distributions of net returns and related outcomes to estimate opportunity
costs, adoption potential, vulnerability, and impacts.

Two reference comparisons were used in the socioeconomic modeling experiments. For the climate-
impact analysis, each rice management system under future climate was compared with the same man-
agement system under baseline climate. For the adoption analysis, the AWD and SRI-AWD alternatives
were compared with conventional CF under the same climate condition: baseline, LEFC, or MEFC.
These comparisons are summarized in table S5.

Links to DNDC-ORYZA crop model and adoption analysis. Outputs from the DNDC-ORYZA crop simu-
lations were used to estimate relative yield changes for the TOA-MD simulation experiments. Simulated
GHG emissions, including CHy, N,O, and CO,eq, were used to estimate how adoption of alternative rice
management practices or climate change can generate MAC-B and trade-offs.

For the adoption analysis, TOA-MD follows a treatment-effects logic in which farms self-select
between a base system, System 1, and an alternative system, System 2. Adoption is estimated by com-
paring the distribution of expected net returns under the two systems. These distributions are combined
into an opportunity-cost distribution, also referred to as the marginal treatment effect. Farms for which
the alternative system has higher expected net returns are treated as potential adopters, while farms for
which the base system has higher expected net returns remain in the current system (Antle 2011). Thus,
a higher average net return for SRI-AWD or CONV-AWD does not imply universal adoption, because
some farms may still face lower expected returns under the alternative system due to heterogeneity in
soils, climate exposure, management practices, costs, yields, and household characteristics.

The adoption estimates should therefore be interpreted as economically feasible adoption potential
under the modeled conditions, not as a complete long-term behavioral prediction of realized adoption.
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Social norms, risk preferences, credit constraints, land tenure, labor availability, collective water man-
agement, information access, and extension support can also affect whether households adopt and fully
implement AWD or SRI-AWD. These factors are not represented as separate model inputs in this anal-
ysis. Rather, TOA-MD estimates the economic component of adoption and its associated socioeconomic
and environmental impacts for a heterogeneous farm population.

The model then estimates differences in outcomes associated with adoption, including changes in
farm net returns, poverty rates, and environmental outcomes. Changes in aggregate methane emissions
depend on the proportion of farms that adopt the alternative management practice, such as SRI-AWD,
and the proportion that remain under the base system, such as conventional CE.

Impacts of climate change. TOA-MD uses a similar distributional logic to simulate the impacts of climate
change. In this case, vulnerability is defined as the percentage of households projected to lose income
under a future climate relative to baseline climate conditions. The model also estimates the associated
gains and losses for households that benefit from climate change and those that lose, enabling climate
impacts to be characterized across the farm population rather than only through changes in average out-
comes (Antle and Valdivia 2021b).

Economic and environmental indicators. In this study, economic and environmental indicators, includ-
ing average farm net returns, poverty rates, vulnerability, adoption rates, and average GHG emissions,
were calculated across relevant sub-populations: gainers and losers in the climate-impact analysis, and
adopters and non-adopters in the adoption analysis. Poverty rates were estimated using the Foster—
Greer—-Thorbecke poverty measure with o = 0, which corresponds to the headcount ratio, or the share
of households with per-capita income below the poverty line (Foster et al 1984). We used the interna-
tional extreme poverty line of US$2.15 per person per day in 2017 purchasing power parity, equivalent
to approximately BDT 165.55 per person per day in the study data.

The same poverty line was applied across baseline and future climate scenarios so that poverty
changes reflect modeled changes in farm net returns and income under each climate-management sce-
nario. These estimates should therefore be interpreted as relative changes in poverty associated with cli-
mate and management effects, not as forecasts of absolute poverty levels in 2050.

Caveats. This study focused on co-benefits and tradeoffs under current socioeconomic conditions, base-
line climate, and selected future climate scenarios. Future socioeconomic conditions, including changes
in prices, production costs, policies, and broader agricultural development pathways, were not included
as separate scenarios, but could be incorporated in future analyses through AgMIP representative agricul-
tural pathways (Valdivia et al 2021).

6. Results

6.1. Baseline distributions of cropping system variables

Baseline distributions of key cropping system variables in the three study regions of Bangladesh are
shown in figure 4. The distributions of simulated yields show that both CONV-AWD and SRI-AWD
management systems tend to produce higher average yields than CONV-CF across most regions and
farm types. The results also show different degrees of variability across management systems. While
CONV-AWD shows the highest mean vyield, it also tends to have greater variability. SRI-AWD, on the
other hand, shows lower mean yields compared to CONV-AWD with relatively lower variance, suggest-
ing more consistent performance across sites.

In terms of methane emissions, both CONV-AWD and SRI-AWD consistently result in lower mean
CH,4 emissions compared to CONV-CE The distributions of emissions under these systems also exhibit
tighter spreads and lower standard deviations, indicating more stable and predictable reductions in GHG
emissions. These results suggest that SRI and AWD-based systems enhance yield potential and reduce
environmental impact with less variability. Both CONV-AWD and SRI-AWD had higher mean water use
efficiency than CONV-CE

6.2. Future climate scenarios
The distributions of temperature and precipitation anomalies do not widely differ between districts and
sites, in that most GCMs produce similar anomalies across the sites (figure 3). Precipitation changes
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Figure 5. Climate impacts on biophysical outcomes under LEFC and MEFC across six strata: small and large farms in
Lalmonirhat, Kishoreganj, and Gopalganj districts. Values show changes under each future climate relative to the same man-
agement system under baseline climate: CONV-CF future versus CONV-CF baseline, CONV-AWD future versus CONV-AWD
baseline, and SRI-AWD future versus SRI-AWD baseline. Outcomes shown are relative yield, percentage change in methane
emissions, and percentage change in water-use efficiency.

ranged mostly from —20% to 4+20% of the baseline, while temperature changes ranged as low as —1 °C
from Baseline to 3 °C. We note that even under AWD conditions, rice production across these districts
in Bangladesh is irrigated and yield sensitivity to precipitation is expected to be lower than its sensitiv-
ity to temperature. However, this reduced sensitivity to rainfall may not always be the case for methane
emissions.

As temperature is the key climate variable to which rice systems respond, both for productivity and
methane emissions, we select GCMs that represent the mean and maximum of the model distribution.
This results in a LEFC to MEFC range from ~1 °C to ~3 °C, depending on the district. These two sce-
narios are used to examine sensitivity to contrasting climate realizations within SSP2-4.5 and are not
intended to represent the full distribution of CMIP6 climate uncertainty.

6.3. Impact of climate change on conventional and SRI management systems

In this section, climate impacts are reported relative to the same management system under baseline cli-
mate. Therefore, future outcomes for CONV-CF, CONV-AWD, and SRI-AWD are each compared with
their respective baseline-climate counterparts. These results show the effect of climate change within each
management system, rather than the effect of switching management systems.

6.3.1. Biophysical
The LEFC and MEFC show different responses across some key biophysical outcomes relevant to mitiga-
tion and adaptation (figure 5).

Yield. Under the LEFC scenario, rice yields increase for all strata under CONV-AWD management sys-
tems, and for most strata under SRI (figure 5, top row). For CONV-CEF, impacts vary across strata, with
yield changes from —5% to +10%. Positive responses (i.e., yield increases) in most strata, including
under CONV-CF management, likely reflect benefits from differing soil type or crop variety responses.
Under MEFC, rice yields decrease across most strata and management systems, with higher tempera-
tures likely driving these reductions compared to the less extreme LEFC scenario. In some strata with
CONV -AWD, however, yield gains persist, possibly due to combination of the varieties, management
and other favorable biophysical conditions that enhance resilience under more extreme climates. This
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Figure 6. Climate impacts on socioeconomic outcomes under LEFC and MEFC across six strata: small and large farms in
Lalmonirhat, Kishoreganj, and Gopalganj districts. Values are calculated by comparing each management system under future
climate with the same management system under baseline climate. Outcomes shown are the proportion of households vulnera-
ble to climate change, defined as the percentage of households projected to lose income under future climate relative to baseline
climate; percentage change in mean farm net returns; and percentage change in poverty rate.

variability across strata in response to climate change, specifically to temperature changes, is consistent
with previous studies (Hossain et al 2021).

Methane emissions. Climate change, under both LEFC and MEFC, is projected to increase methane emis-
sions across all management systems. In the LEFC scenario, the range of percentage changes is similar
for CONV-CF and CONV-AWD, while under MEFC, the magnitude of percentage changes is compa-
rable across all three management systems (figure 5, middle row). However, because these results are
expressed as relative (%) changes, they must be interpreted in the context of baseline emissions, which
are substantially higher for CONV-CF than for AWD or SRI-AWD.

Consequently, even when relative increases appear similar, absolute CH, emissions can rise much
more under CONV-CEF. Variation in methane changes across strata is greater in CONV-CF and CONV-
AWD than in SRI-AWD, likely reflecting the more consistent application of prescribed SRI management
principles compared to the greater heterogeneity in conventional and AWD practices. MEFC methane
emissions increase relative to LEFC indicating that higher temperatures strongly amplify methanogenesis
across management systems. SRI-AWD continues to produce lower methane emissions across most strata
under MEFC, although its distribution widens compared to LEFC.

Water use efficiency. Climate change increases WUE across all management systems under both LEFC
and MEFC. In the LEFC scenario, median gains across strata are greater for AWD and SRI-AWD

than for CONV-CF; however, variability across strata overlaps among the three management systems
(figure 5, bottom row). Under MEFC, the changes in WUE are smaller for all managements compared
to LEFC, but AWD and especially SRI-AWD maintain higher medians than CONV-CE. While percent-
age increases are similar across management systems within each climate scenario, higher baseline WUE
in AWD-based systems means that absolute efficiency advantages increase under more extreme climatic
conditions.

6.3.2. Socioeconomic
The LEFC and MEFC also show different responses across key socioeconomic outcomes (figure 6)

10
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Figure 7. Trade-off and co-benefit analysis for climate impacts and adoption. Panels (a) and (b) show climate-impact results,
where each future climate outcome is compared with the same management system under baseline climate. Panel (a) shows
percentage change in mean farm net returns versus percentage change in methane emissions, and panel (b) shows percentage
change in mean farm net returns versus percentage change in water-use efficiency. Points represent district-by-farm-size strata.

Vulnerable households. Vulnerability is reported as the proportion of households with lower simulated
income under future climate relative to the same management system under baseline climate. Consistent
with yield responses, vulnerability varies across climate scenarios and management systems. Under LEFC,
the proportion of households vulnerable to climate change remains below 50% for most strata, particu-
larly under CONV-AWD and SRI-AWD systems, whereas CONV-CF shows a wider distribution (44%-—
55%). Under MEFC, vulnerability increases in all cases, with most strata across all managements cluster-
ing at or above 50%. The range of vulnerability under CONV-CF and SRI-AWD is larger compared to
CONV-AWD due to higher vulnerability values projected in selected strata under SRI-AWD (e.g., large
farms in Kishoreganj, 59%), comparable to large conventional farms in Gopalganj (57%).

Mean farm net returns. The vulnerability results are also reflected by the proportional changes in mean
farm net returns. Under LEFC, most strata across the three management systems show small increases
in mean farm net returns, with some declines in specific cases (e.g., CONV-CF farms in Gopalganj and
SRI-AWD farms in Kishoreganj). In contrast, the mean farm net returns under the MEFC decline across
strata, with the largest losses occurring under CONV-CF and SRI-AWD, particularly for large farms in
Kishoreganj.

Poverty rate. Changes in poverty outcomes depend on the effects of climate change on mean farm net
returns and the associated changes in per-capita income. Under LEFC, poverty rates decrease slightly
in most strata under CONV-AWD and SRI-AWD, while outcomes under CONV-CF are more vari-
able, with some strata projecting increases. Under MEFC, poverty rates increase across most strata as a
consequence of yield declines and associated income losses as shown above, with the largest increases
occurring under CONV-CE Some strata under CONV-AWD still show a small decline to no change in
poverty rates, while SRI-AWD exhibits relatively larger poverty increases.

6.4. Co-benefits and trade-offs under future climate change

While figures 5 and 6 show univariate results across key outcomes, we seek to explicitly consider the
trade-offs (or co-benefits) between key biophysical and socioeconomic dimensions of the rice manage-
ment systems across strata and districts. Climate change drives methane emissions increases, between
30% and 50%-+-, across all rice systems (figure 7(a)): CONV with CF); SRI with AWD, and also CONV
with AWD. For the MEFC, climate change reduces mean farm net returns more substantially, although
in some strata mean farm net returns change slightly (i.e., the mean change for the strata lies close to
the zero-change line). The LEFC appears to confer slight benefits to some districts and strata: net farm
returns increase and methane increases as well; the methane increases are smaller (between 10% and
20% lower) than that of the MEFC case. Because methane emissions increase in all cases, there are only
win-lose situations (gains in farm net returns and losses in methane emissions.
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Figure 8. Trade-off and co-benefit analysis for climate impacts and adoption. Panels (a) and (b) show adoption results, where
CONV-AWD and SRI-AWD are compared with CONV-CF under the same climate condition: baseline, LEFC, or MEFC. Panel
(a) shows percentage change in mean farm net returns versus percentage change in methane emissions, and panel (b) shows
percentage change in mean farm net returns versus percentage change in water-use efficiency. Points represent district-by-farm-
size strata.

With respect to WUE, the trade-offs results are more mixed across future climate conditions. Nearly
all strata and districts show WUE gains, although the magnitude of these gains varies significantly and
these are higher under LEFC, per the results in figure 7(b) above. Contrary to the methane versus farm
net returns case (figure 7(a)), the impact of climate change on WUE and farm net returns result in
some win—-win outcomes where both net returns and WUE increase (strata above the horizontal zero
line). However, there are still some farmers that are likely to see their farm net returns decline which
turns into a lose-win situation (strata under the horizontal zero line).

These results show the tradeoffs between mean farm net returns, methane emissions, and WUE and
indicate that the differing levels of climate change generate both ‘gainers’ and ‘losers’ across the focus
districts of this study.

6.5. Adoption of AWD and SRI under baseline and future climate change

In the adoption analysis, CONV-AWD and SRI-AWD are compared with CONV-CF under the same cli-
mate condition. Thus, baseline, LEFC, and MEFC adoption results each use a climate-specific CONV-CF
reference system. The results indicate that shifting from CONV-CF to either CONV-AWD or SRI-AWD
can generate win—win outcomes by delivering both MAC-B.

Across districts and strata, adoption of AWD-based systems increases mean farm net returns while
simultaneously reducing methane emissions (figure 8(a)). Switching to SRI-AWD provides greater co-
benefits than CONV-AWD, with farm net returns increasing by approximately 15%-50% and methane
emissions declining by 25%—-40%. By comparison, adoption of CONV-AWD achieves methane reductions
of a similar magnitude but smaller improvements in farm net returns (5%-25%). Gains in WUE are also
markedly greater under SRI-AWD, with increases well above 15% across districts and strata, compared to
smaller (<5%) improvements under CONV-AWD (figure 8(b)).

Population mean outcomes include both adopters and non-adopters, and thus depend on projected
adoption rates. For transitions from CONV-CF to SRI-AWD, adoption rates under current climate range
between 49% and 66% across districts, approximately 49%-52% in Gopalganj, 55%—66% in Kishoreganj,
and 59%-60% in Lalmonirhat. Under both LEFC and MEFC conditions, adoption rates range between
51% and 64%, with Lalmonirhat showing the highest potential adoption (61%-63%). In contrast, poten-
tial adoption rates of CONV-AWD range around 48%-51% across all districts, with little variation under
future climate scenarios.

These adoption results should be interpreted within the simulation experimental design used in this
study. For practical and policy purposes, the key comparisons evaluate the effect of switching manage-
ment under the same climate condition; a separate comparison of future SRI-AWD against current-
climate CONV-CF could provide additional insight into whether SRI-AWD fully offsets climate-related
losses in absolute terms, but was outside the scope of the present analysis.

7. Mitigation and adaptation

Our analysis indicates that even under MEFC conditions, switching from CONV-CF to SRI-AWD pro-
vides substantial opportunities for joint mitigation and adaptation (figure 9). Average adoption rates for
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Figure 9. District-level adoption impacts from switching from conventional continuous flooding to SRI-AWD under baseline cli-
mate, LEFC, and MEFC. Within each climate condition, SRI-AWD is compared with CONV-CF under the same climate. Tables
beneath the figures show projected district-wise adoption rates. District-level outcomes aggregate across small and large farm
strata.

SRI-AWD are about 57% across sites, with the highest adoption in Lalmonirhat (62%), where yield gains
are also largest. On average, SRI-AWD increases yield by 22% relative to conventional management with
conventional flooding, reduces methane emissions by 34%, and lowers poverty by 15%.

Yield improvements vary, ranging from 34% in Lalmonirhat to 21%-25% in Kishoreganj and 3%-—
10% in Gopalganj. Despite relatively small yield gains, Gopalganj exhibits the largest poverty reduc-
tion (20%), reflecting the district’s income distribution as per-capita income in this district is close to
the poverty line. As a result, even small improvements in farm net returns are sufficient to lift a greater
proportion of households out of poverty. Methane reductions are similar across sites, between 30% and
40%.

8. Conclusion

Within the SSP2-4.5 scenarios evaluated here, the warmer climate realization produced larger yield
losses, lower farm income, higher poverty rates, and greater methane emissions than the less extreme
climate realization. Warmer conditions lower yields and increase methane-to-yield ratios through soil—
plant—-microbial interactions that enhance carbon decomposition and root exudation, processes that
occur even under AWD ‘wetting’ phases or SRI nutrient management (Li et al 2024). Elevated CO, also
improves WUE across all systems, with AWD and SRI providing additional conservation benefits under
both moderate and severe warming. These findings highlight the importance of management strategies
that integrate mitigation and adaptation, as even improved practices will face increasing pressure under
continued warming.

While our results indicate substantial co-benefits from SRI adoption compared with conventional
rice management, several further sources of uncertainty should be considered. First, the future climate
scenarios used herein, generated with delta downscaling methods, capture changes in mean climate con-
ditions and some daily variability, but not changes in the frequency, duration, or severity of extreme
events such as droughts, floods, cyclones, or compound shocks. As such, these methods preclude anal-
yses of the impacts of extreme events, and how these are changing with time, on our rice simulations.
Such shocks could reduce yields and farm income, push households near the poverty line into poverty,
deepen poverty among already-poor households, and affect potential adoption of new management prac-
tices. These effects may also differ across households depending on household size, income sources,
assets, labor availability, and recovery capacity. Future work should employ downscaling methods that
explicitly resolve changing characteristics of extreme events and link them to longer-term poverty and
adoption dynamics.

Second, farmer decisions to adopt new practices are based on expected outcomes, including expected
production, output value, production costs, and risks. In this analysis, adoption potential is assessed
by considering production outcomes jointly with prices and costs through their combined effects on
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expected net returns. Other incentives and expectations, such as carbon payments, subsidies, risk per-
ceptions, expectations of poor rainfall or extreme weather, and uncertainty about future prices, may also
influence adoption but were not explicitly represented in this analysis. Future adoption studies could
build on this framework by incorporating these behavioral, policy, and risk-related factors more directly.

Third, our coupled rice-soil model was calibrated primarily for yields and methane, and analyses
focused on relative changes to mitigate biases in absolute values. Other important outcomes, including
nutrient use efficiency, nitrous oxide, and soil carbon dynamics, may vary more and introduce additional
uncertainty in assessing mitigation potential (Kritee et al 2018, Cheng et al 2022). Our approach assessed
SRI as a system, demonstrating that practicing multiple principles generates greater co-benefits (Uphoff
2023, Li et al 2024), but future studies should decompose the effects of individual practices and their
interactions (Li et al 2024).

The development of the AgMIP Bangladesh MAC-B framework provides a novel approach to eval-
uating mitigation and adaptation in rice systems, which are critical for global food security and major
contributors to GHG emissions. Its relevance was reinforced through stakeholder engagement, which
highlighted the need for integrated assessments that can guide field experimentation, improved multi-
model simulations, effective management practices, and enabling policies in Bangladesh. By systemat-
ically screening multiple interventions and their interactions across sites, this modeling approach cap-
tures implications for agricultural, socioeconomic and environmental outcomes. Empirical research can
then validate promising options and strengthen the social and institutional mechanisms needed for wider
adoption.

The SRI is now present in over 60 countries. Initiatives such as ClimateRice and SRI-2030 2023 aim
to scale SRI globally by targeting 50-55 million hectares by 2030-2033, embedding it into national poli-
cies, and using its potential to lower GHG emissions while improving farmers livelihoods (SRI-2030
2023, 2025; ClimateRice 2025). Evidence from assessments such as this one is critical for informing
urgent policy actions and investment strategies to accelerate climate-resilient, low-emission rice systems
and to advance NDCs and NAPs under the UNFCCC Paris Agreement.
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