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Version 0: 

Reviewer comments: 

Reviewer #2 

(Remarks to the Author) 
Reviewer Report 
Title of Manuscript: Quantifying Environmental Co-Benefits of Nitrogen-Based Crop Restructuring and Its Implication on
Trade Network System 
Noteworthy Results: 
The manuscript presents several noteworthy results. The nitrogen-focused crop restructuring strategy significantly reduces
nitrogen surplus by 16–24% and water use by 20–40%. Additionally, it improves farmer income, calorie production, and
mitigates greenhouse gas emissions by 28% (113 Mt CO2 eq). The strategy is shown to be five times more efficient in
delivering cross-benefits compared to water-focused restructuring strategies, resulting in a decrease in socio-environmental
costs associated with nitrogen pollution by approximately $1.97 billion USD. Furthermore, the restructuring leads to a 4.3
times increase in the volume of alternative crop trade in the interstate trade network. 
Significance to the Field: 
The work is highly significant to the field of agricultural sustainability and related fields such as environmental science and
economics. It provides new insights into the benefits of nitrogen management in crop restructuring, which could influence
future agricultural policies and practices. Compared to the established literature, this work offers a more comprehensive
analysis of the environmental and economic co-benefits of nitrogen-focused strategies, highlighting its superiority over
water-focused approaches. 
Originality: 
The manuscript appears to be original in its approach and findings. It uniquely combines nutrient management with trade
network implications, which is not extensively covered in existing literature. If there are similar works, relevant references
should be provided to contextualize the novelty of this study. 
Support for Conclusions and Claims: 
The conclusions and claims made in the manuscript are well-supported by the data presented. The evidence provided is
robust, though additional data on long-term impacts and regional variations could further strengthen the claims. 
Flaws in Data Analysis, Interpretation, and Conclusions: 
Described method for calculating the net input of nitrogen (N) and phosphorus (P) application rates is comprehensive, there
are potential shortfalls to consider. The accuracy of the results heavily depends on the reliability and consistency of the data
sources, and any inaccuracies or inconsistencies could lead to erroneous calculations. Additionally, the method may not
fully account for regional variations in agricultural practices, soil types, and climatic conditions, which can significantly
influence N and P application rates and their effectiveness. Temporal changes in agricultural practices and environmental
conditions might not be adequately captured, potentially leading to outdated or less relevant results. Estimating contributions
from biological fixation and atmospheric deposition can be challenging and may introduce uncertainties. Furthermore,
farmers' survey data might have limitations such as recall bias, incomplete responses, or sampling errors, affecting the
overall accuracy of the input data. Addressing these potential shortfalls would involve ensuring high-quality, up-to-date data,
considering regional and temporal variations, and carefully estimating contributions from all sources. 
Exchange rate and deflation methodology (from the base year) has not mentioned 
Manuscript has not organised properly (research gap, limitations of the study are missingand after introduction directly it
went to results) 
Other than the above listed there are no flaws in the data analysis, interpretation, and conclusions that prohibit publication.



However, some areas could benefit from further clarification. These revisions would enhance the manuscript's clarity and
reliability. 
Methodology: 
The methodology used in the study is sound and meets the expected standards in the field. The authors have employed
appropriate techniques to analyze the environmental and economic impacts of nitrogen-based crop restructuring. However,
a more detailed description of the data sources and analytical methods would be beneficial for reproducibility. 
Reproducibility: 
The manuscript provides sufficient detail in the methods section to allow for reproducibility. The descriptions of the nitrogen
and water use calculations, as well as the trade network analysis, are clear and comprehensive. Any additional details that
could further aid reproducibility include specific data sources and any assumptions made during the analysis. 
Overall Recommendation: 
The manuscript is a valuable contribution to the field and, with minor revisions, should be suitable for publication. The
authors are encouraged to address the highlighted issues to improve the manuscript's overall quality. 

Reviewer #3 

(Remarks to the Author) 
The manuscript by Goyal et al. quantifies the environmental co-benefits of nitrogen-based crop restructuring and its
implication on trade network for India. The manuscript is well-written and self-explanatory. However, although the title does
not mention the geographical area studied and the abstract remotely mentioned global extrapolation, albeit by default, it is
essentially a country-specific analysis. In that backdrop, the global context is missing as the data is not extrapolated to
global budget. 

Considering the subject matter of this manuscript, the element of novelty is missing as several such studies have been
conducted worldwide with focussed global analysis including India scenario as well. Due to specific analysis based on data
originating from India, as has been done in this manuscript, the global appeal of the manuscript gets restricted. This is
evident from the references cited in the manuscript and literature available. In addition, nitrogen impacts need to be
considered along with water relations and there is an element of synergy among the two factors influencing crop productivity.
Although, the authors did refer to such relationship, they did not make attempt for such analysis and exclusively focussed on
N relations only. 

The analysis based on a linear algorithm, originally envisaged several objectives including crop restructuring, environmental
trade-off and inter-state trade, and should have involved multi-nodal analytical algorithms. N-pollution and global health
analysis has also been a subject of much research in China, Germany, Netherlands and the Climate analysis group of FAO,
with several interdisciplinary models having been developed (See the publications of Dr. Baojing Gu). Thus, going by the
objectives stated by the authors, this analysis gap is evident. 

I have a few specific inquiries: 
Abstract: Line 14: Delete ‘into their strategies’. 
Keywords: Add ‘system efficiency’. 
Introduction: 
Line 1 : Replace ‘in’ with ‘for’ 
Line 9 : Change to “emphasis on high-yielding crop cultivars”………….. 
Line 17 : Suggest replace ‘rice and wheat’ with ‘cereals’ 
Line 18-20: Change to “mainly N-fertilizers leading……………… and over use of water resources……” 
Line 23 : Change to ‘all the while’ 
Line 50 : Surplus of Nitrogen: not all nitrogen has environmental impact, it is only reactive or combined-N that is important.
Introduce the concept of reactive-N (Nr) here. 
Line 53 : Change to ‘……environmental and biological…..’ 
Line 55 : Change to Nr in connection with the change suggested at line 50 
Line 59 : Ref, 39: Quite an volume of literature is available on this topic. Authors may refer to Lassaletta et al. 
Line 73 : ‘minimization’ : do you mean ‘reduction’? 
Line 75 : AGHG probably authors like to mention ‘agricultural greenhouse gas’’. This abbreviation is missing from the list of
‘Abbreviations’ 
Line 99 : ‘eccentric’ , do you mean ‘centric’ or ‘dependent’? 
Results: 
Line 127-128: This statement may not be true. Maize, especially the double cross hybrids are quite high yielder so also the
modern varieties of finger millet. Maize in fact has very high yield potential and as far as India is concerned it has a CAGR of
1.34 per cent for the decade 2021-2031 and consumption CAGR is 1.82 per cent during the same period. However, 60 per
cent of the produce is used as animal feed and only 13% is used as food. 
Lines 152-153: This figure of water reduction by only crop replacement requires further clarification. Used of moder rice
growing using water reduction technologies, especially for the latest improved varieties of ‘Basmati’ rice has resulted into
reduction of water use while maintaining the yield or even having higher yield resulting into high water use efficiency. This
has resulted into India emerging as the largest exporter of rice. 
Fig. 2: Virtual export of water and Nitrogen through agricultural export (both intra and inter-country scenarios) has been
studied and some information is available. These should be brought in for ‘Discussion’ and analyzing further reduction
through crop replacement during suggestion for ‘Trade network restructuring’. 
Line 186: N-centric? 



Line 235 : Cultural consideration should also consider socio-economic perspective. 
Line 239 : Replace ‘quick’ with ‘easy’ 
Discussion: 
Uncertainty analysis and its mitigation should be analyzed quantitatively and integrated in the model. Indeed, it is mentioned
as ‘constraints (line 554) but requires clarification. 
Methods: 
Line 477 : Nsurplus calculation must include N-leakage from the system. Mention is made but introduction of the factor in the
equation is required. 
Line 516 : ‘Agricultural Statistics at a Glance’ 
Line 526 : For the international audience all values requires to be converted into USD. 
Line 580 : The ‘limitations’ should reflect in the model. 
Line 687 : It is better to use Indian data reflected in the BUR-3 report published by the Ministry of Environment (MoEFCCC),
Govt. of India. Now India already has Tier III dataset which could refine the estimate and incorporated in the model. 
Line 700 : Nitrogen loss cannot be a default value for a large country (subcontinent size) like India. 
General: How the data was retrofitted in the map of India, which model? 

Reviewer #4 

(Remarks to the Author) 
The paper is methodologically sound and substantiate the case as to why nutrient-centric agricultural restructuring could
make sense in India. The use of multi-objective optimization model to evaluate trade-offs and co-benefits of minimizing
nitrogen surplus and water use was able to explain the implications for sustainability, food security, and interstate trade. It’s
also notable that the authors considered the socio-economic and cultural context in their methodology. 

Here are my comments on the paper: 
1. The authors used IMAGE-GNM emission and leaching factors. However, these are global-scale model outputs and may
not accurately reflect India’s heterogeneity in soils, rainfall, and management. I suggest to add a brief discussion on this
limitation and suggest more localized empirical data or models that could enhance future versions. 
2. The model included valuable constraint on minimum rice/wheat cultivation due to cultural importance, but adoption
barriers like market access, taste preferences, processing infrastructure, and farmer skill adaptation were not fully
addressed. Maybe add a brief discussion regarding these practical adoption constraints and how they could be incorporated
in future modeling 
3. Post-optimality sensitivity analysis was undertaken and real-world constraints (i.e. minimum caloric output, no expansion
beyond historical crop areas, and farmer profit stability) ground the model in realistic agronomic and economic conditions.
However, empirical/external validation was lacking. While this is understandable given the scale and ambition of the work,
the policy relevance of the study would be significantly strengthened by empirical comparisons or even qualitative alignment
with existing field programs and observed trends. 
4. Figure labels and legends are too small and hard to read. Increase size of plots and text font to make them more legible.
Consider breaking up multiple plots (i.e. Fig. 2) if appropriate. “Pareto” was misspelled in Fig. S2. The color of the bar (profit)
for Fig. S3b confused me. My sense was red color denote an increase in percentage. I also suggest dropping the "%" on the
labels for the tradeoffs on the y axis on S3 since it was already stated on the x axis label. 

Overall, it is an excellent paper offering quantitative evidence for how nitrogen surplus management can lead to broad
environmental and economic co-benefits, especially in the Indian context. I recommend to accept this paper with minor
revisions to address the above points. 

Version 1: 

Reviewer comments: 

Reviewer #3 

(Remarks to the Author) 
Authors have positively responded to the comments of the Revieweres and made required modifications/changes in the text
and also in the supplementary. The article now reads well. 

(Remarks on code availability) 

Reviewer #4 

(Remarks to the Author) 
I have carefully reviewed the authors’ revised manuscript and their detailed responses to my comments. I am satisfied that
all of my concerns have been thoroughly addressed, and the revisions have significantly improved the clarity, rigor, and
policy relevance of the paper. Overall, I find the manuscript suitable for publication in its current form. 

(Remarks on code availability) 



Reviewer #6 

(Remarks to the Author) 
Comments on “Quantifying environmental co-benefits of nitrogen-based crop restructuring and its implications on India’s
interstate trade network”. 
• Using multi-objective optimization model, the paper has developed a framework and demonstrated the superiority of
nitrogen-focussed crop restructuring strategy in lowering nitrogen surplus along with producing water-saving over water-
focussed restructuring, while maintaining the calorie production and farmers income. The model also uniquely integrates
crop restructuring with inter-state trade flow for ensuring compensation of potential calorie deficits from crop restructuring
through increased trade volume of alternative crops. Overall, the paper provides useful insights on leveraging the synergy
between nutrient and water management and aligns with the national and global priorities on sustainable agriculture. 

• Broadly, the model restructures the cropping pattern towards the cereal crops (Jowar, Bajra, Ragi, Maize) that minimizes
environmental externalities without significantly impacting the food security and farmers income. While the theoretical
framework is robust, the empirical assessment requires careful scrutiny of the certain parameters used and inferences
drawn. 

o In order to reflect realistic agricultural scenario, crop area optimization has been imposed with the constraints of
maintaining calorie production and farmers income. The farmers income has been estimated at district-level by deducting
production cost with sale revenue. The authors have used national-level minimum support price (MSP) for estimating sale
revenue of crops at district level. Valuating production with administratively fixed MSP does not represent realistic
agricultural market because MSP is primarily designed as a safety net mechanism rather than reflecting a true value of
produce at competitive market. Further, it is characterized with limited access (only 15% of paddy farmers and 9.6% of wheat
farmers availed MSP in 2018-19) with significant variation across crops and geographical regions. MSP-based
procurements are biased towards crops like paddy and wheat, while the alternate crops in the study (maize, jowar, bajra and
ragi) are largely excluded from MSP-based procurement. Using MSP for estimating income, therefore, masks inter-crop
disparity in actual price realization and produces inconsistent revenue terms of trade between crops- a key factor driving
farmers’ decision on crop choices. Consequently, the optimization results may not reflect real market scenario. A simple
alternative to MSP could be ‘unit-prices’ for each crop – derived by dividing value of crop output with production. Beside
representing actual average prices realized by farmers for crop produce, unit-prices can be estimated at state level and thus
provide more variability in data than using single national-level MSP. The official data on value of output and production of
crops is also readily available at https://www.mospi.gov.in/publications-reports/innerpage/431 and https://upag.gov.in/,
respectively. 

o Any inference on the crop reallocations obtained using MSP-based estimates on farmers income would be conditional on
realization of MSP for each crop which is not a typical characteristic of Indian agricultural market. This refutes authors’ claim
of incorporating realistic agricultural scenario in the model. Underline conditionalities of the results shall at least be explicitly
discussed in the paper. 

o Estimates on production cost used in the analysis need to be elaborated using standard terminology. It is not clear whether
cost includes only paid-out expenses or imputed value of owned resources (family labour, own land, etc) as well. It is
recommended to use standard cost concepts (eg Cost A1/Cost B1/Cost C1) for ensuring clarity and uniform comprehension.
Standard cost concepts used in Indian context can be obtained at https://desagri.gov.in/wp-
content/uploads/2021/06/manual_cost_cultivation_surveys_23july08_0.pdf 

• Usually alternate crops like jowar, bajra, ragi and maize remain less remunerative than rice and wheat, disincentivizing
farmers to diversify away from the latter crops. As the resultant crop reallocations are in favour of alternate crops (jowar,
bajra, ragi and maize), it would be plausible to provide revenue terms of trade between competing crops as Supplementary
information. 

• It would be revealing if it is possible to provide seasonally disaggregated optimized crop reallocations. Although the crops
like maize and rice are cultivated in both kharif and rabi seasons in few states, seasonal typology is generally maintained by
other crops. Figure 2 shows reallocation of wheat area to alternate crops- jowar, bajra, and ragi, typically grown in different
seasons. Similarly, some area from rice has been reallocated to wheat which is counter-intuitive as in majority of wheat
(rabi) growing states, rice (kharif) is not a competing crop. A clear seasonally-disaggregated picture on crop substitution
between competing crops would provide a better comprehension of the results. At least, districts witnessing such counter-
intuitive reallocations shall be demarcated. 

• As calorie content of selected crops is almost similar (see Supplementary table 4), imposing restriction of ‘calorie
production’ in the model for the sake of food security becomes redundant. However, alternate crops viz. jowar, bajra, ragi,
maize still offer advantage over rice and wheat in terms of overall nutritional and environmental effects. The authors shall
emphasize nutritional security dimension of alternate crops apart from calorie production (food security). This will align the
paper with the shifting policy discourse from food to nutritional security in India and globally. 

• The scope of the analysis is limited to cereals crops and surprisingly excludes the nitrogen-friendly pulses/leguminous
crops. The ability of pulses to fix atmoshpheric nitrogen naturally shall make these crops a preferred element of the alternate
crops sub-set, particularly in the studies like this where nutrient management is a core investigation. Also, farmers’ decision



on crop choices are not mutually exclusive to crop groups (eg cereals, pulses, oilseeds, fruits, vegetables). Depending on
factors like resources constraints, relative profitability, risk perception etc, farmers often grow a combination of different
crops. The authors can discuss the importance of pulses in nitrogen-management and possibly mention the reasons for
choosing only cereals crops over similar or even better alternatives like pulses. Future work plan on leveraging potential of
pulses in nitrogen management can be outlined. 

• It is not clear how biological nitrogen fixation (BNF) for cereals (non-leguminous) crops have been estimated as these
crops do not nodulate and data on crop-specific application of biofertilizer at district/state level is not available in cost of
cultivation surveys used in the study. The supplementary figure 1 and text (see line 555) mentions the example of legume
crops which is excluded from the analyses). For the sake of clarity, it is desirable to provide a supplementary table on BNF
estimates for selected crops, as given for other variables. 

• The authors may provide source of State-specific fractions of residue brunt in Supplementary table 6. This would be useful
for reader as such data is often not widely known. 

Overall, the paper provides useful evidences and contributions to the existing literature and can be considered for
publication after incorporating the necessary suggestions. 

(Remarks on code availability) 

Version 2: 

Reviewer comments: 

Reviewer #6 

(Remarks to the Author) 
The authors have positively responded to the suggestions and the revised manuscript seems an improvement over the
earlier one. 

(Remarks on code availability) 
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credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
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The images or other third party material in this Peer Review File are included in the article’s Creative Commons license,
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Response To Reviewer #249

50

The manuscript presents several noteworthy results. The nitrogen-
focused crop restructuring strategy significantly reduces nitrogen sur-
plus by 16–24% and water use by 20–40%. Additionally, it improves
farmer income, calorie production, and mitigates greenhouse gas emis-
sions by 28% (113 Mt CO2 eq). The strategy is shown to be five times
more efficient in delivering cross-benefits compared to water-focused
restructuring strategies, resulting in a decrease in socio-environmental
costs associated with nitrogen pollution by approximately $1.97 billion
USD. Furthermore, the restructuring leads to a 4.3-fold increase in the
volume of alternative crop trade in the interstate trade network.

Response: We thank the reviewer for explicitly recognizing and summarizing our key findings51

and contributions. We have ensured that these results are clearly articulated and emphasized in52

the revised manuscript.53

The work is highly significant to the field of agricultural sustainability
and related fields such as environmental science and economics. It pro-
vides new insights into the benefits of nitrogen management in crop re-
structuring, which could influence future agricultural policies and prac-
tices. Compared to the established literature, this work offers a more
comprehensive analysis of the environmental and economic co-benefits
of nitrogen-focused strategies, highlighting its superiority over water-
focused approaches.

Response: We greatly appreciate the reviewer’s recognition of the significance and poten-54

tial policy impact of our study. We have carefully reinforced this comparative advantage over55

water-focused strategies clearly in the revised manuscript, ensuring the implications for agricul-56

tural policies are explicitly highlighted. (see Lines 364 –368)57

The manuscript appears to be original in its approach and findings.
It uniquely combines nutrient management with trade network implica-
tions, which is not extensively covered in existing literature. If there are
similar works, relevant references should be provided to contextualize
the novelty of this study.

Response: We sincerely thank the reviewer for highlighting the originality of our integrated58

nutrient-trade network approach. To address the reviewer’s recommendation explicitly, we have59

now included additional relevant references from international literature, explicitly positioning our60

study’s novelty within the context of existing global research. Specifically, we have added relevant61

citations and discussion clearly in the revised Introduction and Discussion sections. (see Lines 26–62

38)63

The conclusions and claims made in the manuscript are well-supported64
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by the data presented. The evidence provided is robust, though addi-
tional data on long-term impacts and regional variations could further
strengthen the claims.65

Response: We thank the reviewer for recognizing the robustness of our results. In line with66

the suggestion, we have revised the Discussion to explicitly acknowledge the value of longer time67

series and region-specific analyses for testing persistence and regional heterogeneity of impacts.68

Our analysis already leverages the most recent, spatially and temporally resolved datasets avail-69

able (detailed in the Method part). For examaple, fertilizer and manure inputs are drawn from70

the Government of India Cost of Cultivation SurveysGovernment of India, 2017 and vary across71

states/districts and years. We now visualize this heterogeneity in a new Supplementary Figure S1472

showing spatial distribution of the farmer survey across India and provide additional detail on data73

sources and uncertainty treatment in the method section. We also report expanded uncertainty as-74

sessments that propagate spatial/temporal variability in inputs through our estimates (see Methods75

line 812-830 and Supplementary Figures S7-S11). These clarifications and analyses have sharpen76

the scope and interpretation of our findings without altering the main conclusions.77

Described method for calculating the net input of nitrogen (N) and
phosphorus (P) application rates is comprehensive, there are potential
shortfalls to consider. The accuracy of the results heavily depends on
the reliability and consistency of the data sources, and any inaccuracies
or inconsistencies could lead to erroneous calculations. Additionally, the
method may not fully account for regional variations in agricultural prac-
tices, soil types, and climatic conditions, which can significantly influence
N and P application rates and their effectiveness. Temporal changes in
agricultural practices and environmental conditions might not be ade-
quately captured, potentially leading to outdated or less relevant results.
Estimating contributions from biological fixation and atmospheric depo-
sition can be challenging and may introduce uncertainties. Furthermore,
farmers’ survey data might have limitations such as recall bias, incom-
plete responses, or sampling errors, affecting the overall accuracy of the
input data. Addressing these potential shortfalls would involve ensuring
high-quality, up-to-date data, considering regional and temporal varia-
tions, and carefully estimating contributions from all sources.

Response: We thank the reviewer for this insightful and thorough comment, highlighting78

several critical considerations. We fully acknowledge that the accuracy and robustness of our re-79

sults depend substantially on the quality, consistency, and granularity of input data sources, as80

well as the methodologies employed in estimating nutrient application rates. In particular, we81

explicitly acknowledge the challenge of adequately capturing the substantial regional variations82

in agricultural practices, diverse soil types, and varying climatic conditions across India. These83

regional differences can significantly influence the efficiency and effectiveness of nitrogen (N) and84

phosphorus (P) applications, making generalizations inherently challenging. Moreover, temporal85

changes in agricultural practices such as shifts in fertilizer management, adoption of newer crop86

cultivars, changes in irrigation practices, or alterations due to evolving policy interventions, further87

complicate the accuracy of longitudinal nutrient application estimates. We have addressed these88

challenges in the revised manuscript. We also agree fully with the reviewer regarding the inher-89

ent uncertainties in estimating biological nitrogen fixation and atmospheric deposition, given the90

complexity and limited availability of granular data at district levels across India. In the revised91
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manuscript we explicitly acknowledge and quantify these uncertainties in the manuscript through a92

careful sensitivity analysis (Supplementary Figures S10-S11), clearly indicating how they influence93

our results and conclusions.94

Regarding farmers’ survey data, we recognize potential biases introduced through factors such as95

recall inaccuracies, incomplete or inconsistent responses, and sampling errors. We have articulated96

these limitations in the revised manuscript, explicitly highlighting these as potential sources of un-97

certainty and error. To further contextualize the reviewer’s comment, we explicitly note that these98

challenges are particularly acute in the context of Indian agriculture, characterized by complexity99

arising from highly diverse crop choices, heterogeneous cropping systems, wide-ranging regional100

variations in climate and soils, differing state-specific agricultural subsidies, and region-specific101

minimum support price (MSP) structures. Recognizing that these complexities render accurate102

data collection and that robust generalizations across regions are inherently difficult, we emphasize103

the need for careful interpretation of modeling results. To this end, we have explicitly included104

comprehensive sensitivity analyses in our revised manuscript.(see Lines 389-400 )105

Overall, in response to this thoughtful critique, we have now provided an explicit and compre-106

hensive discussion of these data limitations, clearly acknowledging the inherent challenges, trans-107

parently communicating their implications, and identifying avenues for future improvements in data108

collection and analytical methodologies. We sincerely appreciate the constructive feedback, as they109

has significantly strengthened the clarity, balance, and robustness of our manuscript.110

Exchange rate and deflation methodology (from the base year) has not
mentioned. Manuscript has not organised properly (research gap, limi-
tations of the study are missing and after introduction directly it went
to results).

Response: We thank the reviewer for this clarification. We have detailed our exchange rate111

and deflation methodology, indicating that monetary values are expressed in constant-2015 USD112

using CPI deflators and annual average exchange rates. This is now explicitly clarified in the113

Methods section (see Lines 864–871).114

We acknowledge the comment on structure, however, the manuscript follows the Nature Port-115

folio author guidelines and includes all required reporting elements.116

The methodology is sound but would benefit from a more detailed de-
scription of data sources and methods for reproducibility. Sufficient
detail is provided, but specific data sources and assumptions should be
clarified further.

Response: We thank the reviewer for recognizing the soundness of our methodology and agree117

that clearer documentation strengthens reproducibility. In the revision, we have expanded the118

Methods section to describe each dataset’s provenance, spatial–temporal coverage, versions/DOIs,119

and all pre-processing and quality-control steps (see Supplementary Table 1; clarified assumptions120

and parameter choices with brief rationales and consolidated source information in Supplementary121

Tables 1–7, which now report definitions, units, resolution, study period, applied transformations122

and associated assumptions)(see Lines 877–884). By providing this information, along with the123

source codes and analysis datasets, we strengthen the transparency and reproducibility of our124

study and facilitate future replication and extension of our work.125
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The manuscript is a valuable contribution to the field and, with minor re-
visions, should be suitable for publication. The authors are encouraged
to address the highlighted issues to improve the manuscript’s overall
quality.

Response: We sincerely appreciate the reviewer’s strong endorsement and valuable recommen-126

dations. All highlighted concerns have been carefully and explicitly addressed, and we believe the127

revisions have significantly improved the overall quality, clarity, and rigor of the manuscript.128
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Response To Reviewer #3129

130

We sincerely thank Reviewer 3 for their excellent and constructive critique, which has greatly131

improved the quality of our manuscript. We have carefully considered each of the comments and132

have made every effort to address them in full. In particular, we have incorporated India-specific133

Tier III emission estimates from the BUR-3 report (MoEFCCC), performed additional sensitivity134

and uncertainty analyses to strengthen the robustness of our findings, and revised the framing to135

clearly emphasize the novelty of our study in both the global and national context. Point-by-point136

responses to all comments, both major and minor, are presented below.137

The manuscript by Goyal et al. quantifies the environmental co-benefits
of nitrogen-based crop restructuring and its implications on the trade
network for India. The manuscript is well-written and self-explanatory.
However, although the title does not mention the geographical area
studied and the abstract remotely mentioned global extrapolation, albeit
by default, it is essentially a country-specific analysis. In that backdrop,
the global context is missing as the data is not extrapolated to a global
budget.

Response: We thank the reviewer for this excellent comment. We agree that the global context138

of the work needed to be emphasized more clearly. In response, we have substantially revised the139

Introduction to highlight the broader applicability of our framework while presenting India as the140

demonstration case. India offers a particularly relevant example because it combines multiple socio-141

technical and environmental challenges: fertilizer-driven nutrient pollution, widespread pressure142

on water resources, large-scale agricultural subsidies and procurement systems, and the need to143

balance food security with environmental sustainability for a population that constitutes 17% of144

the global total. These factors not only make India globally significant in its own right, but also145

provide insights that are transferable to other regions facing similar pressures. We also appreciate146

the reviewer’s point about extrapolation to a global budget. To avoid dilution through coarse147

generalization, which risks masking heterogeneity in agroecological and institutional settings, we148

have intentionally focused on India as a large and diverse domain.(see Lines 15-20) This allows us149

to retain analytical depth while still making clear that the framework is globally relevant and can be150

re-parameterised to other regions confronting coupled nutrient, water, and trade challenges. This151

framing is now explicitly reflected in the revised Introduction. We have updated the manuscript152

title to make the India-focused scope explicit: “Quantifying Environmental Co-Benefits of Nitrogen-153

Based Crop Restructuring and Its Implications on India’s Interstate Trade Network.”154
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Considering the subject matter of this manuscript, the element of nov-
elty is missing as several such studies have been conducted worldwide
with focused global analysis including India scenario as well. Due to
specific analysis based on data originating from India, as has been done
in this manuscript, the global appeal of the manuscript gets restricted.
This is evident from the references cited in the manuscript and literature
available.

Response: We greatly appreciate this critique and understand the perspective of the reviewer.155

We have carefully revised the manuscript to more clearly highlight the distinct contributions of our156

study, which can be summarized in three ways. First, we develop a dual objective optimization157

framework that simultaneously reduces nitrogen surplus and water demand, explicitly quantify-158

ing the cross-benefit frontier between them. Our results show that nitrogen-focused restructuring159

consistently achieves much larger co-benefits, about fivefold higher efficiency than water-focused160

strategies, while still sustaining calorie production and farmer incomes. Second, instead of treating161

trade flows as an external outcome, we embed interstate trade directly within the optimization162

framework, which is constrained by calorie and income requirements. This approach shows that163

nitrogen-based restructuring increases the capacity of alternative cereal trade more than four times.164

Our analysis therefore explores the linkages between nutrient management and trade network dy-165

namics in a manner that has not been examined previously. Third, our framework integrates166

multiple environmental and social outcomes, including greenhouse gas emissions, nitrogen leach-167

ing, monetized damages from nitrogen pollution, and cultural constraints related to rice and wheat168

consumptions. Taken together, our work addresses a body of research that is still largely frag-169

mented, with separate studies focusing either on nutrient management Gu et al., 2021, 2023; Ren170

et al., 2022, water conservation Chakraborti et al., 2023; Davis et al., 2017, 2018, 2019, envi-171

ronmental impacts Beyer et al., 2022, or trade restructuring liu2024china; tang2017will. By172

consolidating these dimensions within a single analysis framework, we provide an integrated per-173

spective that extends the global literature and demonstrates how cross-objective benefits can be174

realised in practice.175

To address the reviewer’s remarks, we have also extensively revised the Introduction to ensure176

that the global applicability of our framework is communicated clearly, while at the same time177

emphasising the merit of using India as an exemplar. India’s scale, diversity, and distinctive policy178

environment make it both a globally significant case in its own right and a valuable testbed for179

approaches that can be adapted to other regions. To ensure these contributions are visible to180

readers, we have added explicit statements at the end of the Introduction and reiterated them in the181

Discussion. We have also strengthened the literature review by including key international works as182

suggested by the reviewer . With these revisions, we aim to position our work as complementary to183

existing studies, while clearly articulating the precise gap it addresses and highlighting the essential184

novel aspects of our analysis.185

”Recent global analyses highlight the promise of targeted crop switching and redistribution to mitigate186

irrigation demand X. Chen et al., 2014; Davis et al., 2017; Kuang et al., 2022; Shi et al., 2024;187

Wang et al., 2022; Wen and Chen, 2023; Xie et al., 2023, conserve fertilzer Ren et al., 2022; You188

et al., 2024, and enhance biodiversity Beyer et al., 2022 while maintaining or increasing production.189

Yet much of this literature treats objectives in isolation, providing limited insight into cross-objective190

trade-offs Breure et al., 2024 and co-benefits across water, nutrient, and climate outcomes, and191

it rarely embeds these strategies within national and international trade systems to assess their192

distributional, social, and environmental consequences. With its burgeoning population, India has193

been at the forefront of efforts to restructure its Green Revolution–era agricultural system; however,194
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studies in the Indian context have predominantly focused on minimizing water consumption and195

alleviating groundwater stress Chakraborti et al., 2023; Davis et al., 2018, 2019; Devineni et al.,196

2022; Wei et al., 2025, while the equally critical challenge of reducing agricultural nitrogen pollution197

remains comparatively underexplored.”(see Lines: 26—38)198

In addition, nitrogen impacts need to be considered along with water
relations and there is an element of synergy among the two factors in-
fluencing crop productivity. Although, the authors did refer to such
relationship, they did not make attempt for such analysis and exclu-
sively focussed on N relations only.

Response: We thank the reviewer for drawing attention to the critical linkages between ni-199

trogen and water. We respectfully clarify that our analysis does not exclusively focus on nitro-200

gen; rather, we explicitly evaluated nitrogen–water interactions using a dual-objective optimization201

framework. In the revised manuscript, we highlight this aspect more clearly. Specifically, Figure 2a202

presents the pareto front that jointly minimizes nitrogen surplus and water demand, directly quan-203

tifying the trade-offs between the two. Our results show that nitrogen-focused restructuring yields204

substantial water savings in addition to lowering nitrogen surplus, while water-focused restructur-205

ing delivers comparatively weaker nitrogen (surplus) reductions. We further quantify this synergy206

through a cross-benefit ratio, demonstrating that nitrogen-first strategies are approximately five207

times more efficient in generating co-benefits than water-first strategies. To ensure that these re-208

sults are more visible to readers, we have revised the Results part of the manuscript (Lines 158–161209

). We emphasis the nitrogen–water pareto analysis and have clarified in the Discussion that one of210

the key novelty of our analysis is in unifying nutrient and water management rather than treating211

them in isolation (Lines 363–368). We have also included appropriate references to the revised texts212

related to water-focused restructuring scenarios and have further elaborated on the corresponding213

trade network implications .( see Lines 72–75 )214

”While previous studies have focused on the redistribution of the Indian agricultural system with215

an emphasis on water-saving approachesChakraborti et al., 2023, our findings suggest that nitrogen216

surplus reduction not only reduces nutrient pollution but also unlocks substantial water savings and217

co-benefits”(see Lines: 363—368)218

The analysis based on a linear algorithm, originally envisaged several
objectives including crop restructuring, environmental trade-offs and
inter-state trade, and should have involved multi-nodal analytical algo-
rithms.

Response: This is a great point, and we fully agree that multi-nodal analytical frameworks219

are powerful tools for capturing complex, dynamic interactions in agricultural systems. At the220

same time, we note that our analysis already incorporates a multi-nodal structure, albeit within221

a tractable linear programming (LP) framework. We include a multitude of diverse information222

in our framework wherein district-level crop allocations are optimised subject to state-level calorie223

and income constraints, and interstate trade flows are endogenously updated to ensure importing224

states meet caloric requirements post-restructuring. This effectively encodes nodal coupling across225

multiple states and crops within the LP formulation. We chose this approach deliberately: it226

provides transparency, computational feasibility, and tractability when dealing with sub-national227

datasets with clear policy relevance aspects by producing interpretable trade-offs that can inform228

procurement and subsidy decisions. More elaborated multi-nodal or nonlinear frameworks would229
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require highly granular, harmonized datasets on farmer behavior, crop adoption dynamics, and230

inter-state trade frictions, which are currently unavailable at the national scale in India.231

Restructuring the Indian agricultural system is an exceptionally complex task, marked by di-232

verse crop preferences, socio-cultural factors influencing dietary choices, regionally varying agri-233

cultural subsidies, heterogeneous minimum support price (MSP) structures, and substantial policy234

variation across states. At the resolution of our study, i.e., district (sub-national) level data encom-235

passing variables such as cropping area, production, yield, water footprint, synthetic fertilizer and236

manure application, atmospheric deposition, biological fixation, calorie production, agricultural237

GHG emissions, and MSP, implementing a multi-objective, non-linear optimization framework238

would necessitate solving an exceptionally large system of equations. Given this scale, and our fo-239

cus on cropland restructuring, a linear optimization model provided a transparent, computationally240

tractable, and policy-relevant starting point without introducing additional algorithmic complexity.241

This approach is also consistent with previous literature Beyer et al., 2022; Wei et al., 2025, which242

applies linear optimization to comparable large-scale agricultural systems. We view this as a prac-243

tical first step that can be extended in future work toward more advanced multi-nodal or non-linear244

analytical frameworks once computational and data-integration challenges are addressed.245

To clarify further this aspect, we have revised the Methods to explicitly describe how nodal inter-246

actions are embedded in the LP formulation, and we added a note in the Discussion acknowledging247

that future work could extend our framework by incorporating dynamic feedback and behavioral248

mechanisms as improved datasets become available.249

N-pollution and global health analysis has also been a subject of much
research in China, Germany, Netherlands and the Climate Analysis
Group of FAO, with several interdisciplinary models having been de-
veloped (see the publications of Dr. Baojing Gu). Thus, going by the
objectives stated by the authors, this analysis gap is evident.

Response: We thank the reviewer for this insightful comment and clearly acknowledge the250

substantial body of global research on nitrogen pollution and health impacts, including the influ-251

ential work of Dr. Baojing Gu and colleagues. Previous studies have been invaluable in shaping252

the understanding of nitrogen budgets and their environmental and health consequences, and we253

have duly cited them in our manuscript to situate our work within this broader literature.254

However, these studies have developed models to primarily analyze the fate of nitrogen Houlton255

et al., 2019; Ren et al., 2022 in agricultural systems and often do not incorporate the trade-off256

and interaction of water with nutrients and their subsequent impacts on trade systems. Our study,257

however, was not intended to replicate global analyses but to address a specific gap to exemplify258

water-nutrient interactions and implications on inter-India trade systems. The first contribution259

of our work is the explicit integration of nitrogen and water objectives in a single optimisation260

framework. By analyzing them together through a dual-objective pareto approach, we show that261

nitrogen-focused restructuring not only reduces surplus but also delivers larger water savings than262

water-focused restructuring. The cross-benefit ratio further demonstrates that nitrogen-first strate-263

gies are about five times more effective in producing water savings compared to the reverse. This264

unified treatment of nitrogen and water goes beyond much of the existing literature, which tends265

to consider them separately Chakraborti et al., 2023; Davis et al., 2017, 2018; Ren et al., 2022.266

The second contribution, central to our study, is the integration of crop restructuring with267

interstate trade flows under calorie and income constraints. This design ensures that trade flows268

are updated endogenously in response to restructuring, rather than treated as an external outcome.269

Our analysis reveal that nitrogen-based restructuring alters both the composition and the volume270
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of interstate trade, with alternative cereal trade increasing more than fourfold while preserving271

caloric sufficiency for importing states. To best of our knowledge, no previous study has brought272

nutrient management and trade network restructuring together in this way.273

India also presents a uniquely important setting for such an analysis as discussed above. Beyond274

its global importance as a major producer and exporter of cereals, its agricultural system is shaped275

by distinct policy instruments such as procurement schemes, fertilizer subsidies, and minimum276

support prices. These institutional features play a critical role in farmer decision-making and277

cannot be meaningfully represented in global average models. A dedicated national analysis is278

therefore necessary to capture the combined effects of nitrogen management, water conservation,279

and trade restructuring within this context.280

To make this positioning clearer, we have revised the manuscript at several places. The In-281

troduction now ends with an explicit statement of novelty. The Discussion part includes a new282

paragraph situating India as a globally significant testbed and clarifying that our framework is283

transferable to other regions through re-parameterization rather than extrapolation. Finally, the284

Conclusion reiterates that our work fills a gap by linking nutrient management, water conservation,285

and trade restructuring in one unified analysis.(see Lines: 386–400)286

Abstract line 14: Delete “into their strategies”.

Response: Implemented as suggested: we removed the phrase ’into their strategies’ from the287

Abstract.288

Keywords: Add “system efficiency”.

Response: Done: we added “system efficiency”to the keyword list.289

Line 1 : Replace “in” with “for” Line 9 : Change to “emphasis on
high-yielding crop cultivars” Line 17 : Replace “rice and wheat” with
“cereals” Lines 18–20 : Change to “mainly N-fertilizers leading . . . and
overuse of water resources . . . ” Line 23 : Change to “all the while”

Response: Thank you for these suggestions. We have implemented them in the revised290

manuscript. For example: Line 1 (“in” → “for”); Line 9 (“emphasis on high-yielding crop cul-291

tivars”); Line 22 (“rice and wheat” → “cereals”); Lines 23–25 (“mainly N-fertilizers leading . . .292

and overuse of water resources . . . ”); and Line 23 (“all the while”). These changes are reflected in293

the revised manuscript (now at Lines 2, 9, 22, 23-25, and 27-38).294

Line 50 : Not all nitrogen has environmental impact; introduce reactive-
N (Nr).

Response: We thank the reviewer for this helpful clarification. We have now explicitly in-295

troduce reactive nitrogen (Nr) at its first mention (Line 65) to distinguish environmentally active296

nitrogen compounds from inert N2, and we use Nr consistently thereafter when discussing environ-297

mental effects (e.g., surplus, leaching, and gaseous losses). Concretely, phrases such as “nitrogen298

losses” have been revised to “reactive nitrogen (Nr) losses” (e.g., “potential Nr losses to the en-299

vironment”). We also added a definitional sentence: “Throughout, ‘nitrogen’ refers to reactive ni-300

trogen (Nr) — biologically, chemically, and radiatively active nitrogen containing compounds (e.g.,301

NH3/NH
+
4 , NO

−
3 , NOx, N2O); molecular N2 is excluded.” Corresponding edits have been made at302

relevant places: main text, figure captions, and axes.303
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Line 53 : Change to “environmental and biological”. Line 55 : Use Nr
consistently. Line 59 : Ref 39—consider Lassaletta et al.

Response: Thank you. We have revised the wording as suggested (Lines 61,49,66), and304

included the citation to Lassaletta et al. (Ref. 44).305

Line 73 : “minimization” → “reduction” Line 75 : AGHG should be
“agricultural greenhouse gas”; add to Abbreviations. Line 99 : “eccen-
tric” – perhaps “centric” or “dependent”?

Response: All terms have been updated as suggested, including“AGHG” being now defined306

in the Abbreviations list.307

Line 127-128: This statement may not be true. Maize, especially the
double-cross hybrids, are high yielding, as are modern finger millet vari-
eties. Maize has high yield potential, but in India, 60% is used as animal
feed and only 13% as food.

Response: We thank the reviewer for highlighting this important point. We fully agree that308

maize, particularly with the adoption of modern double-cross hybrids, possesses very high yield309

potential, and that improved varieties of finger millet have also demonstrated considerable produc-310

tivity gains. Our original statement was not intended to suggest otherwise. Rather, our analysis311

is grounded in the observed baseline yields and nutrient use efficiencies from 2017 across Indian312

districts, which form the empirical basis for our restructure analysis. In this dataset, rice and wheat313

dominate caloric production in the Indo-Gangetic Plains, not because maize and/or millet lack bi-314

ological potential, but because realized yields per unit nitrogen applied (nitrogen use efficiency) are315

higher for rice in the baseline allocation. To this end, we have revised the text (Lines 143–152) to316

make it clearer that our comparative analysis, supported by available statistics (ICRISAT/official317

database), focuses on yield per unit nitrogen input rather than absolute yield potential.318

We also note the reviewer’s valuable point on the end use of maize. While much of India’s319

maize production is channeled towards animal feed, our analysis framework is structured to preserve320

caloric sufficiency for human consumption by imposing calorie and income constraints at the state321

level. This ensures that trade restructuring and crop diversification do not come at the expense322

of food security. We have revised the manuscript to explicitly clarify these distinctions: that our323

conclusions are based on observed nutrient efficiencies and that they should not be interpreted324

as disregarding the high yield potential of modern maize and millet hybrids; and human caloric325

sufficiency is safeguarded within the analysis framework (Lines 397–399).326

”In addition, our analysis does not differentiate crop genetic varieties, which can vary in water- and327

nutrient-use efficiency and thereby affect projections of productivity and environmental impacts.”328

Lines 152–153: The reported water savings may be underestimated.
Basmati rice varieties with improved water-saving technologies have
achieved yield stability and enhanced water use efficiency.

Response: We thank the reviewer for this insightful point and agree that variety- and practice-329

specific water savings (e.g., improved Basmati cultivars under water-saving management) can ex-330

ceed our system-level estimates. Our estimates deliberately reflect conservative, system-average331

conditions because nationally consistent, district-resolved data on cultivar mix and the adoption of332

water-saving technologies are not yet available. We have recognized these aspects in the Discussion333
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(revised Lines 392–394) that our water metric represents consumptive demand under representative334

practices. The reported savings can be viewed as first-order estimates and should be interpreted335

with caution, as they will vary with local policies and management. Wider adoption of water-saving336

technologies would likely shift the observed trade-off curve outward, amplifying water reductions337

without compromising yield stability. We now explicitly highlight these improved water-saving as-338

pects and identify the integration of cultivar- and management-level adoption data as an important339

direction for future refinement. With respect to the current work, we emphasize that our compar-340

ative analysis of restructuring based on nutrient and water savings consistently applies the same341

water-demand assumptions for a given crop.342

Fig. 2: Virtual export of water and nitrogen through agricultural ex-
port (both intra- and inter-country scenarios) has been studied. Please
include relevant references in the Discussion and elaborate on further
reduction via crop replacement and trade restructuring.

Response: We appreciate this insightful suggestion. The revised Discussion section (Lines 379–383)343

now explicitly incorporates relevant literature on virtual water and nitrogen trade, placing our find-344

ings within a broader context and discussing potential further reductions achievable through crop345

restructuring and trade network adjustments. References have been explicitly included (Lines 72–346

75).347

” Furthermore researchers have extensively quantified virtual water mekonnen2024trends; Har-348

ris et al., 2020 and nutrient footprints X. Chen et al., 2023; Goyal et al., 2024; Oita et al., 2016 in349

within-country and cross-border trade flows, it has seldom evaluated how agricultural restructuring350

(e.g., crop reallocation) would reconfigure trade systems liu2024china; mehla2023optimization”351

352

Line 186 : “N-centric”? Line 235 : Cultural consideration should
include socio-economic perspective. Line 239 : Replace “quick” with
“easy”.

Response: Thanks. “N-centric” has been updated to “nitrogen-centric” (Line 112). Socio-353

economic dimensions have been integrated into the cultural discussion, and “quick” has been re-354

placed with “easy”.355

Uncertainty analysis and its mitigation should be analyzed quantita-
tively and integrated in the model. It is currently mentioned only as
‘constraints’ (Line 554), which requires further clarification.

Response: We fully agree and have conducted an explicit quantitative sensitivity and uncer-356

tainty analysis on key parameters, including fertilizer use rates, nitrogen deposition, and biological357

nitrogen fixation. Results from this analysis are presented in the revised manuscript (see e.g., sup-358

plementary Figure S 7-11 and Methods section at Lines 873–890). We now explicitly account for359

uncertainties in key parameters propagated through our analytical framework, thereby addressing360

your valuable suggestion.361

Line 477 : N-surplus must include N-leakage. Line 516 : Reference
“Agricultural Statistics at a Glance”.

Response: Thank you for these remarks. We have added a dedicated Nleak term to Eq. 6 and362

quantify N-leakage estimates with region-specific coefficients.(see supplementary Figure 15)363
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• Data source: “Agricultural Statistics at a Glance” is now cited explicitly (Line 518).364

Line 526 : Convert all monetary values to USD for an international
audience.

Response: All monetary quantities have been converted to constant-2015 USD. Values were365

first deflated to 2015 using CPI series and then converted to USD using the corresponding annual366

average exchange rates (Lines 852–859). Damage cost factors per kg of reactive nitrogen (Nr)367

follow Sutton et al. Sutton et al., 2017. A summary of 2015 Nr loss cost estimates (USDkg−1N) is368

provided in Supplementary Table S5.369

Line 580 : Limitations should reflect in the model.

Response: A dedicated “Limitations” subsection (Lines 386–413) outlines how data and mod-370

eling constraints were taken into account in optimization have been added in the revised manuscript.371

We acknowledge the complexity of Indian agriculture and the limitations of our study. While our372

nutrient-centric approach is grounded in the best available national-scale data, greater spatial and373

temporal disaggregation of fertilizer, manure, and socio-economic information would allow more374

targeted interventions. The transition towards nutrient-focused restructuring must also consider375

local food demand, the structure of farm holdings and cooperatives, procurement policies, rationing376

systems, and minimum support prices (MSPs), all of which influence adoption feasibility. Several377

parameters used to identify optimal strategies remain uncertain due to climatic variability and378

regional differences in agricultural practices and policies. We addressed part of this uncertainty379

through bootstrapping and sensitivity analyses (see Methods; Supplementary Figure. S7–S11), but380

more detailed datasets would strengthen parameter robustness..... (lines 375–393)381

Line 687 : It is better to use Indian data reflected in the BUR-3 report
published by the Ministry of Environment (MoEFCCC), Govt. of India.
Now India already has Tier III dataset which could refine the estimate
and incorporated in the model.

Response: We thank the reviewer for this valuable suggestion. We have updated our AGHG cal-382

culations following the BUR-3 Tier III dataset for India (Lines 713–758). This revision enables the383

use of spatially explicit emission factors, incorporating greenhouse gas emissions from crop residue384

burning, methane emissions from rice cultivation, and emissions from manure and fertilizer man-385

agement. The BUR-3 Tier III datasetDhingra et al., 2019 provides a methodological framework386

for emission factors for multiple pathways, which we integrated into our spatial model to gener-387

ate crop-specific emission intensities at high resolution. This refinement captures heterogeneity in388

agricultural practices and climatic conditions across India, thereby reducing the aggregation bias389

inherent in earlier IPCC Tier I-based estimatesCarlson et al., 2017. We are grateful for this com-390

ment, as it has helped us improve our uniform Tier I approach to a more robust, spatially varied391

Tier III framework informed by the Indian BUR-3 report. We have added a Supplementary Table392

7-9 listing all the factors and datasets used. Further to this we have added the supplementary393

Figures S12-S13.394

Line 700 : Nitrogen loss cannot be a default value for a large country.

Response: This is a valid point. In the revised manuscript, we have clarified that nitrogen loss395

coefficients are derived from simulations using the well-recognized gridded IMAGE–GNM model396
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Beusen et al., 2015. Both the nitrogen leaching and N2O emission factors are spatially explicit397

and geographically varying, rather than being applied as a single national default. We are aware398

of the uncertainties associated with applying a global model at this scale; however, IMAGE–GNM399

has been widely used for evaluating nitrogen fate worldwide and has also been applied in previous400

studies focusing specifically on India Elsayed et al., 2025. To better reflect India’s heterogeneity,401

these coefficients were explicitly regionalized, and the spatial variability of nitrogen loss factors is402

now presented in Supplementary Figure S15.403

Moreover, the nitrogen leaching and emission coefficients derived from the global IMAGE–GNM404

model are constrained by coarse spatial resolution and generic parameterization, which may not405

fully capture the heterogeneity of Indian agroecosystems. (line 399–402)406

General : How was the data retro-fitted onto the map of India?

Response: Crop data were rasterized using Python geospatial libraries to ensure accurate align-407

ment with district-level boundaries. We once again thank the reviewer for their thoughtful and408

constructive critique that helped us to improve our manuscript. The revisions prompted by your409

comments have significantly strengthened the scientific rigor, transparency, and broader relevance410

of our work.411
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Response To Reviewer #4412

413

We sincerely thank Reviewer 4 for their insightful comments, which have significantly414

enhanced the clarity and impact of our manuscript. Below, we provide detailed line-415

by-line responses to each of the comments raised.416

General Assessment417

The paper is methodologically sound and substantiates the case as to
why nutrient-centric agricultural restructuring could make sense in In-
dia. The use of a multi-objective optimization model to evaluate trade-
offs and co-benefits of minimizing nitrogen surplus and water use was
able to explain the implications for sustainability, food security, and
interstate trade. It’s also notable that the authors considered the socio-
economic and cultural context in their methodology.

Response: We thank the reviewer for this encouraging assessment and are pleased that the418

methodological rigor, policy relevance, and consideration of socio-economic context in our study419

were explicitly recognized.420

A. Model Assumptions And Data Sources421

The authors used IMAGE-GNM emission and leaching factors. How-
ever, these are global-scale model outputs and may not accurately reflect
India’s heterogeneity in soils, rainfall, and management. I suggest to add
a brief discussion on this limitation and suggest more localized empirical
data or models that could enhance future versions.

Response: We appreciate this important observation. In the revised manuscript, we have422

added a discussion acknowledging that the global-scale emission and leaching factors derived from423

IMAGE-GNM may not fully capture the heterogeneity of Indian soils, climatic variability, and424

localized management practices. Both the nitrogen leaching and N2O emission factors are spa-425

tially explicit and geographically varying, reflecting underlying landscape heterogeneity (e.g., soil,426

vegetation and hydroclimatic conditions; see Supplementary Figure S15). Furthermore, more re-427

cently Elsayed et al. (2025)Elsayed et al., 2025 evaluated soil nitrogen budgets and fates in Indian428

agriculture using the IMAGE model, providing a basis for our current approach. Nevertheless, we429

agree that future research could be strengthened by incorporating region-specific empirical datasets430

and/or applying localized agro-environmental models, which would better capture India’s diverse431

agricultural contexts and provide improved nitrogen (leaching and emission) estimates. We have432

included these forward-looking aspects in the revised manuscript (at Lines: 399–402).433

The model included valuable constraints on minimum rice/wheat culti-434
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vation due to cultural importance, but adoption barriers like market ac-
cess, taste preferences, processing infrastructure, and farmer skill adap-
tation were not fully addressed. Maybe add a brief discussion regarding
these practical adoption constraints and how they could be incorporated
in future modeling.435

Response: We thank the reviewer for this relevant suggestion. In the revised discussion,436

we have added consideration of practical adoption constraints, explicitly addressing market access437

limitations, consumer taste preferences, processing infrastructure gaps, and challenges related to438

farmer skill adaptation. We also outline potential approaches for incorporating these socio-economic439

and infrastructural factors into future modeling frameworks, underscoring their importance for440

enhancing the practical applicability and realism of agricultural restructuring scenarios (Lines 405–441

413).442

Future research could extend our framework by integrating state-specific procurement incentives,443

emerging subsidies, and dynamic pricing—particularly for millets—in domestic and international444

markets...445

Post-optimality sensitivity analysis was undertaken and real-world con-
straints (i.e., minimum caloric output, no expansion beyond historical
crop areas, and farmer profit stability) ground the model in realistic
agronomic and economic conditions. However, empirical/external val-
idation was lacking. While this is understandable given the scale and
ambition of the work, the policy relevance of the study would be signifi-
cantly strengthened by empirical comparisons or even qualitative align-
ment with existing field programs and observed trends.

Response: We fully concur with the reviewer’s point regarding empirical validation. Given446

the scale and complexity of the analysis, direct empirical validation poses substantial challenges.447

Nonetheless, we have expanded the discussion to include qualitative comparisons with existing448

agricultural programs and documented trends within India (Lines 394–397). This addition aims449

to bridge the model results with real-world observations and enhances the policy relevance of our450

findings.451

Embedding the approach in participatory, on-farm validation and iterative policy design can452

accelerate an equitable transition away from resource-intensive production systems.453

Reactive-N (Nr) is defined at first mention (Line 147) and used consis-
tently; “AGHG” is now spelled out and added to the Abbreviations list;
“eccentric” is replaced with “crop-centric”.

Response: We thank the reviewer for these helpful editorial suggestions. All terminology454

corrections have been implemented as suggested by the reviewer.455

Figure labels and legends are too small and hard to read. Increase size456

17



of plots and text font to make them more legible. Consider breaking up
multiple plots (i.e., Fig. 2) if appropriate. “Pareto” was misspelled in
Fig. S2. The color of the bar (profit) for Fig. S3b confused me. My
sense was red color denoted an increase in percentage. I also suggest
dropping the “%” on the labels for the trade-offs on the y-axis on S3
since it was already stated on the x-axis label.457

Response: We appreciate these detailed suggestions on enhancing the readability and clarity458

of presented figures. We have increased the font size for all figure labels and legends, corrected the459

spelling of ’Pareto’ in Supplementary Fig. S2, and adjusted the color scheme in Fig. S3b for clarity.460

Additionally, we have removed redundant ’%’ symbols from the labels on the y-axis of Fig. S3,461

ensuring consistency and avoiding potential confusion. Once again, we sincerely thank Reviewer462

#4 for their thorough and constructive feedback, which has undoubtedly improved the manuscript.463

Final Recommendation464

Overall, it is an excellent paper offering quantitative evidence for how
nitrogen surplus management can lead to broad environmental and eco-
nomic co-benefits, especially in the Indian context. I recommend to
accept this paper with minor revisions to address the above points.

Response: We are grateful for the reviewer’s positive evaluation and encouraging assessment.465

We are glad that the quantitative evidence and policy relevance of our work were recognized. We466

have carefully addressed all the suggested minor revisions in the revised manuscript.467
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Point-by-point response to reviewers

We thank Reviewer #3 and Reviewer #4 for their positive feedback and for the time they
invested in evaluating the manuscript. We thank Reviewer #6 for the detailed and constructive
comments. We have fully incorporated these comments, and they have further strengthened the
manuscript.

Point-by-point responses to all reviewers are provided below. Reviewer comments are repro-
duced verbatim in black, our responses are provided in blue, and manuscript touchpoints are
summarized in red. Line numbers cited below refer to the current clean revised manuscript and
revised supplementary information.
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Response to Reviewer #3
Comment

Authors have positively responded to the comments of the Revieweres and made required mod-
ifications/changes in the text and also in the supplementary. The article now reads well.
Response

We thank Reviewer #3 for their overall positive assessment of our revisions. We appreciate the
reviewer’s time and effort in reviewing our manuscript.

Response to Reviewer #4
Comment

I have carefully reviewed the authors’ revised manuscript and their detailed responses to my
comments. I am satisfied that all of my concerns have been thoroughly addressed, and the revisions
have significantly improved the clarity, rigor, and policy relevance of the paper. Overall, I find the
manuscript suitable for publication in its current form.
Response

We thank Reviewer #4 for their overall positive assessment of our revisions. We appreciate the
reviewer’s time and effort in reviewing our manuscript.

2



Response to Reviewer #6
Response

We thank Reviewer #6 for the careful and in-depth review. These comments substantially
improved the manuscript. In response, we incorporated the additional official datasets suggested
by the reviewer wherever they could be used directly, updated the primary revenue-benchmark
analysis accordingly, clarified the scope of the calorie constraint, added seasonal and uncertainty
analyses, and made the remaining benchmark limitations explicit. We respond point by point
below.
Comment

Comments on “Quantifying environmental co-benefits of nitrogen-based crop restructuring and
its implications on India’s interstate trade network”.
• Using multi-objective optimization model, the paper has developed a framework and demon-

strated the superiority of nitrogen-focussed crop restructuring strategy in lowering nitrogen
surplus along with producing water-saving over water-focussed restructuring, while maintaining
the calorie production and farmers income. The model also uniquely integrates crop restructur-
ing with inter-state trade flow for ensuring compensation of potential calorie deficits from crop
restructuring through increased trade volume of alternative crops. Overall, the paper provides
useful insights on leveraging the synergy between nutrient and water management and aligns
with the national and global priorities on sustainable agriculture.

Response
We thank the reviewer for this overall positive assessment of our work and for recognizing

both the optimization framework and the integration of crop restructuring with interstate trade.
The detailed revisions described below were undertaken to further sharpen the basis, scope, and
presentation of these core findings.

Comment 1

Comment
To reflect a realistic agricultural scenario, crop area optimization has been implemented with

constraints on calorie production and farmers’ income. The farmer’s income has been estimated at
the district level by deducting production costs from sale revenue. The authors have used national-
level minimum support price (MSP) for estimating sale revenue of crops at district level. Valuating
production with administratively fixed MSP does not represent realistic agricultural market because
MSP is primarily designed as a safety net mechanism rather than reflecting a true value of produce
at competitive market. Further, it is characterized with limited access (only 15% of paddy farmers
and 9.6% of wheat farmers availed MSP in 2018-19) with significant variation across crops and
geographical regions. MSP-based procurements are biased towards crops like paddy and wheat,
while the alternate crops in the study (maize, jowar, bajra and ragi) are largely excluded from
MSP-based procurement. Using MSP for estimating income, therefore, masks inter-crop disparity
in actual price realization and produces inconsistent revenue terms of trade between crops- a key
factor driving farmers’ decision on crop choices. Consequently, the optimization results may not
reflect real market scenario. A simple alternative to MSP could be ‘unit-prices’ for each crop –
derived by dividing value of crop output with production. Beside representing actual average prices
realized by farmers for crop produce, unit-prices can be estimated at state level and thus provide
more variability in data than using single national-level MSP.
Response
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We thank the reviewer for this clear and well-structured clarification, which has significantly
strengthened our analysis by grounding the work more firmly in real-world conditions. In response,
we have revised our work, considering now the revenue benchmark using state/crop-specific offi-
cial value-of-output and production statistics. Specifically, we combined state-wise current-price
value-of-output data with historical state-year production totals for the six focal cereals. On the
production side, the revised pipeline already used a historical state-year denominator aggregated
from the DES APY public report route, so the production term already retained state and year
variability rather than relying on a single national (MSP-based) benchmark.

The revised manuscript now uses this combined information directly in the primary revenue
benchmark where the matched data support it: for state-crop combinations with matched 2017–
18 realized unit prices, the sales-revenue term uses the corresponding official realized price. This
incorporates observed state and crop heterogeneity without implying false district-level precision.

The new analysis shows three things. First, realized-price benchmarks – when aggregated at
a national scale – do not map one-to-one onto MSP. While we use state–crop-specific revenue
information in our optimization analysis, this step was undertaken as a preliminary check to assess
the consistency between the two price estimates. Second, indicative realized-price terms of trade
among the coarse cereals are heterogeneous rather than uniformly favorable. Third, the realized-
price dataset has a material scale mismatch with the district-level optimization and uneven crop
coverage, particularly for jowar, bajra, and ragi in some states. For that reason, the revised core
specification uses a primary revenue benchmark that combines direct realized state-year prices,
where available, with transparent all-India realized-price fills when the official state-crop series is
incomplete. We discuss this in the revised manuscript explicitly to avoid overstating the precision
of our analysis and findings.

We also revised the main figures (Figure 2 and Figure 3) using results based on the new 2017–18
revenue benchmark. In the revised work, we also aligned the combined annual Pareto construction
in Fig. 2a with the written seasonal formulation by summing the approved rabi and kharif objective
totals at matched α values for annual interpretation. This new adjustment changes the absolute
annual placement of the frontier – compared to earlier MSP-based results, but it does not alter
the comparative ordering between water-focused and nitrogen-focused restructuring. The resulting
endpoint gains are more conservative than under the MSP comparison case, but the comparative
ranking between water-focused and nitrogen-focused restructuring remains unchanged. These ad-
ditional experiments, therefore, add a more realistic market-based check while reinforcing the same
central comparative insight. To further ascertain this aspect, the MSP results are now retained as
comparison figures in Supplementary Figs. S17–S18, while Supplementary Fig. S16 summarizes the
realized-price diagnostics that motivated the revised benchmark.
Changes in manuscript: Main manuscript lines 74, 168, 176, 191–196, 217, 297–315, 338–340,
and 644–648; Supplementary Information lines 511–545 and Supplementary Figs. S16–S19.

Comment 2

Comment
Any inference on the crop reallocations obtained using MSP-based estimates on farmers income

would be conditional on realization of MSP for each crop which is not a typical characteristic
of Indian agricultural market. This refutes authors’ claim of incorporating realistic agricultural
scenario in the model. Underline conditionalities of the results shall at least be explicitly discussed
in the paper.
Response

We thank the reviewer for this remark. This aspect is now addressed directly when we redid the
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revenue analysis in response to the above Comment 1. Once the primary benchmark was rebuilt
using the official realized value-of-output data together with the historical state-year production
denominator, the interpretation of the income constraint was also tightened to match what the
data support. The revised manuscript now uses that primary 2017–18 revenue benchmark in
the main analysis, while retaining the MSP formulation as a transparent comparison case in the
Supplementary Information.

We then tightened the language in the manuscript accordingly. In the framing paragraph
of the main text, we now describe the model as imposing explicit calorie-adequacy and income-
preservation constraints. In the Results, the net-return changes are described as outcomes under the
primary 2017–18 revenue benchmark, and we state explicitly that these gains should be interpreted
as benchmarked income preservation and modest improvement rather than literal district-specific
realized remuneration. In the Methods, we define the sales-revenue price term as a state-crop
benchmark assembled from matched realized prices and all-India realized-price fills for the residual
unmatched combinations. In the Discussion, we now state any remaining limitations of our analysis,
including the state-year scale mismatch, and refer readers to Supplementary Figs. S16–S18. In this
way, the wording in the revised manuscript now better aligns with the results obtained from the
official databases incorporated in response to Comment 1.
Changes in manuscript: Main manuscript lines 107, 168, 176, 191–196, 217, and 297–315;
Supplementary Information lines 511–534 and Supplementary Figs. S16–S18.

Comment 3

Comment
Estimates on production cost used in the analysis need to be elaborated using standard ter-

minology. It is not clear whether cost includes only paid-out expenses or imputed value of owned
resources (family labour, own land, etc) as well. It is recommended to use standard cost concepts
(eg Cost A1/Cost B1/Cost C1) for ensuring clarity and uniform comprehension.
Response

We have clarified this in the revised manuscript. The production-cost term used in the model
is not a district-level reconstruction of separate material, labour, and land components as the
previous wording may have implied. Instead, we used the published state-level crop-specific cost-
of-production series reported in Agricultural Statistics at a Glance 2017 [?]. In that source table,
the cost-of-production column used in the model is reported in Rupee quintal−1 on the DES C2
basis, while cost of cultivation is separately reported on A2+FL and C2 bases in Rupee hectare−1.
We therefore revised the Methods to describe the production-cost term in exactly those terms and
edited the corresponding equation and units to match the reported terminologies. We also checked
the archived implementation directly: the coefficient multiplies production after tonne-to-quintal
conversion, confirming that the executed term is output-based cost of production rather than a
per-hectare cultivation-cost coefficient.

In the revised manuscript, we now state explicitly that this term should be interpreted as a state-
level C2 cost-of-production benchmark applied uniformly to districts within each state-crop pair.
Thus, it is not a narrow paid-out-cost measure alone; through the DES C2 definition, it includes
imputed owned-resource components such as the rental value of owned land and the imputed value of
family labour. At the same time, it should not be interpreted as a district-level microdata estimate
of farm costs. To improve clarity, we added a supplementary table summarizing the standard
DES concepts (Cost A1, Cost A2, A2+FL, Cost B1, Cost B2, Cost C1, and Cost C2) using the
DES manual cited by the reviewer. We also added a second supplementary table that makes the
aggregation explicit by listing the native source resolution, native units, and exact treatment of the
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production-cost and revenue benchmarks within the optimization.
Changes in manuscript: Main manuscript lines 297–315 and 217; Supplementary Information
lines 564–607 and Supplementary Tables 10–11.

Comment 4

Comment
Usually alternate crops like jowar, bajra, ragi and maize remain less remunerative than rice

and wheat, disincentivizing farmers to diversify away from the latter crops. As the resultant crop
reallocations are in favour of alternate crops (jowar, bajra, ragi and maize), it would be plausible
to provide revenue terms of trade between competing crops as Supplementary information.
Response

We agree and have added this in the revised supplementary material. Supplementary Fig. S16b
now reports indicative realized-price terms of trade of the alternative cereals relative to rice and
wheat, summarized from the official realized-price benchmark. This lets readers assess directly
whether the relative price signals are uniformly favorable or heterogeneous across the alternative
cereals. The figure shows the latter, which is why the primary manuscript uses matched realized
prices where available but retains a transparent all-India realized-price fill for the small number of
uncovered state-crop combinations.
Changes in manuscript: Supplementary Information lines 511–516 and Supplementary Fig. S16.

Comment 5

Comment
It would be revealing if it is possible to provide seasonally disaggregated optimized crop real-

locations. Although the crops like maize and rice are cultivated in both kharif and rabi seasons in
few states, seasonal typology is generally maintained by other crops. Figure 2 shows reallocation
of wheat area to alternate crops- jowar, bajra, and ragi, typically grown in different seasons. Simi-
larly, some area from rice has been reallocated to wheat which is counter-intuitive as in majority of
wheat (rabi) growing states, rice (kharif) is not a competing crop. A clear seasonally-disaggregated
picture on crop substitution between competing crops would provide a better comprehension of the
results. At least, districts witnessing such counter-intuitive reallocations shall be demarcated.
Response

We agree that the annual crop-reallocation flow summary in Fig. 2d is easier to interpret when
its seasonal structure is shown explicitly. The optimization itself is already seasonal: kharif and
rabi are solved independently and the annual panel aggregates those two primary seasonal solu-
tions. We therefore added a dedicated seasonal breakdown in the Supplementary Information as
Supplementary Fig. S20.

In that new figure, we now show separate kharif and rabi crop-reallocation flow summaries
derived from the primary nitrogen-focused optimized area table, together with a direct identification
of district-seasons in which rice decreases while wheat increases. This seasonal disaggregation
clarifies the issue raised by the reviewer. In the primary solution table, there is no baseline kharif
wheat area. Accordingly, the apparent annual rice-to-wheat crossover in the combined panel does
not represent a kharif same-season substitution. The limited same-season rice-loss / wheat-gain
adjustment occurs only in rabi districts that already cultivate rabi rice in the baseline system. These
districts are concentrated primarily in West Bengal, with smaller contributions from a limited set
of other rabi rice-growing districts.
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This addition allows us to keep the main annual panel as a compact annual summary while
making the seasonal interpretation explicit in the Supplementary Information.
Changes in manuscript: Main manuscript line 217; Supplementary Information lines 551–559
and Supplementary Fig. S20.

Comment 6

Comment
As calorie content of selected crops is almost similar (see Supplementary table 4), imposing

restriction of ‘calorie production’ in the model for the sake of food security becomes redundant.
However, alternate crops viz. jowar, bajra, ragi, maize still offer advantage over rice and wheat
in terms of overall nutritional and environmental effects. The authors shall emphasize nutritional
security dimension of alternate crops apart from calorie production (food security). This will align
the paper with the shifting policy discourse from food to nutritional security in India and globally.
Response

Thanks for reframing this excellent point. In response, we revised the manuscript so that the
calorie constraint is interpreted narrowly as a conservative energy-availability floor, not as a direct
optimization of full food security or broader nutritional adequacy. This change has been made
consistently in the Methods, Results, Discussion, and trade-network interpretation.

To address the second part of the comment, we added a supplementary nutritional comparison of
the six focal cereals. This table shows that the cereals are broadly similar in calorie density but differ
materially in protein and micronutrient content, especially iron and calcium. We now state explicitly
that diversification toward coarse cereals may confer broader nutritional and environmental co-
benefits.
Changes in manuscript: Main manuscript lines 168, 174, 191, 213, 226–227, 328, 338, and
379–390; Supplementary Information lines 380–398.

Comment 7

Comment
The scope of the analysis is limited to cereals crops and surprisingly excludes the nitrogen-

friendly pulses/leguminous crops. The ability of pulses to fix atmoshpheric nitrogen naturally shall
make these crops a preferred element of the alternate crops sub-set, particularly in the studies like
this where nutrient management is a core investigation. Also, farmers’ decision on crop choices are
not mutually exclusive to crop groups (eg cereals, pulses, oilseeds, fruits, vegetables). Depending
on factors like resources constraints, relative profitability, risk perception etc, farmers often grow
a combination of different crops. The authors can discuss the importance of pulses in nitrogen-
management and possibly mention the reasons for choosing only cereals crops over similar or even
better alternatives like pulses. Future work plan on leveraging potential of pulses in nitrogen
management can be outlined.
Response

Thanks for raising this point. In response, we strengthened the Discussion and stated this
scope boundary explicitly, together with the rationale for the cereal-only focus used in the present
analysis.

Specifically, we now explain that the study focuses on six major cereals because both the
optimization and the interstate trade-network reconstruction could be parameterized consistently
for the dominant traded cereal system using harmonized district-season data on area, yield, input
use, prices, calories, and trade. We also state clearly that the present results should therefore be
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interpreted as evidence for cereal-to-cereal restructuring within India’s major traded cereal system,
especially the replacement of rice and wheat with lower-footprint alternative cereals, rather than
as an all-crop optimization. In the same Discussion paragraph, we now note that pulses and other
legumes remain important for nitrogen management and dietary diversification, and that extending
the framework to mixed cereal–pulse systems is an important next step that will require harmonized
district-season data for additional crop groups.
Changes in manuscript: Main manuscript lines 107 and 215.

Comment 8

Comment
It is not clear how biological nitrogen fixation (BNF) for cereals (non-leguminous) crops have

been estimated as these crops do not nodulate and data on crop-specific application of biofertilizer
at district/state level is not available in cost of cultivation surveys used in the study. The sup-
plementary figure 1 and text mentions the example of legume crops which is excluded from the
analyses). For the sake of clarity, it is desirable to provide a supplementary table on BNF estimates
for selected crops, as given for other variables.
Response

In this revision, we used this comment as an opportunity to make the treatment of BNF explicit
and unambiguous for the cereals-only framework used in the study.

The revised manuscript now clarifies that the BNF term was not estimated as a crop-specific
symbiotic fixation rate for the focal cereals. Instead, we used an established approach based on the
FAOSTAT Cropland Nutrient Budget BNF rate, merged by year into the district-crop database
and carried into the nitrogen balance as an exogenous cropland input term. Because the focal
crops are cereals, this term should not be interpreted as nodulating biological fixation by the cereal
plants themselves or as district-level biofertilizer application. Regarding nitrogen surplus balancing
across Indian districts, we refer to our previously published work (Goyal et al., 2024), in which we
provide a detailed description of nitrogen balances across districts, accounting for different crops
and budget components (e.g., fertilizer inputs, manure, nitrogen uptake, and biological nitrogen
fixation).

To take the reviewer point more explicit for this paper itself, we removed the generic legume
example from the Methods, revised the description of NBNF in the nutrient-surplus equations, and
added Supplementary Table 12 reporting the implemented BNF term for each selected cereal. In
the 2017 baseline optimization used in this study, the same annual FAOSTAT cropland BNF term
is applied across the six focal cereals, and the implemented value is now reported explicitly in the
Supplementary Information.

Goyal, S.S., Kumar, R. & Bhatia, U. Assessing temporal dynamics of nitrogen surplus
in Indian agriculture: district scale data from 1966 to 2017. Sci Data 11, 1191 (2024).
https://doi.org/10.1038/s41597-024-04023-3
Changes in manuscript: Main manuscript lines 245 and 263–270; Supplementary Information
lines 611–629 and Supplementary Table 12.

Comment 9

Comment
The authors may provide source of State-specific fractions of residue brunt in Supplementary

table 6. This would be useful for reader as such data is often not widely known.
Response
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We have now made the source attribution explicit in both the Methods and the Supplementary
Information text. Specifically, Supplementary Table 6 now states that the state-specific rice and
wheat residue-burning fractions follow the revised residue-burning inventory reported by Jain et
al. (2014), and we also state that the remaining cereal-state combinations use the default value
of 0.10 adopted in that inventory. The corresponding Methods paragraph on crop-residue burning
now refer to the same source directly and points readers to Supplementary Table 6 for the listed
state-level information.
Changes in manuscript: Main manuscript line 534; Supplementary Information lines 425–440
and Supplementary Table 6.
Response

Taken together, Reviewer #6’s comments improved the manuscript substantially. They gave
us the opportunity to make the benchmark construction, assumptions, and supporting analyses
more explicit, demonstrate the robustness of the core findings through additional analyses, and
make the income, calorie, and scope-related claims clearer and unambiguous. Importantly, the
additional analyses introduced in response to these comments, including the realized-price primary
benchmark, the district-MSP comparison analysis, and seasonal disaggregation, all support the
same core comparative conclusion. The central environmental and restructuring insights, therefore,
remain intact, and they are now presented with a stronger basis and clearer interpretation.
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