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Decision letter and referee reports: first round

30th Mar 21

Dear Dr Beyer,
Please accept my apologies for the delay in obtaining reports for your manuscript titled "Relocating
agriculture could drastically reduce global carbon, biodiversity, and water impacts". Your manuscript
has now been seen by 3 reviewers, whose comments are appended below. You will see that they
find your work of some potential interest. However, they have raised quite substantial concerns that
must be addressed. In light of these comments, we cannot accept the manuscript for publication,
but would be interested in considering a revised version that fully addresses these serious concerns.
We hope you will find the reviewers' comments useful as you decide how to proceed. Should
additional work allow you to:
• address these criticisms (that is, either to incorporate the suggestions or provide a compelling
argument why the point made by the reviewer is not valid, or relevant to the editorial threshold as
outlined below)
AND
• meet our editorial thresholds as outlined below,
then we would be happy to look at a substantially revised manuscript.
In the following, we list our main editorial thresholds:
** Robust new insights into the potential for climate adaptation by crop migration;
** An in-depth and balanced discussion of the uncertainties and limitations of your analysis.
In addition, please supply point-by-point responses to all the reviewers' comments.
However, please bear in mind that we will be reluctant to approach the reviewers again in the
absence of substantial revisions.
If the revision process takes significantly longer than three months, we will be happy to reconsider
your paper at a later date, as long as nothing similar has been accepted for publication at
Communications Earth & Environment or published elsewhere in the meantime.
We understand that due to the current global situation, the time required for revision may be longer
than usual. We would appreciate it if you could keep us informed about an estimated timescale for
resubmission, to facilitate our planning. Of course, if you are unable to estimate, we are happy to
accommodate necessary extensions nevertheless.
We are committed to providing a fair and constructive peer-review process. Please do not hesitate
to contact us if you wish to discuss the revision in more detail.
Please use the following link to submit your revised manuscript, point-by-point response to the
referees’ comments (which should be in a separate document to any cover letter) and any

completed checklist:
[link redacted]
** This url links to your confidential home page and associated information about manuscripts you
may have submitted or be reviewing for us. If you wish to forward this email to co-authors, please
delete the link to your homepage first **
Please do not hesitate to contact me if you have any questions or would like to discuss the required
revisions further. Thank you for the opportunity to review your work.

Best regards,

Dr Clare Davis
Associate Editor
Communications Earth & Environment
www.nature.com/commsenv/
@CommsEarth

EDITORIAL POLICIES AND FORMAT
If you decide to resubmit your paper, please ensure that your manuscript complies with our editorial
policies and complete and upload the checklist below as a Related Manuscript file type with the
revised article:
Editorial Policy <a href="https://www.nature.com/documents/nr-editorial-policychecklist.zip">Policy requirements </a>
For your information, you can find some guidance regarding format requirements summarized on
the following checklist:(https://www.nature.com/documents/commsj-phys-style-formattingchecklist-article.pdf) and formatting guide (https://www.nature.com/documents/commsj-physstyle-formatting-guide-accept.pdf).

REVIEWER COMMENTS:
Reviewer #2 (Remarks to the Author):
Please see review document attached.

Reviewer #3 (Remarks to the Author):
Article tackles one of the most pressing issues humanity is facing: how to decrease the impact of

food production on environment while still maintaining the adequate food supply to everyone.
Authors present optimization model that allows them to test how cropland reallocation could help
to decrease the carbon and biodiversity footprint of food production. While there is lot of potential
in their approach, I have some major concerns that needed to be addressed before I can recommend
for publication.
1. Starting from the title; it now gives wrong impression that carbon, biodiversity and water impacts
can be optimized together. This is not the case. Please revise.
2. The key message of the article is even more worryingly misleading. Authors state in line 18- that
relocating current croplands and pasture to optimal locations would decrease the footprints
drastically. This is only part of the story. When reading on the article, only then it is revealed that
authors assume full yield gap closure on top of relocating. Yield gap closure is shown to have very
high positive impact on food production, even in current cropland locations (e.g. Mueller et al
https://doi.org/10.1038/nature11420, Fader et al https://doi.org/10.1088/1748-9326/8/1/014046).
Using their estimates, we estimated that food supply could be increased globally by only yield gap
closure (i.e. without relocating the croplands) by 56-112%, depending on the level of closure
(https://doi.org/10.1016/j.cosust.2018.01.006). And in many parts of the globe the yield gap closure
has much higher potential than that.
Thus, it would be very important to separate the impact of relocating from the yield gap closure. This
could be done by using current yields, instead of optimal yields. True, the current yields are not
readily available to every grid cell but those could be modelled by LPJmL model, as we did in our
study (also about global relocating but with a bit different focus, see preprint at
https://doi.org/10.1002/essoar.10501265.1). Another option would be to estimate the yields for
those grid cells where SPAM does not give it, using yields from grid cells within the same country
with similar climate and soil characteristics.
I would thus very strongly suggest to use current yields for main analysis, and then you can do
additional scenarios using yield gap closure etc. This way you could separate the effect of these two
opportunities.
3. Another major concern of mine is that authors assume that 90% of each grid cell is usable for
agriculture. This is nonrealistic assumption. It is not enough that you do not count cities but also
water bodies, rocky lands, slopy lands, mountains, etc should not be counted as arable. Authors
should thus very carefully assess how large part of each grid cell is actually arable land.
4. Related to the previous comment, authors do count only food and feed crops in their analysis. If I
understood correctly, they allow expansion to areas where non-food and non-feed crops are grown
(e.g. cotton). This is not realistic and I would suggest that you exclude the areas, where other crops
included in SPAM are grown, from the areas to where relocation is possible.
5. Third major concern is that authors allow, in my understanding, relocating the agriculture to
protected areas and pristine forest areas. I think these areas should be excluded from the areas to
where relocating takes place. Protected areas have been protected often from a good reason. And
although authors state that this is not always optimal from conserving biodiversity, I would argue
that using their rather simple biodiversity metric would not give good enough judgement what
should not be protected and what not. Again, authors could exclude the protected areas from the

main analysis and then have a scenario where allocation to these areas is also possible.
6. Related to the previous one: the biodiversity metrics authors use is not very widely used, in my
understanding, in this kind of studies. How would the results change, if another metrics would be
used?
7. Authors aim to reduce the irrigation to minimum, which is a good goal from water and energy use
perspective. However, irrigation is shown to be a good measure to mitigate climate variability
impacts on yields. Thus, authors should take this somehow into account in their analysis as in the
future, extreme droughts are predicted to be more frequent. Without irrigation as a mitigation
measure, there might be much more crops lost due to drought stress. This should be at minimum
discussed in the paper.
8. Authors are talking about long-term environment benefits, and also testing the climate change
scenarios. But they do not take into account the increase in food demand due to population growth
and changes in consumption patterns. This should be added too, to get realistic long-term scenarios.
9. Although there are many sources of uncertainty in their analysis and data used, these
uncertainties are not adequately quantified in the paper.
10. How is multicropping taken into account in your analysis? Especially in the tropics and subtropics, farmers can get up to 3-5 harvest per year.
11. To evaluate the results, authors should add a country-crop specific results to supplementary,
where they would show harvested area, mean yield and total production for each scenario. This
would help readers to understand the results a bit better.

Reviewer #1 attachment: first round

Overview and general comments:
This manuscript presents global agricultural land use as optimized to conserve biodiversity and
carbon storage. This optimization is solved using global gridded datasets on crop area, pasture
area, rainfed crop production, carbon impacts of crops, biodiversity impacts of crops, the area
potentially available for agriculture, and attainable rainfed yields (GAEZ model output).
The authors conclude that relocating agriculture would eliminate the need for irrigation and
decrease the carbon and biodiversity impact of agriculture. They note that re-organizing only
10% of current areas would provide a large gain. Further, they claim that the optimal global
distribution of crops is largely the same now as it will be at the end of the century.
This work is not especially novel. Many other land-use optimizations have suggested growing
food in optimal locations as a way to optimize the use of scarce resources such as water,
biodiversity, carbon storage, crop yields, climate change adaptations, or to optimize for many of
these objectives at once (see Klein et al., 2013 for a review). Others have recently come to
similar conclusions (see Davis et al., 2017). However, Beyer et al. use somewhat different
methods than others, and I think the work will interest a broad audience.
I imagine this work may be criticized for being impractical. Some of their results don’t make
sense or wouldn’t work. The question is then, what can we expect from these kinds of land-use
optimization thought experiments? I believe we can expect them to be clear about their
methods, assumptions, and limitations. It seems that the authors have gone to some lengths to
be transparent (and I will suggest a few easy things that could further this effort). I will not
suggest adding additional layers of realism until the results seem more intuitive because it’s
unclear where this approach would end. I think that to be transparent is enough and future
efforts can add layers realism to this framework as needed.
Specific comments:
The results of Figure 1 are surprising, yet there is a lack of discussion about the geographic
patterns and what is driving them. The following are some examples that deserve attention:
-

The optimal distribution across borders suggests that livestock should be intensified in
the Sahara Desert, where currently there is almost no precipitation or suitable
vegetation for livestock. I don’t think this can be driven entirely by the potential yields
for camels because this scenario virtually eliminates grazing from the rest of the
continent and camels aren’t shown in Supplementary Figure 5 so I think they’re not
included anyway. It’s unclear what might cause this anomaly. It seems like the kind of
result that might come from using a global gridded precipitation product in the GAEZ
model without masking out areas of low certainty. To my knowledge, no global gridded
precipitation products that rely on weather stations have high confidence for this area
because of a paucity of observations. If any kind of uncertainty or error information are

presented along with the GAEZ results, I would encourage the authors to consider using
it to mask out areas with low predictive power.
-

Moving livestock into the corn belt, upper Midwest, and Southeastern United States
would be logistically impractical and seems counterproductive. The re-distribution of
livestock does not seem to consider that grazing livestock at lower densities across
rangelands serves the dual purpose of allowing for biodiversity and storing carbon, and
that grazing livestock in marginal areas that are unsuited for crop production might
actually be the most optimal solution (see the recent “livestock on leftovers” literature
such as Van Zanten et al., 2016; Van Zanten et al., 2018; Schander et al., 2015; or Röös
et al., 2017). Currently, grazing happens on many open public lands in the dry, Western
US and livestock are finished at central operations. Transportation is ignored in this
study, which is fine for considering the carbon cost, but not the logistics of finishing
cattle.

-

The optimization moves cropland from the corn belt into the Great Plains. This is
surprising because the corn belt is currently the most productive agricultural region on
the planet and the Great Plains has lower precipitation. I’m not sure what would be
driving this change?

Regarding the discussion of what might be causing these patterns, I think it would be helpful for
the authors to present some of their intermediate data products in the supplemental material.
That way, one might be able to guess about whether or not results are driven by the underlying
data or the optimization itself. It would help to be able to see maps for the carbon impacts of
crops, biodiversity impacts of crops, the area potentially available for agriculture, and
attainable rainfed yields. For example, my initial thought about the choice of range rarity as a
biodiversity metric over species richness is that it would favor tropical areas, mountains, and
islands, while being less able to differentiate between the biodiversity gradient within
temperate growing areas where movement is being suggested, but it’s difficult to know without
seeing the range rarity maps.
The total area devoted to agriculture seems to be much lower in the optimization than current
day. How much of the soil and biodiversity gains are due to changes in total area compared to
using different areas? How much is due to crop switching within existing areas? If it were
possible/easy to pull these summaries out of the data they would be interesting.
The claim that “The optimal global distribution of crops is largely independent of climate change” is
not well supported. The authors say that Figure 1C bears “remarkable similarities with the optimal
configuration fore present day” across the scenarios in Figure 2, but there seem to be large
differences to me. For example, future scenarios are grazing livestock near the arctic. This claim
should probably be removed, or at least better supported with difference maps or summaries of the
actual land area differences.

The movies are cool, but they don’t allow you to zoom in. I would personally be more
interested in Supplemental Figures of high-resolution vector graphics.
Citations:
Davis, Kyle Frankel, et al. "Increased food production and reduced water use through optimized crop
distribution." Nature Geoscience 10.12 (2017): 919-924.
Klein, Tommy, et al. "Adapting agricultural land management to climate change: a regional multi-objective
optimization approach." Landscape ecology 28.10 (2013): 2029-2047.
Röös, Elin, et al. "Greedy or needy? Land use and climate impacts of food in 2050 under different
livestock futures." Global Environmental Change 47 (2017): 1-12.
Van Zanten, Hannah HE, et al. "Defining a land boundary for sustainable livestock consumption." Global
Change Biology 24.9 (2018): 4185-4194.
Van Zanten, H. H. E., et al. "Opinion paper: The role of livestock in a sustainable diet: a land-use
perspective." Animal 10.4 (2016): 547-549.
Schader, Christian, et al. "Impacts of feeding less food-competing feedstuffs to livestock on global food
system sustainability." Journal of the Royal Society Interface 12.113 (2015): 20150891.

Reviewer #2 attachment: first round

The authors present a timely study that assesses how agricultural land can be optimally redistributed
for the reduction of carbon and biodiversity footprints. The study results are interesting and despite
the simplifying assumptions, I believe the approach is parsimonious and, for the most part, effective
for addressing the study aims. The methods are sufficiently detailed that the work could be
reproduced. The paper is well written, presented, and easy for the reader to follow.
I do however have a few concerns regarding some of the assumptions, particularly with respect to
the agricultural intensity and future-looking aspects of the study. I have outlined these below.

The yield assumptions used for the main figures require greater discussion. In particular, the authors
use ‘best practice crop management yields’ for the main body of results. I have a couple of issues
with this;
(1) This assumes that producers can afford the investment into ‘fully mechanised production’
and access to fertiliser and pesticides. This most definitely not the case, particularly in the
developing world. How do the authors propose this would be made available in developing
nations? Would profit margins remain the same for producers if production costs increased
substantially?
(2) ‘Optimum fertiliser and pesticide application’ implies that the relocated agricultural land in
the results presented here will be much more intensive. Indeed in supplementary figure 1,
the relocation of production beyond a certain proportion is no longer beneficial if you
assume lower intensity of production. Higher intensity agriculture in itself has repercussions
for biodiversity and carbon. The authors allude to the extensive vs intensive agriculture
debate and consequences in the 2nd paragraph of the introduction but there is no further
discussion and I think the consequences of intensification for biodiversity and carbon need
to be highlighted. For example in section 1.3 the authors write with regards to emissions
(including nitrous emssions), ‘We would argue, however, that the magnitude of these
emissions in a scenario of redistribution of agricultural areas, in which the total production of
each crop remains constant, is likely similar to that associated with the current distribution of
areas. ‘, I’m not certain this would be the case, if the assumption is much greater levels of
fertiliser? Can the authors give any indication of how much greater the levels of fertiliser and
pesticide use would be, 10x 100x?
(3) Figure 1 panel C & D clearly show that the areas where cropland and pasture are relocated
will have greater cropland and pasture coverage (darker shading) in additional to the
assumption of higher levels of management. The biodiversity indicator used here gives a
broad indication of how optimising agricultural areas will affect biodiversity as a whole.
However, the relocation sites may still adversely affect endemic species, particularly if in
those sites agriculture covers much of the land at a high level of intensity. It would be worth
some discussion of the results in terms of endemic species, for example, some of the areas
on panel C and D still overlap with Alliance for Zero Extinction sites (AZE,
https://zeroextinction.org/), a good indicator that endemic species will still be affected.

The use of future climate/yield data is uncomfortable with me for a couple of reasons;
(1) The authors use end of century yield data to demonstrate that the optimal spatial
arrangement of agriculture is robust to future climate change. However, any discussion of
the future in this kind of work, I believe, must also include future population and socioeconomic trajectories. Therefore I don’t think the authors claim that, ‘In other words,
croplands and pastures established in optimal locations today, would likely largely remain

optimally sited in coming decades, irrespective of the global climate trajectory’, is well
supported here given the assumption of maintaining current production levels. By the end of
the century the global population is projected to reach ~ 11 billion people. This will
drastically change the amount of food that is required and therefore production levels and
intensity/extensiveness of agriculture.
Furthermore, the work assumes there will be no dietary changes. Indeed the authors argue
that diet shifts would most likely be nutritionally unbalanced, using this as a reason to
maintain current production levels, ‘However, in such a scenario, the production of individual
crops, and therefore of macro- and micronutrients, would be very different from current
levels, implicitly assuming potentially drastic diet shifts that would most likely not be
nutritionally balanced. In our analysis, we therefore required the current total production
levels of pasture grass and each individual crop to remain constant.’ I would argue that
current diets across the globe are not balanced nor do they provide sufficient nutrition,
ranging from undernutrition in the developing world to high levels of obesity in the
developed world. In order to meet food security goals over the next century diets will likely
change. Furthermore, diets in the developing world appear to become more westernised as
development progresses. Therefore the levels of production across different crop types are
likely to change in the future even if there was no population growth.
In short, the ‘future’ aspect of this work I believe is missing some critical demand side data
and the assumption of current levels of production but under future climates are at odds. I
would suggest the authors think carefully about whether to keep the future results in the
manuscript; I personally think the paper would be sufficiently interesting without them,
particularly if it meant more text was devoted to discussing the assumptions related to the
intensity of production. Failing that such assumptions require much greater discussion and
critiquing by the authors.
(2) This is less of an issue than (1) but still requires more detail. The authors use the SRES
emissions scenarios, which at the outset I immediately questioned as this is rather outdated
with the more recent RCP framework. In section 2.1 the authors state that the RCPS are not
sufficient for their approach. I assume because they are not crop specific? The reason for
using the SRES instead of RCPs needs to be made much clearer.

I’m not convinced that the irrigation results add much to the figures, the reducing to zero irrigation
is a result of a methodological implementation rather than a result per se. Highlighting irrigation
changes also begs the question about other intensity results that are not shown or (currently)
discussed e.g. fertiliser rates (see above my comments about this). I think the point about the
optimal relocation reducing irrigation needs is interesting despite being a methodology constraint
however, I suggest that the authors consider removing irrigation from the figures.

Minor comments:
Figure 3 the x axis label is split and looks strange
Paragraph 6 of results and discussion, ‘reillustrate’ replace with just ‘illustrate’ or ‘further illustrate’
What are the dotted lines that enclose the bars on figure 1 and supplementary figure 1
representing?

Responses to Reviewers
We wish to thank the Reviewers very much indeed for their constructive feedback, which
has greatly helped us to improve the manuscript.
We also wish to apologise for the long delay in responding to the Reviewers’ comments.
Partially due to Covid-related challenges, this was also because a new, 10-year update of the
global potential yield data, which are used extensively in our analysis, was released only
recently. These data provide substantially improved estimates and indeed include several
new maps that have allowed us to implement suggestions made by the Reviewers.
Reviewer #1 (Remarks to the Author):
Overview and general comments:
This manuscript presents global agricultural land use as optimized to conserve biodiversity and
carbon storage. This optimization is solved using global gridded datasets on crop area, pasture area,
rainfed crop production, carbon impacts of crops, biodiversity impacts of crops, the area potentially
available for agriculture, and attainable rainfed yields (GAEZ model output).
The authors conclude that relocating agriculture would eliminate the need for irrigation and
decrease the carbon and biodiversity impact of agriculture. They note that re-organizing only 10% of
current areas would provide a large gain. Further, they claim that the optimal global distribution of
crops is largely the same now as it will be at the end of the century.
This work is not especially novel. Many other land-use optimizations have suggested growing food in
optimal locations as a way to optimize the use of scarce resources such as water, biodiversity,
carbon storage, crop yields, climate change adaptations, or to optimize for many of these objectives
at once (see Klein et al., 2013 for a review). Others have recently come to similar conclusions (see
Davis et al., 2017). However, Beyer et al. use somewhat different methods than others, and I think
the work will interest a broad audience.
We would add to the Reviewer’s summary that agro-environmentally optimal growing
locations for any given crop can be – and have been, as pointed out by the Reviewer – fairly
straightforwardly generated by mapping the ratio of attainable yields to the relevant
environmental impact (or a weighted combination of multiple impacts). However, such an
approach would not accommodate the possibility that a location is optimal for several crops
at the same time. To our knowledge, previous studies have not allowed for this trade-off
involved in allocating an area to one crop, thereby making it unavailable for other crops.
Indeed, solving this trade-off necessitates the high-dimensional optimisation approach used
in our analysis. For example, the study of David et al. (2017) mentioned by the Reviewer
avoids solving this trade-off by requiring only the total caloric production of crops to remain
constant, in which case an optimal growing location is simply assigned to the crop with the
highest caloric yield. However, this can lead to a large-scale replacement of the production
of low-calorie staple crops with the production of high-calorie crops. The major global diet
shifts implicitly assumed in this approach may be neither nutritionally advisable nor
culturally feasible.
I imagine this work may be criticized for being impractical. Some of their results don’t make sense or
wouldn’t work. The question is then, what can we expect from these kinds of land-use optimization
thought experiments? I believe we can expect them to be clear about their methods, assumptions,
and limitations. It seems that the authors have gone to some lengths to be transparent (and I will
1

suggest a few easy things that could further this effort). I will not suggest adding additional layers of
realism until the results seem more intuitive because it’s unclear where this approach would end. I
think that to be transparent is enough and future efforts can add layers realism to this framework as
needed.
Specific comments:
The results of Figure 1 are surprising, yet there is a lack of discussion about the geographic patterns
and what is driving them. The following are some examples that deserve attention:
The optimal distribution across borders suggests that livestock should be intensified in the Sahara
Desert, where currently there is almost no precipitation or suitable vegetation for livestock. I don’t
think this can be driven entirely by the potential yields for camels because this scenario virtually
eliminates grazing from the rest of the continent and camels aren’t shown in Supplementary Figure 5
so I think they’re not included anyway. It’s unclear what might cause this anomaly. It seems like the
kind of result that might come from using a global gridded precipitation product in the GAEZ model
without masking out areas of low certainty. To my knowledge, no global gridded precipitation
products that rely on weather stations have high confidence for this area because of a paucity of
observations. If any kind of uncertainty or error information are presented along with the GAEZ
results, I would encourage the authors to consider using it to mask out areas with low predictive
power.
Moving livestock into the corn belt, upper Midwest, and Southeastern United States would be
logistically impractical and seems counterproductive. The re-distribution of livestock does not seem
to consider that grazing livestock at lower densities across rangelands serves the dual purpose of
allowing for biodiversity and storing carbon, and that grazing livestock in marginal areas that are
unsuited for crop production might actually be the most optimal solution (see the recent “livestock
on leftovers” literature such as Van Zanten et al., 2016; Van Zanten et al., 2018; Schander et al.,
2015; or Rööset al., 2017). Currently, grazing happens on many open public lands in the dry, Western
US and livestock are finished at central operations. Transportation is ignored in this study, which is
fine for considering the carbon cost, but not the logistics of finishing cattle.
We thank the Reviewer very much for pointing out these important caveats, and we indeed
fully acknowledge them. After weighing the different options, have decided to remove
pasture grass from the set of agricultural products considered, thus restricting our analysis
to crops. We took this decision also because the potential yields for pasture grass in the
GAEZv4 dataset have been generated only based on climatic conditions, but (in contrast to
the data for crops) do not properly account for soil and terrain conditions. In this way, our
revised analysis avoids the particular challenges associated with livestock production
pointed out by the Reviewer. Our new results in terms of the percentage by which
environmental impacts of crop production could be reduced based on the optimal relocation
of croplands are very similar to those previously obtained based on the relocation of
croplands and pastures. In our revised analysis, we also excluded current pastures from the
area potentially available for relocated cropland.
The optimization moves cropland from the corn belt into the Great Plains. This is surprising because
the corn belt is currently the most productive agricultural region on the planet and the Great Plains
has lower precipitation. I’m not sure what would be driving this change?
Regarding the discussion of what might be causing these patterns, I think it would be helpful for the
authors to present some of their intermediate data products in the supplemental material. That way,
2

one might be able to guess about whether or not results are driven by the underlying data or the
optimization itself. It would help to be able to see maps for the carbon impacts of crops, biodiversity
impacts of crops, the area potentially available for agriculture, and attainable rainfed yields. For
example, my initial thought about the choice of range rarity as a biodiversity metric over species
richness is that it would favor tropical areas, mountains, and islands, while being less able to
differentiate between the biodiversity gradient within temperate growing areas where movement is
being suggested, but it’s difficult to know without seeing the range rarity maps.
We thank the Reviewer for their helpful suggestion and fully agree that these maps may be
helpful for readers in order to better interpret our results. We have added the following
maps as supplementary materials:
o
o
o

Maps of potential natural biodiversity and carbon stocks (Supplementary Fig. 1A–D)
The global area potentially available for cropland (Supplementary Fig. 1E)
Attainable rainfed yields for all crops and for current and future climatic conditions
(Supplementary Movie 3)

Our revised analysis based on the latest GAEZ v4 potential yields suggests, as suspected by
the Reviewer, that the corn belt represents an important optimal area of crop production.
We have added the following paragraph to highlight key patterns in the derived maps:
“Particularly pronounced spatial clusters of optimal cropland locations include
growing areas of barley, cotton, rapeseed, soybean, sunflower, and wheat around
the corn belt in the Midwestern U.S.; of cotton, maize, soybean, millet, and rice
along a longitudinal band south of the Sahel zone in Sub-Sahara Africa; of maize,
rice, and soybean in western Argentina and neighbouring regions; and of rapeseed
and soybean in northeast China (Supplementary Movie 1), driven by high rainfed
yields combined with relatively low environmental impacts in these areas
(Supplementary Movie 3, Supplementary Fig. 1A–C).”
The total area devoted to agriculture seems to be much lower in the optimization than current day.
How much of the soil and biodiversity gains are due to changes in total area compared to using
different areas? How much is due to crop switching within existing areas? If it were possible/easy to
pull these summaries out of the data they would be interesting.
We thank the Reviewer for suggesting to address this aspect. We have added a new
Supplementary Fig. 3, visualising how the estimated impact reductions compare to the
changes in total cropland area resulting from crop relocation, and have added the following
paragraph to the main text:
“The carbon and biodiversity impact reductions associated with cropland relocation
are disproportionally high in relation to the change in total cropland area
(Supplementary Fig. 3). For best-practice crop management (Supplementary Fig. 3A),
this demonstrates that the estimated benefits are not merely a consequence of the
decrease in total area made possible by higher yields. This fact becomes even clearer
in the case of low-input management, where considerable impact reductions can be
achieved despite an increase in total cropland area conditioned by low yields on
newly established areas (Supplementary Fig. 3C).”
3

The claim that “The optimal global distribution of crops is largely independent of climate change” is
not well supported. The authors say that Figure 1C bears “remarkable similarities with the optimal
configuration fore present day” across the scenarios in Figure 2, but there seem to be large
differences to me. For example, future scenarios are grazing livestock near the arctic. This claim
should probably be removed, or at least better supported with difference maps or summaries of the
actual land area differences.
We agree with the Reviewer that our initial summary of the optimal future distributions
lacked nuance, and we have added the following paragraph to provide details on important
similarities and differences between current and future climatic scenarios. Following the
removal of pasture grass from our analysis (see our response above), several differences
between optimal current and future distributions displayed in our initial submission,
including those mentioned by the Reviewer, are no longer present in our revised version.
“The optimal global distribution of growing areas providing the same total
production of each crop as today based on current climatic conditions (Fig. 1C) is to
a substantial degree similar for future climatic conditions, irrespective of the specific
climate change scenario (Fig. 2). In particular, the four aforementioned major spatial
clusters largely remain in place; though, parts the band south of the Sahel zone
become somewhat less suitable with increased warming, whereas optimal sites in
Argentina expand. Some smaller areas emerge as optimal locations as the result of
climate change, such as parts near the Northwest American coast and east of the
Ural Mountains (Fig. 2).”
The movies are cool, but they don’t allow you to zoom in. I would personally be more interested in
Supplemental Figures of high-resolution vector graphics.
We thank the Reviewer for their suggestion and agree that files containing high-resolution
maps would be a valuable addition. We have uploaded the individual maps shown in the
movies to an online repository have provided the link to these images in the movie captions.
(Given the large number of 175 maps shown in the Supplementary Movies, we have not
added these as individual Supplementary Figures.)
Reviewer #2 (Remarks to the Author):
The authors present a timely study that assesses how agricultural land can be optimally redistributed
for the reduction of carbon and biodiversity footprints. The study results are interesting and despite
the simplifying assumptions, I believe the approach is parsimonious and, for the most part, effective
for addressing the study aims. The methods are sufficiently detailed that the work could be
reproduced. The paper is well written, presented, and easy for the reader to follow.
do however have a few concerns regarding some of the assumptions, particularly with respect to
the agricultural intensity and future-looking aspects of the study. I have outlined these below.
The yield assumptions used for the main figures require greater discussion. In particular, the authors
use ‘best practice crop management yields’ for the main body of results. I have a couple of issues
with this;
(1) This assumes that producers can afford the investment into ‘fully mechanised production’ and
access to fertiliser and pesticides. This most definitely not the case, particularly in the developing
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world. How do the authors propose this would be made available in developing nations? Would
profit margins remain the same for producers if production costs increased substantially?
We thank the Reviewer very much for raising this important point, and we agree that the
fact that we displayed our results for the intermediate and low management levels in the
Supplementary Material may have created too strong a focus on the particular scenario of
optimal management. To provide a more balanced assessment that appropriately
highlights the potential benefits of optimal cropland relocation for each of the three
different management levels, we have integrated the results previously shown only in the
supplementary material into the main text. In our revised version, we present results for
the intermediate and low-level management scenario side by side along those obtained for
high-level management, and discuss the impact of different management assumptions on
the resulting benefits of crop relocation in the following paragraph:
“Potential impact reductions estimated under the assumption of best-practice
management on newly established croplands are necessarily higher than in the
case of less optimised agriculture on new areas, due to the increased land
requirements. An important aspect in this scenario is that relocation beyond a
certain share of production can increase environmental impacts rather than reduce
them. This occurs when existing croplands are relocated, on which current yields
are near-optimal whilst local impacts are low, in which case moving the relevant
production to a new location where crops are managed less efficiently may require
an additional area that is so large that it offsets the agro-environmental benefits of
the new site. For an intermediate and low crop management level on newly
established croplands, respectively, we estimate the threshold beyond which
relocation is not beneficial in terms of reducing biodiversity and carbon impacts, to
be in the order of 75% and 20% of production for both relocation across and within
national borders (Fig. 3C–F). At these levels, and assuming an intermediate
management level on new cropping areas, current biodiversity and carbon impacts
of global crop production would be reduced by an estimated 54% and 80%,
respectively, for an optimal relocation across national borders, and by 35% and
63%, respectively, for an optimal relocation within countries. Assuming a low
management level on new areas, biodiversity and carbon impacts, respectively,
would be reduced by 27% and 65% for transnational relocation, and 8% and 37%
for national relocation.”
Throughout our revised manuscript, we have also emphasised more strongly when results
refer to the best-practice scenario.
We fully agree with the Reviewer about the relevance of the issues they highlighted in the
context of high-input agriculture; at the same time, we feel that these have been discussed
in depth in the yield gap literature. We have added the following paragraph to address
these issues whilst referring to the relevant literature that discusses them in greater detail.
“These results reaffirm that closing yield gaps is important for reducing the
environmental footprint of agriculture 2,3,14–16,40,41. At the same time, even for suboptimal practices, carbon and biodiversity impacts on optimally distributed areas
are substantially lower than they are at present (Fig. 3), demonstrating that
substantial benefits could be achieved by an appropriate level of land relocation
alone. This is particularly relevant given that implementing best-practice crop
management can be very challenging, both because economic returns for
mechanising production, using high-yielding crop varieties, and improving fertiliser
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and pesticide use may be marginal in the short term, and due to local socioeconomic, political, or infrastructural constraints 42. Governmental and intergovernmental efforts to support farmers in sustainably intensifying production are
key for realising the environmental benefits associated with closing agricultural
yield gaps 43.”
(2) ‘Optimum fertiliser and pesticide application’ implies that the relocated agricultural land in the
results presented here will be much more intensive. Indeed in supplementary figure 1, the
relocation of production beyond a certain proportion is no longer beneficial if you assume lower
intensity of production. Higher intensity agriculture in itself has repercussions for biodiversity and
carbon. The authors allude to the extensive vs intensive agriculture debate and consequences in the
2nd paragraph of the introduction but there is no further discussion and I think the consequences of
intensification for biodiversity and carbon need to be highlighted. For example in section 1.3 the
authors write with regards to emissions (including nitrous emssions), ‘We would argue, however,
that the magnitude of these emissions in a scenario of redistribution of agricultural areas, in which
the total production of each crop remains constant, is likely similar to that associated with the
current distribution of areas. ‘, I’m not certain this would be the case, if the assumption is much
greater levels of fertiliser? Can the authors give any indication of how much greater the levels of
fertiliser and pesticide use would be, 10x 100x?
We thank the Reviewer for encouraging us to provide additional quantitative clarification
with regard to our assumption of fertiliser emissions being roughly constant for a given
production level, and we were happy to add the relevant information to our manuscript. We
combined global maps of crop production and fertiliser application (nitrogen, phosphorus,
and potassium), available for 17 major crops on growing areas in the year 2000. We found a
strong linear correlation between crop production and fertiliser inputs across grid cells
(mean Pearson correlation coefficients of 0.88, 0.84, 0.76 for nitrogen, phosphorus, and
potassium, respectively). This provides quantitative support for our argument that fertiliser
use (and, by extension, fertiliser emissions) are roughly proportional to total production
quantity, and thus to a large degree independent of the specific distribution of growing
areas. We have summarised the results of this analysis in Supplementary Table 1, and have
added an appropriate reference in the text.
(3) Figure 1 panel C & D clearly show that the areas where cropland and pasture are relocated will
have greater cropland and pasture coverage (darker shading) in additional to the assumption of
higher levels of management. The biodiversity indicator used here gives a broad indication of how
optimising agricultural areas will affect biodiversity as a whole. However, the relocation sites may
still adversely affect endemic species, particularly if in those sites agriculture covers much of the
land at a high level of intensity. It would be worth some discussion of the results in terms of
endemic species, for example, some of the areas on panel C and D still overlap with Alliance for
Zero Extinction sites (AZE, https://zeroextinction.org/), a good indicator that endemic species will
still be affected.
Following the suggestion of Reviewer 3, we have excluded global Protected Areas from the
area considered to be potentially available for agricultural use. Protected Areas are
considerably larger in total size than the AEZ areas mentioned by the Reviewer and indeed
include large parts of the these. Hence, many areas characterised by the presence of
endemic species are now automatically excluded from areas considered potentially
available for agriculture in our approach.
We note also that the use of range rarity as biodiversity measure in our main analysis
means that areas inhabited by small-range species (which are often endemic) will be
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preferentially avoided by the optimisation algorithm. We have highlighted this point in the
Methods.
The use of future climate/yield data is uncomfortable with me for a couple of reasons;
(1) The authors use end of century yield data to demonstrate that the optimal spatial
arrangement of agriculture is robust to future climate change. However, any discussion of the
future in this kind of work, I believe, must also include future population and socio economic
trajectories. Therefore I don’t think the authors claim that, ‘In other words, croplands and
pastures established in optimal locations today, would likely largely remain optimally sited in
coming decades, irrespective of the global climate trajectory’, is well supported here given the
assumption of maintaining current production levels. By the end of the century the global
population is projected to reach ~ 11 billion people. This will drastically change the amount of
food that is required and therefore production levels and intensity/extensiveness of agriculture.
Furthermore, the work assumes there will be no dietary changes. Indeed the authors argue that
diet shifts would most likely be nutritionally unbalanced, using this as a reason to maintain
current production levels, ‘However, in such a scenario, the production of individual crops, and
therefore of macro- and micronutrients, would be very different from current levels, implicitly
assuming potentially drastic diet shifts that would most likely not be nutritionally balanced. In our
analysis, we therefore required the current total production levels of pasture grass and each
individual crop to remain constant.’ I would argue that current diets across the globe are not
balanced nor do they provide sufficient nutrition, ranging from undernutrition in the developing
world to high levels of obesity in the developed world. In order to meet food security goals over
the next century diets will likely change. Furthermore, diets in the developing world appear to
become more westernised as development progresses. Therefore the levels of production across
different crop types are likely to change in the future even if there was no population growth.
In short, the ‘future’ aspect of this work I believe is missing some critical demand side data and the
assumption of current levels of production but under future climates are at odds. I would suggest
the authors think carefully about whether to keep the future results in the manuscript; I personally
think the paper would be sufficiently interesting without them, particularly if it meant more text
was devoted to discussing the assumptions related to the intensity of production. Failing that such
assumptions require much greater discussion and critiquing by the authors.
We thank the Reviewer for highlighting these very relevant caveats. We acknowledge the
concerns expressed by the Reviewer, and have made several changes to the presentation
of our results, detailed below. Having discussed the issue raised by the Reviewer with
colleagues working specifically on projecting global food demand and production under
different climatic and socio-economic scenarios, we have concluded that generating
plausible projections for the year 2100 of the global production of the 25 crops considered
in our analysis is not feasible at this time. Even the most recent projections of global
demand for specific crops rarely extend beyond 2030 and are not available for many crops
in our analysis (e.g. OECD 2021). Projections going as far as 2100 use crop groups that are
so broad (e.g. ‘staples’; Bodirsky et al. 2020) that they could not be adapted for our
framework. The same constraints apply to projections of possible diet shifts (e.g. FABLE
consortium 2021), mentioned by the Reviewer.
We continue to feel, though, that the result that optimal cropland locations identified
based on present-day climatic conditions largely overlap with those for end-of-century
climatic conditions under different RCPs – even under the caveat that both scenarios
assume the same crop-specific production levels – represents a major result of our
analysis. The strategy proposed in our analysis would have limited purpose if climate
change resulted in optimal cropland areas that are located in entirely different places in a
few decades than where they are today, and we are keen to present the evidence
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available to us in this regard. We therefore propose to retain the relevant RCP-specific
maps in the manuscript. However, we have removed the bar charts showing the potential
reduction of present-day impacts, which does not contribute to the key message of the
figure, and could be seen as comparing incomparable scenarios.
We fully agree with the Reviewer that the assumptions and caveat of our future results
needed to be made clearer, and we have added the following paragraph to achieve this.
“The lack of suitable long-term projections of future global crop production levels
(which are either too short-term 35 or too unspecific 36) prevents us from
determining optimal distributions of croplands for specific future scenarios of
global food production; however, given an anticipated continuing global
population growth, total production levels of major crops are predicted to
increase at least over the next decade 35. In principle, large-scale diet shifts could
lead to a decrease in the production of some of the crops considered here in the
future, in which case some areas identified in our analysis may no longer
represent optimal cropping locations; however, whilst such shifts could in theory
generate substantial nutritional and environmental benefits 3,37–39, recent trends
and future projections dampen expectations about a swift implementation 36,40.“
(2) This is less of an issue than (1) but still requires more detail. The authors use the SRES emissions
scenarios, which at the outset I immediately questioned as this is rather outdated with the more
recent RCP framework. In section 2.1 the authors state that the RCPS are not sufficient for their
approach. I assume because they are not crop specific? The reason for using the SRES instead of
RCPs needs to be made much clearer.
Version 3 of the GAEZ database, used in our initial submission, included projected future
potential yields only for SRES scenarios. In the updated GAEZ version 4, used in our revised
manuscript, future projections of potential yield are available for four RCPs. As a result, we
are pleased to report to the Reviewer that our analysis of optimal cropland locations under
future climatic conditions is now based entirely on the RCP framework.
I’m not convinced that the irrigation results add much to the figures, the reducing to zero
irrigation is a result of a methodological implementation rather than a result per se. Highlighting
irrigation changes also begs the question about other intensity results that are not shown or
(currently) discussed e.g. fertiliser rates (see above my comments about this). I think the point
about the optimal relocation reducing irrigation needs is interesting despite being a methodology
constraint however, I suggest that the authors consider removing irrigation from the figures.
We thank the Reviewer for their suggestion. The Reviewer correctly identifies our
approach for irrigation as a methodological constraint. We feel, though, that the finding
that it is not only possible at all to maintain the current total production of each crop
without any (in the international case) or almost any (in the national case) irrigation, but
that this can be achieved whilst simultaneously drastically reducing carbon and
biodiversity impacts, is one of the most important results of our analysis. We believe that
it is important, and adds to the value of the paper, to display this result graphically as part
of the figure. With this said, we agree with the Reviewer that the fact that irrigation is
avoided by construction of the approach, and is dealt with differently in the optimisation
than are biodiversity and carbon impacts, needed to be made clearer in the figure. In our
revised version, we have added the following note to the axis of the graph displaying the
reduction in irrigated area in the figure:
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“Minimisation prioritised in the optimisation setup”
We have also added the following clarification in the figure caption:
“Potential yield data used here assume rainfed water supply, so that relocated areas
are, by design of the approach, not irrigated.”
Minor comments:
Figure 3 the x axis label is split and looks strange
We thank the Reviewer for pointing out this mistake, and have merged the two parts of the
label in our revised manuscript.
Paragraph 6 of results and discussion, ‘reillustrate’ replace with just ‘illustrate’ or ‘further illustrate’
We have replaced ‘reillustrate’ with ‘further illustrate’, as suggested.
What are the dotted lines that enclose the bars on figure 1 and supplementary figure 1
representing?
The dotted lines in the original version of this figure outlined the ‘envelope’ of
achievable reductions. We have removed them in our revised manuscript,
given that they were not essential for conveying the results shown in the
figure.

Reviewer #3 (Remarks to the Author):
Article tackles one of the most pressing issues humanity is facing: how to decrease the impact of
food production on environment while still maintaining the adequate food supply to everyone.
Authors present optimization model that allows them to test how cropland reallocation could help
to decrease the carbon and biodiversity footprint of food production. While there is lot of potential
in their approach, I have some major concerns that needed to be addressed before I can recommend
for
publication.
1. Starting from the title; it now gives wrong impression that carbon, biodiversity and water impacts
can be optimized together. This is not the case. Please revise.
We thank the Reviewer very much for their suggestion, and have modified the title of our
manuscript. Whilst we would point out that our analysis demonstrates that for optimised
cropland locations, carbon, biodiversity, and water impacts are substantially reduced, and
these reductions can be achieved simultaneously (which we intended to convey through our
original title), we also understand the Reviewer’s view that given that carbon, biodiversity,
and water impacts are treated differently in our methodological approach, our original title
may potentially seem ambiguous to some readers. In our new title, “Relocating croplands
could drastically reduce the environmental impacts of global food production”, we do not
mention the three specific impact measures explicitly, in order to avoid potential issues
related to asymmetries in terms of their different methodological treatment, which we
would not be able to address within the space constraints of the manuscript title.
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We have also ensured that our abstract, main text, and figure captions appropriately and
transparently highlight the different treatment of water impacts compared to biodiversity
and carbon impacts.
2. The key message of the article is even more worryingly misleading. Authors state in line 18- that
relocating current croplands and pasture to optimal locations would decrease the footprints
drastically. This is only part of the story. When reading on the article, only then it is revealed that
authors assume full yield gap closure on top of relocating. Yield gap closure is shown to have very
high positive impact on food production, even in current cropland locations (e.g. Mueller et al
https://doi.org/10.1038/nature11420, Fader et al https://doi.org/10.1088/1748-9326/8/1/014046).
Using their estimates, we estimated that food supply could be increased globally by only yield gap
closure (i.e. without relocating the croplands) by 56-112%, depending on the level of closure
(https://doi.org/10.1016/j.cosust.2018.01.006). And in many parts of the globe the yield gap closure
has
much
higher
potential
than
that.
Thus, it would be very important to separate the impact of relocating from the yield gap closure. This
could be done by using current yields, instead of optimal yields. True, the current yields are not
readily available to every grid cell but those could be modelled by LPJmL model, as we did in our
study (also about global relocating but with a bit different focus, see preprint at
https://doi.org/10.1002/essoar.10501265.1). Another option would be to estimate the yields for
those grid cells where SPAM does not give it, using yields from grid cells within the same country
with similar climate and soil characteristics.
I would thus very strongly suggest to use current yields for main analysis, and then you can do
additional scenarios using yield gap closure etc. This way you could separate the effect of these two
opportunities.
We thank the Reviewer very much for clearly highlighting this important issue, and we fully
agree that the separation of yield gap closure and crop relocation was not sufficiently clearly
handled in our initial submission. Our approach to display results for the intermediate and
low management levels in the Supplementary Material may have created too strong a focus
on the particular scenario of optimal management. In order to provide a more balanced
assessment that appropriately highlights the potential benefits of optimal cropland
relocation for each of the three different management levels, we have integrated the results
previously shown as Supplementary figures into the main text. In our revised version, we
present results for the intermediate and low-level management scenario alongside those
obtained for high-level management, and discuss the impact of different management
assumptions on the resulting benefits of crop relocation in the following paragraph:
“Potential impact reductions estimated under the assumption of best-practice
management on newly established croplands are necessarily higher than in the
case of less optimised agriculture on new areas, due to the increased land
requirements. An important aspect in this scenario is that relocation beyond a
certain share of production can increase environmental impacts rather than reduce
them. This occurs when existing croplands are relocated, on which current yields
are near-optimal whilst local impacts are low, in which case moving the relevant
production to a new location where crops are managed less efficiently may require
an additional area that is so large that it offsets the agro-ecological benefits of the
new site. For an intermediate and low crop management level on newly
established croplands, respectively, we estimate the threshold beyond which
relocation is not beneficial in terms of reducing biodiversity and carbon impacts, to
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be in the order of 75% and 20% of production (Fig. 3C–F) for relocation across and
within national borders. At these levels, and assuming an intermediate
management level on new cropping areas, current biodiversity and carbon impacts
of global crop production would be reduced by an estimated 54% and 80%,
respectively, for an optimal relocation across national borders, and by 35% and
63%, respectively, for an optimal relocation within countries. Assuming a low
management level (i.e., subsistence-based traditional farming) on new areas,
biodiversity and carbon impacts, respectively, would be reduced by 27% and 65%
for transnational relocation, and 8% and 37% for national relocation.”
Throughout our revised manuscript, we have also emphasised more strongly when results
refer to the best-practice scenario. We have also added the references mentioned by the
Reviewer on the environmental benefits of yield gap closure to the existing paragraph on
this issue, and thank the Reviewer very much for pointing these out to us.
Regarding the Reviewer’s suggestion to define an equivalent of ‘current yields’ on areas
that are not currently cultivated with a given crop, we would have strong concerns about
the feasibility and reliability of such an attempt: Even within countries (and often within
even smaller administrative units), observed crop yields differ drastically across grid cells –
the result of complex processes affected by environmental conditions as well as social,
economic, and cultural factors and historical developments. Spatially interpolating and
extrapolating observed yields across countries, in some cases even across continents,
would involve uncertainties that we would consider to be considerably beyond those
involved in the rest of our analysis.
Given these difficulties in estimating what ‘current yields’ would be outside of current
croplands, we feel that our approach to present results on the benefits of crop relocation
assuming three levels of crop management on newly established areas, representing the
range from traditional, low-input farming to fully optimised, closed-yield-gap agriculture,
provides a good solution to the issue highlighted by the Reviewer.
3. Another major concern of mine is that authors assume that 90% of each grid cell is usable for
agriculture. This is nonrealistic assumption. It is not enough that you do not count cities but also
water bodies, rocky lands, slopy lands, mountains, etc should not be counted as arable. Authors
should thus very carefully assess how large part of each grid cell is actually arable land.
We thank the Reviewer for their constructive advice on how to increase realism in our
assumptions, and we were glad to implement their suggestions. The fraction of each grid cell
covered by water bodies had already been removed from areas potentially available for
agricultural use in our initial submission, however, we had failed to state this explicitly (we
have corrected this in our revised manuscript). As suggested by the Reviewer, we have now
also a priori excluded the fraction of each grid cell that is unsuitable for agriculture due to
soil or terrain conditions, using an appropriate map provided with the new GAEZ database.
4. Related to the previous comment, authors do count only food and feed crops in their analysis. If I
understood correctly, they allow expansion to areas where non-food and non-feed crops are grown
(e.g. cotton). This is not realistic and I would suggest that you exclude the areas, where other crops
included in SPAM are grown, from the areas to where relocation is possible.
Cotton, the largest non-food/feed crop, and only one for which actual and potential yields
are available, is included in our analysis (cf. the list of crops in section 1.1. of the Methods).
Areas assumed to be unavailable for potential agricultural use also include croplands on
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which non-feed/food crops other than cotton – and indeed, more generally, all crops not
considered in our analysis – are grown. We have clarified this in the main text.
5. Third major concern is that authors allow, in my understanding, relocating the agriculture to
protected areas and pristine forest areas. I think these areas should be excluded from the areas to
where relocating takes place. Protected areas have been protected often from a good reason. And
although authors state that this is not always optimal from conserving biodiversity, I would argue
that using their rather simple biodiversity metric would not give good enough judgement what
should not be protected and what not. Again, authors could exclude the protected areas from the
main analysis and then have a scenario where allocation to these areas is also possible.
We thank the Reviewer very much for their constructive advice to help us avoid potential
controversiality in our analysis. As suggested, we have removed global Protected Areas from
the area considered to be potentially available for agriculture. We now specify this in the
main text and the methods, and have removed the earlier paragraph explaining the nonexclusion of Protected Areas.
6. Related to the previous one: the biodiversity metrics authors use is not very widely used, in my
understanding, in this kind of studies. How would the results change, if another metrics would be
used?
We thank the Reviewer for their query on the role of the biodiversity measure for our
results. For our revised manuscript, we repeated our main analysis based on species richness
instead of range rarity. We have displayed relevant results in the newly added
Supplementary Fig. 4 and added the following paragraph to the main text:
“The strong relationship between species’ range sizes and their vulnerability to
extinction 30,31 makes range rarity a particularly relevant biodiversity metric for
conservation; however, like any indicator, it captures only certain aspects of
biological diversity 46. To assess the effect of using an alternative metric, we
repeated our analysis in Fig. 1 while measuring biodiversity in terms of species
richness (Methods). We estimate that for a fully optimised distribution of areas and
maximised rainfed yields, species richness and carbon impacts of global crop
production would be 77% and 70% lower, respectively, than they are at present
(Supplementary Fig. 4A). Optimal areas are overall similar to those identified based
on range rarity, notably in the Midwestern U.S. corn belt, northeast Argentina,
northeast China, and north of the Black Sea, though, the longitudinal band south of
the Sahel zone is no longer optimal for species richness (Supplementary Fig. 4B), due
to the relatively high number of (generally not small-ranged) species present in this
area (Supplementary Fig. 1C,D). Reductions of up to 67% and 60%, respectively,
could be achieved through optimal relocation within national borders
(Supplementary Fig. 4A). The slightly lower potentials for reducing biodiversity
impacts in these scenarios are explained by the more uniform spatial distribution of
species richness compared to that of range rarity (Supplementary Fig. 1C,D).”
Given the strong relationship between species’ geographic range sizes and their vulnerability
to extinction, we would maintain that range rarity is a particularly relevant and informative
biodiversity measure (as also argued in the referenced literature), and we therefore
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continue to use it for our main analysis. We have also emphasised this point in the main
text.
We would note also that whilst other biodiversity measures exist, global data that allow us
to estimate biodiversity impacts of agriculture on both currently cultivated and uncultivated
areas in a methodologically consistent manner are very sparse. For example, whilst we can
estimate the impact of current agricultural areas on threatened species (as we did in Beyer
and Manica (2021)), it would be extremely difficult to predict how the Red List status of a
species will change if cropland was moved into part of its habitat range.
7. Authors aim to reduce the irrigation to minimum, which is a good goal from water and energy use
perspective. However, irrigation is shown to be a good measure to mitigate climate variability
impacts on yields. Thus, authors should take this somehow into account in their analysis as in the
future, extreme droughts are predicted to be more frequent. Without irrigation as a mitigation
measure, there might be much more crops lost due to drought stress. This should be at minimum
discussed in the paper.
We thank the Reviewer for raising our awareness to this issue, and we have added the
following paragraph to the manuscript:
Both current and future potential rainfed yields were simulated based on daily
weather data, and therefore account for short-term events such as frost days, heat
waves, and wet and dry spells 30. However, the estimates represent averages of
annual yields across 30-year periods; thus, whilst the need for irrigation on cropping
areas identified in our approach during particularly dry years may in principle be
obviated by suitable storage 63, in practice, ad hoc irrigation may be an economically
desirable measure for farmers and authorities to maintain productivity during times
of drought, which are projected to increase in different geographic regions due to
climate change 64,65.
8. Authors are talking about long-term environment benefits, and also testing the climate change
scenarios. But they do not take into account the increase in food demand due to population growth
and changes in consumption patterns. This should be added too, to get realistic long-term scenarios.
We thank the Reviewer for highlighting this important point. We acknowledge the concern
expressed by the Reviewer, and have made several changes to the presentation of our
results, detailed below. Having discussed the issue raised by the Reviewer with colleagues
working specifically on projecting global food demand and production under different
climatic and socio-economic scenarios, we have concluded that generating plausible
projections for the year 2100 of the global production of the 25 crops considered in our
analysis is not feasible at this time. Even the most recent projections of global demand for
specific crops rarely extend beyond 2030 and are not available for many crops in our
analysis (e.g. OECD 2021). Projections going as far as 2100 use crop groups that are so
broad (e.g. ‘staples’; Bodirsky et al. 2020) that they could not be adapted for our
framework. The same constraints apply to projections of possible diet shifts (e.g. FABLE
consortium 2021), mentioned by the Reviewer.
We continue to feel, though, that the result that optimal cropland locations identified
based on present-day climatic conditions largely overlap with those for end-of-century
climatic conditions under different RCPs – even under the caveat that both scenarios
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assume the same crop-specific production levels – represents a major result of our
analysis. The strategy proposed in our analysis would have limited purpose if climate
change resulted in optimal cropland areas that are located in entirely different places in a
few decades than where they are today, and we are keen to present the evidence
available to us in this regard. We therefore propose to retain the relevant RCP-specific
maps in the manuscript. However, we have removed the bar charts showing the potential
reduction of present-day impacts, which does not contribute to the key message of the
figure, and could be seen as comparing incomparable scenarios.
We fully agree with the Reviewer that the assumptions and caveat of our future results
needed to be made clearer, and we have added the following paragraph to achieve this.
“The lack of suitable long-term projections of future global crop production levels
(which are either too short-term 35 or too unspecific 36) prevents us from
determining optimal distributions of croplands for specific future scenarios of
global food production; however, given an anticipated continuing global
population growth, total production levels of major crops are predicted to
increase at least over the next decade 35. In principle, large-scale diet shifts could
lead to a decrease in the production of some of the crops considered here in the
future, in which case some areas identified in our analysis may no longer
represent optimal cropping locations; however, whilst such shifts could in theory
generate substantial nutritional and environmental benefits 3,37–39, recent trends
and future projections dampen expectations about a swift implementation 36,40. “
9. Although there are many sources of uncertainty in their analysis and data used, these
uncertainties are not adequately quantified in the paper.
We apologise to the Reviewer for omitting this important point in our initial manuscript, and
thank them very much for highlighting it. We have added the following paragraph on
uncertainties in our approach:
“Uncertainties in our analysis are conditioned by those associated with the relevant
input data, specifically the global maps of carbon and biodiversity impacts and actual
and potential yields; though, the lack of uncertainty estimates for these datasets
does not allow us to formally quantify uncertainties in our results. Country- and
crop-specific data used to generate global maps of observed yields and harvested
areas used here differ in quality, however, the derived maps have been curated and
validated extensively based on independent regional and national datasets and local
expert opinion 27. Potential yield estimates are equally constrained by the availability
and quality of climatic, ecological, and agricultural data required to calibrate yield
models, and to evaluate them globally; spatially heterogeneous information on
global soil properties in particular has been noted as a relevant limitation in this
regard 30. With this said, the derived estimates have undergone extensive groundtruthing based on local statistical records across the world 30. Potential natural
carbon stocks, used to assess carbon impacts, were derived based on an established
methodology that achieves robustness by providing estimates that are generally
specific to a given ecosystem-climate zone-continent combination, which may
underrepresent finer spatial heterogeneities 7. Expert species range maps, used here
to estimate biodiversity impacts, whilst having been extensively used in previous
studies, are not without uncertainties and inaccuracies 52,53; yet, they allow us to
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estimate the local effects of agricultural land conversion on natural biodiversity in a
transparent and robust way that would not be trivial for alternative approaches to
achieve 28,54.”
10. How is multicropping taken into account in your analysis? Especially in the tropics and subtropics, farmers can get up to 3-5 harvest per year.
We thank the Reviewer for highlighting this aspect, which we had not appropriately
addressed in our initial submission. We have added the following paragraph to the
manuscript to clarify our approach:
“Our approach does not account for multiple cropping; i.e., part of a grid cell is only
ever allocated to one crop, and the assumed annual yield is based on a single
harvest. Allowing for multiple crops to be planted in the same location during a
growing period would increase the dimensionality of the optimisation problem
significantly beyond our computational capacities. However, given that only 5% of
current global rainfed areas are under multiple cropping 88, this is likely not a strong
limitation of our rainfed-based approach. As a result of this approach, our results
may even slightly underestimate local crop production potentials and therefore
global impact reduction potentials.”
11. To evaluate the results, authors should add a country-crop specific results to supplementary,
where they would show harvested area, mean yield and total production for each scenario. This
would help readers to understand the results a bit better.
We thank the Reviewer very much for their helpful suggestion on how to make results
potentially of interest readers, and not displayed in the figures, available in a suitable
format. We have added a spreadsheet containing the information suggested by the
Reviewer as Supplementary Data 1.
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Author Responses: second round

12th Jan 22

Dear Dr Beyer,
Your manuscript titled "Relocating croplands could drastically reduce the environmental impacts of
global food production" has now been seen by our reviewers, whose comments appear below. In
light of their advice I am delighted to say that we are happy, in principle, to publish a suitably revised
version in Communications Earth & Environment under the open access CC BY license (Creative
Commons Attribution v4.0 International License).
We therefore invite you to revise your paper one last time to address the remaining concerns of our
reviewers. In particular, we ask that you provide quantitative statements to support your claims, as
suggested by Reviewer #1; acknowledge the limitations arising from assumptions within your
analysis and appropriately tone down relevant conclusions, as suggested by reviewer #1; and ensure
clear communication of the management levels and include some discussion and comparison of
multiple management levels, as suggested by Reviewer #3. At the same time we ask that you edit
your manuscript to comply with our format requirements and to maximise the accessibility and
therefore the impact of your work.

EDITORIAL REQUESTS:
Please review our specific editorial comments and requests regarding your manuscript in the
attached "Editorial Requests Table". Please outline your response to each request in the right hand
column. Please upload the completed table with your manuscript files.
If you have any questions or concerns about any of our requests, please do not hesitate to contact
me.
SUBMISSION INFORMATION:
In order to accept your paper, we require the files listed at the end of the Editorial Requests Table;
the list of required files is also available at https://www.nature.com/documents/commsj-filechecklist.pdf .
OPEN ACCESS:
Communications Earth & Environment is a fully open access journal. Articles are made freely
accessible on publication under a <a href="http://creativecommons.org/licenses/by/4.0"
target="_blank"> CC BY license</a> (Creative Commons Attribution 4.0 International License). This
license allows maximum dissemination and re-use of open access materials and is preferred by many
research funding bodies.
For further information about article processing charges, open access funding, and advice and
support from Nature Research, please visit <a href="https://www.nature.com/commsenv/articleprocessing-charges">https://www.nature.com/commsenv/article-processing-charges</a>

At acceptance, you will be provided with instructions for completing this CC BY license on behalf of
all authors. This grants us the necessary permissions to publish your paper. Additionally, you will be
asked to declare that all required third party permissions have been obtained, and to provide billing
information in order to pay the article-processing charge (APC). Please note that that we will not be
able to move forward without having first received your payment information and therefore we
ask that you please have this information ready when submitting the final version of your
manuscript. We will also need your third-party declarations.
Please use the following link to submit the above items:
[link redacted]
** This url links to your confidential home page and associated information about manuscripts you
may have submitted or be reviewing for us. If you wish to forward this email to co-authors, please
delete the link to your homepage first **

We hope to hear from you within two weeks; please let us know if you need more time.

Best regards,
Dr Clare Davis
Senior Editor
Communications Earth & Environment
www.nature.com/commsenv/
@CommsEarth
REVIEWERS' COMMENTS:
Reviewer #1 (Remarks to the Author):
The authors have made important changes and updates to their analysis and otherwise addressed
most of the comments through changes to the text and additional analyses. I make only a few
suggested changes.
General comments:
I still think that the following statement about how the future optimal areas are largely the same as
current areas could be better supported: “The optimal global distribution of growing areas providing
the same total production of each crop as today based on current climatic conditions (Fig. 1C) is to a
substantial degree similar for future climatic conditions, irrespective of the specific climate change
scenario (Fig. 2).” Some effort needs to be made to quantify this. A statement that says something
like the future scenario has xx additional hectares and xx abandoned hectares compared to current,
while xx ha remain the same. A summary statement in the main text in units of area in addition to
percentages is preferrable. Areas are already provided for the different scenarios in the
supplemental table, but the main text would benefit from some quantitative comparisons (or maybe
a bar chart or a difference map could be added to the supplemental?).
I would make a similar recommendation for comparing the results of the two biodiversity analyses.

Rather than saying that things are “overall similar” in certain areas, what is the amount of area that
overlaps? What amount of area differs?
The authors assume that emissions in a scenario of redistribution in which total areas remain
constant would be similar to the current distribution of areas. They support this with a linear
correlation between fertilizer and crop production. I would prefer a solution where this assumption
was acknowledged as a limitation rather than justifying it with the global fertilizer yield correlations.
I think the assumption in question has a number of complications that are not limited to the
relationship between fertilizer and yield. Additionally, the fertilizer yield relationship itself is subject
to a number of confounding associations, including that some arid developing geographies are
naturally challenging to farm and also have less access to fertilizer – which could drive the lower end
of that relationship. We know so much more about global geographic patterns of nutrient limitation
that this simple correlation is not compelling. I think it’s better just to acknowledge the simplifying
assumption.
Specific comments:
• Should specify that the Ural mountains are in Russia.
• “Potential impact reductions estimated under the assumption of best-practice management on
newly established croplands are necessarily higher than in the case of less advanced farming
practices due to the increased land requirements” --- This sentence could be re-written to get rid of
the double negatives. Also, it seems like increased should be decreased because the subject is the
best-management scenario (I think).
• “However, the estimates represent averages of annual yields across 30-year periods; thus, whilst
the need for irrigation on cropping areas identified in our approach during particularly dry years may
in principle be obviated by suitable storage 66, in practice, ad hoc irrigation may be an economically
desirable measure for farmers and authorities to maintain productivity during times of drought,
which are projected to increase in different geographic regions due to climate change 67,68.” --- The
part about storage is confusing. If suitable water storage infrastructure exists, you would still need
irrigation to use that water. Maybe you mean that additional water withdrawals would not be
required?
• It’s not clear to me the role that inter-annual climate variability and climate extremes play in these
future projections. If only mean annual precipitation is considered but changes to the timing of
precipitation are not, or mean annual temperature is considered but changes to the number of
consecutively very hot days are not, this is an important caveat. The authors do not need to provide
a reply to me but if they feel that this could be clarified in the text one way or another, I think it
would be helpful for all readers.
• “For vegetation, the change of carbon stocks resulting from land conversion is given by the
difference of carbon stored in potential natural vegetation, available as a 5-arc-minute global map 7,
and carbon stored in crops or grass.” --- Does it matter that grass is included in the carbon impact
calculations but not elsewhere?
• “Range rarity under cropland or pastureland is calculated in the same way” --- Should calculations
for pasture be removed?

Reviewer #2 (Remarks to the Author):

I think the authors have done a good job of revising their manuscript and addressing my comments. I
was pleased to see the incorporation of the RCP framework in their revised results and I think their
assumptions are now clearly justified. I am happy to recommend this paper for publication.

Reviewer #3 (Remarks to the Author):
Authors have done good work addressing the reviewers’ comments, and the manuscript has
improved a lot. I have still couple of comments which should be addressed prior I can recommend
for publication.
1. While the different management levels are now better represented in the main text, I feel that it
is not yet adequately communicate to a reader.
For example in abstract, still one gets the impression that the cropland optimization alone can
reduce the footprints. While most of the reduction is due to yield gap closure. Results part of the
abstract reads now:
“We estimate that relocating current croplands to optimal locations, whilst allowing ecosystems in
then-abandoned areas to regenerate, could remove the need for systematic irrigation altogether
and decrease the current carbon and biodiversity footprints of global crop production by up to 71%
and 87%, respectively.”
It would be important to show the range of findings, depending on the management level. I.e.
showing the impact of yield gap closure, and communicating this clearly in abstract, throughout the
results section (where it is partly done), including figures etc.
Further in Fig 1 it would be good to show the maps of each management level results in and not only
the, in many places unrealistic, high management level scenarios. And discuss all these scenarios
together, not highlighting this high management scenario on top of others.
2. Related to comment 1; I still believe that by using current attainable yields for the analysis would
be best option, and then running scenarios for different management levels. Yes, there are
uncertainties but so are in these current scenarios. I would argue that these are even more
uncertain than the potential attainable yields you could estimate based on actual yields in the similar
locations in a country. Now there is no single realistic scenario on how only cropland optimization
would impact on the reduction of footprint. The low management levels are not realistic in Europe
and US, for example, and high management level scenarios are not realistic, at least in near future,
in South Asia or Africa.
3. I am yet not sure whether it is good target aiming to not use irrigation whenever possible, as in
many locations the water use is rather sustainable. It would be a good target in water stressed areas
but if water use sustainable, irrigation could further reduce the footprint on carbon and biodiversity.
4. Now results and discussion section does not have any sub-headings. It would help a reader a lot if
you would divide that to relevant sub-sections.

Author Responses: second round

Responses to Reviewers
Reviewer #1
General comments:
I still think that the following statement about how the future optimal areas are largely the same as
current areas could be better supported: “The optimal global distribution of growing areas providing
the same total production of each crop as today based on current climatic conditions (Fig. 1C) is to a
substantial degree similar for future climatic conditions, irrespective of the specific climate change
scenario (Fig. 2).” Some effort needs to be made to quantify this. A statement that says something
like the future scenario has xx additional hectares and xx abandoned hectares compared to current,
while xx ha remain the same. A summary statement in the main text in units of area in addition to
percentages is preferrable. Areas are already provided for the different scenarios in the
supplemental table, but the main text would benefit from some quantitative comparisons (or maybe
a bar chart or a difference map could be added to the supplemental?).
I would make a similar recommendation for comparing the results of the two biodiversity analyses.
Rather than saying that things are “overall similar” in certain areas, what is the amount of area that
overlaps? What amount of area differs?
We thank the Reviewer for their suggestion and agree that this may be relevant information
for readers. We have added the following statements to the text:
”73%, 73%, 70%, and 63% of the optimal areas associated with RCP 2.6, 4.5, 6.0, and
8.5 climate scenarios for the time period 2071–2100 (Fig. 2a–d), respectively,
overlap with those associated with the current climate shown in Fig. 1c.”
“69% and 86% of optimal areas for across- and within-border relocation,
respectively, overlap with the equivalent areas shown in Fig. 1c,d.”
The authors assume that emissions in a scenario of redistribution in which total areas remain
constant would be similar to the current distribution of areas. They support this with a linear
correlation between fertilizer and crop production. I would prefer a solution where this assumption
was acknowledged as a limitation rather than justifying it with the global fertilizer yield correlations.
I think the assumption in question has a number of complications that are not limited to the
relationship between fertilizer and yield. Additionally, the fertilizer yield relationship itself is subject
to a number of confounding associations, including that some arid developing geographies are
naturally challenging to farm and also have less access to fertilizer – which could drive the lower end
of that relationship. We know so much more about global geographic patterns of nutrient limitation
that this simple correlation is not compelling. I think it’s better just to acknowledge the
simplifying assumption.
We thank the Reviewer for providing clear guidance on what they consider a suitable
solution. As suggested, we have removed Supplementary Table 1 added in our previous
version, and have used the following sentence to the relevant passage of the manuscript to
clarify our assumption:
“We would assume that the magnitude of these emissions in a scenario of
redistribution of agricultural areas, in which the total production of each crop
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remains constant, is similar to that associated with the current distribution of
areas.”
Specific comments:
Should specify that the Ural mountains are in Russia.
We have specified “the Ural mountains in Russia”, as suggested.
“Potential impact reductions estimated under the assumption of best-practice management on
newly established croplands are necessarily higher than in the case of less advanced farming
practices due to the increased land requirements” --- This sentence could be re-written to get rid of
the double negatives. Also, it seems like increased should be decreased because the subject is the
best-management scenario (I think).
We have rephrased the sentence as follows to improve clarity:
“Potential impact reductions estimated under the assumption of high-input crop
management on newly established croplands are necessarily higher than for less
intensive farming practices, given the higher land requirements in the latter case.”
“However, the estimates represent averages of annual yields across 30-year periods; thus, whilst the
need for irrigation on cropping areas identified in our approach during particularly dry years may in
principle be obviated by suitable storage 66, in practice, ad hoc irrigation may be an economically
desirable measure for farmers and authorities to maintain productivity during times of drought,
which are projected to increase in different geographic regions due to climate change 67,68.” --- The
part about storage is confusing. If suitable water storage infrastructure exists, you would still need
irrigation to use that water. Maybe you mean that additional water withdrawals would not be
required?
We apologise for the ambiguous phrasing, and have clarified that “storage” refers to crop
production, not to water.
It’s not clear to me the role that inter-annual climate variability and climate extremes play in these
future projections. If only mean annual precipitation is considered but changes to the timing of
precipitation are not, or mean annual temperature is considered but changes to the number of
consecutively very hot days are not, this is an important caveat. The authors do not need to provide
a reply to me but if they feel that this could be clarified in the text one way or another, I think it
would be helpful for all readers.
We agree with the Reviewer about the importance of short-term climate variability (which is
indeed accounted for in the yield projections used in our analysis). This aspect is addressed
in the description of the potential yield data:
“Both current and future potential rainfed yields were simulated based on daily
weather data, and therefore account for short-term events such as frost days, heat
waves, and wet and dry spells 32.”
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“For vegetation, the change of carbon stocks resulting from land conversion is given by the
difference of carbon stored in potential natural vegetation, available as a 5-arc-minute global map 7,
and carbon stored in crops or grass.” --- Does it matter that grass is included in the carbon impact
calculations but not elsewhere?
“Range rarity under cropland or pastureland is calculated in the same way” --- Should calculations
for pasture be removed?
We apologise for these accidental remnants from our previous version in which we also
considered pastures, and thank the Reviewer very much for pointing them out. We have
removed “or grass” and “or pastureland” in the two sentences, and have double-checked
that all other references to grass and pastures have been removed as well.
Reviewer #2
I think the authors have done a good job of revising their manuscript and addressing my comments. I
was pleased to see the incorporation of the RCP framework in their revised results and I think their
assumptions are now clearly justified. I am happy to recommend this paper for publication.
We thank the Reviewer for their approval, and once again for their very helpful comments.
Reviewer #3
Authors have done good work addressing the reviewers’ comments, and the manuscript has
improved a lot. I have still couple of comments which should be addressed prior I can recommend
for
publication.
1. While the different management levels are now better represented in the main text, I feel that it
is not yet adequately communicate to a reader. For example in abstract, still one gets the impression
that the cropland optimization alone can reduce the footprints. While most of the reduction is due
to yield gap closure. Results part of the abstract reads now: “We estimate that relocating current
croplands to optimal locations, whilst allowing ecosystems in then-abandoned areas to regenerate,
could remove the need for systematic irrigation altogether and decrease the current carbon and
biodiversity footprints of global crop production by up to 71% and 87%, respectively.” It would be
important to show the range of findings, depending on the management level. I.e. showing the
impact of yield gap closure, and communicating this clearly in abstract, throughout the results
section (where it is partly done), including figures etc.
Further in Fig 1 it would be good to show the maps of each management level results in and not only
the, in many places unrealistic, high management level scenarios. And discuss all these scenarios
together, not highlighting this high management scenario on top of others.
We thank the Reviewer for their suggestions for improving the presentation of our results;
we have added the maps as suggested and we have taken several additional steps to ensure
clarity and transparency, listed further below. Given that the scenarios of medium- and lowinput management on new croplands are conceptually quite a bit more complicated than
the best-practice scenario (insofar as relocation beyond a certain share of production is no
longer beneficial, requiring the concept of partial relocation), we do feel that starting from
the simpler best-practice scenario and subsequently generalising results allows for better
readability and improved clarity than introducing multiple different and not always easy-to3

grasp concepts at the same time and presenting results in one big block. In addition, given
that potential crop yields under future climatic conditions are available only for high-input
management, we feel that their presentation in Fig. 2 works better in direct succession to
the analogous scenario of best-management scenario for current climate in Fig. 1 than it
would as a special case amongst results bundled across all management levels and
production relocation proportions.
We have made the following changes to further improve clarity and address the Reviewer’s
comment:
o

o

In the Abstract, we have replaced “by up to … %” with “... %, assuming high-input
management on newly established sites”. We have also added the following sentence:
“Substantial benefits could already be achieved by relocating only a small proportion of
worldwide crop production, relocating only within national borders, and for less
intensive farming systems.”, so that readers know from the outset that our analysis
examines lower-input management scenarios as well.
We emphasise at the beginning of the Results and Discussion section that
“We first consider the scenario of high-input crop management on relocated
croplands, and examine the effect of less intensive farming practices later on.”

o

o

We have added subheadings to the Results and Discussion section (as suggested by the
Reviewer further below); these include: “Optimal transnational relocation with highinput crop management”, “Optimal national relocation with high-input crop
management”, and “Partial relocation of production and lower-input crop
management”, allowing readers to readily grasp the structure of the paper and see
where the lower-input scenarios are examined.
We thank the Reviewer for their suggestion to include cropland maps corresponding to
the lower-input scenarios, analogous to those in Fig. 1c,d. We have added maps showing
the optimal distribution of global croplands for medium- and low-input management on
new sites, assuming an optimal proportion of the global production being relocated (i.e.,
75% of current global production for medium-input management under both national
and transnational relocation, 30% for medium-input management and transnational
relocation, and 20% for low-input management and national relocation) as
Supplementary Figure 3.

2. Related to comment 1; I still believe that by using current attainable yields for the analysis would
be best option, and then running scenarios for different management levels. Yes, there are
uncertainties but so are in these current scenarios. I would argue that these are even more
uncertain than the potential attainable yields you could estimate based on actual yields in the similar
locations in a country. Now there is no single realistic scenario on how only cropland optimization
would impact on the reduction of footprint. The low management levels are not realistic in Europe
and US, for example, and high management level scenarios are not realistic, at least in near future,
in South Asia or Africa.
We agree with the Reviewer that the current heterogeneity of management levels across
different parts of the world is an important aspect and have added the following paragraph
to highlight this point:
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“Here, we examined three different crop management scenarios at the global scale;
in reality, the degree of yield gap closure is highly spatially heterogeneous,
depending on local socio-economic conditions. Estimates of the likely yield levels of
crops in locations where they are currently not planted, given the specific current or
projected future local circumstances, would be desirable to determine optimal
relocation strategies in local contexts.”
We continue feel that the uncertainties involved in predicting the yield level of a crop in a
location potentially far from where the crop is currently grown under the complex socioeconomic conditions currently present in that location would be immense. We would not
agree that such uncertainties would be comparable to those of the potential yield estimates
in the GAEZ v4 database, derived only based on environmental factors.
3. I am yet not sure whether it is good target aiming to not use irrigation whenever possible, as in
many locations the water use is rather sustainable. It would be a good target in water stressed areas
but if water use sustainable, irrigation could further reduce the footprint on carbon and biodiversity.
We thank the Reviewer for pointing out this important aspect. We have added the following
paragraph to the Discussion:
“Considering rainfed potential yields has allowed us to identify cropland
distributions that obviate the need for systematic irrigation; however, in several
parts of the world, local water resources are at present 58, or will be in future 59,
abundant enough to allow for sustainable irrigation, which can increase yields
substantially. This highlights the need for potential yield assuming irrigation, which
are currently not available to the same extent as the rainfed yields used here 32;
these would allow for a rigorous assessment of the three-way trade-offs between
carbon, biodiversity, and water impacts.”
We have placed this paragraph, the above-mentioned one on spatial heterogeneity of
management levels, together with a paragraph on the relevance of dietary shifts in the
context of optimal cropland locations in future (an issue previously raised by the Reviewer)
in a subsection entitled “Future perspectives”.
4. Now results and discussion section does not have any sub-headings. It would help a reader a lot if
you would divide that to relevant sub-sections.
We thank the Reviewer for their suggestion and have added subheadings to the Results and
Discussion section.
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