Reviewer 1

Firstly, the SCEQ algorithm plays a crucial role in the paper, but it is only presented in the appendix and
not in the methods section. The authors should introduce the algorithm in the methods section and,
more importantly, explain how it has been integrated into the FABLE model.

We expanded the main body of the manuscript (see lines 235-295 of the revised manuscript) to
introduce the algorithm and explain its integration into the FABLE model.

Similarly, the calibration of the yield development stages is explained only conceptually in the methods
section and not specifically for this study. The appendix contains relevant details that should be part of
the main text. Additionally, statements in the methods and appendix sections appear contradictory,
and the authors should clarify the approach they used. While the methods section says that the authors
"use the results of Rosenzweig et al. (2014)", the appendix says that the authors "follow the approach
of Rosenzweig et al." to process the data, which sounds like slightly different data was used.

In the revised manuscript (lines 450 and 695), we clarified that climate change impacts on global crop
productivity were estimated based on the crop modeling results published by Rosenzweig et al. 2014.
That is we use the original data from four crop models forced by five global climate models (see Fig. Al).
Since the calibration of yield development stages is based on the previously published data, we chose
not to incorporate this material in the manuscript’s main text but rather leave it in the appendix.

The discussion section mostly analyzes model output and feels unrelated to the rest of the paper. The
authors should either show the model results in the abstract and conclusions and place them in the
context of other studies or put less emphasis on the model output discussion and focus on the paper's
main findings. The authors should provide a more in-depth discussion and justification for the main
claim that scenario analysis can overstate the magnitude of expected land conversion under uncertain
crop yields. Specifically, the authors should explain what this overestimation implies and how to
interpret it.

We have completely rewritten the discussion sections 5.1 and 5.2 by (i) shortening the discussion of the
model’s output as this is primarily a methodological paper, and also to avoid unnecessary overlap with
Steinbuks and Hertel (2016), and (ii) providing a more in-depth discussion of stochastic model runs along
with more extensive justification for the main claim that scenario analysis can overstate the magnitude
of expected land conversion under uncertain crop yields (see e.g., lines 340-250 and 360-370 of the
revised manuscript).

Additionally, the authors should discuss the robustness of that finding. If | am not mistaken the reduced
range should be a direct consequence of the user states in the Markov chain and its implication that
the stochastic model "knows" that being already in the best/worst stage the situation cannot get any
better/worse in the future. It should be critically discussed whether this assumption about a bounded
solution space is realistic or might actually lead to an underestimation of the range of potential land
conversions under uncertainty.



We have addressed this concern in footnotes 7 “As rightly noted by an anonymous reviewer, bounded
solution space implied by the limited number of states in the Markov chain structure can lead to a
reduced solution range. We believe the assumption about a bounded solution space is justified in this
context since extreme scenarios in the deterministic analysis should also be unbounded when the best
and worst states are unbounded.” and 11 “Since the SCEQ algorithm is based on simulation, additional
simulations could lead to a wider range, and our current solution could underestimate the range in
comparison with the range from all possible simulation paths. The difference will, however, be small and
won't affect the economic significance of the main findings.”

The code and data availability section does not provide sufficient information to make the analysis of the
paper reproducible. To achieve reproducibility, the section should provide access to the model source
code used for the analysis and the input data to the model. If access to the source code and/or data
cannot be made available to the public, this should be explicitly stated and justified in the section. Code
and data should be at least available to the reviewers.

We provided the model code to the reviewers along with the submission. We also uploaded the code to
Github depositary, available at the following link: https://github.com/jsteinbuks/stfable. We have
accordingly updated the data and code availability statement in the revised manuscript.

Specific comments:

p3.183ff: The wording feels a bit harsh ("fail to account for") and it also creates in my perspective too
high expectations for this paper. Like the other mentioned studies ignored uncertainties in yields this
study is ignoring uncertainties the other paper considered. This study does not supersede previous
studies but it instead expands the range of uncertainty studies.

We have revised this wording as “they are less effective in quantifying the effect of uncertainty in the
supply and demand drivers in more complex settings, such as, e.g., optimal allocation of multiple
competing land resources in the long run” (line 85).

p7.1184ff: The statement about incomplete coverage of GHG emissions might require some more
context. | believe it might be put here to justify that a fixed RCP scenario can be used for the simulations
without ensuring that total GHG emissions are in line with this scenario. Please explain in the text why
this consideration is relevant. In addition, please also mention and justify in the methods and/or
introduction section that RCP6 is used. Currently this is just mentioned in the appendix with no
justification provided. Besides RCP it is also unclear on what other scenario assumptions (e.g. SSP,
mitigation policies) the simulations are based on, or to which scenario the simulations can be best
compared to. Can the simulations be understood as a business as usual scenario with very limited to
none mitigation efforts?

We have addressed this concern in the introduction section of the revised manuscript (line 65):
“Following Rosenzweig et al. (2014), we use projections from climate and crop simulation models under
Representative Concentration Pathways 6.0W/m2 (RCP6) GHG forcing scenario (Moss et al., 2008), as
well as the survey of recent agro-economic and biophysical studies to calibrate the index ...”, and section
3 (lines 190-195 and footnote 6): “Since FABLE is a partial equilibrium model without an embedded
climate module, we cannot directly capture all sources of GHG emissions and endogenize their effect on
global crop yields. Instead, to ensure the simulation results’ comparability with the structural


https://github.com/jsteinbuks/stfable

parameters (e.g., demographic and economic growth, the rate of technological change) of the FABLE
model, we select four crop simulation model runs under the RCP6 GHG forcing scenario” [...] “FABLE
model baseline assumes no climate regulations and other GHG mitigation measures required to achieve
RCP4.5 or lower radiative forcing values, whereas realism of RCP8.5 as the ‘business-as-usual’ scenario
has been questioned by the literature (Hausfather and Peters, 2020).”

p7.1188ff: | was surprised to see the yield states having such a strongly negative bias with states of +15,
+2,-15, -19, and -36 percent (are these percentage differences over the simulation period?). Given the
details in the appendix this mainly seems to come from 1. having PEGASUS as a rather pessimistic model
in the game and 2. considering also runs with deactivated CO2 fertilization effect. As these choices have
a critical impact on the final outcomes of the model these choices require some justification in the text. It
is also unclear why not a more recent analysis such as Jdgermeyr 2021 ("Climate impacts on global
agriculture emerge earlier in new generation of climate and crop models" Nature Food) was taken as
point of reference.

The percentage changes are relative to the reference period 1971 to 2004, which we explain in the
revised manuscript, lines 195-200.

This study was designed before updated crop yield projections from Jagermeyr et al. 2021 were
available. Future work will make use of these newer simulations. Regarding individual model
performance, we believe that each model that passes a benchmarking test qualifies as a stand-alone
data point and is thus included in the ensemble mean. It is true that there are large uncertainties across
different models, which are largely associated with the CO2 fertilization effect in high-emission climate
change scenarios. The CO2 effect is reduced to some degree in the newer GGCMI Phase 3 simulations
based on CMIP6, which will benefit follow-on studies. We acknowledge this point in footnote 5: “More
recent projections using ensembles of latest-generation crop and climate models find larger uncertainty
of climate impacts on major crop yields (Jagermeyr et al., 2021). Unfortunately, these data were not
available at the time of the research. Our results should therefore be taken as conservative estimates of
the impacts of climate uncertainties on crop yields.”

pll.lam not sure if it helps to show the difference between deterministic and stochastic scenarios on
the right hand side. Instead | could imagine that showing just the same plot as on the left but for the
stochastic runs might ease the comparison between the two. To put the results into context it would
be helpful to have the historic development of the variables shown in the plots as well. Otherwise it is
difficult to evaluate the results.

Unfortunately, for some figures, the difference between deterministic and stochastic scenarios is too
small relative to their absolute magnitude, so it will be difficult to grasp for the reader if illustrated using
the same type of plot as on the left. We prefer to keep the illustration as is.

p14.1338ff: Was this strong demand-side elasticity to be expected? Is this in line with other studies?

Our AIDADS demand system is designed to encompass consumption behavior across a wide range of
incomes (Rimmer and Powell, 1996). This is essential for a dynamic model of the global economy. We
have estimated three key parameters for each commodity category — the subsistence level of
consumption, the marginal budget share at very low (subsistence) income, and the marginal budget
share at very high levels of income. The former two are large for food products. However, as households



become wealthy, the marginal budget share for food items becomes very small, approaching zero for
very high incomes. In this application, as households become wealthier, the subsistence share becomes
very small, and households’ demand response becomes larger. We acknowledge this point in footnote
12 of the revised manuscript.

p18.1387: | did not find a description in the text of how the high-resolution outputs were plugged into the
FABLE model. Is the FABLE model spatial explicit?

The FABLE model is not spatially explicit, so we had to aggregate gridded crop yields, weighting by the
size of crop output per grid cell. We clarify this point in lines 695-700 of the revised manuscript.

Reviewer 2 (Xin Zhao)
Deterministic vs. perfect foresight

The related concepts need to be clarified. It seems the study assumes the deterministic model to be
perfect foresight, which may not always be the case. By perfect foresight, is it describing agricultural
producers or land use decision-makers? However, in the stochastic model, is there imperfect foresight for
producers, e.g., rational expectations?

Perfect foresight describes a global planner optimally allocating the model’s land uses. The stochastic
model still has the same global planner but now with imperfect foresight, indeed rational expectations.
We clarify this point in the revised manuscript, lines 70-75: “We simulate the results of the model where
the global planner optimally allocates land uses under the perfect foresight of different realizations of
the crop productivity index, focusing our attention on the current century. We then compare and
contrast them with the results of the dynamic stochastic model, where the global planner has rational
expectations about uncertain crop yields brought to the model’s optimization stage.”

A relative question is how the expected utility is calculated, e.g., line 575. Are expectation schemes
assumed for the calculation?

The expected utility is just a sum of utilities in each state time the probability of each state in a given
period, where exogenous states evolve stochastically over time according to a Markov process with
time-varying transition probabilities defined in Appendix C. We clarify this in the revised manuscript,
lines 615-620.

How uncertainty affects the optimal path of land use?
The main contribution/goal of this study was to showcase properly accounting for the uncertainty that
could affect decision-maker behavior. However, the logic behind this was not thoroughly

communicated.

Some documentation of the parameters used in land conversion cost functions (Eq. D33 — 36) could be
useful, as they seem to be relevant to land supply/transformation elasticities.



To our knowledge, there are no empirical studies estimating the magnitudes of long-term adjustment
costs in land conversion problems. We, therefore, choose to calibrate these parameters to match
historical land conversion patterns. We clarify this in the revised manuscript, lines 505-510.

Is rental profit a factor in land allocation? And is the landowner risk-averse?

We assume no rental profits as those are fully redistributed by global planners back to consumers of
land-use goods and services. We clarify this in the revised manuscript, lines 470-475. The global land
planner is indeed risk averse as we explain in Appendix A4.

What about endogenous market fluctuation by wrong market price expectations, e.g., cobweb models?

In this model, we assume that agents know the underlying distribution of crop productivities, so the
market expectations are, on average, accurate. We do not encounter cobweb-type behavior in this
model.

FABLE and climate/crop models

It seems the crop production function in FABLE did not include “other primary inputs” which are available
in the model. However, only including fertilizer and land in production, do you assume the rest of the
costs are absorbed by land profit (assuming there is zero profit condition)?

We treat these costs as exogenous and assume they have an ‘iceberg’ representation, i.e., they are
subtracted from the gross output of land-based goods and services. We clarify this in the revised
manuscript, lines 550-555.

How was ecosystem service valued in the model? E.g., it is included in the utility function and supply by
land. But how was it valued in data and parameterized in modeling.

Calibration details are available in section B.1.12 of supplementary materials to Steinbuks and Hertel
(2016), accessible at https://static-content.springer.com/esm/art%3A10.1007%2Fs10640-014-9848-
y/MediaObjects/10640 2014 9848 MOESM1 ESM.pdf

How many crops are included in FABLE? Was there a mapping between crop models and FABLE? E.qg.,
are there climate impacts on bioenergy crops?

The FABLE model has one global crop, which is an output-weighted composite of four major crops:
wheat, rice, corn, and soybeans. We assume that food crops are converted to first-generation biofuels
so climate impacts on first-generation biofuels crops are the same as on food crops. The FABLE model
assumes that second-generation biofuel crops’ yields are not affected by climate change (see lines 415-
410 of the revised manuscript).

Climate scenarios are not clear. Rosenzweig et al. (2014) used RCP 8.5 scenarios, which were from ISIMIP
fast track data. However, it is stated RCP 6.0 is used in this study. Were those data from ISIMIP2b
database? Please include this information in the main text


https://static-content.springer.com/esm/art%3A10.1007%2Fs10640-014-9848-y/MediaObjects/10640_2014_9848_MOESM1_ESM.pdf
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Rosenzweig et al. 2014 (ISIMIP fast track) used simulations for RCP2.6, RCP4.0, RCP6.0, and RCP8.5. Here
use the results for RCP6.0. Results from ISIMIP2b are not used. We clarify this in the introduction section
of the revised manuscript (line 65): “Following Rosenzweig et al. (2014), we use projections from climate
and crop simulation models under Representative Concentration Pathways 6.0W/m2 (RCP6) GHG
forcing scenario (Moss et al., 2008), as well as the survey of recent agro-economic and biophysical
studies to calibrate the index ...”, and section 3 (lines 190-195 and footnote 6): “Since FABLE is a partial
equilibrium model without an embedded climate module, we cannot directly capture all sources of GHG
emissions and endogenize their effect on global crop yields. Instead, to ensure the simulation results’
comparability with the structural parameters (e.g., demographic and economic growth, the rate of
technological change) of the FABLE model, we select four crop simulation model runs under the RCP6
GHG forcing scenario” [...] “FABLE model baseline assumes no climate regulations and other GHG
mitigation measures required to achieve RCP4.5 or lower radiative forcing values, whereas realism of
RCP8.5 as the ‘business-as-usual’ scenario has been questioned by the literature (Hausfather and Peters,
2020).”

Line 705, does FABLE have a climate model and provide a reference projection of RCP 6.0?

The FABLE model doesn’t have an internal climate module as this is not an integrated assessment
model. Instead, we rely on projections from five global climate models based on RCP 6.0 scenario. We
clarify this in the revised manuscript, lines 190-195.

Results

It might be useful to describe the reference scenario of FABLE, e.g., the one with no climate impacts.
We will briefly describe this scenario in the revised manuscript (see our response to reviewer 1) but
following their recommendation will avoid the in-depth description previously published in Steinbuks
and Hertel (2016).

Overall, the communication of the results can be improved. For example, it seems the comparison of
optimistic-pessimistic range between deterministic and stochastic is important. A figure focusing on the
comparison, e.g., in the same unit (Mha), could be useful.

We have revised the right-hand sides of Figures 3 and 4 to reflect these suggestions.

In addition to land, market prices could also be important, e.g., will there be higher price variation?

Since this is a social planner’s problem all prices are effective shadow prices, which are determined
endogenously by the model.

Importance:
Minor comments/questions:

Abstract: “The scenario analysis can thus significantly overstate the magnitude of expected land
conversion under uncertain crop yields.” Not very clear by “magnitude” and why “expected”. Maybe



just a sentence highlighting the importance of incorporating uncertainty into the determination of the
optimal path of natural resource use?

We have revised this sentence as “This highlights the importance of incorporating uncertainty in the
model’s optimization stage to determine optimal paths of natural resource uses.”

Line 119, “they are typically left out of most contemporary analyses of global land use change,” this
might be true 10 years ago. But there has been growing interest in including all land in the modeling.
E.g., does unmanaged forest has value in the base year?

This point is well-taken. We have modified the text to read as follows (footnote 3):

“... they have historically been neglected in economic models of global land use change. More recently,
these natural lands have been incorporated via location-specific supply curves depicting the potential
for bringing these lands into commercial production (REF MAGNET model: https://www.magnet-
model.eu/model/ ). However, the ecosystem services provided by these lands are not explicitly valued
as they are in the FABLE model, where they are explicitly included in the utility function.”

Lines around 190, are those percent changes of yield global median values?

No, these are changes relative to the historical trend over 1971-2004 (calibrated model baseline), see
lines 195-200 of the revised manuscript.

Line 210, J1 can only move up, and J5 can only move down? And is such move per model period (5
years) or per annum?

Yes, J1 can only move up, and J5 can only move down, and such a move is per model period (5 years).
We clarify this in the revised manuscript, lines 215-220.

Line 575, the notations of Section A4?
“The notations of section 4”, see the revised manuscript, around line 625.
The references are somewhat dated. Consider updating if appropriate.

FYI, we have a relevant recent study: “Global agricultural responses to interannual climate and
biophysical variability.” We used adaptative expectations for both price and yield for Ag producers to
make land allocation and production decisions. We had similar results that land use change variation
became much smaller compared to perfect foresight because of the slower adjustments under imperfect
foresight. But market price variations increased.

We have revised the manuscript as follows to incorporate novel literature (see lines 95-100: “Zhao et al.
(2021) compare models with adaptative expectations and perfect foresight assumptions for both price
and yield for agricultural producers to make land allocation and production decisions. Zhao et al. (2021)
find similar results that land use change variation becomes much smaller than in the perfect foresight
model, which allows for faster land use adjustments while market price variations increase. Unlike our
paper, Zhao et al. (2021) do not explicitly incorporate uncertainty in the model’s optimization stage.”
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