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Current large-scale patterns of land use reflect history, local traditions, and production
costs, much more so than they reflect biophysical potential or global supply and
demand for food and freshwater, or—more recently—climate change mitigation. We
quantified alternative land-use allocations that consider trade-offs for these demands
by combining a dynamic vegetation model and an optimization algorithm to determine
Pareto-optimal land-use allocations under changing climate conditions in 2090–2099
and alternatively in 2033–2042. These form the outer bounds of the option space
for global land-use transformation. Results show a potential to increase all three
indicators (+83% in crop production, +8% in available runoff, and +3% in carbon
storage globally) compared to the current land-use configuration, with clear land-
use priority areas: Tropical and boreal forests were preserved, crops were produced in
temperate regions, and pastures were preferentially allocated in semiarid grasslands and
savannas. Transformations toward optimal land-use patterns would imply extensive
reconfigurations and changes in land management, but the required annual land-use
changes were nevertheless of similar magnitude as those suggested by established land-
use change scenarios. The optimization results clearly show that large benefits could
be achieved when land use is reconsidered under a “global supply” perspective with a
regional focus that differs across the world’s regions in order to achieve the supply of
key ecosystem services under the emerging global pressures.

land use | ecosystem services | biogeophysical limits | optimization | agricultural production

Given the growing human population and changes in per-capita consumption, large
global pressures exist in the land system, reflecting the multiple—but diverse—benefits
that human societies derive from the land (1). Historically, the increased demand for land-
based commodities has been met by agricultural expansion into forests and other natural
vegetation (2–4) combined with land-use intensification not least through technological
developments (5). This resulted in high environmental costs, including greenhouse gas
emission, biodiversity loss, and environmental pollution (1, 6, 7). With the continued
increasing demand arising from a growing population and dietary shifts toward meat
and dairy products, alongside moves toward climate change mitigation (e.g., biofuel
production or large-scale forest area expansion), pressures continue to grow on our
limited amount of land (1, 8, 9). The revenues of different land uses and their impacts,
however, vary spatially given, for example, ecosystems’ differences in climate, soil fertility,
and water availability (10–12). Therefore, an analysis of the revenues and impacts of the
changes in land use required to address existing global pressures has to be spatially explicit.

Scenario analyses are routinely used to explore prospective socioeconomic and envi-
ronmental changes in various futures of land use (13–16) and their impacts on ecosystems
(17, 18). Scenarios are typically limited in number, and they rarely explore the bounds
of the available option space. However, identifying absolute production limits of land-
based commodities or services and suitable operating spaces of human interventions in
the Earth’s ecosystems have been explored in recent years (19–22), among others with the
planetary boundaries framework (23). In this context, also optimization approaches have
been applied, which test out large numbers of configurations and, in doing so, can identify
balances between trade-offs across multiple objectives, while simultaneously meeting
additional constraints (such as bioclimatic limits or production demands) (21, 24). They
aim at the identification of beneficial system states but without hard restrictions on
how to reach the system state (e.g., the availability of adequate policy instruments
or cultural and socioeconomic conditions). In the land-use sector, multiobjective
optimization approaches have been used with a focus on ranking of sites for nature
conservation (e.g., ref. 25) or with respect to land-use sharing versus land-use sparing
(e.g., ref. 26). Optimizations targeting land use as such were applied on local to regional
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scale (e.g., refs. 27–33) and in a few studies also globally (e.g., refs.
34–38). These studies’ results included predefined constraints
(such as regional supply levels and persistence of current land-use
classes) and did not consider climate change, with the exception
of Pastor et al. (37).

Here, we optimized for the most prominent conflicting
demands in the land-use sector to answer the question, how
the global land-use configuration could look like by the end
of the century when the biogeophysical potential is evaluated
under the consideration of climate change. We targeted three
key ecosystem service (ES) indicators: total carbon (C) storage
(indicative of climate regulation and climate-change mitigation),
crop production (indicative of food supply), and available runoff
(indicative of freshwater supply) (“objectives,” see SI Appendix,
Fig. S1). We used a state-of-the-art dynamic global vegetation
model to simulate vegetation growth and crop yields, ecosystem
C, and local water balances under historical and future climate
(Materials and Methods). The ES indicators were then used in
a multiobjective genetic optimization approach, which seeks to
identify spatially explicit land-use allocations for which the global
total of each of the three objectives could not increase further
without declines in one of the other objectives. The optimizer
was free to select one land use from potential natural vegetation,
eight crop types, and pasture for each 1◦ gridcell of the global land
surface. Only ES indicator provisioning of the current land-use
configuration (as in 2017) was taken as the baseline constraint
for the optimization to ensure that all solutions returned
by the optimizer provide clear improvements. In contrast to
previous studies, we did not apply additional constraints to the
optimization in order to focus on exploring the biogeophysical
maximum. Our optimization targeted environmental conditions
under a low emission pathway (RCP 2.6, 39) at the end of
the 21st century (2090–2099) to provide a long-term vision
of land-use changes acknowledging the time scales needed for
effective C storage and taking the impacts of climate change
(CO2 fertilization, changing temperatures, and precipitation)
into account. To investigate the sensitivity of the results to
different pathways and priorities, we repeated the analysis for
a medium climate change pathway (RCP 6.0) and for a near
to medium time perspective (15 y into the future). Our study
aimed to 1) identify the outer bounds of ES indicator levels and
land-use configurations that are biogeophysically realistic and
adhere to the three competing major demands in the land-use
sector and climate change, 2) identify priority areas for natural
vs. agricultural land usage, and 3) to discuss the implications
of achieving efficient land-use solutions, such as, for instance,
land-use change needed, C emissions upon land-use change, and
impacts on biodiversity.

Global Land-Use Configurations Optimal for
Three Key ES Indicators

The optimization resulted in a three-dimensional production-
possibility frontier (also efficiency or Pareto frontier, Fig. 1) in
which land-use allocations that were found to be “optimal” for the
provision of total C storage, crop production, and available runoff
are arranged based on their ES indicators’ global totals. These
solutions are henceforth referred to as optimal land-use config-
urations. The frontier reflects the inherent trade-offs between
the three ES indicators and is spanned only by biogeophysical
(i.e., vegetation growth) limitations and management options
implemented in the LPJ-GUESS model. Reflecting the outer
bounds of the option space, the frontier demonstrates the degree
of inefficiency of all global land-use configurations with a total ES
indicator provision lying below the frontier. This includes also

the land-use configuration as of 2017 (our reference for current
land-use patterns; Fig. 1A, red diamond). Within the range of
options spanned by the frontier, prioritization could be done
by selecting subsets of solutions depending on further global or
regional requirements, such as food supply levels or biodiversity
targets.

The identified optimal land-use configurations show the
theoretical potential for a significant simultaneous increase in
all three objectives, aggregated globally, until the end of the
century (2090–2099) under the low emission pathway RCP 2.6
relative to maintaining current land-use patterns. Global gains
in ES indicators are given here as the average across solutions,
but they reach their maximum with solutions prioritizing one
over the other two ES indicators (i.e., solutions in the outer
corners of the production-possibility frontier, see below). The
optimized solutions indicated a ca. 3% increase, or ca. 38 Pg C,
in C storage above the reference (average across solutions, see
SI Appendix, Table S4, for details), or 98 Pg C (ca. 7% increase,
when prioritized). Crop production increased by 83% in the
cross-solution average relative to current land use but could be up
to 210% when prioritized. The cross-solution average would be
close to the necessary increase in agricultural production needed
to feed the growing population by 2090–2099 (about 91%
based on FAO values, SI Appendix). Gains in global available
runoff were on average about 8% higher than the reference in
2090–2099 (13% when prioritized). For the medium climate
change pathway (RCP 6.0), similar increases in all objectives
were possible compared to the 2017 land use under the same
climate (c.f. SI Appendix, Table S4): Averaged across the frontier,
carbon storage increased by ca. 3%, crop production by ca. 80%,
and available runoff by ca. 7%.

Likewise, when LPJ-GUESS was used with land-use projec-
tions used for IPCC assessments (LUH2, 40), ES indicator
provision at the end of the century was also in most cases
notably lower (SI Appendix, Table S5 and Fig. S10). This
could be expected as in comparison to our theoretical, largely
unconstrained land-use solutions, the scenarios used in IPCC
are constrained by defined socioeconomic trajectories. Total C
storage of a strong climate-change mitigation-based scenario,
including significant amounts of reforestation and afforestation
(SSP1-RCP2.6), was close to the average total C storage across
the solutions from the optimization (1,381 Pg C in comparison
to 1,390 ± 24 Pg C across the optimal solutions and 1,352
Pg C when land use from 2017 would persist). However,
crop production (22.4 vs. 40.6 ± 12.3 and 22.2 Ecal) and
available runoff (31,300 vs. 36,200± 900 and 33,400 Pg H2O)
were significantly lower compared to our production-possibility
frontier. Results for a scenario assuming large population growth
and cropland expansion (SSP3-RCP7.0) and another assuming
high radiative forcing with little land-use change (SSP5-RCP8.5)
were far below the frontier of efficient land-use configurations
(compare SI Appendix, Table S5). While the Pareto-frontier
results cannot be interpreted as being a “realistic” future of
the world’s land use, the comparison to trajectories that include
socioeconomic constraints highlights the potentially achievable
gains. Furthermore, it pinpoints where room toward enhanced
ES provision is highest, if international policies could overcome
some of today’s obstacles underlying existing land-use patterns.

Spatial Patterns of Optimal Land-Use
Allocations

The optimization identified clear global priority areas for natural
land, cropland, and pastures (Fig. 2A). Their broad pattern was
very stable across the solutions on the production-possibility
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A

B

Fig. 1. Production-possibility frontier and optimal land use across biomes for the optimization targeting RCP 2.6 climate in 2090–2099. Solutions (green dots)
locate on the efficiency frontier (A) based on their global total ES indicator provision of C storage (tree, Pg C), crop production (bucket, Ecal), and available
runoff (drop, Pg H2O) with each solution representing one global land-use allocation. The point of origin (red diamond) is the ES indicator provision for the
same climate and time period when land use is kept in the configuration of 2017 (reference of optimization runs, see Materials and Methods). See Fig. 3C for
production-possibility frontiers of other combinations of RCPs and time horizons. The change in land uses allocated in the optimal solutions was classified per
biome (B) and compared to the share of the land-use category under current land use (dashed lines). For each cell, the percentage of solutions for each scenario
was calculated that had a specific land-use class allocated—a cell value of 50% for cropland implies that for 50% of the solutions across the production-possibility
frontier, the cell was assigned cropland. Solid lines inside the violin plots indicate the 25th, 50th, and 75th percentiles of the distribution. No results are shown
for tundra and desert biomes since only a very little number of cells were remaining in these biomes after the exclusion of cells where land-use change is
prevented (SI Appendix, section 2). Biomes for 2008–2017 (SI Appendix, Fig. S5).

frontier with only small regional deviations for solutions focusing
on selected parts of the frontier (Fig. 3B and SI Appendix, Fig. S8).
Natural land use was assigned predominantly to tropical and
boreal forest regions (Fig. 1B, see SI Appendix, Fig. S5 for biome
map) for the vast majority of solutions (Fig. 2C ), reflecting the
high C pools in tropical and boreal ecosystems (41). These results
demonstrate the large climate change mitigation benefits achieved
by maintaining and enhancing C storage in these regions (42).
Some areas that would naturally be forested and are currently
under agricultural land use were selected to return into forests,
although not all regrowing forests would have reached the C
storage under maturity by 2090–2099 (see SI Appendix and ref.
43). In temperate regions, where existing croplands would need
to be significantly expanded to compensate for the regrowth of
tropical and boreal natural ecosystems, e.g., the southern United
States and Mexico, western Europe, South Africa, eastern China,

and also the coastal regions of Australia. Crop production in
temperate regions was found to be the most efficient land use
considering that 1) climate is favorable for crop growth and
soils are of adequate quality, and 2) existing trade-offs with C
storage and water provision are minimized. Selected cropland
regions were only partly those with the highest computed yields
globally since those regions were also of high importance for C
storage. Concentrating croplands in areas with sufficient water
available could help to greatly reduce the footprint of global
agriculture, currently assessed to be responsible for more than
40% of freshwater usage (44). Trade-offs for fodder production in
pastures were best exploited in subtropical to tropical grasslands
and savannas, with about 79% being produced in these biomes.

There is broad congruence in spatial patterns between the
identified optimal land-use configurations and the current land
use, especially regarding the existence of natural land in the
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A B

C D

Fig. 2. Land-use priorities and the current land-use configuration. Global priority map for croplands, pasture, and natural regions derived from the optimization
of land use for C storage, crop production, and available runoff targeting RCP2.6 climate in 2090–2099 (results are averaged across all solutions of the
optimization, see SI Appendix, Fig. S7 for other RCP and time horizon) (A). Current land-use configuration (as in 2017) in comparison (B). Panel (C) shows the
percentage of solutions that agree on the dominant land use of each cell (as depicted in panel A) across all solutions of the optimization (e.g., 90–100% of
solutions select the same land use in dark blue areas). Panel (D) shows the deviation of the optimized vs. the current land-use configuration. Note that in (A),
the colors represent the distribution of the land uses selected for each gridcell across all solutions of the optimization (e.g., 80% of solutions picked natural and
20% cropland), with each solution just picking one land use per gridcell. In contrast, in (B), colors are real land-use fractions (e.g., 78% of the cell under natural
land use and 22% cropland). Plots (A) and (B) share the triangle legend of land-use fractions. In (D), deviations in land-use patterns are categorized according to
the legend below (although fractions in solutions are compared to real land-use fractions). Areas in gray were excluded from the optimization where land-use
changes were limited by steep slopes or low productivity (Materials and Methods and SI Appendix, section 3).

forested biomes and pastures in semiarid regions (Fig. 2). The
theoretically optimal land-use configurations (Fig. 2A, average
across solutions) emerge as rather homogenous land-use patterns
with clear boundaries between preferred land uses, which results
from 1) the fact that solutions only indicate a single land use per
gridcell instead of fractions, and 2) the >1,000 solutions strongly
agreeing on the optimal land use for many grid cells (Fig. 2C and
SI Appendix, section 4). By contrast, the current land-use pattern
(Fig. 2B, real land-use fractions) with its mixed usage of the
land in most grid locations reflects variable economic and social
aspects of food production (e.g., local production vs. imports,
adherence to traditions), which could not be reflected in our
optimization without applying any further constraints beyond
our consideration of biogeophysical conditions. Appreciable
differences between current and optimized land use were found
for India, subtropical Africa, and parts of the Amazon basin,
regions for which the optimization suggested pasture, while the
observed dominant land use in 2017 was cropland (India) and
natural (Africa, South America). In the Amazon, the increases
in pasture in the optimization reflect the drier conditions in this
area by 2090–2099 projected by the four general circulation
models (GCMs) used as climate input for the LPJ-GUESS
simulations (SI Appendix, Fig. S9). The suggested massive
cropland conversion to pasture in India, the Middle East, and
Central Asia are in line with results by de Vrese et al. (12), who
suggest a strong decline in agricultural productivity if irrigation
practice would be reduced to sustainable levels in these regions.
The optimization did not suggest an increase of croplands in
higher latitudes where crop production is predicted to become
feasible (12). For the eastern part of China, South Africa,
Mexico, and the southern United States, cropland expansion

was suggested notably beyond what is currently found in these
regions. Drastic land-use changes for such extended regions are
unrealistic, but the results highlight where regional practices
deviate most from globally theoretically achievable targets. For
some regions, the identified land-use priorities correspond in
spatial patterns and magnitude of changes with other, widely
used projections of land use for the end of the century coming
from land-use or integrated assessment models (see SI Appendix,
Fig. S11 for examples).

Implications of Optimal Land-Use
Configurations

Adjusting current global land use toward the theoretically optimal
(given our three objectives) would imply substantial shifts in
land use on about 42.2–49.5 · 106 km2 (only between natural,
cropland, and pasture, range across all solutions, see Fig. 1 and
SI Appendix, Table S4). On average across solutions, nearly 2/3
of these transitions were suggested in developing countries vs.
1/3 in developed countries and countries in transition (country
classification based on ref. 45). Total cropland area was 10.7–
25.4 · 106 km2 in comparison to currently about 15.8 · 106

km2. About 60% of the solutions lie within the identified
planetary boundary of land used for crop production (23) (15%
or 19.9 · 106 km2). The reconfiguration of land use could
ultimately release about 15.4–54.8 Pg C (SI Appendix, section 4).
For identified land-use configurations with the highest land-
use change emissions, these would translate into 0.67 Pg C/y
linearized annual rate and therefore be below current annual net
emissions from land use and land-use change, which are estimated
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A B

C D

Fig. 3. Changes in land-use priorities across the range of the production-possibility frontier (A and B) and across climate pathways and time horizons (C and D).
The upper panels compare the three clusters of solutions in the corners of the production-possibility frontier (A, i.e., providing higher C storage, crop production,
and available runoff in comparison to the other two objectives) to the average result across all solutions for RCP 2.6 climate in 2090–2099. Solutions in the
clusters were defined to provide >90% of the range of each ES indicator at the production efficiency frontier. The map (B) shows where the dominant land use
across solutions in the focus clusters deviates from the dominant land use identified as average across all solutions. Icons refer to the three focus clusters and
colors to the change in land use in this region. For instance, a green tree shows that the solutions providing higher C storage predominantly allocated natural
land in this region in comparison to the average across all solutions which may be cropland or pasture. Compare SI Appendix, Fig. S8 for land-use priorities of
the three clusters. The lower panels (C and D) instead of solution clusters within one optimization compare the solutions from the optimization for RCP 2.6
climate in 2090–2099 (green frontier in C, see also SI Appendix, Fig. S6) to the three other combinations of climate pathways and time horizons. The map (D)
compares the land-use priorities following the same scheme as in (B) (SI Appendix, Fig. S7 for land-use priorities for all four combinations). For white areas, the
dominant land use is identical across all four cases.

as 1.6 ± 0.7 Pg C/y for 2010–2019 (46). Also, these emissions
would partly be offset by some regrowth flux occurring in the
years after the change, which is not included in our estimate.
While we did not consider biodiversity as an objective of our
optimization, we assessed biodiversity implications of the land-
use configurations at the production-possibility frontier. To do so
in a simplified way, we used a global-scale prioritization scheme
for the protection of species and terrestrial ecoregions following
Pouzols et al. (47) as an indicator. In their scheme, higher gridcell
values indicate a higher value of the respective area for the
protection of threatened species and ecoregions; therefore, higher
global averages would indicate configurations that are assumed
to be beneficial for biodiversity (see SI Appendix for details and
caveats). Here, we found global averages of this indicator of 0.26–
0.34 for the optimized land use in 2090–2099 with an average
across solutions (0.29) similar to the indicator level for the current
land-use configuration (0.30).

The implications of optimal land-use configurations were
highly variant across the production-possibility frontier. For
instance, in solutions providing higher levels of C storage
in comparison to crop production and available runoff (see
SI Appendix for analysis at the level of three focus clusters in the
corners of the production-possibility frontier) where potential
gains in C storage more than doubled compared to the average C
gains across all solutions, natural land increased by 6.6% globally,
and the global average biodiversity indicator increased by 14% in
comparison to the average across solutions. In contrast, solutions

focusing on crop production nearly tripled crop production
(compared to the +83% across all solutions) with associated
reductions in the natural land fraction (−5.1%) and species
protection (−0.03).

Changes in Optimization Results for an
Enhanced Climatic Pathway and a Shorter
Time Horizon

Optimizations for a more pronounced climate change scenario
(RCP 6.0) and for a near to medium time horizon (2033–2042)
both changed levels of ES indicator provision (SI Appendix, Table
S4 for results of all four configurations) and resulted in small shifts
in the land-use priorities (Fig. 3D and SI Appendix, Fig. S7). The
solution space was smaller for the 2033–2042 optimization (for
both RCPs), while it was wider when RCP 6.0 in 2090–2099
was targeted (see Fig. 3C for production-possibility frontiers
of all four combinations). The latter results from the higher
productivity of higher-latitude vegetation as a consequence of
warmer temperatures, which opened up more possibilities for
the optimization in these regions, as the eligibility of current
land use declined even further requiring a stronger adjustment of
future land use. However, all four combinations of time horizons
and RCPs agree on the broad picture of the priority of land-use
types (Fig. 2A, SI Appendix, Fig. S7, and white areas in Fig. 3D).
These results suggest a robustness which would also emerge for a
larger set of emission pathways.
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Conclusions and Challenges

In our analysis, we adopted a reduced-complexity approach,
which is also a conservative one by assuming current day farming
practices—if improvements in farming practice, such as an
adaptation of crop varieties to climate change (SI Appendix),
or technological improvements (48) would be considered, this
might shift the production-possibility frontier to even higher lev-
els. In contrast, an increase in the demand for other land resources
(e.g., due to bioenergy growth or land-based climate-change
mitigation) would reduce the option space for optimization (1).
While the three objectives considered are of great importance for
humanity, numerous other ES as well as socioeconomic factors
determine real-world land-use decisions (49–52). Our purely
biogeophysical perspective is designed to identify theoretical
maxima under selected crucial trade-offs. Relocation of most
of today’s cropland clearly is not realistic, but our results add to
the growing body of evidence that in regions where croplands are
currently (and likely in future) less productive, potential exists
for carbon uptake or biodiversity. Even much smaller changes in
global land-use patterns toward those indicated here could thus
attain globally significant cobenefits.

In general, we assumed the absence of trade barriers for
both food and water—similar to assumptions made by Pastor
et al. (37). Additional emissions by transport will lower the
benefits with respect to increased carbon storage. However, food
transport–related emissions tend to be relatively low (53, 54).
Considering ES provision as a “global good,” especially in case
of carbon uptake (with global climate benefits irrespective of
the location it takes place) and crop production (which in
principle can be transported between regions) requires a reliable
international cooperation and governance of these goods. This
would imply, e.g., a fair and functioning global trade network
that supports adequate food supply for all under consideration
of the water footprint of production, and the implementation
of a carbon market, where climate regulation is traded with
similar standards as food. Moreover, for livelihoods of local
communities, the production of local food and the availability
of water is essential in all world regions. Likewise, the existence
of functioning protected area networks for nature conservation
also is a local challenge (e.g., needs to exist also in temperate
forests and savannas where the optimization suggests extended
croplands). Still, local-scale strategies of resource use could need
to be developed with global sustainability targets in mind. For
instance, if food production would place a larger emphasis on
a global land sparing strategy, larger regions in both tropical
and boreal forest ecosystems could support for climate change
mitigation with cobenefits to biodiversity. Given climate change
impacts, enhanced crop production in temperate regions to
satisfy global supply would be expected to be beneficial for water
availability in drier regions through making water available for
domestic use there that is now being used for irrigation.

Our results further strengthen previous work that highlighted
the importance of conserving tropical and boreal forested regions
for their unique climate regulation services (e.g., refs. 19, 41,
and 55) and emphasize that crop and fodder production should
be focused on temperate and subtropical regions (e.g., ref. 34).
We show that this picture is robust under two climate change
scenarios and in both scenarios is achieved by solely targeting
biogeophysical potentials, without adding further constraints
on land use (e.g., enforcing regional production levels). Using
the three major demands in the land-use sector as a basis, our
optimization provides the outer bounds of the space in which

land-use options operate. The production-possibility frontier
leaves room for navigating on the frontier to meet any further
global or regional requirements, such as food supply levels or
biodiversity targets.

Materials and Methods

We used the process-based global vegetation model LPJ-GUESS (56, 57) to
simulate ecosystem dynamics and ES indicators for current and future land use.
LPJ-GUESS has been shown to capture large-scale vegetation patterns, terrestrial
carbon and nitrogen cycles, water balances, and crop yields (e.g., refs. 56, 58–
60). LPJ-GUESS outputs were used as input to a genetic optimization algorithm
seeking to find Pareto-optimal global land-use allocations (see SI Appendix,
Fig. S1 for workflow). Analyses were done on a 1◦ spatial grid, as a compromise
between the necessary degree of detail and the processing time of the optimizer
under these minimally constrained conditions in which the full option space of
land-use allocations is explored.

Modeling of EcosystemDynamics and Services. Simulations ran from 1850
to 2099 and were driven by historical and future climate and atmospheric CO2
concentration considering a low and a medium representative concentration
pathway (RCPs 2.6 and 6.0, SI Appendix, Fig. S9) and bias-corrected projections
from four GCMs (SI Appendix, Table S2). Historical simulations were needed as
a basis for future projections of ecosystem functioning. The simulations (1850–
2017) were based on reconstructed land use and climate, CO2 and N-deposition
as described in SI Appendix, section 1. For the future (2018–2099), reference
simulations use future atmospheric climate and CO2 forcing and keep land use
as in 2017 to provide estimates for ES indicators under current land use but
future climatic conditions. Ten additional simulations were run for the future
period, assuming one individual land use to cover the entire globe: potential
natural vegetation, four groups of the most common crop types (C3 cereals,
C3 noncereal crops, C4 crops, and rice, see SI Appendix, Table S1; with each
grown under both rainfed and irrigated conditions), and pasture. For each of
the ten land-use options, we evaluated ES indicators C storage (total C pools in
vegetation, litter, and soils), crop production (yields from LPJ-GUESS were scaled
to FAO reported yields around the year 2000, see SI Appendix), and a proxy for
available water, calculated as runoff minus twice the amount of water used for
irrigation to take account of irrigation water losses (SI Appendix). This was done
for a 10-y period at the end of the century (average of 2090–2099) and for a near
to medium time horizon (~15 y from now, average of 2033–2042).

The crop growing area from the eight crop simulations was further limited
according to the agro-ecological suitability data by FAO (http://gaez.fao.org,
see SI Appendix) to include differences in microclimate, management, and
soil fertility beyond the abilities of LPJ-GUESS. 1◦ cells with high fractions of
slopes steeper than 30◦ or low production (SI Appendix) were excluded from
the analysis because of their limited possibility for land-use change. Land use of
areas under protection after UNEP and IUCN {categories Ia, Ib, and II after UNEP-
WCMC, (61)} were fixed to natural vegetation so that they are not changeable in
the optimization procedure. Details of these preprocessing steps and additional
methods’ information are given in SI Appendix.

Optimization. The optimization employed the nondominated sorting genetic
algorithm NSGA-II (62) to estimate the set of Pareto-optimal solutions each
consisting of a global land-use allocation of the 10 different land uses. The
optimization did not consider fractions of land use but always allocated one land
use to the 1◦ grid cells that formed the base for the calculation of the objectives.
The objective function for the optimization consisted of the three ES indicators:
sum of global crop production (Ecal), total C stored (Pg C), and available runoff
(Pg H2O). C storage for climate regulation is effective on global scale and
food products are traded globally, although with restrictions that depend, e.g.,
on durability and local supply. Water is transferred between regions by rivers
and canals but typically not “traded” directly. We therefore do not account for
regional supply levels but optimize for global totals on the assumption that
higher levels of available water in general open up for other use opportunities
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(domestic, industry, etc.). In addition, the following constraints were used: All
objectives had to reach at least the value of the objective when land use in
2017 was continued, to limit the option space that is computationally explored
to the space of interest. No additional constraints were set so to steer clear of
ending up with interim solutions caused by enforcement of such constraints, but
instead focusing on exploring the biogeophysical maximum. The productivity
of pastures was accounted for by fodder production also being constrained to
meet at least the production level when land use in 2017 was continued (see
SI Appendix for further discussion). Given the huge search space, a hierarchical
approach was used for the optimization. At the first stage, all combinations at
the level of eight biomes (SI Appendix, Fig. S5) were evaluated and the set of
Pareto-optimal solutions extracted (one land use per biome). These solutions
were used as seed for the next stage at the level of food producing units
(SI Appendix) intersected with biomes (764 spatial units). At this level of the
optimization, NSGA-II was used with constraints lowered to 95% of the objectives
in 2017. Results from the food producing units’ level were used as seeds for
the optimization at the level of 1◦ cells which used the objectives from 2017 as
constraints. Constraint implementation across all levels followed Deb et al. (62):
Solutions were first compared on the number of constraint violations and then on
their objective function values. Solutions that violated constraints were thereby
not excluded from the optimization but penalized. Especially in early stages of
the optimization, this allows for a better performance and a higher diversity
of solutions in the current population of solutions. Additional information is
provided in SI Appendix.

Data,Materials, and Software Availability. Some study data available (Code
for optimization and the input data for the optimization can be assessed at
https://github.com/slautenb/lpjguessOptim) (63).
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