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Additional scenarios simulated with LPJmL

In addition to the GGCMI Phase 2 data set, we ran the LPJmL model (von Bloh et al. 2018) for additional
scenarios to allow for better analysis of the mechanisms that determine future spatial yield patterns under
climate change. One important shortcoming of the GGCMI Phase 2 data set is that the only adaptation
mechanism considered is the regaining of the growing season that shortens under warming due to
accelerated phenological development (A1), while the adaptation in sowing dates is ignored in this data
set. Also, regaining the growing season under warming must not necessarily be a useful adaptation
measure, as shorter growing seasons could also be beneficial, e.g. to avoid terminal drought (Minoli et al.
2019b).

For the extra simulations, we do not reproduce the GGCMI experimental setup with regular disturbances
of the historical AQMERRA climate data set along the T and W dimensions, but conduct simulations for
transient climate projections from the ISIMIP2b project (Frieler et al. 2017), making use of bias corrected
climate scenarios of HadGEM, MIROC, GFDL, and IPSL for the high-end radiative forcing scenario
RCP8.5. For each of these climate scenarios, we developed adapted planting date and harvest date
scenarios for the end of the 21st century, making use of the rule-based approach described by Minoli et al.
(2019a) and Waha et al. (2012). These scenarios assume no delay in cultivar development, so that optimal
growing seasons can be exploited with suitably fast/slow maturing cultivars.

Simulations were conducted for the period 1980-2099, covering the historical reference period
(1980-2010) and the future period (2070-2099). For the historical period, we use rule-based rather than
observed growing seasons (as done in the GGCMI Phase 2 experiment), to avoid comparing apples and
oranges when comparing historical and future yield patterns. We conducted simulations where only the
sowing dates (planting advance), only the cultivar (maturity delay) or both (plant & maturity) were
adapted, in order to allow for separating the effects.

On top of these growing season adaptation scenarios, we conducted simulations with modified input data,
where all gridcells were parameterized to have the soil properties as well as the same radiation inputs of
Cedar Rapids, IA, USA. With this unrealistic simulation setup (soils & rad.), we intended to see if the
remaining differences of yield levels with adapted growing seasons and shifted breadbasket locations
could be explained by centrally important, but non-transferable properties. This setup is computed for
non-adapted growing seasons as well as in combination with the full growing season adaptation (plant &
maturity).



Supplementary Figures
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Supplemental Figure S1 | Major Breadbasket locations. Top 20% cultivation intensity regions globally for maize
(blue), soybean (purple), wheat (green), and rice (red). Data from MIRCA2000 (Portmannn et al. 2010).



Figure S2 | Presently cultivated area for rainfed crops from MIRCA2000. Blue indicates grid cells with more that
20,000 hectares (~10% of the equatorial grid cell). Gray contour shows the area at least 10 hectares cultivated per
grid cell. Data from MIRCA2000 (Portmannn et al. 2010).
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Supplemental Figure S3 | Ecosystem vs site based model comparison, historical simulations. Top 10%
simulated grid cells in North America for each model for rainfed maize under historical conditions (1980-2010). Black
contour is the top 15% rainfed cultivation intensity for reference. Site-based models generally do a better job of

locating the best yields in the midwest corn belt, though all models other than pDSSAT place much of the best yields
on the gulf coast.
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Supplemental Figure S4 | CMIP6 temperature shifts along latitudes (SSP585). June-July-August zonal mean
temperature in North America (over only agricultural land) for select CMIP6 models for SSP585. Isotherms show
poleward progression of growing season temperature analogue. Yearly temperatures smoothed with a gaussian filter
to show climatology. Data from O'Neill et al. 2016.



57.5

55.0

52.5

50.0

47.2

45.0

42.5

40.0 - -
57.5
55.0
52.5
50.0
47.2
45.0

42.5

40.0
1970 2000 2030 2060 2090 1970 2000 2030 2060 2090

287 289 291 293 295 297 299 30

1 303 305

Supplemental Figure S5 | CMIP6 temperature shifts along latitudes (SSP126). Same as above, now for SSP126.
UKESM (lower right quadrant, a high sensitivity model) shows 5°C of temperature rise at 42N (Cedar Rapids).
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Supplemental Figure S6 | Same convention as main text Figure 2, except now for high [CO,] of 810 ppm from the

GEPIC model. Simulations are the AO growing season specification.
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Supplemental Figure S7 | Same convention as main text Figure 2, except now for irrigated simulations from the
GEPIC model. Simulations are the A0 growing season specification.



101 pDSSAT - fixed CO2
s 4
) N S
?N e
oD N
0.8 Y D
- o ‘:73
0 73
‘E 0.6 g
= 6 6 \ K]
3
©
o
< 04 All area
0.2
Cultivated gridcells High-cultivation
0.0 — 1
0 2 4 6 8 10 12 14 16 0 ) 4 6 8 10 12 14 16

Maize yield (tons ha™')

Supplemental Figure S8 | Same convention as main text Figure 2, except now for the pDSSAT model. Simulations
are the AO growing season specification.
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Supplemental Figure S9 | Same convention as main text Figure 2, except now for the pDSSAT model with high
[CO,] of 810 ppm. Simulations are the AO growing season specification.
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Supplemental Figure S10 | Same convention as main text Figure 2, except now for LPJmL (GGCMI Phase 2).
Simulations are the AO growing season specification.
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Supplemental Figure S11 | Same convention as main text Figure 2, except now for LPJmL (GGCMI Phase 2) with
high [CO,] of 810 ppm. Simulations are the A0 growing season specification.
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Supplemental Figure $12 | Same convention as main text Figure 2, except now for PEPIC. Simulations are the A0
growing season specification.
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Supplemental Figure S13 | Same convention as main text Figure 2, except now for PEPIC with high [CO,] of 810
ppm. Simulations are the A0 growing season specification.
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Supplemental Figure S14 | Same convention as main text Figure 2, except now for EPIC-TAMU. Simulations are
the AO growing season specification.
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Supplemental Figure S15 | Same convention as main text Figure 2, except now for EPIC-TAMU with high [CO,] of
810 ppm. Simulations are the AO growing season specification.
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Supplemental Figure $16 | Same convention as main text Figure 2, except now for PROMET. Simulations are the
AQ growing season specification.
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Supplemental Figure $17 | Same convention as main text Figure 2, except now for PROMET with high [CO,] of 810
ppm. Simulations are the A0 growing season specification.
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Supplemental Figure S18 | Same convention as main text Figure 2, except now for LPJ-GUESS. Simulations are
the AO growing season specification.

1.0

0.8

0.6

0.4

Area (1e6 km?)

0.2

0.0

LPJ-GUESS

All area

Cultivated gridcells

0 2 4 6

vation Hl —__F\—H—A—k
10 12 0 2 4 6

8
Maize yield (tons ha™')

Supplemental Figure $S19 | Same convention as main text Figure 2, except now for LPJ-GUESS with high [CO,] of
810 ppm. Simulations are the A0 growing season specification.
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Supplemental Figure S20 | Yield centroid for each model for maize under A0 growing season with [CO,] of 360 ppm
under various degrees of warming (1°C, 2°C, etc). Centroid latitude noted in red. Heatmap shows yield with warmer
colors indicating higher yield. Colormaps normalized across models. Simulations are the A0 growing season
specification.
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Supplemental Figure S21 | Same convention as above (T+6°C, [CO,]=810ppm), now for individual models for
maize in North America only. Simulations are the A0 growing season specification.
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Supplemental Figure S23 | Same convention as main text figure 4, now for 2°C warming. Although effects are

smaller, the shifting patterns are the same.
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Supplemental Table S1 | Growing season changes for the LPJmL simulations driven by the HadGEM climate
model. GSL = Growing season length, time between planting and maturity.

soils + radiation
(2080-2100)

Simulation Case Plant Harvest | GSL Planting GSL T Yield Poleward
day day (days) | advance change | change | change | shift
(doy) | (doy) (% of GSL) | (%) (K) (%) (km)

Historical 122 244 122 NA NA NA NA NA

(1985-2005)

No adaptation 122 206 84 0 -30 6.7 -20 55

(A0) (2080-2100)

Maturity delay 122 240 118 0 -3 4.0 -15 610

(A1) (2080-2100)

Planting advance | 101 193 92 +16 -25 1.9 -15 400

(2080-2100)

Plant + maturity 101 232 132 +16 +8 2.8 +3 780

(2080-2100)

Plant + maturity + | 101 232 132 +16 +8 2.3 +8 910
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Supplemental Figure S27 | Same convention as above, except now for LPJmL transient runs driven by MIROCS.
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Supplemental Figure S28 | Same convention as above, except now for LPJmL transient runs driven by MIROCS.
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Supplemental Figure S29 | Same convention as above, except now for LPJmL transient runs driven by GFDL.
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Supplemental Figure S30 | Latitudinal distribution of the highest yielding grid cells in the LPJmL simulation under
different growing season adaptation conditions driven by the HADGEM-2 model RCP8.5. Peak latitude shown by the
open circle. Growing season adaptations are critical to shift the highest-yielding land. Soils and radiation play a

lesser role.

Supplemental Table S2 | Figure 6 summary statistics. NA = no adaptation. FA = full adaptation. Shift in land under

full adaptation is the percentage of new grid cells which are now in the top 10% of yields at the end of the century.

Breadbasket Poleward | Poleward | Shiftin Production change | Production change
shift, shift, land, over current land, FA + shift
NA (km) FA (km) FA (%) NA (%) (%)

North 55 780 66 -20 +8

American

Maize

South 955 777 46 -23 +26

American

Soybeans

European -290 344 35 -2 +23

Wheat

East Asian -122 511 60 -25 +20

Rice
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Supplemental Table S3 | Percent of area within the breadbasket on the continental scale as shown in Figure 6 in
the main text. Some cautions should be taken with interpreting these numbers. The breadbaskets in our analysis are
defined as the highest-yielding decile of all grid cells (regionally) -- not by their actual production area and we also do
not project future shifts in land-use patterns. How much of a current breadbasket shifts across national borders
depends not only on the strength of that shift, but also by the size and geometry of countries, as well as given
distortions of yield patterns in GGCMs.

% of area shifting across national

borders No adaptation Full adaptation

Maize (North america) 0 23
Soybean (South America) 80 67
Wheat (Western Europe) 47 62
Rice (Eastern Asia) 15 30
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Supplemental Figure S31 | Repeat of Figure 6 in the main text for maize in Africa. Gold = no adaptation. Salmon =
full adaptation. The main maize breadbasket in South Africa has nowhere to shift to under warming. Yields in Nigeria
and Ethiopia are more resilient with growing season adaptation measures. The simulated maize breadbasket in
Africa in less contiguous than other breadbaskets.
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Supplemental Figure $32 | Latitudinal uncertainty in growing seasons changes with warming for maize in North
America. Lines indicate the difference in growing season length between A1 and AO under T+6°C of warming as a
percentage of baseline. Zonal mean in North America across agricultural land. Thin gray lines indicated individual
models and the thick black line is the ensemble mean. Good model agreement in the mid latitudes where the current
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