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S1 LPJ-GUESS run setup

This section provides further details and rationale for the types
of model runs used in LandSyMM (summarized in Table S1).
Figure S1 gives an overview of how information flows be-
tween the different runs. Tables S3—S6 describe the input data
used for each run type.

LPJ-GUESS simulates only four crop functional types
(CFTs): spring wheat, winter wheat, maize, and rice. These
must be translated to the seven PLUM crop types, as described
in Section S2. This process uses crop-specific values called
calibration factors. In this study, the “calibration” was used
in generating these calibration factors, with mostly the same
methodology detailed in Alexander et al. (2018). However, in
that previous work, only four crop stand types were simulated
in LPJ-GUESS, corresponding to the four LPJ-GUESS CFTs
(Alexander et al., 2018). This meant that starchy roots, oil-
crops, and pulses all received the same management inputs
(i.e., fertilizer and irrigation). In the work presented here, we
have separated these three into distinct stand types that all use
the TeSW CFT but with different management inputs based
on crop-specific historical datasets (Table S8). This change
results in different calibration factors being used here than
in Alexander et al. (2018); the new calibration factors can be
found in Fig. S3.

The calibration run was forced with “CRU-NCEP v7
CRUp” climate data (Table S3), which use forcings from
CRU-NCEP version 7 (Le Quéré et al., 2016; Viovy, 2016,
1) except with CRU TS3.24 precipitation (Harris et al., 2014)
due to problems discovered in the CRU-NCEP precipitation
data.? The MIRCA2000 dataset (Portmann et al., 2010) pro-
vided crop type distributions for the year 2000, which were
used for all historical years in the calibration run. Some map-
ping between MIRCA, LPJ-GUESS, and PLUM crop types
was required, details of which can be found in Section SM2.
Fertilizer application for the calibration run was taken from
the dataset prepared for the Global Gridded Crop Model Inter-
comparison exercise (Elliott et al., 2015) of the Agricultural
Model Intercomparison Project (AgMIP; Rosenzweig et al.,
2013). In the historical period of other runs, nitrogen fertilizer

application rates were taken from LUH?2 (Hurtt et al., in prep).
Manure N was added in the historical period according to the
annually-varying maps given in Zhang et al. (2017b), but in
the calibration run was held constant at year 2000 levels to
match the use of the AgMIP fertilizer data. Simulation years
outside the dataset’s 1860-2014 range used 1860 and 2014
values, respectively.

A set of “yield-generating” experiments were then per-
formed to produce potential crop yields and pasture grass pro-
duction for input to PLUM. These consist of two phases: an
initial and an alternating phase. The initial phase runs from
1850 to 2000, and is intended to reproduce historical land uses
and crop yields in a way that is consistent with previously de-
veloped land-use histories. Historical land use areas, irriga-
tion, and synthetic nitrogen fertilizer application levels were
taken from the Land Use Harmonization v2 dataset (LUH2;
Hurtt et al., in prep.). Historical manure application rates (sim-
plified upon import to LPJ-GUESS as pure nitrogen addition)
come from Zhang et al. (2017b).

The alternating phase, which begins in 2001, iterates be-
tween ‘“potential runs” and “actual runs,” the latter of which
exist only to provide initial soil conditions to the potential
runs (Fig. S1). In the potential runs, the non-barren land in ev-
ery gridcell is converted to 50% cropland and 50% pasture,
with homogenized soil based on the state after the previous
actual run (Fig. S1; Table S5). Cropland is subdivided into 36
equally-sized stands in a factorial experiment with the six crop
stand types (excluding Miscanthus), three nitrogen fertilizer
treatments (0, 200, and 1000 kgN ha'! yr'!, and two irrigation
treatments (rainfed or fully irrigated). Potential runs begin ev-
ery five years, with each lasting ten years. Only the last five
years’ yields are passed to PLUM, with the first five years be-
ing used to give LPJ-GUESS time to spin up crop phenologi-
cal parameters. Thus, for example, the potential run covering
2006-2015 generates output for 2011-2015, which is used in
PLUM to determine land uses and managements for 2016—
2020 (Fig. S1). Actual runs each last five years, with the land
system state being saved after each for input to the potential
runs. Land use and management in the actual runs uses LUH2

1http://dodsAextra.cea.fr/store/pS29\/i(>v/cruncep/\/7_1901_2015, accessed 30 June 2016
2The CRU-NCEP algorithm was designed to match CRU TS3.24 monthly precipitation totals, but it produced unrealistically high numbers of wet days—
days with precipitation of at least 0.1 mm—in the tropics and boreal regions in the early part of the 20th century.
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Figure S1. Information flow between LPJ-GUESS and PLUM. Historical land use and management is time-varying for land use fractions
through 2015 but constant for crop mix, fertilizer application, and per-crop irrigated fraction (see Sect.3.3.1). Adapted from Figure SI-1 in

Alexander et al. (2018).

data through 2015, after which values are held constant (Table
S4).

All “yield-generating” runs used the atmospheric CO;
concentrations and climate forcings from the Fifth Coupled
Model Intercomparison Project (CMIP5; Taylor et al., 2012):
specifically, the IPSL-CM5A-MR forcings (Dufresne et al.,
2013), which were bias-corrected (Ahlstrom et al., 2012) to
the 1961-1990 observation-based climate used by the calibra-
tion runs (Tables S4, S5). Because not all SSP-RCP combi-
nations are equally plausible, the PLUM-forced runs used fu-
ture climate forcings corresponding to the most likely RCP for
each SSP, based on the SSP-RCP probability matrix from En-
gstrom et al. (2016): i.e., RCP4.5 for SSP1, RCP6.0 for SSP3
and SSP4, and RCP8.5 for SSP5. Three instances of the yield-
generating runs were performed: one with each of the RCP
climate scenarios.

Finally, the “PLUM-forced” runs combined the PLUM out-
puts of land use areas and management (harmonized as de-

scribed in Sects. 2.3 and S3) with the same climate and atmo-
spheric CO, concentrations used in the yield-generating runs.
All runs are preceded by a 500-year spinup period using
a temperature-detrended version of the relevant climate forc-
ings (CRU-NCEP v7 CRUp for the calibration run; IPSL-
CM5A-MR for the yield-generating and PLUM-forced his-
torical runs.) This includes a routine that analytically solves
for equilibrium soil carbon content, bringing carbon pools into
equilibrium before the beginning of the actual run.

S2 Mapping of MIRCA, LPJ-GUESS, and PLUM crop
types

MIRCA crop types are mapped to the LPJ-GUESS crop stand
types as described in Table S8. Some MIRCA categories
were excluded: sugarcane, citrus, date palm, grapes/vine, cot-
ton, cocoa, coffee, other annuals, other perennials, and fodder
grasses. A dummy crop type, ExtraCrop, was created to par-
tition this unmapped fraction of cropland away from cropland



Table S1. Guide to the runs performed.

Run name Years Purpose Number
I Simulate 1995-2005 crop yields for
Calibration 19012003 calibrating against FAOSTAT data. !
1850-2010: Historical simulation for
Yield-generatin comparison with PLUM-forced future runs 1850-2010:1
g & 18502100 parison Wit : U 2011-2100: 4 (SSP-RCP
actual All: Provide soil state for yield-generating _—
. combinations)
potential runs.
Yield-eeneratin Generate potential yield for each crop type  1850-2010: 1
g & 1850-2100  under different fertilization and irrigation 2011-2100: 4 (SSP-RCP
potential . N
treatments, for use in PLUM. combinations)
25: sXlum_rYYclico2,
. . . sX1lum*(4 PLUM outputs),
Simulate terrestrial vegetation and )
ecosystem service indicators under (rYYelico2 + rYycoZ +
PLUM-forced 2011-2100 rYYcli)*(3 RCPs),

land-use and -management trajectories

specified by PLUM.

(sXlum_rYYco2 +
sXlum_rYYcli)*(4 SSP-RCP
combinations)

considered in PLUM. Additionally, 10.3% of mapped crop
types were moved to ExtraCrop, corresponding to the cropland
fraction not harvested due, e.g., to crop failures or fallow peri-
ods (FAOSTAT, 2018c, b). In all, approximately 38% of crop-
land was in ExtraCrop over 2001-2010. LPJ-GUESS plants
ExtraCrop, which receives no irrigation or fertilizer, with ei-
ther winter wheat (TeWW) or spring wheat (TeSW) based
on sowing constraints derived from long-term climate history
in each gridcell. By not applying management inputs to Ex-
traCrop, we likely underestimate the effects of future land use
and management changes on water use and nitrogen losses in
absolute terms; however, this allows us to focus solely on the
ecosystem services impacts of the crops explicitly included in
PLUM.

To generate yields of a crop not included in LPJ-GUESS
(e.g., oilcrops), a separate stand is simulated and planted with
spring wheat, and a calibration factor then later multiplied
onto the resulting yields to generate a wider range of crop
yields as input to PLUM (Table S8). (For consistency, cali-
bration factors are also used for crops such as rice that are
included in both LPJ-GUESS and PLUM.) These calibration
factors are derived from a comparison of the LPJ-GUESS
simulated yields with the crop yields reported in the FAO-
STAT database (FAOSTAT, 2018c, a). A historical “calibra-
tion run” from 1901-2005 was used to generate gridded yields
for 1995-2005; these were aggregated to the country level,
with simulated country-year data points being regressed (with

Y-intercept set to zero) against the values derived from FAO-
STAT.

S3 Harmonization of future and historical land use data

The harmonization code (Rabin, 2019) is based on
the code published for LUHI (Hurtt et al., 2011,
http://luh.umd.edu/code.shtml), but extended to harmonize
the area of pasture and each crop rather than just pasture and
cropland. It begins with land use from LUH2 in 2010, with
cropland subdivided based on MIRCA as described in Sec-
tion S1, then attempts to apply changes (deltas) in land use
area between PLUM’s 2010 and 2011 outputs. Grid cells can
reach limits: The deltas might specify loss of cropland when
the grid cell is already 0% cropland, or likewise the deltas
might specify expansion of cropland when it’s already 100%
cropland. In such cases, the algorithm looks for space to apply
the remaining “unmet” deltas in the grid cells bordering the
cell in question. It expands the radius of this search until all
deltas are satisfied. This process is repeated for every cell with
unmet deltas. Once complete, the algorithm moves on to the
next year: The PLUM changes for 2011-2012 are applied to
the harmonized 2011 land use map, and so on.

Our algorithm has another feature not present in the LUH1
harmonization, which is to harmonize fertilizer and irrigation
(the latter in arbitrary units of intensity*area). The way it does
this is analogous to how it treats land use area. Limits for irri-



gation in a cell are 0 and 1. The lower limit for fertilizer for any
given crop is also zero, but the upper limit varies. It is either
the maximum seen for the crop in any gridcell in any PLUM
output thus far (i.e., if we’re working on deltas for 2020-2021,
consider PLUM outputs from 2021 and before), or in LUH2
during or before the base year (here, 2010), or in any harmo-
nized output thus far (although, because of the first two rules,
this should never come into play).

Technical details on other differences between the LUH1
method and our algorithm, as well as our harmonization code
itself, are available on GitHub (Rabin, 2019).

While harmonization preserves global area totals, our im-
plementation greatly increases the area of land experiencing
land use change (Fig. S2). This behavior stems from our ver-
sion working on area of specific crops, not just (as the LUH1
harmonization did) on total cropland area. If we collapse all
crops into one type, gross land use changes are barely affected
by harmonization (Table S2).

Why does this happen? Consider a gridcell that, in 2011,
PLUM tells to lose 100 km? of rice. If not considering indi-
vidual crops, PLUM’s land use map for 2010 would only have
had to match the historical data in terms of total cropland area.
But in our implementation, they need to agree on rice area
specifically. Per-crop harmonization thus increases the proba-
bility of disagreement between PLUM and the historical data
for land use area in 2010, thereby increasing the probability
that the harmonization needs to make up the difference in an-
other gridcell.

Although our harmonization procedure is based on a well-
regarded algorithm, the discrepancies introduced by consider-
ing separate crop types complicate interpretation of results. In
a gridcell that experiences land-use change only after harmo-

nization, impacts on ecosystem services may have been dis-
placed from where PLUM anticipated that land-use change to
occur. The extent to which overall regional and global scale
ecosystem service provision is affected by the disagreement
between the historical data and PLUM in 2010 will depend on
whether the land-use change is coming from a cell of simi-
lar biome, land-use history, etc. Increasing the amount of land
experiencing land-use transitions also decreases mean ecosys-
tem age, with potential implications for carbon storage and
ecosystem function.

Where necessary, in our results we note geographic patterns
that may have been more a result of the harmonization process
than PLUM-specified land-use change. However, reducing
the impacts of harmonization on land use area and manage-
ment maps would allow a more direct interpretation, with
fewer confounding factors, of how changing demand, climate,
and technology affect ecosystem services. Given the inherent
complexities of modelling human societies, harmonization is
likely to remain a fundamental component of such investiga-
tions for the foreseeable future; as such, further development
of our algorithm will aim to minimize harmonization effects.

Table S2. Harmonization-induced change in 2010-2100 gross gain
and loss of non-agricultural area.

As described Combined crops
Scenario | A gain  Aloss | Again  Aloss
SSP1-45 | +275% +124% | +7% +3%
SSP3-60 | +25% +168% | +2% <+0.5%
SSP4-60 | +159%  +39% -1% <-0.5%
SSP5-85 | +126%  +36% +1% <+0.5%

Table S3. Input data used for each portion of calibration run. Zhang et al. (2017a) manure data extended as specified in Methods.

Years Climate LU Crop fractions Fert. Irrig.
1850-1900 - - - - -

AgMIP @2000 + x
1901-2005 CRU-NCEP v7 CRUp LUH2 MIRCA @2000 Zhang et al. @2000 MIRCA @2000
2006-2010 - - - - -
2011-2015 - - - - -
2016-2100 - - - - -

—: Time period not simulated in given run.
DATASET @YYYY: Using value from DATASET at year YYYY.
*: Trrigation specified by fraction of crop fully rainfed or fully irrigated.
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Figure S2. Change in non-agricultural land area (as fraction of gridcell) over 2010-2100 from raw PLUM outputs (left column) and after
harmonization (right column) for each scenario (rows). Inconsistencies in relative net global change (percentages) are due to different baseline
(2010) land use area maps between the two columns.



Table S4. Input data used for each portion of “actual” yield-generating runs. Zhang et al. (2017a) manure data extended as specified in
Methods.

Years Climate LU Crop fractions Fert. Irrig.
1850-1900 CMIPS LUH2 MIRCA @2000 LUH2 + Zh t al LUH2*
IPSL-CM5A-MR ang et al
1901-2005 1 J 4 J 1
2006-2010 1 J + + 1
2011-2015 4 J + + J
LUH2 LUH2 @2015 + Zhang

2016-2100 v @015 ¥ etal. @2015 +

DATASET @YYYY: Using value from DATASET at year YYYY.
*: Irrigation specified by fraction of crop fully rainfed or fully irrigated.

Table S5. Input data used for each portion of “potential” yield-generating runs.

Years Climate LU Crop fractions Fert. Irrig.
1850-1900 - - - - -
1901-2005 - - - - -
CMIPS5 Ice/water from LUH2; Even crop x fertilizer x .
2006-2010 IPSL- vegetated 50-50 irrigation factorial ﬁ’ 2No}(:;l_(l>r 1000 Eﬁinfier‘jio;e 4
CMS5A-MR  cropland and pasture stands £ yung
20112015 ¢ 1 ¢ + J,
2016-2100 1 + + ¢ ¢

—: Time period not simulated in given run.

Table S6. Input data used for each portion of PLUM-forced runs. Zhang et al. (2017a) manure data extended as specified in Methods.

Years Climate LU Crop fractions Fert. Irrig.

1850-1900 CMIPS LUH2 MIRCA @2000 LUH2 + Zhang et al. MIRCA @2000*
IPSL-CM5A-MR

1901-2005 1 + N N 1

2006-2010 1 3 K 1 1

2011-2015 1 PLUM PLUM PLUM PLUM+

2016-2100 N PLUM PLUM PLUM PLUM{

DATASET @YYYY: Using value from DATASET at year YYYY.
*: Irrigation specified by fraction of crop fully rainfed or fully irrigated.
1 irrigation specified as fraction of maximum irrigation demand fulfilled.



Table S7. Parameters used in PLUM. For more information, see Alexander et al. (2018) main text and supplement.

Parameter SSP1 SSP3 SSP4 SSP5
Irrigation cost, Weos: (USD m™2) 0.000440 0.000232 0.000350 0.000232
Fertilizer cost, feos: (USD t1) 22 1.5 1.8 1.1

Other intensity cost, mcost (USD at

. 0.8 0.7 0.7 0.6
max management input)
Land cover change cost, lcchange:
Natural to agricultural (USD hal) 107 31 >4 38
Land cover change cost, lcchange:
Pasture to cropland (USD hal) 290 205 232 161
Land cover change cost, lcchange:
Cropland to pasture (USD ha™!) 73 366 432 300
Minimum natural or managed forest 19.5% 45% 6.2% 459%
cover
Technology ylel.d chgnge rate, 6, ablove 0.44% 0.00% 0.20% 0.30%
that from intensification of production
International market price sensitivity, A 0.4 0.4 0.4 0.4
International import tariff, i¢4ri5 5 -20% 43% 19% -36%
Transport costs, tcost (USD th 63 43 57 37
Annual change in imports allowed 2.2% 1.4% 1.7% 2.6%
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Figure S3. Scatter plots between observed and LPJ-GUESS yield, with regression line used to determine calibration factors. Each point
represents one country’s yield in a single year. Corresponds to Fig. SI-2 in Alexander et al. (2018).
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Cereals Oilcrops Pulses
2200
——SSP1-45
——SSP3-60
2000 SSP4-60
——SSP5-85
= 1800
=
he)
< 1600 ) /\\
g /
[
O 1400
1200
1200 1000 250 0
2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
F i Starchy roots Total crops Total livestock
9000 1100 4000 11000
8000 1000 3800 10000
3600
7000 900 9000
= = = 3400 Z 8000
= = =
1ésooo = 800 5 3200 2 000
© © «© «©
£ 5000 £ 700 £ 3000 £
6000
D4000 ° 600 < 2800 °
2600 5000
3000 500 2400 4000

2

000 400 2200 3000
2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100

Figure S5. Demand calculated by PLUM for each commodity in each scenario. Demand for livestock (monogastrics, ruminants, and total
livestock) is given in terms of feed equivalent.

10



175
‘w150 F
c
o 125
2
>~ 100k

75k
—~ 8001
)
€
= o5f
2
[

250 |- N
‘C-U‘ \’\f\’
2 257 ] \’\,\M‘\/‘\
=

200 b1 1 1 1 1
w175 F
c
(e}
=
5 150 -
£ \v7
$ s \p

L
040t
‘s
<
> SSP1-45
% 035f
5 N SSP3-60
= !\ SSP4-60
()
£ 080r —— SSP5-85
o
L L L L L
2010 2030 2050 2070 2090

Year

Figure S6. Expected global management inputs and yields calculated by PLUM (before harmonization) for each scenario. Averages per area
of cropland. Non-harmonized values at beginning of period do not align because of scenario-specific parameters in PLUM.

11



Share of ruminant food provided by feed crops (SSP5-85)
T T T T T T T T

Percentage (%)

2 I I I
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Figure S7. Fraction of SSP5-85 ruminant food demand that is satisfied by feed crops, as opposed to pasture grasses.
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Figure S8. (a) Area of cropland planted with CerealsC3 in 2010 from LUH2. (b-e) Difference between (a) and area in 2100 from PLUM
for (b) SSP5-85, (¢) SSP3-60, (d) SSP1-45, (e) SSP4-60.
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Figure S9. As Figure S8, but for Oilcrops: (a) Area of cropland planted with Oilcrops in 2010 from LUH2. (b—e) Difference between (a)
and area in 2100 from PLUM for (b) SSP5-85, (¢) SSP3-60, (d) SSP1-45, (e) SSP4-60.
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Figure S10. Percentage change in demand in North America (United States and Canada) for commodities and commodity groups in each
scenario. Solid lines include all uses; dotted lines exclude feed.
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CerealsC30: RCP4.5 (2086-2095)
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Figure S11. LPJ-GUESS simulated mean yield in 20862095 (not including PLUM calibration factors) for rainfed CerealsC3 with (columns)
0 and 1000 kgN ha™' (rows) in each climate scenario, from yield-generating potential runs. Note different color scales between columns.
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South Asia: Demand and production
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Figure S12. Demand and PLUM-expected domestic production for South Asia (India, Sri Lanka, Pakistan, Afghanistan, Bhutan, and Nepal).
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Figure S13. Percent change in mean yield (kg ha” yr') of CerealsC3 from 2001-2010 ("Baseline") to 2091-2100 in Constant-LU
(rYYclico2; left), Constant Climate/CO, (sX1lum; center), and Only Climate (rYYcl1i; right) experiments for each scenario. Note that
color scales differ between columns.
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Sub-Saharan Africa
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Figure S14. Percentage change in production for commodities and commodity groups in each scenario for Sub-Saharan Africa (Madagascar
plus all continental African countries except Algeria, Djibouti, Egypt, Morocco, Libya, and Tunisia). Solid lines include all production;
dotted lines represent exports.
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China: Demand
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Figure S15. Demand trajectories for China.
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Diff. in vegetation C, 2000s to 2090s
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Figure S16. Maps showing difference in mean vegetation carbon between 2001-2010 (“2000s) and 2091-2100 (“2090s”) for (a) SSP3-60,
(b-e) related experiments with land use, climate, and/or CO; held constant. Overlaid text provides decadal means and standard deviations.

19



Diff. in annual runoff, 2000s to 2090s
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Figure S17. Maps showing difference in mean annual runoff between 2001-2010 (“2000s”) and 2091-2100 (“2090s”) for (a) SSP5-85,
(b-e) related experiments with land use, climate, and/or CO; held constant. Overlaid text provides decadal means and standard deviations.
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Change in ecosystem service indicators, 2001-2010 to 2091-2100
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Figure S18. As Figure 4 in main text, but for experiments with climate and CO; held constant (sX1um): Percent global change in ecosystem
service indicators between 2001-2010 and 2091-2100. CSLF: Congolian swamp and lowland forests (see Sect.3.2.5). *The time periods
compared for runoff were 1971-2000 and 2071-2100 due to high interannual variability.
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Diff. in isoprene emissions, 2000s to 2090s
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Figure S19. Difference in isoprene emissions (gC m™ yr'') between 2001-2010 and 2091-2100 in each scenario.

Diff. in monoterpene emissions, 2000s to 2090s
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Figure S20. Difference in monoterprene emissions (gC m? yr'!) between 2001-2010 and 2091-2100 in each scenario.
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