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Revegetation in China’s Loess Plateau is
approaching sustainable water resource limits
Xiaoming Feng1,2, Bojie Fu1,2*, Shilong Piao3,4, Shuai Wang1,2, Philippe Ciais5, Zhenzhong Zeng3,
Yihe Lü1,2, Yuan Zeng6, Yue Li3, Xiaohui Jiang7 and BingfangWu6

Revegetation of degraded ecosystems provides opportunities
for carbonsequestrationandbioenergyproduction1,2.However,
vegetationexpansion inwater-limitedareascreatespotentially
conflicting demands for water between the ecosystem and
humans3. Current understanding of these competing demands
is still limited4. Here, we study the semi-arid Loess Plateau
in China, where the ‘Grain to Green’ large-scale revegetation
programme has been in operation since 1999. As expected,
we found that the new planting has caused both net primary
productivity (NPP) and evapotranspiration (ET) to increase.
Also the increase of ET has induced a significant (p<0.001)
decrease in the ratio of river runo� to annual precipitation
across hydrological catchments. From currently revegetated
areas and human water demand, we estimate a threshold
of NPP of 400 ± 5 gCm−2 yr−1 above which the population
will su�er water shortages. NPP in this region is found to
be already close to this limit. The threshold of NPP could
change by−36% in the worst case of climate drying and high
human withdrawals, to +43% in the best case. Our results
develop a new conceptual framework to determine the critical
carbon sequestration that is sustainable in terms of both
ecological and socio-economic resource demands in a coupled
anthropogenic–biological system.

Revegetation programmes aim to restore degraded ecosystem
services, by improving carbon sequestration, soil conservation and
reducing floods5. Newly planted vegetation can also contribute
to climate change mitigation both by storing carbon, and by
providing biofuel for bioenergy production3. Globally, future
carbon sequestration from new forests was estimated by the
Intergovernmental Panel onClimateChange 5thAssessment Report
(IPCC AR5) to range from 40 to 70 Pg C by 21006. However,
newly planted vegetation needs water, nutrients, light and CO2
to grow4. The water demand of the newly planted ecosystem
is of particular concern in the seasonally dry areas that cover
47% of the global land area2. In these areas, ecosystems and
human activities both depend on the same source of water, namely
precipitation7. Revegetation programmes in these regions create
potentially conflicting demands for water between ecosystems and
humans. Hence, balancing vegetation productivity and water use
by humans is critical to promoting sustainable management of the
revegetation programmes and safeguarding thewater demand of the
socio-economic system.

The Grain to Green Programme (GTGP) of the Loess Plateau
of China (see Methods) is the largest ecological restoration

programme ever implemented in a developing country8. The result
is a uniquely massive experiment of vegetation plantation. Since
1999, approximately US$8.7 billion has been invested to convert
previously cultivated land to perennial non-native vegetation (see
Supplementary Notes)5. Creating a return on this investment,
while ensuring that the revegetation is ecologically sustainable, is a
substantial challenge9. Historically, intensive agricultural practices
that peaked in the 1970s have led to the Loess Plateau region
having very eroded soils8. The GTGP has converted 16,000 km2

of rain-fed cropland to planted vegetation, causing a 25% increase
in vegetation cover during the last decade (Fig. 1). Precipitation is
needed to sustain the newly planted ecosystem, but water is also
required by the 108million people living in the region. The water
demand from the residential, agricultural and industrial sectors
has increased by 4% per year over the same time as the area of
new planting has expanded, and only 30% of this water demand
is met from sources outside the region (see Supplementary Notes
and Supplementary Figs 1 and 2). Thus, determining the regional
tolerance of vegetation productivity is a prerequisite to finding a
balanced solution of ecosystem restoration and water reduction
for this area, and ensuring that the revegetation is socially and
ecologically sustainable.

We analysed vegetation productivity changes and regional ET in
the Loess Plateau over the lifetime of the GTGP, using observations
of the Moderate Resolution Imaging Spectro-radiometer (MODIS)
and simulations from the models derived by satellite data (see
Methods). Total regional NPP is estimated to have increased
by 9.3± 1.3 gCm−2 yr−1 (+35%; p < 0.001) during 2000–2010
(Fig. 1c). Accordingly, satellite-derived ET estimates increased by
4.3±1.7mmyr−2 (p=0.04) over the last decade (Fig. 2a), a figure
that is consistent with, although lower than, the independent trend
of ET inferred from the water balance of the Loess Plateau area
(6.8±3.8mmyr−2; yellowbar in Fig. 2a; seeMethods for ETderived
from water balance data).

The spatial extent of the greening trend observed from MODIS
coincides with the GTGP plantations (Fig. 1b,c); changes in NPP
from the Carnegie–Ames–Stanford approach ecosystemmodel (see
Methods) in other ecosystems are generally less significant (Fig. 1c).
Similarly, the sub-regional areas of ET increase coincide with the
new plantations (Figs 1b and 2a). Annual ET estimated from the
areas without revegetation does not show any significant trend
(Fig. 2a). These results show that land-use change rather than
climatic and/or environmental change is the primary cause for the
estimated increase of annual NPP or ET for the Loess Plateau. The
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Figure 1 | Location of the Loess Plateau and change in vegetation. a, Mean annual precipitation (PPT) over 2000–2010. b,Distribution of revegetated areas
and the hydrological catchments. c, Annual NPP trend of the whole plateau (MODIS NPP_LP), the revegetated areas (MODIS NPP_AFF), the adjacent
unconverted cropland (MODIS NPP_CRO, Supplementary Fig. 8) and the general ecosystem model simulation (MODEL NPP). Asterisks above the bars
indicate that the trend is statistically significant at the p<0.01 (∗∗) and p<0.05 (∗) level, respectively. The inset shows the spatial pattern of annual NPP
change, with white indicating those areas with no significant change (p>0.05). Error bars are the standard deviation across years.

credibility of this analysis is also supported by a test with four
different terrestrial ecosystem models (see Methods). When only
the effects of climate, CO2 and nitrogen deposition were included
(that is, land-use change not included), the models reproduced
averaged NPP (5.1± 12.1 gCm−2 yr−1, p= 0.68) and ET trends
(1.1± 2.8mmyr−1, p= 0.71), encapsulating the climatic and/or
environmental effects. These model results support the contention
that revegetation is themain cause of the satellite-observedNPP and
ET increase.

River discharge data from 32 hydrological catchments in the
region, where 1–26% of the area had been revegetated since 1999,
allow us to draw a picture of the regional runoff change. Water
yield (that is, the ratio of annual river runoff to precipitation)
averaged across the observed catchments dropped from 8% during
the period of 1980 to 1999 (that is, before the plantations), to
5% during 2000–2010. Before planting (1980–1999), annual runoff
was spatially and significantly positively correlated with annual
precipitation (R2

=0.29, p<0.001); but for 2000–2010, if there was
planting, low runoff (that is, less than 20mmyr−1) also occurred
with relatively high precipitation of 400–550mmyr−1 (Fig. 2b).

Revegetation increasing ET implies a decrease in runoff and soil
water availability, because precipitation input has not significantly
increased during the last decade4,10 (see Supplementary Fig. 3).
The reduction in runoff caused by vegetation planting is illustrated
by the positive spatial correlation between the change of annual
runoff and both leaf area index (LAI) change and revegetated area
over the different catchments (Fig. 2b). The significant, but still

relatively small contribution, of LAI change to the observed spatial
distribution of runoff decrease suggests the importance of other
factors (for example, seasonal variations, soil water holding capac-
ities and fertility, species-specific water-use efficiency, tree rooting
depth). For example, it has been suggested that revegetation starts to
decrease streamflow within a few years of planting and the decreas-
ing trend continues for approximate 30 years4, as trees grow older
and evaporate more. Due to the lack of detailed information about
the spatial distribution of plantation age, Fig. 2b indirectly includes
impacts of plantation age on runoff change through changes in LAI
(see the LAI increment after revegetation in Supplementary Fig. 4).
It should be noted, however, that LAI for a young plantation in the
study area is generally significantly and positively related to plant
age10–12. But the spatial pattern of runoff changewas not significantly
correlated with precipitation change (R2

= 0.02, p> 0.2). We also
found that the effect of dams and terrace construction13–15 on runoff
reduction between the 1980s and 2000s is not significant (p> 0.1;
Supplementary Table 1)16. Figure 2b indicates that soil moisture also
decreased in all revegetated catchments. The relationships between
change in runoff and change in soil water with revegetated area
and change in LAI are shown in Fig. 2b. We extrapolated these
relationships to the 16,000 km2 (2.5%by area) of newplanting on the
Loess Plateau that coincided with an increase of LAI of 0.07 since
1999. Over 2000–2010, the revegetation translates into a loss of
2.4± 0.9mmyr−1 (p=0.08) of soilmoisture and 0.5± 0.3mmyr−1
(p= 0.006) of runoff. Assuming that the reduction of both soil
moisture and runoff was entirely used to sustain an increase of ET,
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Figure 2 | Changes in NPP and water resources. a, Same as Fig. 1c, but for
annual ET trend; water balance ET derived as a residual in the water
balance is included. b, The relationship between runo� decrease (1RW,
mm) and the revegetation indicated by revegetated area (Sf) and LAI
change (1LAI); and for soil water decrease (1SW). The inset shows the
change in the relationship between runo� and precipitation before and after
revegetation (see Supplementary Fig. 11 for the catchments included), with
data shown for before plantations (1980–1999, blue), and after plantations
(2000–2010, red). The dashed lines in b and its inset denote the 95%
confidence intervals of the regressions.

we attributed 67± 53% of the satellite-derived ET trend over the
study area to new planting.

The reduction in runoff from revegetation affects the amount of
water available for human activities, with the potential for adverse
socio-economic consequences7. Here we define the threshold of
the regional vegetation capacity by subtracting human water
demand from the precipitation, as the permissible NPP for the
coupled anthropogenic–biological system (see Methods for details
of the calculation of this threshold of NPP, NPPcrit,bio+ant). The
minimum amount of water needed for maintaining socio-economic
activities across the Loess Plateau is estimated as 17 ± 2mmyr−1
(see Methods and Supplementary Notes). The human water
consumption in the Loess Plateau has already exceeded the amount
generated from this area, in line with the observations that the river
flow at Huayuankou Station (outlet of Loess Plateau) has tended
to be lower than that at Lanzhou Station (inlet of Loess Plateau)
in the 2000s (Supplementary Fig. 2). The value of permissible NPP
in the current climate conditions is about 395–405 gCm−2 yr−1.
This is the level of vegetation restoration that would ensure water
security at current levels of human withdrawal. We estimated using
the method above that by 2008 the actual NPP had already reached
400 gCm−2 yr−1. Hence, the current amount of revegetation seems
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Figure 3 | NPP thresholds derived from the satellite-observed NPP–ET
relationship and the predictions of NPPcrit,bio+ant for the climate of the
2050s. The output of 30 GCMs from IPCC AR5 under the RCP4.5 scenario
was used. Areas shaded in grey and green indicate uncertainty in future
NPPcrit,bio+ant resulting from the projected anthropogenic water use and
WUE, respectively. The horizontal black arrow indicates the future NPP
change by 2050 from the GCMs. The red dots are satellite-observed NPP
and ET. The horizontal and vertical axes have di�erent scales before and
after the breaks.

to already be above the threshold where additional vegetation
plantation will cause a shortfall in the water supply for human
activities—an unsustainable situation.

Using model (Coupled Model Intercomparison Project Phase 5
(CMIP5)) projections for the climate over the region for the
greenhouse gas concentration pathway (RCP) RCP4.5 (ref. 6) and
a projected water demand increase of 46% from the national report
on sustainable water resources strategy (ref. 17), we estimated
permissible NPP changes by 2050 (2041–2050). The 30 climate
models show regional precipitation changes in the range −9% to
+14% by 2050, indicating a large uncertainty (23 of the models
show increased precipitation and 7 of the models show decreased
precipitation compared with the decade of the 2000s, the period
that annual precipitation insignificantly increased with a trend of
4.5mmyr−2 (p= 0.37)). This translates into future climate change
modifying permissible NPP from an increase of 128 gCm−2 yr−1 to
a decrease of−117 gCm−2 yr−1 (Fig. 3). This range of permissible
NPP reflects the different precipitation projections from the CMIP5
models. The results under other RCPs (see Supplementary Figs 5–7)
are similar to those under the RCP4.5 pathway.

It should be noted that the precipitation-induced changes of
permissible NPP may be partly ameliorated by the increased
plant water-use efficiency (WUE) under rising atmospheric CO2
concentration and climate change18–20. We estimated future changes
in WUE using the NPP-to-ET ratio of those CMIP5 land
surface models, which take into account climate change and CO2
fertilization. These land surface models project an average increase
of WUE of 10% by 20506, which translates into an extra permissible
NPP increase of 42 gCm−2 yr−1 (see green dashed line in Fig. 3).
In the maximum, median and minimum scenarios of precipitation
change, permissible NPP by 2050 is then 578 ± 48 gCm−2 yr−1,
473± 41 gCm−2 yr−1 and 309± 29 gCm−2 yr−1, respectively. This
is also comparable to the NPPs predicted by the CMIP5 global
climate models (GCMs) (383–464 gCm−2 yr−1) under the RCP4.5
climate scenario shown in Fig. 3 (see Methods).

The Chinese government plans to invest another US$9.5 billion
in GTGP on the Loess Plateau by 2050 (see Supplementary Notes)5.
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Our analyses suggest that although this programme has contributed
to increasing vegetation productivity, this has been at the cost of an
already detectable reduction in river runoff21,22. Given that current
vegetation productivity in this region is already close toNPPcrit,bio+ant,
continuing revegetationwill inevitably reduce thewater available for
human use to less than the amount required. At the same time, cli-
mate change and elevated CO2 adds an uncertainty, with only a 70%
chance of keepingNPPcrit,bio+ant within 20% of its current value. IPCC
AR5 has proposed revegetation and biofuel farming as efficient
approaches to mitigate global warming6. Our result suggests that
climate stabilization scenarios that include substantial bioenergy
resources23 may be overestimating the potential of vegetation
plantation. As for the Loess Plateau, shrub-liked planted trees are
present in many parts of this region24, calling for a better match of
vegetation species and planting density to the natural environment.
Unless the water constraints are considered, integrated assessment
models will probably underestimate the full economic cost of
bioenergy. For the long-term success of revegetation, an evidence-
based strategy is needed that recognizes both ecological and
socio-economic resource demands on this coupled anthropogenic–
biological system; such a policy maximizes the likelihood that the
dual goals of ecological and socio-economic sustainability are met.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Study area. The Loess Plateau region in central China covers approximately
640,000 km2. During the period 2000–2010, annual precipitation varied from
200mmyr−1 in the northwest to 800mmyr−1 in the southeast of the plateau, with
a mean value 440± 50mmyr−1. It is a typical water-limited landscape with
evaporation accounting for 85% of the precipitation; this percentage increases
along the precipitation gradient. The Loess Plateau can be divided into three
regions according to the water available to the ecosystem, namely: the Mu Us
Desert in the driest northwest sector of the Loess Plateau; an area of irrigated
agriculture within the main stem of the Yellow River catchment in the southeast
Loess Plateau; and the rain-fed hilly area in the middle of the Loess Plateau. The
last of these covers more than 60% of the region, with annual precipitation between
400 and 550mmyr−1 (Fig. 1a). Revegetation occurred on the hilly parts of the
plateau where precipitation is the only water input to the local ecosystems.
Ecosystems in the Loess Plateau are water-limited, with evaporation limited by the
water availability rather than by the energy input25,26. The dryness index, the ratio
of potential evapotranspiration27 (ET) to precipitation, is 3.0± 0.5 for the entire
Loess Plateau and has been stable over the past few decades (see Supplementary
Fig. 9 and the Supplementary Notes).

Meteorological and hydrological data. Daily meteorological data (daily average
air temperature and precipitation from the National Meteorological
Administration of China, http://data.cma.cn) for the period 1980–2010 were
obtained from 172 stations within and near the Loess Plateau, and interpolated
onto a 1-km grid covering the entire Loess Plateau using a digital elevation model
and a thin-plate smoothing spline method (ANUSPLIN 3.1)28. Gridded annual
precipitation was derived from the daily precipitation maps. Daily runoff data from
32 rivers were acquired from hydrometric observations, and converted to
area-average depth-equivalents for each catchment (R, mm). Precipitation falling
on each catchment was calculated from spatial fields of annual precipitation with
the spatial statistical tools in ARCGIS 9.0. Multi-year averages of annual runoff and
annual precipitation for each catchment in the periods 1980–2000 and 2000–2010
were used to derive the field-observed runoff–precipitation relationships before
and after the GTGP revegetation. LAI derived from the Global Land Surface
Satellite normalized difference vegetation index (NDVI) series of harmonized
Advanced Very High Resolution Radiometer and MODIS NDVI29
(www.landcover.org) was used to indicate variation in plant growth conditions and
plant structure in the period 1982–2010.

Satellite-estimated NPP and ET. Using the terrestrial Carnegie–Ames–Stanford
approach (CASA) ecosystem model, we estimated net primary
production (NPP) at 1-km spatial resolution across the Loess Plateau for the
period 2000–2010. The CASA NPP was calculated as the product of the modulated
‘absorbed photosynthetically active radiation’ (APAR) and the light-use efficiency
(LUE) factor: NPP(x , t)=APAR(x , t)ε(x , t). Here NPP(x , t) represents plant
growth at spatial location x and time t (g Cm−2), and APAR(x , t) and ε(x , t) are
the canopy-absorbed incident solar radiation (MJm−2), and the LUE (gCMJ−1)
of APAR respectively, also at location x and time t . CASA uses satellite-observed
NDVI as the driving factors, and drivers other than climate, such as CO2 fertilization
and land-use change affect satellite-observed NDVI. Thus, CASA partly indirectly
considers the effect of these drivers on vegetation productivity. Some processes such
as the indirect effect of CO2 fertilization on LUE are unconsidered in CASA due
to the limited knowledge. Compared with other process-based models, the CASA
model has been shown to be the most effective at simulating carbon assimilation
by plant growth in the Loess Plateau. CASA simulations have been shown
to be comparable to observed values in the Loess Plateau30. NPP was calculated
for each month and then summed to give the annual NPP needed in this analysis.

Satellite-estimated actual ET over the Loess Plateau for the period 2000–2010
was derived from a previous study31. It was estimated from the surface energy
balance: λE+H=Rn−G0, where H (Wm−2) is the sensible heat flux, λE
(Wm−2) is the latent heat flux, Rn (Wm−2) is the net radiation absorbed at the land
surface, and G0 (Wm−2) is the soil heat flux. The aerodynamic roughness
integrates three contributions originating from vegetation cover, topographical
terrain variation and non-vegetation obstacles respectively. λE was converted into
actual ET (mmd−1), using the temperature-dependent latent heat of vaporization
and the density of water. To generate continuous ET data during cloudy days and
for days between satellite overpasses, intermittent remote sensing data were
interpolated and λE was estimated using the Penman–Monteith equation. For
detailed information, see ref. 31. Daily ETs were then summed to give annual ET
for this analysis.

Data inputs required for the satellite-estimated NPP and ET include land cover,
8-day composite of 1-kmMODIS NDVI, and spatial temperature and precipitation
fields. Land cover data for the Loess Plateau before and after the GTGP (derived
from maps in years 2000 and 2008, respectively) were extracted from Landsat
Enhanced Thematic Mapper. MODIS NDVI data were acquired from the MODIS
Land Processes Distributed Archive Center.

Water balance ET and GLDAS soil moisture. To confirm whether or not the trend
of ET in the Loess Plateau is significant, we applied a water balance equation to
estimate annual ET from the Loess Plateau between 2000 and 2010. The yearly
water balance equation is:

ET=PPT− (Rout−Rin)−1RW−1SW−1GW (1)

where PPT , Rout, Rin,1RW,1SW and1GW are annual: precipitation, outflow,
inflow, changes in river-reservoir water storage, in soil water storage and in
groundwater withdrawal for plant growth, respectively. PPT , Rout and Rin data were
obtained from meteorological and hydrological stations.1RW in the Loess Plateau
is from data reported by the Chinese Ministry of Water Resources (Yellow River
Water Resources Bulletin, http://www.yellowriver.gov.cn/other/hhgb).1SW is
from the Global Land Data Assimilation System (GLDAS;
http://disc.sci.gsfc.nasa.gov/hydrology/data-holdings). Vegetation in the Loess
Plateau is mostly rain-fed. Especially in the loess area where revegetation occurred,
both groundwater recharge and groundwater discharge are difficult to estimate
since soil depth in these areas is 100∼ 200m on average with the maximum
exceeding 300m (ref. 32). About 0.8% of the Loess Plateau area is irrigated with
groundwater. The underground water-irrigated area is about 0.8% of the Loess
Plateau area (see Supplementary Notes). Because of this small area of groundwater
irrigation,1GWwas set to zero in the calculation.

Regional in situ soil moisture data do not exist for the Loess Plateau over the
long period of 1980–2010; we therefore used the time series of soil moisture
estimated by the Community Land Model GLDAS. These estimates are for the
depth between the surface and 3.2m. Vegetation specifications used in GLDAS
include satellite-derived products of LAI and canopy greenness; thus, surface
greening due to plantations has already been accounted for in the GLDAS product.
We further confirmed the applicability of the variation in GLDAS soil moisture by
applying it in equation (1) to estimate annual ET from the Loess Plateau. These
calculations lead to a value comparable to the satellite-derived ET in our study.
Using the GLDAS product, we found that annual1SW is not zero, although1SW
equals zero would be expected in an ecosystem in hydrological equilibrium. We
found a systematic, significant and negative trend in the soil moisture over Loess
Plateau (p<0.001) implying that the ecosystem was mining soil water, which is
consistent with the reported soil desiccation in the Loess Plateau that has been
attributed to the excessive depletion of deep soil water by planted vegetation and
long-term insufficient precipitation input33. Therefore, soil moisture change
cannot be ignored in translating the observed reduction of annual runoff into an
increase of ET. However, neither the GRACE-derived groundwater storage
anomaly nor the annual variation of the water table of the Loess Plateau changed
significantly during the period (p>0.1, see Supplementary Fig. 10 and
Supplementary Notes).

GEM-estimated NPP and ET. Different process-based ecosystem models: LPJ (the
Lund–Potsdam–Jena model)34; LPJ_GUESS (the Lund–Potsdam–Jena General
Ecosystem Simulator)35; ORCHIDEE (the Organising Carbon and Hydrology in
Dynamic Ecosystems model)36 and CLM4CN (the Community Land Model
version 4 extended with carbon–nitrogen biogeochemical model)37 were used to
quantify the contribution from climate change and rising atmospheric CO2

concentration to the change in annual NPP and ET over the study area. All models
(except CASA) performed simulations using historical climate fields from the
CRU-NCEP (Climatic Research Unit, National Centers for Environmental
Prediction) v4 data set (http://www.esrl.noaa.gov/psd/data/gridded/
data.ncep.reanalysis.pressure.html) and global atmospheric CO2 concentration
(http://cdiac.ornl.gov/ftp/trends/co2/maunaloa.co2). These models have been
widely used to investigate regional and global terrestrial carbon cycles, and have
been partly validated against observations across different ecosystems and regions,
including China38–41. In response to rising atmospheric CO2 concentration,
modelled NPP increases are comparable to those measured using free-air carbon
enrichment experiments42. These models have also been applied to detect and
attribute change in vegetation growth43–45 and runoff46,47 at the regional and
continental scale, including China48.

Anthropogenic water demand.Water consumption by socio-economic systems
was acquired from the statistics published by the Ministry of Water Resources.
Water demand data for domestic use, industry, fishing and animal husbandry were
included in the analysis, but agricultural irrigation was excluded because it was
included in the ET loss from the cropland NPP. Since current groundwater
withdrawal, which makes up 30% of human water demand, is unsustainable in the
Loess Plateau (see Supplementary Notes), we assume that human water demand is
all taken from runoff.

Critical NPPs and the projection into the future.We calculated a linear
regression relating annual ET to annual NPP of the Loess Plateau. The important
permissible NPP threshold (NPPcrit,bio+ant) is reached when the water needed for
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vegetation productivity and the water consumption by socio-economic systems can
only just be met from the annual precipitation. In addition, we also estimated
NPPcrit,bio+ant under future (by 2050) climate using the output of 30 global climate
models (GCMs) from the Intergovernmental Panel on Climate Change Fifth
Assessment Report under the different greenhouse gas concentration pathways of
RCP4.5, RCP2.6, RCP6.0 and RCP8.049,50. In each scenario, the NPPcrit,bio+ant under
maximum, median and minimum scenarios (Fig. 3 blue lines) are estimated by the
maximum, median and minimum relative precipitation change of the 30 GCMs.
Future permissible NPP is also regulated by the changes in water-use efficiency
(WUE), that is, NPPs′=NPPs(WUE(2040s)/WUE(2010s)), where WUE is
calculated from the average NPP-to-ET ratio from the seven GCMs that include
both NPP and ET. We also compared permissible NPP in the 2050s with NPP in the
2050s predicted by the CMIP5 GCMs. Note that considering the large difference in
magnitude of NPP between CMIP5 GCMs and CASA, we estimated NPP in the
2050s by multiplying the current CASA-estimated NPP by the relative NPP change
rate derived from GCMs. Under the scenario of RCP4.5, GCMs generally predict
increasing NPP at a rate ranging from 2.6 to 24.4%.

Statistical analysis.We calculated linear regressions relating series of each of
annual NPP and annual ET with time (year y). Regression coefficient b was
calculated as:

b=
∑9

i=1(wi− w̄)(yi− ȳ)∑9
i=1(wi− w̄)2

(2)

where i is the sequential year. For each of the dependent variables, wi is the annual
NPP, annual ET or MODIS NDVI for year i, and w̄ and ȳ are the mean values. The
regression coefficient b was then used to predict the trends of annual NPP, annual
ET or MODIS NDVI since the implementation of the GTGP.
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