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A B S T R A C T   

Revegetation has significantly contributed to improvements in ecosystem services, such as carbon sequestration 
and soil retention. Yet, vegetation expansion in water-limited regions may generate conflict of water demand 
between nature and humans. Present studies are still lacking when it comes to identifying the permissible 
vegetation capacity, i.e. net primary productivity (NPP) threshold, based on the local water resources limits, and 
further proposing adjustment and optimization strategies to keep water use balanced in anthropogenic-biological 
systems. Under such a circumstance, this study assesses the difference between the actual NPP and NPP 
thresholds at regional and ecosystem scales in China. The results show that 8 out of 31 provinces have their 
provincial actual NPP above the regional NPP thresholds, mainly concentrated in northern China between 400 
and 800 mm iso-precipitation line, i.e. North China Plain (Beijing-Tianjin-Hebei), the middle reaches of the 
Yellow River Basin (Shaanxi and Henan provinces), and the Northeast China (Heilongjiang, Jilin and Liaoning). 
Forest ecosystems dominate the difference between the actual total woodland and grassland ecosystems NPP and 
the permissible NPP thresholds in these regions, ranging from 67% (Beijing) to 99% (Tianjin). If the current 
vegetation intensity in these regions remains unchanged, the areas of woodland and grassland ecosystems should 
be optimized 0–48% and 0–100% of their present areas to balance the water demand between the ecosystems 
and humans, without considering the potential consequence of climate change and soil erosion. Although 23 
provinces have their regional actual NPP below their permissible NPP thresholds, 6 out of 23 provinces still have 
their woodland and grassland ecosystems NPP above the corresponding NPP thresholds, mainly focusing on the 
Northwestern China north over the 400 mm iso-precipitation line, including Inner Mongolia, Qinghai, Hainan, 
Shanxi, Gansu and Xinjiang. Forest ecosystems also dominate the negative NPP differences in these regions, 
ranging from 91% (Inner Mongolia) to 46% (Gansu). These reveal the hidden and potential pressure in the 6 
provinces to balance limited water resources in the local anthropogenic-biological system. This study provides a 
method to assess the water-resources permissible NPP threshold and further proposes the specific adjustment and 
optimization plans for the areas with actual NPP above the corresponding NPP thresholds, which can provide 
guidance for ecological restoration program implementations in a more sustainable way.   

1. Introduction 

Greening is defined as statistically significant increases in the annual 
average green leaf area at a location over a period of several years (Chen 
et al., 2019). China leads in greening worldwide through land-use 

management in the past two decades with 42% of the greening stem
ming from forest ecosystems (Chen et al., 2019). There are still many 
academic debates on the mid to long-terms effects of China’s greening, 
including an important study published in the Nature journal which 
stated that the actions to block deserts in China, i.e. China’s tree-planting 
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programs, could strain water resources (Zastrow, 2019). Related studies 
also indicated that afforestation caused a reduction of water availability 
for humans under different natural climate conditions: including a 
runoff reduction of 32% in the simi-arid or arid areas in China’s Loess 
Plateau during 1956–1980 (Huang et al., 2003), 31% in the temperate 
Glendhu, New Zealand between 1991 and 1996 (Fahey et al., 1998), 
40% in the Mediterranean Pyrenean Basin, Spain between 1965 and 
2009 (Buendia et al., 2016), 23% in the tropical Ecuador between 2013 
and 2016, and 41% in Peru between 2001 and 2007 (Ochoa-Tocachi 
et al., 2016). These results contradict the general belief that afforesta
tion increase water supply. A critical driving process of these results is 
evapotranspiration (ET). When other land uses are converted to forests, 
the partitioning of rainfall into green (part of water available for vege
tation use) and blue (part of water available for human use) water fluxes 
changes. ET is a typical green water flux, while runoff discharge and 
groundwater are major blue water fluxes. According to the water bal
ance formula, if more water is used by vegetation, less water will flow 
into rivers and lakes or recharge the groundwater that humans can 
directly use. This situation is exacerbated in arid climates because nat
ural ecosystems and humans both depend on the same source of water, 
namely precipitation (Feng et al., 2016; Quiggin, 2001), thus leading to 
a reduction of water supply for human activities (Zastrow, 2019). All the 
previous quoted studies greatly highlight the need to identify permis
sible revegetation capacity i.e. the amount of net primary productivity 
(NPP: the difference between the energy fixed by autotrophs and their 
respiration, usually in annual g C/m2 unit) permitted by local natural 
conditions to balance the water usage between natural vegetation and 
human activities, aiming to maximize the sustainable management of 
ecological programs. 

Although there is a lack of biophysical-based studies on nature- 
human conflict related to water demand (Feng et al., 2016), some 
important works can be quoted. For example, Knapp et al. (2014) 
indicated that four primary factors generally restrict the amount of NPP 
of terrestrial ecosystems, including sunlight, water, temperature, and 
mineral nutrients, which vary greatly with human activities; generally, 
two or more of these factors simultaneously or subsequently limit NPP 
increase, but water shortage is the most extensive single factor affecting 
global NPP (Knapp et al., 2014). For example, Zhao et al. (2019), taking 
a semiarid watershed on the Loess Plateau, China as a case, found the 
firmly positive responses of utmost vegetations to precipitation, indi
cating that precipitation dominantly drives the vegetation production 
(Gentine et al., 2019; Li et al., 2020; Lohse et al., 2009; Reyer et al., 
2013; Wang et al., 2015). Feng et al. (2016) defined the threshold of 
regional vegetation capacity by subtracting human water demand from 
precipitation, as the permissible NPP (i.e. NPP threshold = precip
itation-human water demand) for the integrated biological-human sys
tem. Based on this method, the authors estimated that the permissible 
NPP threshold in Loess Plateau, China, between 2000 and 2010 is about 
395–405 g C/m2/yr. For the year 2008, the actual NPP had already been 
400 g C/m2/yr in that region, indicating that the amount of revegetation 
is about to exceed the calculated threshold and that additional revege
tation would result in a shortage of water supply for human activities. 
Feng et al. (2016) provides an accounting method of water 
resources-permissible NPP threshold and this study applies this method 
to assess NPP thresholds. 

The NPP threshold approach provides the upper limit for revegeta
tion programs, acting as a guidance for governments or project man
agers to adjust and optimize the extent and intensity of ecological 
restoration programs. Zhang et al. (2018a) suggested that managers 
should set a prioritization of diverse thresholds based on a clear un
derstanding of management objectives for ecological programs. For 
example, an appropriate threshold of the sustainable intensity or extent 
of ecological projects should be based on local natural conditions to 
meet diverse ecosystem services (defined as ecosystem processes and 
functions that directly or indirectly benefit humans, see details in Sec
tion S1 in the Supplementary Material) (Braat, 2013; Costanza et al., 

1997), including carbon sequestration, soil retention, biodiversity con
servation, etc. For example, if the ecosystem restoration threshold of tree 
canopy cover is 60% of the tree-covered area, vegetation plantation 
above this limit will absorb more precipitation and reduce surface runoff 
and consequently cause a shortage of water supply for human activities. 
Cao (2011) and Cao et al. (2011) indicated that since the 1980s, China’s 
ecological projects have brought significant short-term benefits, yet its 
failure in applying corresponding vegetation thresholds has also caused 
long-term consequences of ecosystem degradation. For example, further 
revegetation in the Loess Plateau is likely to influence the local hydro
logical balance through increasing evapotranspiration, and thereby 
decreasing runoff and soil moisture (Cao et al., 2011; Chen et al., 2015; 
Fu et al., 2017; Ge et al., 2019; Jia et al., 2017; Jin et al., 2011; Lv et al., 
2019; Xiao, 2014). Compared with barren surfaces or farmlands, planted 
forests facilitate greater evapotranspiration due to a larger leaf area, 
higher aerodynamic roughness and deeper roots (Anderson et al., 2011; 
Bonan, 2008; Bright et al., 2015; Ge et al., 2019; Yang et al., 2021). The 
current vegetation in the Loess Plateau is a result of decades of refor
estation practices, which may have reached the permissible NPP and 
may have an influence on the water availability for human activities 
(Feng et al., 2016; Ge et al., 2020; Zhang et al., 2018b), because eco
systems and humans both rely on the same source of water source, i.e. 
precipitation, in that seasonally arid region (Quiggin, 2001). 

Due to the current importance of balancing natural and human ac
tivities, especially those that demand water as an important input, this 
work aims to (1) estimate the specific NPP thresholds for different re
gions of China, and (2) propose specific intensity and area adjustment 
and optimization strategies for the ecological restoration programs 
where the actual NPP has already exceeded the NPP thresholds. 

2. Method 

2.1. Case study 

Revegetation projects have significantly contributed to the 
improvement of China’s ecosystem services from 2000 to 2010 (Ouyang 
et al., 2016), in which, according to Chen et al. (2019), China leads in 
global greening due to its implementing afforestation programs. On the 
other hand, natural ecosystems consume a huge amount of water and 
nutrients (Jackson et al., 2005) and raise doubts about the potential 
consequences of water availability for human proposes as a result of the 
ecological programs, especially in those water-limited areas. Due to its 
large territory under diverse climate conditions, allied to its experienced 
re-vegetation programs for decades, China is considered as a case study 
to assess the NPP thresholds at regional and ecosystems scales. Areas 
with actual NPP above the corresponding NPP threshold are identified to 
guide the implementation of more sustainable ecological programs, 
balancing human and natural water demand. 

2.2. Regional total NPP threshold 

Fig. 1 shows the well-known general hydrological cycle, which can 
be expressed by the following equation: 

ET =Pr − (Rout − Rin) − ΔRW − ΔSW − ΔGWg (1)  

where, ET indicates annual evapotranspiration; Pr refers to annual 
precipitation; Rout and Rin are annual outflow and inflow respectively; 
ΔRW, ΔSW and ΔGW are annual variations in river-reservoir water 
storage, in soil water storage and in groundwater withdrawal for vege
tation growth, respectively (Feng et al., 2016). 

The ΔGW variable in Equation (1) was set to zero because the un
derground water-irrigated areas correspond to 1.5% of China’s area 
(MWRC, 2019), and the plains of 21 provinces across China are expe
riencing over-exploitation of groundwater. Notwithstanding, China’s 
annual variations in soil water storage is also small, reaching 0.002 
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m3/m3 (Bing et al., 2012), hence ΔSW was also assumed to be equal to 
zero. Otherwise, change in soil moisture cannot be ignored in translating 
the observed reduction of annual runoff into an increase of ET (Feng 

et al., 2016). After these considerations, Equation (1) becomes: 

ET =Pr − (Rout − Rin) − ΔRW (2) 

Fig. 1. The schematic diagram of hydrological cycle (Rout and Rin are annual outflow and inflow respectively; ΔRW, ΔSW and ΔGW are annual variations in river- 
reservoir water storage, in soil water storage and in groundwater withdrawal for vegetation growth). 

Fig. 2. The flow chart of assessing local NPP threshold (NPP: net primary productivity; ET: evapotranspiration).  
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According to Equation (2), when precipitation is constant, ET is 
affected by annual outflow and inflow, and variations in river-reservoir 
water storage. For the purposes of this study, it is assumed that the 
human water demand is taken exclusively from runoff, i.e. Rout, Rin and 
ΔRW in equation (1). Feng et al. (2016) suggested that ET corresponding 
to the permissible NPP threshold for the coupled 
anthropogenic-biological system can be expressed as follows: ET = Pr - 
HWD, where Pr is the annual precipitation and HWD is the human water 
demand. Human water demand includes activities of forestry, animal 
husbandry, fishery, livestock, and industry, as well as urban public, 
domestic and ecological environment water use. Agricultural irrigation 
was not considered because it was already included in the ET form 
farmland NPP. 

Fig. 2 shows the flowchart used for assessing permissible NPP 
threshold. Based on historical MODIS remote sensing data of NPP and ET 
of China during the year 2000, 2005, 2010 and 2015 (please see details 
in Table S1 in Supplementary Materials), a linear regression is consid
ered by associating annual ET with NPP, obtaining NPP = f(ET) = a × ET 
+ b. The significant NPP threshold is reached when the water demanded 
for ecosystem production and human activities can just be satisfied from 
the annual precipitation. For the regional scale, precipitation and 
human water demand data come from regional Statistical Yearbook and 
Water Resources Bulletin listed as presented in Table S1 in the Supple
mentary Material. After obtaining the regional total ET, the equation 

NPP = f(ET) = a × ET + b, is used to calculate the permissible NPP. 
Finally, the calculated permissible NPP threshold is compared with the 
actual NPP; in a case where the actual NPP is lower than the permissible 
NPP, there are still areas that can be re-vegetated; in a case where the 
actual NPP is above the NPP threshold, it needs to further determine 
whether it has additional revegetation space or to adjust and optimize 
vegetation planation patterns. 

2.3. NPP threshold calculation at ecosystem scale 

The regional total NPP threshold reveals the aggregate local vege
tation capacity allowed by local available water resources. To assess the 
contribution of specific ecosystems to the regional NPP differences be
tween the actual NPP and the corresponding NPP thresholds, the actual 
NPP at ecosystem scale is compared against its corresponding NPP 
threshold. While farmland and aquatic ecosystems use water from other 
sources than precipitation (such as irrigation), woodland and grassland 
ecosystems use water from precipitation. With this being said, this study 
mainly investigates the NPP thresholds of woodland and grassland 
ecosystems to provide guidance for the implementation of ecological 
programs in more sustainable ways. According to the classification 
system of remote sensing data of land use and land cover in China (Xu 
et al., 2018), the subtypes of woodlands considered in this present study 
include forest, shrub, sparse and other woodlands, and grasslands 

Fig. 3. Calculation steps of ecosystems’ NPP thresholds (WC: water consumption, Pr: precipitation, ET: evapotranspiration, k: conversion factor from 108 m3 to 
mm/yr). 
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include high, moderate and low coverage grasslands. Date in raster 
format is used to calculate the detailed ecosystems NPP threshold, 
because the original data about ecosystem types and their land areas 
data are in raster format as well. 

Detailed procedure steps are presented in Fig. 3. Step 1 prepares 
gross domestic product (GDP) data in raster format (layer 1, 1km × 1 
km, unit of 10,000 yuan/km2). Step 2 uses layer 1 to multiply by the 
water consumption (WC: unit of 108m3/10,000 yuan of GDP) and by the 
conversion factor k (mm/108 m3). The Raster Calculator tool in the 
ArcGIS software is used to obtain raster data for GDP related to water use 
(layer 2; mm/km2). In step 3, the precipitation layer (layer 3 in mm/yr) 
is subtracted by layer 2 to obtain raster data of ET, generating a raster 
layer for NPP threshold (layer 4) based on the NPP = f(ET) equation 
through the Raster Calculator tool in the ArcGIS. Finally, Step 4 includes 
the Zonal Statistics as Table in the ArcGIS software, data inputs of the 
NPP threshold layer, land use and cover change (LUCC, 100m × 100m, 
see details in Table S1 in Supplementary Material) to obtain NPP 
threshold of each ecosystem as layer 5. All the data in raster format is at 
China’s national scale, but it can be extended to other scales for different 
research purposes. 

2.4. Ecosystem adjustment and optimization method based on the NPP 
threshold 

For those regions with actual NPP above the NPP thresholds, 
implementing ecological programs would result in an unbalance be
tween the water demanded by natural ecosystems and by human ac
tivities. In this case, adjustments are needed to optimize the local natural 
vegetation areas or its intensity, to guarantee more sustainable ecolog
ical restoration and socioeconomic development in those regions (Feng 
et al., 2016). Adjustment can be performed in two ways: focusing on the 
natural vegetation density (quality), or on the area occupied (quantity). 
Regarding density that occurs when the vegetation area is unchanged, 
the actual vegetation NPP can be adjusted within the NPP threshold by 
selecting water-saving and native species to reduce water use per unit 
area, or by selecting the combination of shrubs or herbs that demand 
lower amount of water. Regarding the occupied area that occurs when 
the natural vegetation intensity is unchanged, the difference between 
actual NPP and NPP threshold represents a constraint value for the 
maximum occupied area with natural vegetation. As an example, sup
pose that woodland and grassland ecosystems areas need to be adjusted 
X and Y (m2), then while X is the adjustment area matrix for forest, 
shrub, sparse woodland and other woodland, Y is the adjustment area 
matrix for high, medium and low coverage grassland, both under the 
following restrictions: 
{

X ×NPPw +Y ×NPPg =ΔNPPw × Sw +ΔNPPg × Sg =ΔNPPT (3)  

{
− Sf ≤X ≪ 0 (4)  

{
− Sg ≪ Y ≪ 0 (5)  

where, X and Y are the areas of woodland and grassland ecosystems that 
need to be adjusted; NPPw and NPPg are the actual NPP of woodland and 
grassland ecosystems (g C/m2/yr); ΔNPPw and ΔNPPg are differences 
value between the actual NPP of woodland and grassland ecosystems 
and their corresponding NPP thresholds (g C/m2/yr); Sw and Sg are the 
actual areas of woodland and grassland ecosystems (m2); and ΔNPPT is 
the sum of differences between actual NPP and NPP thresholds of 
woodland and grassland ecosystems (g C/yr). 

The two inequalities (4) and (5) indicate that the optimization areas 
of woodland and grassland ecosystems can range from zero to their 
corresponding current actual areas. The solution for the equations set 
shows the new ratio for X and Y to achieve a combination that meets the 
constraints established by the NPP threshold. It is important to 
emphasize that the areas which needed to be optimized are based on the 

current vegetation intensity. From the obtained results of this calcula
tion procedure, and considering climate change and soil erosion as 
important drivers, stakeholders and decision-makers could optimize the 
natural vegetation areas by keeping natural vegetation unchanged in the 
current areas and working on water-saving species alternative. All data 
sources are available in Section S2 of the Supplementary Material. 

3. Results 

3.1. China’s provincial theoretical NPP thresholds 

The differences between China’s provincial NPP thresholds and its 
actual NPP in 2015 are shown by Fig. 4. The green color indicates that 
actual NPP is below the NPP threshold, indicating that an additional 
vegetation capacity is allowed in these regions. The red color indicates 
the opposite situation in which provincial actual NPP has already ach
ieved the NPP threshold, so additional areas with natural vegetation will 
lead to a water shortage for human activities; the darker red color shows 
larger differences between actual NPP and NPP threshold, implying the 
larger deficit in the water balance. Fig. 4 shows that red color areas are 
concentrated in the northern China between 400 and 800 mm iso- 
precipitation line, including Northeast China (Heilongjiang, Jilin and 
Liaoning), the Middle Reaches of the Yellow River Basin (YRB) (Shaanxi, 
Henan), and North China Plain (Beijing-Tianjin-Hebei, BTH region). 
Heilongjiang has the largest difference between the NPP threshold and 
actual NPP, achieving 1.50E+14 g C, followed by Jilin (4.73E+13 g C), 
Henan (3.28E+13 g C), Shaanxi (3.15E+13 g C), Liaoning (1.36E+13 g 
C), Beijing (7.26E+12 g C), Hebei (2.54E+12 g C) and Tianjin 
(1.22E+11 g C). These findings are consistent with previous studies 
showed that a reduction of annual rainfall in the Northeast China (Yang 
et al., 2016), that the YRB is a water-starved and drought-prone region 
(Ma et al., 2020), and that BTH region is severely constrained by water 
availability (Zhang et al., 2021). 

Regarding those regions that still have potential areas to be re- 
vegetated, the highest differences between actual NPP and NPP 
threshold are concentrated in China’s southwest and southeast regions. 
Specifically, Jiangxi has the largest vegetation capacity with 2.95E+14 
g C, followed by Yunnan (2.12E+14 g C), Guangxi (2.03E+14 g C), 
Sichuan (1.99E+14 g C) and Fujian (1.98E+14 g C). Although still 
containing some areas to be re-vegetated, regions with lowest potential 
areas are Qinghai, Ningxia and some provinces in the middle and lower 
regions of the Yangtze and Yellow River Basin, including Shanghai 
(2.51E+12 g C), Ningxia (5.34E+12 g C), Hainan (1.22E+13 g C), 
Shandong (1.69E+13 g C), and Qinghai (1.75E+13 g C), implying these 
provinces have larger water resources pressure to expand vegetation 
planting area and intensity, and to balance water consumption between 
ecosystems and socio-economic activities. 

3.2. Differences between NPP threshold and actual NPP at ecosystem 
scale 

3.2.1. Ecosystems total difference between their actual NPP and NPP 
thresholds 

The difference between actual NPP and the corresponding NPP 
thresholds of woodland and grassland ecosystems and their contribution 
ratio to the total difference value is evaluated and presented in Table 1. 
For the 8 provinces with actual NPP higher than NPP thresholds, the 
ratio of the total difference between the actual NPP of woodland and 
grassland ecosystems (NPP data at ecosystem’s scale monitored by 
remote sensing satellites) to their corresponding provincial NPP differ
ence ranges from 15% (Henan) to 181% (Hebei). The higher of this ratio 
means a higher contribution of woodland and grassland ecosystems to 
the total provincial NPP difference. With exception for Shaanxi with 
high coverage grassland accounting most for the ecosystems total NPP 
difference, forest ecosystems are the largest contributor for all other 8 
provinces to the difference between ecosystems actual NPP and their 
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corresponding NPP thresholds, with a ratio ranging from 66.67% (Bei
jing) to 99.99% (Tianjin). Detailed numbers for each province are 
available in Section S3 of the Supplementary Material. 

Although 23 provinces have their total actual NPP lower than their 
corresponding NPP thresholds, 6 of them still have the actual NPP of 
woodland and grassland ecosystems larger than their NPP thresholds 

(Table 1). This situation occurs mainly in Northwestern China north 
over the 400 mm iso-precipitation line, including Inner Mongolia, 
Qinghai, Hainan, Shanxi, Gansu and Xinjiang, emphasizing the existing 
potential risks on water scarcity. Precisely, the actual NPP of forest, 
sparse woodland and other woodland for Inner Mongolia; forest, sparse 
woodland and all grasslands for Qinghai; forest, high and moderate 

Fig. 4. The difference value between NPP thresholds and actual NPP in 2015.  

Table 1 
The difference between actual NPP and NPP threshold of woodland and grassland ecosystems.  

NPP 
status 

Provinces Forest Shrub Sparse 
woodland 

Other 
woodland 

High 
coverage 
grassland 

Moderate 
coverage 
grassland 

Low 
coverage 
grassland 

W&G total Provincial 
total 

Ratio 

Abovea Heilongjiang 91.41% 2.36% 0.95% 0.24% 5.00% 0.05% – − 7.87E+13 − 1.50E+14 53% 
Jilin 95.81% 1.26% 1.19% 1.01% – 0.74% – − 2.88E+13 − 4.73E+13 61% 
Shaanxi 23.30% 22.62% 12.50% – 28.51% 13.07% – − 1.63E+13 − 3.15E+13 52% 
Liaoning 87.01% 5.52% 5.00% 0.89% – 1.43% 0.15% − 1.24E+13 − 1.36E+13 91% 
Henan 99.84% – – 0.16% – – – − 4.81E+12 − 3.28E+13 15% 
Hebei 82.02% 17.29% 0.67% – – – – − 4.60E+12 − 2.54E+12 181% 
Beijing 66.67% 14.94% 8.76% 1.44% 7.21% 0.61% 0.35% − 2.46E+12 − 7.26E+12 34% 
Tianjin 99.99% 0.01% – – – – – − 3.60E+10 − 1.22E+11 29% 

Belowb Inner 
Mongolia 

90.53% – 8.55% 0.92% – – – − 3.52E+13 7.65E+13 − 46% 

Qinghai 2.73% – 2.05% – 18.23% 12.40% 64.58% − 6.00E+12 1.75E+13 − 34% 
Hainan 97.74% – – – 2.12% 0.14% – − 4.90E+12 1.22E+13 − 40% 
Shanxi 75.32% 24.68% – – – – – − 3.89E+12 4.91E+13 − 8% 
Gansu 46.41% 27.09% 14.45% – 12.04% – – − 2.74E+12 5.82E+13 − 5% 
Xinjiang – 28.24% 37.30% 34.45% – – – − 3.59E+11 1.47E+14 − 0.24%  
Tibet n.a n.a n.a n.a n.a n.a n.a n.a 1.20E+14 n.a 

Note: a and b mean that local actual NPP is above or below the NPP threshold respectively. Percentage in the table means the contribution ratio of the subtypes of 
woodland and grasslands to the total difference value of woodland and grassland ecosystems. W&G total means the total NPP difference of woodland and grassland 
ecosystems. “-” means the ecosystem’s actual NPP is below the NPP threshold. 
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coverage grasslands for Hainan; forest and shrub for Shanxi; forest, 
shrub, sparse woodland and high coverage grassland for Gansu; shrub, 
sparse woodland and other woodland for Xinjiang, have all already 
exceeded their corresponding NPP thresholds. Among these 6 provinces, 
with the exception of Qinghai and Xinjiang, 4 have their forest 
ecosystem dominating the difference between ecosystems actual NPP 
and their corresponding NPP thresholds, achieving the ratios of 97.74%, 
90.53%, 75.32%, 46.41% in Hainan, Inner Mongolia, Shanxi, and Gansu 
respectively. Low coverage grassland is responsible for 64.58% of the 
NPP difference in Qinghai, while the contribution ratio of woodland 
ecosystem is more balanced for Xinjian, achieving 37.30%, 34.45% and 
28.24% for sparse woodland, other woodland, and shrub ecosystem 
respectively. These findings suggest that although regional actual NPP is 
lower than the NPP threshold, the intensities for some ecosystems 
vegetation have already surpassed their corresponding NPP thresholds, 
indicating risks for water available in these ecosystems and regions. The 
identified risks on water availability are more prominent in Inner 
Mongolia, because the actual NPP for woodland and grassland ecosys
tems reaches 46% of the provincial NPP difference, followed by Hainan 
(40%), Qinghai (34%), Shanxi (8%), Gansu (5%) and Xinjiang (0.24%). 
With the exception of Hainan, the remaining 5 provinces are located in 
arid and semi-arid regions, despite being considered key regions for the 
Three North Shelterbelt Project. This aspect highlights the importance of 
using similar approaches such as the one used in this present study, as 
well as the findings obtained, to encourage Project’s decision-makers to 
put more focus on the ecosystems with higher potential to cause water 
resources pressures or risks. 

3.2.2. The difference between actual NPP and NPP threshold per unit area 
at ecosystem scale 

The negative number in Table 2 indicate that the actual NPP of 
ecosystems have already been above the corresponding NPP thresholds 
per unit area, while the positive values indicate the actual NPP lower 
than the NPP threshold per unit area. Woodland ecosystems, especially 
forest ecosystems dominate the difference between actual NPP and NPP 
threshold per unit area. For those provinces with regional actual NPP 
above the NPP threshold, there are still ecosystems with actual NPP 
below the vegetation capacity, such as grassland ecosystems in Tianjin 
and Hebei. Similarly, although the provincial actual NPP is below the 
NPP thresholds in Shanxi, Inner Mongolia, Hainan, Gansu, Qinghai and 
Xinjiang provinces, these provinces have ecosystems where actual NPP 
is already above the corresponding NPP thresholds regarding forest 
ecosystems. These findings imply that water availability is at risk for the 
ecosystems in these regions; also, numbers indicate the amount of 
vegetation intensity that needs to be adjusted towards a water balance 
between natural and human uses. 

3.3. Ecological restoration optimization based on the NPP threshold 

For those areas with actual NPP larger than the theoretical NPP 
thresholds, there is an ecological risk regarding water availability, 
where the larger the NPP difference value (actual NPP minus NPP 
threshold), the higher the risks will be, and the more policy support is 
needed. In a scenario where the current vegetation intensity remains, 
ecological programs for optimization are individually assessed for those 
8 provinces with their actual NPP higher than NPP thresholds (Table 3).  

(1) Beijing 

Table 3a shows that woodland and grassland ecosystems in Beijing 
need to be optimized [(2.58E+09), (3.48E+09)], [0, (1.13E+09)] m2, 
from about 35.44% to 47.80% and 0–100% of the total woodland and 
grassland ecosystem areas respectively, to meet the constrains estab
lished by balancing the provincial total actual NPP and NPP thresholds. 
In Beijing, Xbj and Ybj are a 4 × 1 and 3 × 1 area matrix of subtypes of 
woodland and grassland ecosystems because they include four and three 
subtypes of ecosystems respectively, as presented in Table S2 of the 
Supplementary Material. Hence, the constraints would include an 
equation set with one equation and seven inequalities for the subtype 
areas of woodland and grassland ecosystems. Due to high complexity in 
solving such a set of equations, the total area of woodland and grassland 
ecosystems is considered to simplify the resolution (Table 3a). Thus, one 
equation and two inequalities are considered after simplification. 
Meanwhile, this study allocates the optimization areas to the subtypes of 
woodland and grassland ecosystems by multiplying the proportion of 
sub-category ecosystem areas. For example, the ratio of forest, shrub, 
sparse woodland and other woodland areas to the total woodland eco
systems area are 62%, 22%, 11% and 5%, and the percentage of high, 
moderate and low coverage grassland areas to the total grasslands area 
are 78%, 14% and 8% respectively. As a result, forest, shrub, sparse 
woodland, other woodland, high, moderate and low coverage grasslands 
need to be optimized (1.60E+09, 2.15E+09), (5.62E+08, 7.59E+08), 
(2.94E+08, 3.97E+08), (1.27E+08, 1.71E+08), (0, 8.76E+08), (0, 
1.59E+08) and (0, 9.40E+07) m2, which in percentage correspond to 
(35.48%, 47.67%), (35.41%, 47.83%), (35.42%, 47.83%), (35.57%, 
47.90%), (0, 100%), (0, 100%) and (0, 100%) of their total areas 
respectively. Please note areas to be adjusted are a combination under 
the constraint of Equation (1), for example, in the case of Xbj =

− (3.48E+09) m2, according to the constraint equation for Beijing in 
Table 3a, Ybj = 0. For this specific case, this implies that when a 
woodland ecosystem is optimized 3.48E+09 m2, i.e. forest, shrub, sparse 
woodland and other woodland are optimized 2.15E+09, 7.59E+08, 
3.97E+08 and 1.71E+08 m2 respectively, the grassland area remains 
the same to achieve a balance between actual and threshold NPPs. 

Table 2 
Differences between actual NPP and NPP thresholds per unit area (g C/m2/yr).  

NPP status Provinces Forest Shrub Sparse woodland Other woodland High coverage grassland Moderate coverage grassland Low coverage grassland 

Abovea Beijing − 364 − 232 − 259 − 99 − 203 − 95 − 93 
Tianjin − 178 − 0.15 58 79 126 150 7 
Hebei − 198 − 54 − 13 27 54 85 84 
Liaoning − 214 − 151 − 138 − 90 53 − 55 − 62 
Jilin − 349 − 178 − 295 − 381 63 − 73 157 
Heilongjiang − 396 − 287 − 275 − 346 − 249 − 6 218 
Henan − 222 42 73 − 12 30 52 82 
Shaanxi − 205 − 249 − 163 119 − 235 − 47 173 

Belowb Shanxi − 152 − 57 76 161 86 149 151 
Inner Mongolia − 226 66 − 232 − 203 19 66 80 
Hainan − 368 395 423 461 − 109 − 42 871 
Gansu − 91 − 46 − 55 93 − 13 115 96 
Qinghai − 56 1 − 26 40 − 33 − 5 − 17 
Xinjiang 71 − 17 − 21 − 80 113 84 83 

Note: a and b mean that local actual NPP is above or below the NPP threshold respectively. 
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(2) Tianjin 

Tianjin has forest and shrub ecosystems’ NPP above the corre
sponding NPP thresholds, therefore, both need to be optimized Xtj and 
Ytj m2 respectively to meet the constrains Table 3a. Results show that 
forest and shrub ecosystems need to be optimized (3.63E+07, 
5.45E+07) and (0, 2.54E+07) m2, which in percentage means 17.97%– 
26.98%, 0–100% of their total areas to achieve a balance between NPPs. 
For example, in the case of Xtj = − (3.63E+07) m2, shrub ecosystem 
needs to be optimized 2.54E+07 m2 to balance local ecosystems and 
humans water consumption.  

(3) Hebei 

Considering that forest, shrub and sparse woodland ecosystems in 
Hebei need to be optimized a total of Xhb m2 to meet the constrains in 

Table 3a, the solution would be Xhb = − (8.47E+09) m2, which corre
sponds to 23% of its total area of forest, shrub and sparse woodland 
ecosystems. Because the ratio of forest, shrub and sparse woodland 
ecosystems area to their total area are 52%, 41% and 7% respectively, 
forest, shrub and sparse woodland ecosystems should be optimized 
4.43E+09, 3.46E+09 and 5.82E+08 m2 to make their actual NPP equal 
to the NPP thresholds.  

(4) Liaoning 

Table 3a shows that woodland and grassland (excluding high 
coverage grassland) ecosystems for Liaoning need to be optimized 
(1.60E+10, 1.80E+10) and (0, 3.52E+09) m2, representing 26.45%– 
29.75%, 0–100% of their total ecosystem areas. Because the ratio of 
forest, shrub, sparse woodland, other woodland ecosystems areas to the 
total woodland area are 83%, 7%, 7% and 2% respectively, and the rate 

Table 3 
Land use area optimization plans for woodland and grassland ecosystems based on the constraints of NPP thresholds.  

a 

Items Beijing Tianjin Hebei Liaoning 

Constraints 706⋅Xbj+564⋅Ybj = − (2.46E+12) 
-(7.28E+09)≤Xbj≤0 
-(1.13E+09)≤Ybj≤0 

659⋅Xtj+472⋅Ytj = − (3.60E+10) 
-(2.02E+08)≤Xtj≤0 
-(2.54E+07)≤Ytj≤0 

542⋅Xhb = -(4.60E+12) 688⋅Xln+397⋅Yln = − (1.24E+13) 
-(6.05E+10)≤Xln≤0 
-(3.52E+09)≤Yln≤0 

Solutions -(3.48E+09)≤Xbj≤− (2.58E+09) 
-(1.13E+09)≤Ybj≤0 

-(5.45E+07)≤Xtj≤− (3.63E+07) 
-(2.54E+07)≤Ytj≤0 

Xhb = -(8.47E+09) -(1.80E+10)≤Xln≤− (1.60E+10) 
-(3.52E+09)≤Yln≤0 

Forest Area (1.60E+09, 2.15E+09) (3.63E+07, 5.45E+07) 4.43E+09 (1.33E+09, 1.50E+10) 
Ratio 35%–48% 18%–27% 23% 26%–30% 

Shrub Area (5.62E+08, 7.59E+08) (0, 2.54E+07) 3.46E+09 (1.19E+08, 1.34E+09) 
Ratio 35%–48% 0–100% 23% 26%–30% 

Spare woodland Area (2.94E+08, 3.97E+08) – 5.82E+08 (1.18E+09, 1.33E+09) 
Ratio 35%–48% – 23% 26%–30% 

Other woodland Area (1.27E+08, 1.71E+08) – – (3.21E+08, 3.61E+08) 
Ratio 35%–48% – – 26%–30% 

Woodland Area (2.58E+09, 3.48E+09) – 8.47E+09 (1.60E+10, 1.80E+10) 
Ratio 35%–48% – 23% 26%–30% 

HCG Area (0, 8.76E+08) – – – 
Ratio 0–100% – – – 

MCG Area (0, 1.59E+08) – – (0, 3.22E+09) 
Ratio 0–100% – – 0–100% 

LCG Area (0, 9.40E+07) – – (0, 3.00E+08) 
Ratio 0–100% – – 0–100% 

Grassland Area (0, 1.13E+09) – – (0, 3.52E+09) 
Ratio 0–100% – – 0–100%  

b 

Items Jilin Heilongjiang Henan Shaanxi 

Constraints 844⋅Xjl = -(2.86E+12) 
402⋅Yjl = -(2.13E+11) 

822⋅Xhlj+580⋅Yhlj = − (7.87E+13) 
-(1.91E+11)≤Xhlj≤0 
-(2.71E+10)≤Yhlj≤0 

861⋅Xhn+602⋅Yhn = − (4.81E+12) 
-(2.16E+10)≤Xhn≤0 
-(6.35E+08)≤Yhn≤0 

820⋅Xsax+675⋅Ysax = − (1.63E+13) 
-(4.59E+10)≤Xsax≤0 
-(6.53E+10)≤Ysax≤0 

Solutions Xjl = -(3.39E+10) 
Yjl = -(5.29E+08) 

-(9.57E+10)≤Xhlj≤− (7.66E+10) 
-(2.17E+10)≤Yhlj≤0 

-(5.59E+09)≤Xhn≤− (5.14E+09) 
-(6.35E+08)≤Yhn≤0 

-(1.99E+10)≤Xsax≤0 
-(2.42E+10)≤Ysax≤0 

Forest Area 3.23E+10 (7.27E+10, 9.08E+10) (5.59E+09, 5.14E+09) (8.05E+09, 1.86E+10) 
Ratio 41% 27%–35% 24%–26% 0–43% 

Shrub Area 8.31E+08 (2.60E+09, 3.25E+09) – (0, 8.05E+09) 
Ratio 41% 27%–35% – 0–43% 

Sparse woodland Area 4.74E+08 (1.09E+09, 1.36E+09) – (0, 6.42E+09) 
Ratio 41% 27%–35% – 0–43% 

Other woodland Area 3.11E+08 (2.18E+08, 2.73E+08) (0, 6.35E+08) – 
Ratio 41% 27%–35% 0–100% – 

Woodland Area 3.39E+10 (7.66E+10, 9.57E+10) – (0, 1.99E+10) 
Ratio 41% 27%–35% – 0–43% 

HCG Area – (0, 1.58E+10) – (0, 7.34E+09) 
Ratio – 0–100% – 0–37% 

MCG Area 5.29E+08 (0, 5.90E+09) – (0, 1.69E+10) 
Ratio 18% 0–100% – 0–37% 

LCG Area – – – – 
Ratio – – – – 

Grassland Area – (0, 2.17E+10) – (0, 2.42E+10) 
Ratio – 0–100% – 0–37% 

Note: HCG, MCG, and LCG mean high, moderate and low coverage grassland. X and Y indicate the area of woodland and grassland that need to be adjusted. The ranges 
of the area and ratio refer to the area of each ecosystem needed to shrink, and the ratio of the area needed to decrease to the total area of current woodland or grassland 
ecosystems. 
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of moderate and low coverage grasslands area to their total areas are 
91% and 9% respectively. Hence, forest, shrub, sparse woodland, other 
woodland, moderate and low coverage grasslands need to be optimized 
(1.33E+10, 1.50E+10), (1.19E+09, 1.34E+09), (1.18E+09, 
1.33E+09), (3.21E+08, 3.61E+08), (0, 3.22E+09) and (0, 3.00E+08) 
m2 to achieve a balance between actual NPP and NPP thresholds.  

(5) Jilin 

Assuming woodland and moderate coverage grassland ecosystems in 
Jilin need to be optimized Xjl and Yjl m2 to meet the constrains in 
Table 3b. Table 3b suggests that the total optimization areas of wood
land and moderate coverage grassland ecosystems in Jilin are 8.31E+10 
and 2.91E+09 m2 respectively, corresponding to 40.79% and 18.18% (i. 
e. 3.39E+10, 5.29E+08 m2) of their total ecosystem areas to balance 
ecosystems and human activities water use. Because forest, shrub, sparse 
woodland and other woodland ecosystem areas account for 95.24%, 
2.45%, 1.40% and 0.92% to the total woodland ecosystem area, sug
gesting these ecosystems need to be optimized 3.23E+10, 8.31E+08, 
4.74E+08 and 3.11E+08 m2 respectively.  

(6) Heilongjiang 

Assuming woodland and grassland (except for low coverage grass
land) ecosystems in Heilongjiang need to be adjusted Xhlj and Yhlj m2 to 
meet the constrains Table 3b. Table 3b indicates that the woodland and 
grassland (without low coverage grassland) ecosystems in Heilongjiang 
need to be optimized (7.66E+10, 9.57E+10) and (0, 2.17E+10), rep
resenting 27.38%–35.39% and 0–100% of their corresponding total 
areas to meet local NPP thresholds. Because the ratio of forest, shrub, 
sparse woodland and other woodland areas to the total woodland 
ecosystem area are 94.90%, 3.39%, 1.42% and 0.28%, and the pro
portion of high and moderate coverage grassland areas to the total 
grasslands (without low coverage grassland) area are 73% and 27% 
respectively. Hence, forest, shrub, sparse woodland, other woodland, 
high and moderate coverage grasslands need to be optimized 
(7.27E+10, 9.08E+10), (2.60E+09, 3.25E+09), (1.09E+09, 
1.36E+09), (2.18E+08, 2.73E+08), (0, 1.58E+10) and (0, 5.90E+09) 
m2 respectively to balance local water use between ecosystems and 
humans.  

(7) Henan 

Assuming forest and other woodland ecosystems in Henan need to be 
adjusted Xhe and Yhe m2 to meet the constrains in Table 3b. Table 3b 
indicates that the forest and other woodland ecosystems in Henan need 
to be optimized (5.14E+09, 5.59E+09) and (0, 6.35E+08) m2, corre
sponding to 23.80%–25.88%, 0–100% of the forest and other woodland 
ecosystems areas to balance water demand in an anthropogenic- 
biological system.  

(8) Shaanxi 

Assuming woodland (except for other woodland) and grassland 
(without low coverage grassland) ecosystems in Shaanxi need to be 
optimized Xsax and Ysax m2 to meet the constrains in Table 3b. Results 
indicates that the woodland (except for other woodland) and grassland 
(without low coverage grassland) ecosystems in Shaanxi need to be 
optimized (0, 1.99E+10) and (0, 2.42E+10) m2, suggesting 0–43.36% 
and 0–37.06% of their current areas. Specifically, because the ratio of 
forest, shrub and sparse woodland ecosystems areas to their total area 
are 40.47%, 32.25% and 27.28%, and the percentage of high and 
moderate coverage grassland ecosystems area to their total area are 30% 
and 70%, respectively. Hence, forest, shrub, sparse woodland, high and 
moderate coverage grassland ecosystems need to be optimized (0, 
8.05E+09), (0, 6.42E+09), (0, 5.43E+09), (0, 7.34E+09) and (0, 

1.69E+10) m2 to meet the corresponding ecosystems NPP thresholds. 

4. Discussions 

4.1. Implications of the obtained results 

This section aims to provide a discussion about how to integrate the 
findings of this work with other studies for applicable policies. Table 3 
shows that under the condition of unchanged vegetation intensity, the 
provinces with regional actual NPP above NPP thresholds need to be 
optimized 0–48% and 0–100% of their current woodland and grassland 
ecosystems areas to balance ecosystems and humans water use. The 
areas which needed to be adjusted are large. As well as this, other 
important issues related to ecosystem services were not taken into ac
count in this study, such as climate change and soil erosion caused by the 
reduction in natural vegetation areas. As previously presented alterna
tive ways to meet actual with NPP thresholds are to select water-saving 
and native species or adjust vegetation combination. For example, some 
studies suggested that the national forestry department has recognized 
the risks of planting trees in water-limited regions, and it has moved 
towards planting shrubs or herbs with less water demands in recent 
years (Ge et al., 2020; Zastrow, 2019). In another study, Zheng et al. 
(2021) assessed native vegetation species in the Yanhe River catchment 
(located in Loss Plateau, China) to explore the relationship between 
native species with environmental heterogeneity (meteorological and 
terrain factors, such as temperature, light, moisture, etc.) to establish the 
applicability of potential distribution of the habitat and identify the 
priority regions by integrating the MaxEnt and prioritizr models. Results 
suggested that the potentially suitable habitats for the grasslands, shrubs 
and forest were distributed in the central and northern of the case area, 
almost the entire study area and the southern of the study area, 
respectively. While, since 1999, large amounts of trees have been 
planted in this area, which is the opposite of what was proposed by the 
regional ecological restoration plan. The same authors (Zheng et al., 
2021) also emphasized that the appropriate regions of shrubs and herbs 
are larger than that of trees in the study area. This highlights that, for the 
next ecological restoration practices and projects, it is worth integrating 
the two adjustment procedures as used in this present work: adjust 
revegetation area and vegetation combination, including especially 
native species (Chazdon, 2008; FAO, 2014). Because selecting native 
species is being recognized as an effective way to restore ecosystem 
functions and services, and to increase biodiversity in degraded areas 
across the world (Cernansky, 2018; Lu et al., 2017). At this point, the 
propositions and findings of this present work provide an alternative and 
scientific-based approach to estimate the most appropriate and optimal 
revegetation areas and species to avoid water availability risks for na
ture and humans. 

4.2. The stress of water demand for socio-economic systems 

This study assesses the permissible NPP balancing water used in the 
integrated human-biological system. Assuming there is no human water 
demand, i.e. HWD equals to zero. Under this circumstance, we can 
calculate the corresponding NPP thresholds (abbreviation: NPPno hwd), 
and then compare the NPP thresholds with human water demand 
(abbreviation: NPPwith hwd, i.e. the results in section 3), to investigate the 
stress of water demand of human activities on the thresholds of local 
vegetation capacity. We mainly investigate the impacts in the provinces 
with regional actual NPP above the NPP thresholds (Table 4). Table 4 
indicates that the water demand for socio-economic activities causes the 
largest pressures on the local NPP thresholds in Tianjin and Hebei. 
Specifically, in a scenario in which water resource for both provinces 
come from different sources than precipitation, these two provinces 
would transfer from regions with actual NPP above to below the NPP 
thresholds. The water demand by human activities has smallest pressure 
on Jilin because the ratio of NPP difference without human water use to 
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that of with human water use is the smallest (53%), followed by Shaanxi, 
Heilongjiang, Henan, Beijing and Liaoning. 

4.3. Limitations and future efforts 

Our study investigates the difference between actual NPP and their 
corresponding NPP thresholds, and further proposes the potential area 
adjustment plans for the regions where the actual NPP has already been 
above the NPP thresholds. Although it is recognized as important, this 
work has some uncertainties (please see in Section S4 in the Supple
mentary Material) and limitations. For example, precipitation is 
assumed as the main source of water in the studied regions due to data 
availability, but some regions may have other main water sources, 
including water transferred across regions. Our results are, to some 
extent, different from that obtained by Li et al. (2018) which reported a 
positive precipitation feedback to green in Northern China based on a 
Global Climate Model. The discrepancy could be induced by the func
tional relationship dependency of our results, for the NPP thresholds in 
our model were assessed by only one functional relationship, i.e. ET =
Pr-HWD. Therefore, additional models might be necessary to develop a 
measurement of NPP thresholds. Future studies highly need to identify 
the relationship between environmental factors besides precipitation, 
including solar radiation, slope, climate conditions, and interregional 
water transfer, among others, to reach results that would support 
guidance for sustainable ecological restoration implementations. 

This study proposes the area adjustment and optimization plans for 
woodland and grassland in section 3.1. Reducing more grassland areas 
may indicate remain more woodland areas. Yet, the adjustment and 
optimization procedures presented in this work ignored that these two 
ecosystems provide different services to human being. This means that, 
although when the actual NPP does not exceed the NPP threshold, it may 
affect the diversity and amount of ecosystem services provision. Future 
studies should consider the differences between the woodland and 
grassland ecosystem services in the process of ecological programs 
adjustment and optimization for natural vegetation. 

Another variable disregarded in this work is the NPP thresholds of 
aquatic ecosystems such as wetland, lake, reservoir or pond and river. 
Except for the reason that both precipitation and runoff are water 
sources of aquatic ecosystems, another reason is the complex and non- 
liner relationship between NPP thresholds of aquatic ecosystems and 
water resources availability. Water resources shortage would change 
hydrological situation. On one hand, it can directly affect the vegetation 
communities and result in aquatic plants variation such as vegetation 
community succession. On the other hand, water shortage can indirectly 
affect the biogeochemical cycle, thereby affecting the succession direc
tion of aquatic vegetation communities. Meanwhile, water shortage can 
exacerbate the level of eutrophication, thus affecting NPP level. There
fore, this study has not found an appropriate method to assess permis
sible NPP capability of water bodies due to their complex and non-liner 
relationship, and this research direction needs to be further investigated. 

Overall, this study identifies the regional and ecosystems NPP 

thresholds and further proposes the potential vegetation adjustment 
plans to balance water use in anthropogenic-biological system, and can 
provide informed guidance for ecological restoration implementations 
in more sustainable ways. 

5. Conclusions 

Vegetation expansion should be implemented within the permissible 
NPP thresholds especially in water-limited areas to balance water de
mand between ecosystems and humans. This study investigates China’s 
provincial and ecosystems actual NPP and their corresponding NPP 
thresholds. Eight provinces have their actual NPP above the NPP 
thresholds, indicating that no re-vegetation practices should be sup
ported. Although 23 provinces have actual NPP below their NPP 
thresholds, six of them have woodland and grassland ecosystems NPP 
above their corresponding NPP thresholds, including Inner Mongolia, 
Qinghai, Hainan, Shanxi, Gansu and Xinjiang; this indicates the existing 
potential risks on water availability in these provinces. With the 
exception of Hainan, the other five provinces are located in currently 
water-limited regions, calling attention for the Three North Shelterbelt 
Program managers. Further, this paper proposes the adjustment and 
optimization strategies for the regions with actual NPP already above 
the NPP thresholds. Meanwhile, it also highly calls for integrating the 
area adjustment plans proposed in this study with habitat suitability 
identification and optimal revegetation patterns selection in other 
studies for the sustainable management of ecological programs, and 
further to achieve the win-win goals of both alleviating climate and 
curbing ecosystem degradation. Except for water resource, future 
studies also need to investigate the relationships among other environ
mental factors with regional permissible vegetation capacity. On agg
erate, this study can provide methods to assess the regional and 
ecosystems NPP thresholds, and the adjustment and optimization plans 
based on the NPP thresholds. It is critical to guide ecological restoration 
programs implementations in a more sustainable way and balance water 
demand between ecosystems and human activities. 
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Table 4 
Difference between provincial actual NPP and NPP thresholds with and without 
human water uses in 2015 (unit: g C/yr).  

Provinces NPP differences Ratio 

With human use Without human use 

Beijing − 7.26E+12 − 3.98E+12 55% 
Tianjin − 1.22E+11 1.31E+12 − 1075% 
Hebei − 2.54E+12 3.85E+12 − 152% 
Liaoning − 1.36E+13 − 7.17E+12 53% 
Jilin − 4.73E+13 − 4.23E+13 89% 
Heilongjiang − 1.50E+14 − 1.13E+14 76% 
Henan − 3.28E+13 − 2.12E+13 65% 
Shaanxi − 3.15E+13 − 2.72E+13 86% 

Note: % indicates the ratio between with and without human water use. 
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