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ARTICLE INFO ABSTRACT
Editor: Shuqing Zhao Continuous urban expansion has a negative impact on the potential of terrestrial vegetation. Till now, the mechanism of
such impact remains unclear, and there have been no systematic investigations. In this study, we design a theoretical
Keywords: framework by laterally bridging urban boundaries to explain the distress of regional disparities and longitudinally quan-
Gl(;)bal change tify the impacts of urban expansion on net ecosystem productivity (NEP). The findings demonstrate that global urban
32 :a?;l:lanswn expanded by 37.60 x 10* km? during 1990-2017, which is one of the causes of vegetation carbon loss. Meanwhile,
Cargbon neutrality certain climatic changes (e.g., rising temperature, rising CO,, and nitrogen deposition) caused by urban expansion in-

directly boosted vegetation carbon sequestration potential through photosynthetic enhancement. The direct decrease
in NEP due to the urban expansion (occupying 0.25 % of the Earth's land area) offsets the 1.79 % increase due to the
indirect impact. Our findings contribute to a better understanding of the uncertainty associated with urban expansion
towards carbon neutrality and provide a scientific reference for sustainable urban development worldwide.

Net ecosystem productivity

1. Introduction Lu et al., 2021; Stocker et al., 2019; Yao et al., 2018). Previous studies
have described its carbon sequestration ability in a different manner (Erb

The terrestrial ecosystem acted as a large net carbon sink in mitigating et al., 2016; Erb et al., 2018; Tian et al., 2021; Wang et al., 2018). Affected
climate change over the past three decades (Kern and Schlesinger, 1992; by complex factors (e.g., urbanization (Arneth et al., 2017; Dou et al.,
2021), climate change (Ciais et al., 2005; Cox et al., 2013; Doughty et al.,

"+ Gorresponding author. 2015; Huang et al., 2019; Xu et al., 2019), and deforestation (Chazdon
E-mail address: shaozhenfeng@whu.edu.cn (Z. Shao). et al.,, 2016; Miettinen et al., 2011; Qin et al., 2021)), the impact of
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terrestrial vegetation on the global carbon cycle is one of the biggest uncer-
tainties (Brandt et al., 2018; Brovkin et al., 2013; Houghton and Nassikas,
2017). Nevertheless, limited by observational data and simulation models,
the spatial-temporal trends and changing mechanisms of global terrestrial
vegetation's carbon sequestration potential in the past three decades remain
unclear (Chen et al., 2019; Chini et al., 2021; Tagesson et al., 2020). Urban
lands have a disproportionate impact on carbon cycling processes in terres-
trial ecosystems (Chen et al., 2020; Gong et al., 2020; Liu et al., 2022).
Urban expansion can cause vegetation cover loss and other irreversible
biophysical and biochemical processes (Cai et al., 2022; Endreny, 2018;
Li et al., 2017a). However, urban expansion is featured by high spatial
heterogeneity (Gregg et al., 2003; Xu et al., 2017), and it is a serious
challenge to investigate the impact of global urban expansion on the carbon
sequestration capacity of vegetation.

Some existing studies have proved that urban expansion has a negative
impact on the vegetation carbon sequestration capacity (Lai et al., 2016;
Luo et al., 2021; Yan et al., 2021; Zhuang et al., 2022). Imhoff et al.
(2004) proved that urban expansion is taking place on the most fertile
lands and hence has a disproportionately large overall negative impact on
Net Primary Productivity (NPP) in the United States. Seto et al. (2012)
thought that urban land-cover change threatens biodiversity and affects eco-
system productivity through loss of habitat, biomass, and carbon storage.
Wen et al. (2019) found that urban expansion significantly offset the climate
change-induced NPP increases and worsened NPP decreases (the offsetting
ratio calculated for China was 5.42 %). However, these studies focus on the
direct impacts caused by the urban land conversion. Zhao et al. (2016) de-
fined the direct impact as the LULC effect of urbanization, and the indirect
impact was regarded as the influence of other factors, such as climate
change, anthropogenic activities, and so on. This perspective provides new
ideas for exploring the impact of global and regional urban expansion on
carbon budgets. We also argue that designing a more rational framework
to distinguish different impacts would be more conducive to a systematic
understanding of the impact of urbanization on regional carbon budgets.

This study fills this gap by developing a theoretical framework that
spans urban boundaries to investigate the impact of urban expansion on
the terrestrial vegetation's carbon sequestration potential. The proposed
theoretical framework is expected to strengthen the understanding of the
response of global-scale net ecosystem productivity (NEP) to urban expan-
sion by setting natural control experiments (e.g., warming, CO, emissions,
and nitrogen deposition) (Surawski et al., 2016; Wang et al., 2019;
Wohlfahrt et al., 2019). The Global Impervious Surface Area (GISA) dataset
is a newly developed dataset using >3,000,000 Landsat series images, fea-
tured by fine spatial-temporal granularity and a long time span (Huang
et al., 2021). This dataset allows us to analyze the global urban expansion
from 1990 to 2017 with great accuracy. Then, multi-period urban bound-
aries were delineated via joint kernel density estimation (KDE), cellular au-
tomata (CA), and morphology (Li et al., 2020). The global NEP dataset was
simulated using vegetation parameters, meteorological data, and atmo-
spheric CO2 concentration to drive the mechanistic ecological model
(Chen et al., 2019; He et al., 2021). We analyze the impact of urban expan-
sion on NEP by laterally crossing urban boundaries to explain the distress of
regional differences. In addition, the impacts of urban expansion on fixed-
region NEP were longitudinally quantified to compensate for the lack of
global-scale control experiments. The answers given by this study are cru-
cial for assessing the Sustainable Development Goals (SDGs), benefiting
the achievement of “carbon neutrality” of global ecosystems.

2. Material and methods
2.1. Global impervious surface datasets

The global impervious surface dataset was obtained from the Institute of
Remote Sensing Information Processing, Wuhan University. It was produced
using >3,000,000 Landsat images with 0.00026949459° x 0.00026949459°
spatial resolution on the Google Earth Engine (GEE) platform (Huang et al.,
2021). Based on 120,777 points randomly selected from 270 cities around
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the world, the false alarm rate, false alarm rate, and F-score are 5.16 %,
0.82 %, and 0.95 %, respectively. Such an accuracy can meet the needs of
this study.

2.2. Global NEP datasets

The global NEP dataset was obtained from the International Institute for
Earth System Sciences, Nanjing University. It was produced using vegeta-
tion parameters, meteorological data, and atmospheric CO2 concentration
to drive the daily step-length boreal ecosystem productivity simulator
(BEPS) model (Chen et al., 2019; He et al., 2021). It has a temporal resolu-
tion of daily, and a spatial resolution of 0.072727° x 0.072727°. R? and
nRMSE (RMSE/STD) between the simulated NEP and 462 site years were
0.76 (n = 462, p < 0.001) and 0.53, respectively. The spatial resolution of
this dataset has been resampled to 0.00026949459° x 0.00026949459°
via cubic convolution interpolation before all calculations are performed.
The accuracy verification results after resampling are shown in Fig. S2.

2.3. Global urban boundaries

The global urban boundaries were collected from Tsinghua University
(Li et al., 2020). The methods used to delineate urban boundaries can be
roughly divided into three categories: (1) based on population density;
(2) based on the night-time light (NTL) satellite data; and (3) based on
land cover data. The urban boundary data selected for this study was
constructed through the global artificial impervious area with a spatial res-
olution 0of 0.00026949459° x 0.00026949459° (Gong et al., 2020). The de-
rived urban boundary around urban fringe areas was improved by using a
morphological approach (Liang et al., 2018; Musikhin and Karpik, 2023).
The urban boundaries from this dataset are highly consistent with the re-
sults from NTL data and human interpretation. So this dataset was used in
this study.

2.4. Spatial-temporal dynamics of NEP during the study period

We used the one-dimensional linear regression method to perform a
time series analysis of NEP since 1990. The trend rate was used to charac-
terize the spatial-temporal trend of NEP. A positive or negative trend rate
indicates an increasing or decreasing NEP during the study period. Mean-
while, the magnitude of the trend rate reflects the rate of increase or
decrease of NEP. The trend slope is calculated as (Feng et al., 2022):
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where Oyp. is the trend slope; n refers to the length of time series; x; de-
notes the NPP in year i; t; is the ith year.
Fluctuation analysis follows:
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where CV is the coefficient of variation; n is the length of the time series; i
represents the ith year; NEP; denotes the NEP in year i; NEP is the average
NEP during the study period.

F-test follows:
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where n represents the total number of years; x; is the annual NEP in the ith

year; x; is the annual regression NEP in the ith year; X refers to mean NEP
during the investigated period.
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2.5. Loss of vegetation carbon sequestration capacity by urban expansion

We quantified the NEP loss due to urban expansion by using the land
use transfer matrix and the net ecosystem productivity loss formula. This
correlation model is very reliable in exploring the relationship between
two variables. The evaluation process was as follows:

ANEP = SArg4 x (NEP;,,) — NEP;,,)) @

where ANEP is the NEP loss due to urban expansion; Ajs, refers to the area
of ISA; NEP;;, denotes the NEP of the ith pixel at time t; (gCm ™~ 2year™1);
NEP,;,,) denotes the NEP of the ith pixel at time t, (gCm ™~ 2year™1).

ISA,, — ISA, 1
2 1 X
ISA” Hh —1h

DY, = x 100 % 5)
where DY, indicates the dynamic attitude of ISA (%); ISA,, and ISA,,
represents the area of ISA in t; and t, (km?).

The impact of urban sprawl on NEP (IM,) is given by the following
equations:
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where I and J; are the global Moran's I and local Moran's I; G; is the statistic
of local G; index; y; is the NEP loss in grid i during the study period; ¥ is the

Science of the Total Environment 879 (2023) 163074

average of all pixel NEP losses; w;; denotes the spatial weights between grid
i and grid j; n is the number of grids; S? is the variance of NEP loss within
grid i.

3. Results
3.1. Global urban expansion during 1990-2017

Impervious surface area (ISA) is a direct physical indicator of urban ex-
pansion. We found that the global ISA expanded by 37.60 x 10* km?
(42.40 x 10* km?in 1990 and 80.00 x 10" km?in 2017), and the increas-
ing ratio reached 88.69 %. Urban expansion exhibits high spatial heteroge-
neity across continents, with the fastest growth in Asia (Fig. 1). North
America was the second-largest contributor to global urban expansion,
with 9.11 x 10* km? of land converted to urban lands. Asia (49.82 %)
and North America (24.22 %) combined accounted for 74.04 % of the
global expanded ISA from 1990 to 2017. It should be noted that Africa is
the continent with the fastest relative urban expansion in the world. The
ISA in Africa increased by 2.24 X 10* km?, and the expansion rate reached
167.86 % of that in 1990. In addition, the urban expansion in South
America (89.66 %) is close to the global average (88.69 %). Urban expan-
sion in Europe with the slowest rate, which is considerably lower than the
global average expansion rate.

The multi-temporal urban boundaries were mapped using the ISA
dataset. We further explored the differences in ISA among the original
global urban boundary (termed O-GUB) in 1990, the expanded global
urban boundary (termed E-GUB) from 1990 to 2017, and the final global
urban boundary (termed F-GUB) in 2017. Fig. 2 shows that the variability
of ISA across urban boundaries is notably higher than that of continental
scales. Specifically, the ISA in the F-GUB expanded by 17.23 x 10* km?®
(from 27.94 x 10* km? to 45.17 x 10* km?), and the percentage of ISA
(PISA, which represents the proportion of ISA to this region) increased
from 35.02 % to 56.62 % during the investigated period. In O-GUB, the
ISA expanded slowly during the investigated period (3.57 x 10* km?) —
the slowest of the three GUBs. The ISA expansion in E-GUB is
13.65 x 10* km?, accounting for about 80 % of the total expanded ISA in
global urban areas during the investigated period. Thus, E-GUB should be
considered as the typical area for studying ISA changes. Variations in ISA
expansion across urban boundaries are expected to introduce different im-
pacts on the vegetation carbon storage capacity.
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Fig. 1. The percentage of ISA (PISA) (with 0.5° x 0.5° as spatial resolution) by comparing 2017 with 1990.
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Fig. 2. Temporal heterogeneity of ISA in the global urban boundaries. Note: O-GUB denotes original global urban boundaries in 1990; F-GUB denotes final global urban
boundaries in 2017; E-GUB denotes expanded global urban boundaries from 1990 to 2017.

3.2. Spatial-temporal variations of global NEP

The NEP was studied from 1990 to 2017 to assess the terrestrial vegeta-
tion carbon sequestration potential. The results indicate that terrestrial
vegetation presented a notable carbon sink capacity during the investigated
period, with an average annual net absorption of 13.81 Pg C from the
atmosphere. From the spatial distribution, Asia is becoming the dominant
contributor to the global terrestrial carbon sink. Afforestation policies in
China made a particularly positive contribution, while deforestation
policies in Southeast Asia played a negative role (Fig. 3a). It is worth
mentioning that vegetation in North America and Europe also revealed
a stable carbon sink during the investigated period. In terms of the pro-
portion of positive and negative pixel changes, 61.36 % of the pixels had
a positive trend in NEP, with 44.09 % having a growth rate >4 gC-m ™~ -
year ~ ! (Fig. 3b). 38.64 % of the total pixels had a negative trend in NEP,
with 1.49 % having a decrease >4 gC'm ~ >year ~*. More specifically, the
trends of inter-annual fluctuations in NEP by continent are shown in
Fig. S1.

3.3. Impact of urban expansion on vegetation carbon sequestration potential

Despite the fact that urban areas make up only a minor percentage of
the worldwide land surface (0.54 %), their expansion can weaken the
growth rate of terrestrial NEP due to the reduction of vegetation caused
by the land cover conversion. The carbon sequestration potential of terres-
trial vegetation may be affected by environmental change and human activ-
ities due to urban expansion. For the retained vegetation area, the carbon

sequestration potential also revealed varied patterns. The purple line repre-
sents the yearly mean offset from the initial NEP in F-GUB and the brown
line represents the yearly mean offset from the initial NEP in non-urban
areas notably present different patterns, suggesting the disparity in the
change rate of NEP between urban and non-urban areas (Fig. 4a). The
growth rate of NEP in non-urban areas (6 = 0.543) is considerably
higher than that in urban areas (60 = 0.161). Inside the urban areas,
the average NEP at the pixel scale increased by 12.15 gC'm ™~ *year !
in O-GUB. In comparison, the average NEP at the pixel scale only in-
creased by 2.71 gC'm ™~ %year ! in E-GUB (Fig. 4b). The different growth
rates and increments of NEP at the pixel scale demonstrate that urban
expansion does have different impacts on the vegetation's carbon se-
questration potential.

The conceptual results indicated that the direct impact of urban ex-
pansion on NEP is negative, whereas the indirect impact is likely to
strengthen the increase of NEP. For terrestrial ecosystems, the direct de-
crease in NEP caused by urban expansion offsets 1.79 % of the indirect
increase. Such offsets show clear discrepancies across urban boundaries.
In O-GUB, the offset ratio reached 25.21 %. In E-GUB, this rate is as high
as 234.35 %, indicating that the vegetation carbon storage is on a down-
ward trend during the investigated period. Non-urban areas present a
weak offsetting effect (0.91 %) of direct impacts on indirect impacts.
This indirect effect on the promotion of vegetation photosynthesis is
expected to reach a saturation state after PISA reaches a certain thresh-
old. After reaching the saturation state, the vegetation's carbon seques-
tration potential is likely to shapely drop following the continuous
increase of PISA.
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Fig. 3. (a) Spatial distribution of mean NEP; (b) inter-annual variations of NPP during 1990-2017.

4. Discussion

4.1. Necessity of isolating the direct and indirect impact of urban expansion on
the terrestrial vegetation carbon sequestration capacity

Urban expansion irreversibly alters the biogeochemical cycles and pho-
tosynthetic productivity of terrestrial ecosystems (Chen et al., 2013; Di
Vittorio et al., 2018; Di Vittorio et al., 2020; Li et al., 2021). The direct
and indirect impacts of urban expansion on NEP have been proven to
exist (Buyantuyev and Wu, 2009). It is easy to understand that the direct
impact refers to the loss of carbon caused by the transformation of the
vegetation surface into urban lands. The intensity of the direct impact is
proportional to the vegetation loss area and the vegetation NEP before
the loss. The process of indirect impact is more complicated compared
with direct impact, as the indirect impact is not clearly defined leading
to its difficulty in measurement. The overall impact into direct and indi-
rect impacts is of great importance in investigating vegetation carbon
sequestration potential. Efforts have been made to distinguish these
two impacts using operational experiments and comparative urban-

rural analysis (Guan et al., 2019; Wen et al., 2019; Zhao et al., 2016).
Building upon existing works, we designed a theoretical framework to
isolate direct and indirect impacts through crossing urban boundaries
(Fig. 5a).

4.2. How much does global urban expansion affect the carbon sequestration
capacity of terrestrial vegetation?

A past study has shown that newly urbanized areas covered 0.04 %
of the Earth's terrestrial surface, and the urbanization-induced decrease
in NPP offset 30 % of the climate-driven increase from 2000 to 2010
(Liuetal., 2019). Zhang et al. (2022) pointed out that while the amount
of urban vegetation has been decreasing from 2001 to 2018 as a direct
result of human urbanization and development, vegetation growth
(vegetation “greenness” as observed by remote sensing) within cities
has been increasing. This implies a broad positive indirect effect of the
urban environment on vegetation growth (average enhancement of
about 26 % at the global scale). However, this effort potentially
overestimated the impact of urban expansion on vegetation
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Fig. 4. Annual offsets of mean NEP from 1990 to 2017 through crossing global urban boundaries. (a) NEP offsets in non-urban areas and F-GUB; (b) NEP offsets in O-GUB and
E-GUB. The brown line represents the annual mean offset from the initial NEP in non-urban areas. The purple line indicates the annual mean offset from the initial NEP in F-
GUB. The green line and the red line represent the year-by-year offset from the initial NEP in O-GUB and E-GUB, respectively. 0 indicates the annual change rate of NEP.

productivity. Our study also reveals urban expansion can offset some of
the indirect impacts of vegetation carbon sequestration, and we believe
that a theoretical framework across urban boundaries can lead to more
reasonable results. The results can be supported by numerous efforts
from terrestrial ecosystems (Le Noe et al., 2021), urban ecosystems
(Donato et al., 2011; Li et al., 2017b; Tong et al., 2020), and national
scales (Tang et al., 2021). Overall, the direct reduction in NEP due to
the expanded urban lands (0.25 % of the earth's land area) offsets the
1.79 % increase due to indirect effects, which is consistent with the pre-
dictions based on CMIP5 data (Quesada et al., 2018). The offsetting
results vary greatly across different urban boundaries (Fig. 5b). Along
the Earth's radius, the direct decrease can offset 25.21 % of the indirect
increase in O-GUB. Such an offsetting effect can reach 40 % and 29.9 %
in China and the United States (Jia et al., 2018; Zhao et al., 2016), where
the ISA expanded the fastest. For E-GUB, where intensive urban expan-
sion happens the carbon loss directly caused by the destruction of vege-
tation (3.07 Pg C) is much higher than the carbon increase caused by the
indirect impact (1.31 Pg C). In non-urban areas, the direct impact offset
0.91 % of the indirect increase. Such a low offsetting effect can be

explained by the extremely small ratio of ISA and vegetation area
([0.32 % in 1990, 0.76 % in 2017]) in non-urban areas.

4.3. Strengths and new perspectives of this study

Although extensive studies have been conducted to demonstrate that
urban expansion (urbanization or major transfer types in land-use
change) has an impact on vegetation carbon sequestration potential,
the impact mechanism of urban expansion on the vegetation carbon se-
questration potential remains unclear at the global scale. Compared
with existing efforts in Table 1, our study has the following advantages:
(1) superiority in data: the selected NEP is closer to the actual vegetation
carbon sink than gross primary productivity (GPP) and net primary
productivity (NPP). The relationship between NEP, GPP, and NPP can
be found in this reference (Yu et al., 2011). (2) Innovative methodolog-
ical design: we established a new theoretical framework for crossing
urban boundary investigations. The superiority of this method lies in
the zoning discussion of terrestrial ecosystems by coupling multi-
temporal urban boundaries. In addition, the divisional discussion of
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Fig. 5. Conceptual diagram that reveals the impacts of urban expansion on vegetation carbon sequestration potential through crossing urban boundaries analysis. (a) No and
N,, represent mean NEP in non-urban areas and highly urbanized areas, respectively. (b) A conceptual diagram of crossing urban boundaries. Ng, N;, and N, represent the NEP
that is only directly affected, the NEP that is only indirectly affected, and the actual NEP at time t, respectively. The green line and the blue line represent the NEP controlled by
the direct and indirect impacts of urban expansion, respectively. The grey line denotes the actual NEP across urban boundaries as PISA increases. The black dashed line
represents the approximate PISA across the boundaries. O-GUB: the original global urban boundary in 1990; E-GUB: the expanded global urban boundary from 1990 to

2017; F-GUB: the final global urban boundary in 2017.

the terrestrial ecosystem through the coupling of multi-temporal urban
boundaries leads to more reasonable explanations.

4.4. Limitations and future direction

We reveal the impact of urban expansion on the carbon sequestration
potential of terrestrial vegetation by establishing a new methodology in
this research. Nevertheless, the distinction between direct and indirect im-
pacts is often hampered by unknown factors. E.g., indirect impacts are com-
plex and many environmental factors can significantly influence the spatial
and temporal dynamics of NEP. In addition, the transition from non-urban
to urban land is highly complex and spatially heterogeneous, and the lim-
ited number of urban ecosystem eddy towers may not be sufficient to
fully capture its spatial and temporal variables. In addition to urban sprawl,
additional factors should be considered in future studies, including vegeta-
tion structure, climate change, soil conditions, and nitrogen deposition. We
also call for the protection and enhancement of urban vegetation. If they
continue to be destroyed, they may cause an irreversible decrease in vege-
tation carbon sink capacity.

5. Conclusion

This study demonstrated that urban sprawl has complex effects on the
carbon sequestration potential of vegetation. It has both theoretical and
practical implications for sustainable urban development and global carbon
neutrality. We found that global cities have expanded by 88.69 % in the last

three decades. More than half of the expanding ISAs have occurred in Asia
and North America. A conceptual framework based on cross-urban bound-
aries suggests that urban sprawl reduces the growth rate of vegetation's car-
bon sequestration capacity. In detail, the direct decrease in NEP caused by
global urban expansion offsets 1.79 % of the indirect increase. Such offsets
show clear discrepancies across urban boundaries, the offset ratio reached
25.21 %, 234.35 %, and 0.91 % in O-GUB, E-GUB, and non-urban areas, re-
spectively. These results are more accurate and detailed when compared to
the results of existing studies. They can provide viable recommendations
for sustainable and carbon-neutral communities worldwide.

Funding

This work was supported in part by the National Natural Science Foun-
dation of China under Grants 42090012 and 42205127; China Association
for Science and Technology (20220615Z707110306); Key R&D Project of
Sichuan Science and Technology Plan (2022YFN0031); and Natural
Science Foundation of Sichuan (2022NSFCSC1124).

CRediT authorship contribution statement

All authors contributed to the study conception and design. Q. Zhuang,
Z. Shao and D. Li designed the research; X. Huang, Y. Li and S. Wu per-
formed experiments and computational analysis; Q. Zhuang drafted the
paper; Q. Zhuang and O. Altan contributed to the interpretation and the
preparation of the manuscript.

Table 1

Existing efforts in investigating the impacts of ISA expansion (urbanization or land-use change) on vegetation conditions.
Variable  Spatial scales Period Impacts References
Calories  Global 2000 Urbanization reduced crop yields by 3-4 %. (d'Amour et al., 2017)
NPP Global 2000-2010 The urbanization-induced decrease in NPP offsets 30 % of the climate-driven increase (Liu et al., 2019)
NPP Global 2006-2100 Global net primary productivity is found to be only slightly affected by LULCC (Quesada et al., 2018)
Biomass  Pan-tropics 2000-2030 Urbanization resulted in a loss of 1.38 Pg C of biomass carbon (Seto et al., 2012)
NPP USA 1992-1993 Urban land transformation in the US has reduced NPP by 1.6 % of the pre-urban input. (Imhoff et al., 2004)
EVI 377 cities in the USA 2001, 2006, & 2011  Indirect impacts offset about 29.9 % of the direct negative impacts of urbanization on vegetation  (Jia et al., 2018)
NPP China 1989-2000 NPP lost 0.95 Tg directly, not taking into account indirect effects (Tian and Qiao, 2014)
NPP China 2000-2010 Urban expansion significantly offset 5.42 % of the climate change-induced NPP increases (Wen et al., 2019)
EVI 32 Chinese cities 2001, 2006, & 2011  Indirect impact offsets about 40 % of the direct negative impacts of urbanization on vegetation (Zhao et al., 2016)

Note: EVI, enhanced vegetation index; NPP, net primary productivity.
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Data availability

The multi-period global urban boundaries are available from http://
data.ess.tsinghua.edu.cn/. The historical global impervious surface area
(ISA) datasets are available from http://irsip.whu.edu.cn/resources/
dataweb.php. The historical net ecosystem productivity (NEP)
datasets were available from http://www.nesdc.org.cn/sdo/detail?id =
612f42ee7e28172cbed3d80d. Annual GPP derived from measurements at
flux towers using the eddy covariance technique are available from the
FLUXNET 2015 database (http://fluxnet.fluxdata.org/data/fluxnet2015-
dataset/) and ChinaFlux database (http://www.chinaflux.org/general/
index.aspx?nodeid = 12). Remotely sensed LAI are available from http://
www.resdc.cn/data.aspx?DATAID = 336. Daily maximum temperature,
minimum temperature, solar radiation, precipitation, and daily average rel-
ative humidity are available from https://catalogue.ceda.ac.uk/uuid/
10d2c73e5a7d46f4ada08b0a26302ef7. Soil datasets are available from
http://www.fao.org/nr/lman/abst/lman_080701_en.htm.
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