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ABSTRACT
Oasis cities are deeply affected by human activities in arid and semi-arid regions. Vegetation is 
an important repository in the carbon cycle of oasis urban ecosystems. The continuous 
expansion of urban has a disproportionate impact on the carbon sequestration capacity of 
vegetation. Till now, studies have been conducted to quantify the impact of urbanization on 
vegetation carbon sequestration capacity, the mechanism of such impact remains unclear and 
lacks systematic investigations, especially in oasis urban. Understanding the impact mechan
ism greatly benefits the sustainable development of oasis urban and regional carbon neutrality. 
To fill this knowledge gap, we design a theoretical framework to analyze the impact of 
urbanization on vegetation carbon sequestration capacity by isolating the direct and indirect 
impacts in Urumqi, China. Some results based on Landsat images indicated that the Impervious 
Surface Areas (ISAs) expanded by 436.98 km2 during 2000 – 2019. The Net Primary Productivity 
(NPP) calculated using the Vegetation Photosynthesis Model (VPM) was directly caused by the 
loss of 51.45 Gg C (1 Gg = 109 g). Another important finding proved that the direct carbon loss 
caused by urbanization did not change the upward trend of the total carbon sequestration 
capacity of vegetation, but only slowed down this upward trend by 20.86%. Our results provide 
new insights into urban vegetation carbon sinks and contribute to a better understanding of 
the uncertainty of urbanization toward carbon neutrality. This study will provide scientific data 
support and suggestions for the sustainable development of oasis cities and the regional 
carbon budget.
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Oasis; urbanization; 
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1. Introduction

Urban ecosystems occupy only a small fraction of the 
area of terrestrial ecosystems, yet have profound 
impacts on carbon cycling locally and globally (Jia, 
Zhao, and Liu 2018; Quesada et al. 2018; Seto, 
Güneralp, and Hutyra 2012; Shi et al. 2021). Since 
the 21st century, the growth rate of the world’s 
urban population has been far greater than that of 
the world’s population, and global urbanization has 
entered a new stage (Buyantuyev and Wu 2009; Cai 
et al. 2022; Li et al. 2020). The sustainable develop
ment of cities is closely related to the 17 Sustainable 
Development Goals (SDGs) of the United Nations 
(Elmqvist et al. 2019; Sachs et al. 2019). Urbanization 
is mainly reflected in population growth and geo
graphic expansion (Dlamini et al. 2021; Luo et al. 
2021; Qiu et al. 2020; Tong et al. 2020). Urban geo
graphic expansion (urban space expansion) is to adapt 
to the growing population by replacing natural land
scapes with concrete and asphalt surfaces, which 
means an increase in Impervious Surface Areas 
(ISAs) and a decrease in urban vegetation (Gregg, 
Jones, and Dawson 2003; Guan et al. 2019). ISAs 

mainly include building roofs, roads, parking lots, 
sidewalks, squares, etc. The construction and expan
sion of ISAs have affected the urban water cycle (Shao 
et al. 2019; Jiang et al. 2022), urban heat islands (Lauko 
et al. 2020; Shen et al. 2016; He et al. 2021), and urban 
ecological service functions (Feng et al. 2022; Maimaiti 
et al. 2021). Nonetheless, ISAs expansion is featured by 
high spatial heterogeneity, thus posing great chal
lenges for scholars to elucidate the impact mechanism 
of urbanization on the vegetation carbon sequestra
tion capacity.

The vegetation is of great significance to people 
living in the urban environment (Chen et al. 2021; 
Zhao, Liu, and Zhou 2016). Urban vegetation can 
not only increase carbon storage and improve the 
urban water cycle, but also alleviate the urban heat 
island effect, air pollution, and weather disasters 
(Zhong et al. 2021; Nassauer and Raskin 2014; Wang 
et al. 2022). It even benefits the physical and mental 
health of urban residents and the improvement of 
social and economic benefits (Dafforn et al. 2015; Li 
et al. 2021; Zhang et al. 2021). In analyzing the impact 
of urbanization on plants, Net Primary Productivity 
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(NPP) is often used to express the carbon sequestra
tion capacity of vegetation (Dela Torre, Jay, and 
Macinnis-Ng 2021; Doughty et al. 2015; Song et al. 
2019; Imhoff et al. 2004). NPP refers to the total 
amount of organic matter accumulated by green vege
tation during photosynthesis per unit of time and area 
(Field, Randerson, and Malmstrom 1995; Stocker et al. 
2019; Weinzettel, Vackaru, and Medkova 2019). It is 
an important ecological indicator that avoids the 
interference caused by the vegetation type and plant
ing structure (Chazdon et al. 2016; Tagesson et al. 
2020). In light of the above merits, this study used 
NPP to simulate the carbon sequestration capacity of 
urban vegetation.

Oasis is the main environment for human survival 
in arid areas (Sun et al. 2021; Zhuang et al. 2021). The 
oasis city is the gathering center of human production 
and life in the oasis, and it is also the most sensitive 
and complex area of the human-land relationship 
(Zhang et al. 2020). Compared with other urban, 
oasis urban have the characteristics of scarce vegeta
tion, fragile ecological environment, and strong water 
resources constraints (Shi et al. 2021). Urumqi is the 
largest oasis city in Central Asia and an important 
node on the “Belt and Road” channel (Shi et al. 
2020). Urbanization has had a huge impact on the 
regional carbon budget and further affects the sustain
able development of the oasis city. Urbanization has 
caused a series of environmental effects, such as the 
heat island effect, significantly higher CO2 concentra
tions, and increased reactive nitrogen compounds. 
These urban environmental changes are many times 
higher than the corresponding changes occurring in 
natural ecosystems. However, previous studies simply 

focus on the complete or relative damage of urbaniza
tion to the carbon sequestration capacity of vegetation 
(Buyantuyev and Wu 2009; Li et al. 2017). We think 
that the impact of urbanization on vegetation needs to 
be systematically explored.

To address these issues, the main objectives of this 
study are: (i) to explore the oasis urban expansion 
dynamics based on Landsat time-series data between 
2000 and 2019; (2) to quantify the spatial-temporal 
variations of vegetation carbon sequestration capacity 
using NPP simulated by the vegetation photosynthesis 
model (VPM); (3) to efficiently separate the direct and 
indirect impacts of urbanization on vegetation carbon 
sequestration capacity; (4) to declare the mechanism 
of urbanization’s impact on vegetation carbon seques
tration capacity and how to deal with this changing 
mechanism.

2. Methods and materials

2.1. Study area

Urumqi (42°45′N to 44°08′N, 86°37′E to 88°58′E) is 
located in the arid area of Xinjiang and the center of 
the Eurasian continent. It is located at the northern 
foot of the middle section of the Tianshan Mountains 
and the southern edge of the Junggar Basin, which is 
one of the inland urban far from the ocean and 
a typical oasis city. The urban area is surrounded by 
mountains on three sides. The terrain is high in 
the southeast and low in the northwest, with an aver
age elevation of 800 m. The city has a temperate con
tinental climate with an average annual temperature of 
7.3 °C, an average annual precipitation of 236 mm, an 

Figure 1. Land use types and sub-district boundary in Urumqi.
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average annual evaporation close to 2000 mm, an 
average annual sunshine of 2775 h, and a frost-free 
period of 105–168 d.

The city has 7 districts and 1 county under its jurisdic
tion (Figure 1). The whole city is in the shape of a vase, 
narrow in the upper part and wide in the lower part. 
Among them, Tianshan District, Saybag District, Xinshi 
District, and Shuimogou District are the central urban 
areas. Uetd District is the sub-center of the city. Midong 
District is located in the north of the city. Dabancheng 
District and Urumqi County area in the south of the city. 
The implementation of the western development strategy 
and the “Belt and Road” initiative has promoted the 
rapid development of Urumqi. The urban registered 
population increased rapidly from 1.1026 million in 
2000 to 2.2262 million in 2018. In order to meet the 
needs of urban development, the built-up area (which 
is 494.15 km2 in 2000) expanded to 1012.08 km2 in 2018.

2.2 Extraction of impervious surface areas (ISAs)

Due to the heterogeneity of the urban landscape, 
the undulating terrain shadows from tall buildings 

and tree canopies seriously interfere with the spec
tral characteristics of the underlying surface (Shao, 
Wu, and Li 2021). It is difficult to deal with the 
problem of intra-class variation of spectra only by 
spectral features (Huang, Yang, and Yang 2021). In 
order to improve the extraction accuracy of ISAs, 
some typical thematic indices (including normal
ized difference building index, shadow index, and 
soil-adjusted vegetation index) and texture features 
were added to Landsat time-series images to assist 
in this work. The improved Landsat images are 
input into the Random Forest (RF) model gener
ated from the training samples to obtain the classi
fication result (Figure 2). The specific formulas are 
as follows: 

Figure 2. Random forest model flow chart.
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where R is the red band; G is the green band; B is 
the blue band; MIR is the mid-infrared band; NIR is 
the near-infrared band.

The results were validated for accuracy using the 
overall accuracy and Kappa coefficient. The overall 
accuracy, which represents the probability that the 
classification result of each random sample is consis
tent with the actual type of the corresponding region, 
was the number of all cells that were correctly classi
fied for LULC categories divided by the total number 
of pixels (Tottrup and Rasmussen 2004). The kappa 
coefficient was used to characterize the degree to 
which the two maps agreed (category maps are con
sistent with Google Earth high-resolution images or 
field-measured data or credible classification maps), 
and was considered both the correct and the incorrect 
point. The specific formulas are as follows: 

where P refers to the overall accuracy; xii represents 
correctly classified pixels; xi+ andx+i represent the sum 
of the pixels in the i-th row and the i-th column, 
respectively; N represents the sum of the pixels of the 
true reference source; k is the number of categories.

A total of 134 random points were generated on 
both Landsat images and reference data to evaluate the 
classification accuracy. We found that the overall 
accuracy was 92.04% in 2000, 92.00% in 2005, 
91.56% in 2010, 92.24% in 2015, and 92.32% in 2019. 
The kappa coefficient was 0.89 in 2000, 0.87 in 2005, 
0.90 in 2010, 0.91 in 2015 and 0.91 in 2019. Both 
overall accuracy and kappa coefficient indicated that 
the classification result was reliable.

2.3 Net primary productivity (NPP) retrieval

We selected the VPM to simulate the NPP dataset with 
a temporal resolution of 8 days. The spatial resolution 
of the NPP dataset is 500 m × 500 m. To confine all 
data to a consistent spatial resolution, we interpolated 
the NPP dataset to a spatial resolution of 30 m × 30 m 
via an Ordinary Kriging method. The VPM model is 
a light energy utilization model. Compared with other 

NPP estimation models, it has several merits, such as 
concise input parameters, high accuracy, and fast cal
culation (Pei et al. 2020; Walther et al. 2016). The 
equations of VPM are as follows (Xiao 2004; Zhuang 
et al. 2022a): 

where εg represents the light energy utilization (g/MJ); 
PAR represents photo synthetically active radiation 
(MJ/m2); FPARchl represents the photosynthetic effec
tive radiation ratio absorbed by vegetation photo
synthesis; ε0 represents the maximum light energy 
utilization rate (g/MJ); s represents the ratio of respira
tion to GPP; Tscalar, Wscalar and Pscalar are the adjust
ment coefficients of temperature, moisture, and crop 
phenology for maximum light energy utilization, 
respectively.

In VPM, FPARchl is usually replaced by enhanced 
vegetation index (EVI): 

where a is the empirical coefficient, which is gener
ally 1.
Tscalar can be calculated using the terrestrial ecosystem 
model: 

where Tmin is the lowest temperature of crops during 
photosynthesis; Tmax is the maximum temperature of 
crops during photosynthesis; Topt is the optimum 
temperature of crops during photosynthesis. When 
the air temperature is lower than the minimum tem
perature of photosynthesis, Tscalar was set to 0 in pre
vious studies (Zhuang et al. 2022b).

In VPM, Wscalar was calculated using the land sur
face moisture index (LSWI): 

where LSWImax is the largest LSWI of the crop grow
ing season in each grid cell.

The equation of Pscalar is as follows: 

where Pscalar is set to 1 after the leaves are fully 
stretched.
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2.4 Isolate the direct and indirect impact of 
urbanization on NPP

To explore the mechanism of urbanization on the 
carbon sequestration capacity of vegetation, we devel
oped a theoretical framework that can identify the 
direct and indirect impacts of urbanization on NPP. 
The detailed description is as follows: 

where NPP (x, t0) is the NEP in pixel x at time t0; RISAs 
(x, t0) refers to the rate of impervious surface areas 
(RISAs) in pixel x at time t0; and NPPFV (x, t0) repre
sents the NPP in pixel x when it has full vegetation 
cover. Under this concept, the direct and indirect 
effects of impervious surface expansion on NPP can 
be calculated. Assuming that ISAs expansion has no 
indirect impact on NPP, NPP from t0 to t1 can be 
expressed as: 

where NPPd (x, t1) refers to the NPP in pixel x at time 
t1 assuming not to be indirectly affected; RISAs (x, t1) 
is the RISAs in pixel x at time t1; and NPPFV (x, t0) 
represents the NPP in pixel x when it has full vegeta
tion cover. Thus, the direct impact Id and indirect 

impact Ii of urbanization on vegetation carbon seques
tration capacity can be calculated: 

where NPP (x, t1) is the actual NPP at time t1 after the 
ISA expanded. NPPd (x, t1) is a hypothetical NPP that 
only considers the direct impact of urbanization on 
vegetation carbon sequestration capacity. The difference 
between NPPd (x, t1) and the initial NPP at time t0 is the 
direct impact of urbanization on the NPP. During the 
same period, the difference between the actual NPP (x, 
t1) and NPPd (x, t1) should be the indirect impact of 
urbanization on the NPP. Following the above concepts 
and calculations, we can derive the direct and indirect 
effects of urbanization on NPP between 2000 and 2019 
based on NPP and RISAs time series.

3. Results

3.1. Spatial-temporal dynamics of the impervious 
surface areas (ISAs)

The ISAs were found expanded by 436.98 km2 (465.53  
km2 in 2000 and 902.51 km2 in 2019), with an increas
ing rate of 93.87%. Unsurprisingly, great disparities in 
ISAs expansion occurred across different function 
zones (Figure 3). The new development zone made 

Figure 3. Spatial distribution of ISAs in 2000 (a), 2005 (b), 2010 (c), 2015 (d), 2019 (e), and from 2000 to 2019 (f) in CFZ, FEZ, and 
NDZ of Urumqi. ISAs, impervious surface areas; CFZ, core functional zone, including Saybag, Tianshan, and Xinshi; FEZ, function 
extended zone, Shuimogou and Uetd; NDZ, new development zone, including Midong, Dabancheng, and Urumqi County.
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the largest contribution (net increase of 251.40 km2) to 
ISAs expansion in Urumqi, specifically, Dabancheng 
with an increase of 32.04 km2, Midong with an 
increase of 151.57 km2, and Urumqi with an increase 
of 67.79 km2. The core functional zone was 
the second-important contributor, with 121.04 km2 

of land converted to ISAs. Saybag contributed 74.41  
km2 to the ISAs expansion, accounting for 61.48% of 
the expanded ISAs in the CFZ. Across the same time 
dimension, the ISAs of Tianshan expanded by only 
7.46 km2, and the remaining expanded ISAs occurred 
in Xinshi. In addition, the ISAs expansion in the 
function extended zone (64.54 km2) was the lowest 
among all function zones. The RISAs is the other 
indicator that deserves attention. The RISAs of 
Urumqi increased from 3.00% to 6.40% during the 
investigated period. Unsurprisingly, as the place 
where human activities mainly take place, CFZ has 
the highest RISAs (27.04% in 2000 and 39.74% in 
2019). The RISAs of FEZ increased by 8.41% (13.30% 
in 2000 and 21.71% in 2019). Although NDZ had the 

largest area of expanded impervious surface, the RISAs 
was the lowest (0.85% in 2000 and 2.89% in 2019) 
among the function zones.

3.2. Inter-annual spatial-temporal variations of 
NPP

In this study, we conducted a correlation analysis 
between the measured value of biomass and the NPP 
obtained by the VPM model inversion. The results 
show that the simulated value of NPP is considerably 
consistent with the measured biomass (R2 = 0.72, P <  
0.01). To assess the systematic dynamics in vegetation 
carbon sequestration capacity over the past few dec
ades, the NPP was analyzed from 2000 to 2019. Our 
results indicated the vegetation carbon sequestration 
capacity presented an increasing trend during the 
investigated period, with a pixel-wise increase of 
15.64 gC. m−2. year−1 (Figure 4(a)). From the perspec
tive of spatial distribution, the highest NPP occurred 
mainly in Uetd (mean pixel-wise NPP reached 526.43 

Figure 4. (a) Spatial distribution of mean NPP during 2000–2019 in Urumqi; (b) Pixel-wise spatial-temporal trend of annual NPP 
during 2000–2019 in Urumqi; (c) Inter-annual variations of NPP from 2000 to 2019.
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gC. m−2. year−1) and Xinshi (479.44 gC. m−2. year−1). 
The lowest NPP mainly focused on Dabancheng 
(45.94 gC. m−2. year−1) and Tianshan (35.35 
gC. m−2. year−1). From the percentage of pixel-wise 
positive and negative changes, pixels with a positive 
trend of NPP accounted for 24.35%, of which the ones 
with an increasing rate greater than 4.00 
gC. m−2. year−1 accounted for 3.29% (Figure 4(b)). 
Pixels with a negative trend of NEP accounted for 
75.65%, of which the ones with a reduction rate greater 
than 4 gC. m−2. year−1 accounted for 8.09%. More 
specifically, the inter-annual variation trend of NPP 
can be found in Figure 4(c).

3.3. Impact of urbanization on vegetation carbon 
sequestration capacity

The ISAs occupy only a small proportion (6.40%) of 
the Urumqi’s land surface, their expansion can weaken 
the growth rate of NPP, because of the vegetation 
reduction due to land cover conversion. 
Environmental changes (e.g. warming, nitrogen 
deposition, and CO2 emissions) and increasing the 
human activity caused by the ISAs expansion can 
alter the carbon sequestration capacity of terrestrial 
vegetation. The net increase in total carbon stock 
during the study period was 195.14 Gg C (1 Gg C =  
109 g C, 1422.20 Gg C in 2000, and 1617.34 Gg C in 

2019). Vegetation destruction caused by ISAs expan
sion directly contributed to a carbon loss of 51.45 Gg 
C. Indirect impact contributed to an increase in vege
tation carbon storage with 246.59 Gg C. Carbon loss 
caused by direct impact offsets 20.86% of the carbon 
increase caused by indirect impact. For the retained 
vegetation area, the carbon sequestration capacity also 
showed different trends. In CFZ, there was a net 
increase in carbon stocks of 42.97 Gg C. ISAs expan
sion made a negative contribution (−31.27 Gg C), off
setting 42.12% of the indirect impact (+74.24 Gg C). 
Indirect impact contributed +47.46 Gg C to carbon 
storage in the FEZ, which directly offsets by 35.46% 
(16.83 Gg C) from the ISAs expansion. Direct carbon 
loss (−24.38 Gg C) offsets 16.89% of the indirect 
increase (+144.33 Gg C) in the NDZ. Such an indirect 
effect on the promotion of vegetation photosynthesis 
is expected to reach a saturation state after the RISAs 
reaches a certain state.

4. Discussion

4.1. Necessity of isolating the direct and indirect 
impact of urbanization on NPP

The impact of urbanization on the carbon sequestra
tion capacity of vegetation is a complex system process 
(Figure 5). Traditional studies focus on the overall 

Figure 5. Conceptual diagram that reveals the impact of urbanization on vegetation carbon sequestration capacity in oasis cities. 
(NPP0,β0) denotes NPP before urbanization; (NPP1,β1) refers to NPP post-urbanization;(NPPA, β1) represents NPP post-urbanization 
assuming no indirect impacts.
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impact of urbanization on the carbon sequestration 
capacity of vegetation without distinguishing between 
direct and indirect impacts (Gregg, Jones, and Dawson 
2003; Chen et al. 2017). Therefore, most traditional 
studies have concluded that urbanization destroyed 
the carbon sequestration capacity of vegetation (Peng 
et al. 2016; Liu et al. 2018). In fact, as an important 
symbol of social development, urbanization has a very 
complex impact on vegetation conditions. This pro
cess can be roughly divided into two sections: (1) The 
ISAs expansion prompts a shift in land type, resulting 
in a reduction in the physical area of vegetation; (2) 
Environmental effects (e.g. increased temperature and 
increased CO2 concentration) caused by urbanization 
and human management (including greening design, 
conservation management, etc.) may have a positive 
impact on urban vegetation. We believe that urban can 
serve as “natural laboratories” for studying changes in 
the carbon sequestration capacity of vegetation under 
the background the of global climate change. 
Therefore, distinguishing the direct and indirect 
impacts of urbanization on NPP helps us to system
atically understand the deep relationship between 
human activities and ecosystems.

By isolating the direct and indirect effects of 
urbanization on the carbon sequestration capacity 
of vegetation, this study found several interesting 
phenomena: (1) In the process of rapid urbaniza
tion, the total carbon sequestration capacity of 
urban vegetation has been significantly improved 
in the past two decades. Our results are consistent 
with the views of many well-known scholars (Lai 
et al. 2016; Seto, Güneralp, and Hutyra 2012; 
Huang et al. 2019). We all agree that expansion of 
urban land will be detrimental to the carbon 
sequestration capacity of vegetation. (2) The 
reduced carbon stock is the result of urban vegeta
tion being replaced by ISAs over the past 20 years. 
By comprehensively considering the area of 
destroyed vegetation and the carbon sequestration 
capacity per unit area, the largest carbon loss 
occurred in the CFZ of Urumqi. (3) The carbon 
sequestration capacity of the remaining vegetation 
was increased after urbanization, with an increase 
of 20.42 gC. m−2. year−1. Environmental effects 
caused by urbanization (e.g. artificial irrigation, 
pruning, and fertilization) and anthropogenic activ
ities (urban heat island, increasing temperature, 
and CO2 emissions) can create a more favorable 
living environment for vegetation in urban areas 
(Brovkin et al. 2013). Urbanization changes the 
living environment of vegetation, which has the 
potential to indirectly enhance the carbon seques
tration capacity of vegetation. These important 
conclusions can only be obtained by distinguishing 
the direct and indirect effects of urbanization on 
vegetation.

4.2. How to offset the impacts of urbanization on 
the regional carbon budget

Urbanization may lead to some changes in the local 
carbon budget. The destruction of vegetation by urba
nization directly led to the loss of vegetation carbon by 
51.45 Gg C during 2000–2019. However, the environ
mental effects caused by urbanization indirectly 
increased the vegetation carbon by 246.59 Gg C. It 
can be seen that the impact of urbanization on the 
carbon sequestration capacity of vegetation was bidir
ectional, rather than a single increase or decrease. This 
view is consistent with some advanced studies (Zhao, 
Liu, and Zhou 2016; Liu et al. 2019; Guan et al. 2019). 
From the overall framework of carbon budget, urba
nization not only has an impact on the carbon seques
tration capacity of vegetation, but also has a significant 
impact on atmospheric carbon emissions and soil 
carbon sequestration capacity. Zhang, Li, and Wang 
(2016) showed that the urban soil organic carbon 
(SOC) in Urumqi showed a descending gradient 
along the suburban section line, and the urban SOC 
was 2.22 times that of the suburban soil. Therefore, 
urbanization leads to changes in the regional carbon 
budget in several ways.

We put forward the following recommendations in 
a targeted manner: (1) Design a new development 
pattern that couples urban master planning, land use, 
economic development, and environmental protec
tion; (2) Further study the feasibility and potential of 
replacing fossil fuels with clean energy, and provide 
urban Provide reference for the research theory of 
emission reduction; (3) Systematically study the con
tribution of urban vegetation to regional carbon 
sequestration, revealing the carbon sequestration 
potential of urban vegetation in various climates, and 
its relationship with factors such as temporal and 
spatial scales, urbanization degrees, and land use pat
terns; (4) In the future, a detailed and complete life 
cycle database of urban vegetation carbon sequestra
tion can be established to explore the impact of differ
ent design and maintenance management methods on 
urban vegetation carbon sequestration.

4.3. Implications for sustainable development of 
oasis urban

As the main places of human activities in arid areas, 
oasis urban have more fragile ecosystems and more 
prominent roles than humid urban. Urbanization 
leads to changes in the carbon budget of regional 
ecosystems and brings new challenges to the sustain
able development of oasis urban (Tian and Qiao 2014; 
Houghton and Nassikas 2017). This study examined 
the deep relationship between urbanization and the 
carbon sequestration capacity of vegetation. The find
ings provide scientific references for the sustainable 
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development of oasis urban and regional carbon bud
get. ISAs of Urumqi have expansion ratio close to or 
higher than that of humid urban. In the same time 
dimension, this ratio was 35.14% in Wuhan (Zhong 
et al. 2021) and 95.12% in Shanghai (Zhong et al. 
2019). However, extreme droughts threaten the city’s 
sustainability, and continued urbanization could 
potentially exacerbate this threat. Therefore, we sug
gest that relevant agencies and governments should 
consider a series of environmental effects for the sus
tainability of urbanization in their middle and long- 
term planning.

4.4. Limitations and future direction

In this work, we unravel the impact of ISAs expansion 
on the carbon sequestration capacity of vegetation. 
Nonetheless, various uncertainties remain in distin
guishing between direct and indirect impacts. For 
example, indirect impacts is are multifaceted, and 
many environmental factors (e.g. warming, nitrogen 
deposition, and CO2 emissions) can have notable 
effects on the spatiotemporal dynamics of NPP 
(Chen et al. 2019; Pan and Dong 2018; Pei et al. 
2020; Rath and Rousk 2015). In addition, the transfor
mation from non-urban land to urban land is highly 
complex and spatially heterogeneous, and a limited 
number of eddy covariance flux towers may not be 
sufficient to fully capture its spatiotemporal variable. 
Besides ISAs expansion, more factors that include soil 
conditions, vegetation structure, climate change, and 
nitrogen deposition should be considered in future 
studies. We also call for the protection and enhance
ment of urban vegetation. If they continue to be 
destroyed, it may induce a drastic decline in the car
bon sink capacity of vegetation.

5. Conclusion

This study demonstrated that urbanization has 
a complex impact on vegetation carbon sequestration 
capacity by isolating the direct and indirect impacts. It 
is of both theoretical significance and practical implica
tion for the scientific development of oasis urban and 
regional carbon neutrality. The following conclusions 
were justified by the results of this study. It can be 
concluded that the Urumqi has an urbanization rate 
close to or higher than that of coastal or plain urban, 
ISAs with a net increase of 436.98 km2. More than half 
of the expanding ISAs occurred in the new develop
ment zones (57.53%). Our results demonstrated that 
urban expansion did not change the upward trend of 
vegetation carbon sequestration capacity, but only 
reduced its growth rate. Specifically, urban expansion 
directly resulted in a loss of 51.45 Gg C of vegetation 
carbon, offsetting 20.86% of the carbon increase in 
vegetation caused by indirect effects. These offsets 

show significant spatial heterogeneity, with 42.12% in 
the core functional zones and only 16.89% in the new 
development zones. This study explored the impact of 
urbanization on vegetation carbon sequestration capa
city by designing a conceptual framework to isolate 
direct and indirect impacts, providing feasible sugges
tions for the sustainable development of oasis urban 
and regional carbon neutrality. In future research, we 
plan to consider more factors (e.g. soil conditions, 
vegetation structure, climate change, and nitrogen 
deposition) to explain the indirect impacts.
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