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The consequences of
urbanization on vegetation
photosynthesis in the Yangtze
River Delta, China

Huilin Yu, Jie Zhang, Xiangcong Kong, Gege Du,

Baoping Meng, Meng Li* and Shuhua Yi

School of Geographic Sciences, Nantong University, Nantong, China

Vegetation photosynthesis is a critical component of terrestrial carbon

cycles, and its peak value (peak photosynthetic rate) dominates plant CO2

uptake. Urbanization has significantly influenced vegetation photosynthesis

by changing environmental conditions directly (replacement of vegetated

surfaces with impervious surfaces) and indirectly (e.g., atmospheric and

climatic conditions). Although some studies have investigated the e�ects of

urbanization on vegetation productivity across the whole study area, how the

peak photosynthetic rate responds to urbanization for di�erent vegetation

types has received scant scholarly attention. Here, using the urban-rural

gradient approach, we explored the e�ects of urbanization on the peak

photosynthetic rate (surrogated by GPPmax and EVImax) of di�erent vegetation

types across urbanization intensity (UI) gradients in the Yangtze River Delta

Urban Agglomeration (YRDUA). The results showed that (1) the GPPmax and

EVImax of the forest, grassland, and wetland decreased with urban intensity.

GPPmax and EVImax in rural areas (UI≦ 1%) were 36.62 and 30.47% higher than

those of urban areas (UI> 1%) overall vegetation types. (2) The indirect impacts

can o�set or exacerbate the direct loss of vegetation photosynthesis caused by

urbanization in YRDUA. Especially for forest ecosystems in YRDUA, the negative

direct urbanization e�ect is exacerbated by the indirect reduction in vegetation

growth. However, the indirect e�ects of urbanization on grassland andwetland

o�set 47.08 and 87.23% loss of GPPmax, and 34.17 and 79.73% loss of EVImax

due to the reduction of vegetated surface area, respectively. (3) The indirect

impact of urbanization on vegetation photosynthesis was dominated by the

elevated daytime land surface temperature (LSTday). Our study highlights the

necessity of distinguishing the various e�ects of urbanization on vegetation

photosynthesis, which may help stakeholders formulate more reasonable

urban environmental planning.
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Introduction

As one of the typical anthropogenic perturbances,

urbanization transforms natural land into impervious surfaces

and causes the shrinkage of vegetation areas (Dewan and

Yamaguchi, 2009). This conversion subsequently increased

temperatures, elevated CO2 concentrations, and aggravated air

pollution (Ziska et al., 2004; Zhou et al., 2014; Si et al., 2021).

Urban environmental changes could derail the physical and

biological processes of vegetation (Liu et al., 2015). On account

of the indispensable roles in improving social, economic, and

environmental benefits, there has long been a debate about

whether vegetation growth has been reduced or enhanced in

urban environments compared to rural environments (Quigley,

2002; Gregg et al., 2003). As a considerable indicator of

ecosystem CO2 exchange, vegetation photosynthesis forbodes

vegetation growth adaptation under future climatic conditions

(Youngsteadt et al., 2015). Hence, it is necessary to quantify

the variation in vegetation photosynthesis in the urbanization

gradient; this would allow us to establish a linkage between

urban planning and environmental protection.

Due to the convenience and promising tools of the

remote sensing models, a considerable quantity of literature

adopted it to identify the variation of vegetation photosynthesis

during urbanization (Wang et al., 2010). Most research

suggests that the total losses in vegetation carbon sequestration

capacity and the rapid degradation of urban carbon stock

are mainly attributed to land cover/land use conversion

(Fu et al., 2013; Li et al., 2018). However, some research

showed the opposite, demonstrating that appropriate human

management, plant long-term adaptations to urban conditions,

surface urban heat island, and atmospheric deposition changes

seemed to enhance carbon sequestration and contribute to

vegetation productivity (Lohse et al., 2008; Peng et al., 2012;

Calfapietra et al., 2015; Pretzsch et al., 2017). The variation

of carbon sequestration mainly results from the difference in

photosynthetic uptake of CO2, i.e., vegetation photosynthesis.

Moreover, the above content indicated that the disturbances of

vegetation photosynthesis under urbanizationmight decompose

into two sizes: one was replacing original surfaces with

impervious built-up (i.e., direct impact), and the other was

the change of photosynthetic rate resulting from the change

in the growth environments (i.e., indirect impact) (Zhao et al.,

2016). Some studies have investigated urbanization’s direct and

indirect effects on vegetation growth across the world’s cities. For

example, Zhao et al. (2016) found that the growth enhancement

offset about 40% of China’s direct loss of vegetation productivity.

Zhong et al. (2019) also suggested that the indirect impact of

urbanization can compensate for vegetation loss due to land

use and land cover conversion in Shanghai. China. Zhang et al.

(2022) observed an increasing indirect effect of urbanization on

vegetation growth in 672 cities worldwide.

Notably, urbanization’s effects on vegetation photosynthesis

involve complex changes in vegetation types and multiple

environmental factors from rural-to-urban gradients. The extent

of vegetation dynamics is also related to the distinct responses

of various vegetation types to urbanization (Zhang et al., 2012).

However, few of these studies have examined vegetation growth

responses to urbanization for different vegetation types.

Vegetation photosynthesis reflects the land-atmosphere

carbon exchange and controls CO2 uptake (gross primary

productivity, GPP); its peak rate (maximum capacity of CO2

uptake, GPPmax) mainly dominates GPP variability in response

to environmental transform interference (Xia et al., 2015).

The enhanced vegetation index (EVI) is a proxy of vegetation

greenness and a canopy structural property directly linked to

the maximum proportion of photosynthetically active radiation.

Both GPP and EVI can represent vegetation photosynthesis,

but GPP is related to canopy function, and EVI is related

to canopy structure. Previous studies observed that GPP

was highly correlated with EVI in some ecosystems (Hu

et al., 2022). Therefore, it is necessary to investigate the

impact of urbanization on vegetation photosynthesis with the

combination of GPP and EVI.

In contrast with rural areas, urban vegetation experiences

richer carbon dioxide concentrations (Schwandner et al., 2017)

and elevated temperatures (i.e., urban heat island) (Peng

et al., 2012), resulting in photosynthetic activity peaking early

and higher sensitivity to climate change (Wang et al., 2019).

For that reason, quantifying the variation of vegetation peak

photosynthetic rate between urban and rural gradients not only

provides a simulation of the interannual variability of local

net ecosystem CO2 exchange but also offers a reference for

predicting vegetation photosynthetic dynamics under future

climate conditions (Calfapietra et al., 2015; Fu et al., 2019).

However, the consequences of urbanization on vegetation

photosynthesis are still unclear. Therefore, it is necessary to

quantify urbanization’s direct and indirect effects on vegetation’s

peak photosynthetic variation rate.

To fill these gaps in current research, we selected the Yangtze

River Delta Urban Agglomeration (YRDUA) as the study area,

as it is the largest agglomeration that has witnessed rapid

urbanization but has simultaneously preserved parts of rural

areas, making this agglomeration appropriate for assessing the

effects of urbanization on vegetation photosynthesis. We used

the urban-rural gradient approach and aimed to investigate

the effects of urbanization on the peak photosynthetic rate

(surrogated by GPPmax and EVImax) of different vegetation

types across urbanization intensity (UI) gradients. Firstly,

we collected historical records of the EVI, Gross Primary

Production (GPP), and urbanization intensity (UI) data in 2020.

These data were mainly used to simulate the spatial patterns of

the urbanization effect on vegetation photosynthesis. We also

collected corresponding meteorological data to quantify how
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much the relevant climatic factors can explain the consequences

of urbanization on vegetation photosynthesis.

Materials and methods

Study area

The Yangtze River Delta Urban Agglomeration (YRDUA)

is located in the Yangtze River Delta Plain, China (Figure 1).

It covers about 211,700 square kilometers, occupying 26 cities

in three provinces (Jiangsu Province, Zhejiang Province,

and Anhui Province) and one municipality (Shanghai

Municipality) (Luo et al., 2021). According to statistics, the

average urbanization rate of the Yangtze River Delta urban

agglomeration was 75.01%, reaching an overall high level. The

plains here are vast, with abundant water resources, and it is also

the typical subtropical monsoon climate zone. The vegetation

types are diverse; the dominants are forest and cropland, among

which the main forest is evergreen broad-leaved forest, and the

main crop is rice (Figure 1).

Data collection and process method

We downloaded the land cover from the MCD12Q1

Moderate Resolution Imaging Spectroradiometer (mods)

product. The product contains five legacy classification schemes

with 500m spatial resolution. In this study, we used the

International Geosphere-Biosphere Programme (IGBP) scheme

to identify and classify the land cover in the YRDUA by using

the decision tree algorithm. Croplands were excluded because

their photosynthetic dynamics are strongly affected by human

management. We integrated evergreen coniferous forests,

evergreen broadleaf forests, deciduous broadleaf forests, and

mixed forests into the forest.

The 16-day MOD13A1 EVI and MOD17A2H GPP in 2020

were obtained from the NASA LP DAAC (Land Processes

Distributed Active Archive Center) website (https://lpdaac.usgs.

gov/get_data/data_pool). These datasets were calculated by the

Maximum Value Composition method (MVC) and minimized

geometrical, atmospheric, and radiation influences. The original

EVI and GPP datasets were handled with the TIMESAT

software to eliminate the effects of clouds and atmospheric

contamination. Based on asymmetric Gaussian function-fitting,

we adopted the Savitzky-Golay (SG) smoothing model to

eliminate the influence of random noise, using data filtering

and reconstruction (Luo et al., 2005). The annual EVImax and

GPPmax were extracted from the smoothed and reconstructed

EVI and GPP data.

Meteorological data, including air temperature,

precipitation, and solar radiation in 2020, were collected

from the National Earth System Science Data Center, National

Science & Technology Infrastructure of China (http://www.

geodata.cn) (Peng et al., 2019). Land surface temperature (LST)

across the urban-rural gradient in 2020 was derived from the

Aqua MODIS (MYD11A2; 8-d composite) dataset with a spatial

resolution of 1 km. Each day, the Aqua satellite was acquired

at 13:30 and 01:30 local time, approximately representing the

diurnal and nocturnal temperatures, respectively.

Calculation of urban intensity

To ensure the consistency of spatial resolution, we calculated

the urban intensity at a resolution of 500m, corresponding to

a pixel of MCD12Q1. We first downloaded the 30m landcover

product from GLC_FCS30-2020: Global Land Cover with Fine

Classification System (Zhang et al., 2020). Then, we defined

urban intensity (UI) as the ratio of the urban land or built-

up class pixels to the total pixel numbers (30m) within a

500m MODIS pixel, ranging from 0 (fully vegetated) to 100%

(no vegetation).

A conceptive framework for quantifying
the impacts of urbanization on
vegetation growth

Referring to the proposed conceptive framework by Zhao

et al. (2016), we distinguished the impacts of urbanization on

vegetation growth on both sides, direct and indirect effects, using

the urban-rural gradient approach. Previous studies suggest

that the rural and free from built-up land effect is the region

with a UI lower than 1% (Jia et al., 2021). The direct impacts

were defined as the transformation from the underlying natural

surface to the underlying urban surface and led to the loss of

vegetation index (VI) in the rural-urban gradient, presenting

during urban expansion. The indirect impact occurred during

urban development, and primitive environmental changes may

enhance or exacerbate remaining vegetation growth. Thus,

the observed VI (Vobs) contained two parts: impacts and the

calculation formula was as follows:

Vobs = (1+ ω) (1+ β)Vv + β Vnv,

where β is urbanization intensity, the proportion of non-

vegetation or impervious surface area in the pixel, Vobs is the

observed VI in the urban pixel, ω reflects the total impact of

urbanization on VI, Vv represents the background VI before

urbanization, or (β = 0, VI = Vv), and Vnv represents the

VI values of total impervious surface coverage pixels (β =

1, VI = Vnv). When expanding the urbanization impacts on

VI for single to whole pixels, Vobs could emerge distinct

corresponding along the urban intensity gradient from 0 to

100%. It is worth noting that Vv possibly included whole

vegetation coverage pixels in urban areas where vegetation
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FIGURE 1

The location and main land-use types of the study region. The urban land cover map was derived from MCD12Q1 with a spatial resolution of

500m.

growth might be regulated by urban construction. However,

such pixels are relatively fewer in quantity than rural areas, and

their influence on Vv should be as small as possible.

Due to theoretical VI in a pixel reflecting contributions from

vegetation and nonvegetative surfaces, the relationship between

VI and urbanization should be linear without indirect impacts.

Additionally, we applied the zero-impact straight line to define

the variation of theoretical VI (Vzi). The zero-impact straight

line was determined by Vv and Vnv

Vzi = (1− β)Vv + βVnv

When plotting the Vobs of all pixels along the urbanization

gradients, their practical distribution may not be completed

following the zero-impact straight line, indicating the existence

of indirect impacts. Any observed points above the zero-impact

line can be considered the positive effect of urbanization on

vegetation growth and vice versa.

According to the conceptive framework, the relative direct

urbanization impact on vegetation growth was as follows:

ωd = Vzi − Vv/Vv ∗ 100%

And here, we can see that the relative direct impact of

urbanization on vegetation photosynthesis was always negative.

The relative indirect impact of urbanization on vegetation

photosynthesis was calculated with the following formula:

ωi = Vobs − Vzi/Vzi ∗ 100%

The VI changes after urbanization included both direct and

indirect impacts. By comparing indirect VI changes (Vobs-Vzi)

and direct VI changes (Vv-Vzi), we could quantify the extent to

which growth changes caused by indirect impacts on remaining

vegetation compensate (or aggravate) the productivity reduction

caused by impervious buildings replacing the original ground

surface (direct impacts).

τ = Vobs − Vzi/Vv−Vzi ∗ 100%

The growth offset coefficient (τ ) denotes the compensation

capability of the remaining vegetation. τ > 0 represented that

urbanization enhanced vegetation growth, and the remaining

vegetation weakened the negative direct impacts of urbanization

to some extent. On the other hand, τ < 0 illustrated that the
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negative direct impacts of urbanization would be exacerbated

and further restrained vegetation growth.

The calculation of Vv and Vnv

The mean GPPmax and EVImax corresponding to fully

vegetation coverage (Vv) and fully urbanized (Vnv) pixels are

the essential parameters for determining the zero-impact line,

which can be derived from the relationship of GPPmax and β

or EVImax and β. GPPmax and EVImax values determined the

two relationships within each urban intensity bin (interval of 1)

in the YRDUA. This method ignores the physical location of

the pixels, making it possible to continuously measure the

urban gradient without being affected by the urban development

direction. There were two ways to identify the Vv. The first

uses the mean or median GPPmax and EVImax of all the fully

vegetated pixels for the YRDUA. The second uses the intercept

of regression between GPPmax and EVImax and urbanization

intensity, respectively. We chose the second method because

it could reflect the trend changes in GPPmax and EVImax

more accurately and minimize the interference of GPPmax and

EVImax outliers (Jia et al., 2018).

The GPPmax ∼ β relationship and EVImax ∼ β relationship

were fitted by the cubic polynomial model, respectively: y = Vv

+ a1x+ a2x
2
+ a3x

3. X was β, where y was the observedGPPmax

and EVImax. We found that low-order (order < 3) could not

faithfully fit the trend, while higher orders might increasingly

accept outliers. The good fitting of the cubic polynomial model

demonstrated the significant correlation between vegetation

photosynthesis and urbanization intensity and the suitability of

Vv’s determination across the YRDUA. Vnv is also classified

into different main vegetation types across the study area. We

calculated Vnv by the cubic polynomial model, respectively, and

then checked these calculated Vnv in the high-resolution MAP

WORLD (https://www.tianditu.gov.cn/) imagery to ensure no

vegetation activity to avoid the uncertainties from outlier and

uncertainties sourced from the urbanization maps.

Data analysis

We took the main vegetation types as the research objects.

Before further analysis, we eliminated the cropland and null-

value pixels due to the distribution of human activities and

unavailable data in the YRDUA. These data are indicated by

the white color in the figures. The mean for each property of

urbanization intensity was computed at each 1% equal interval.

GPPmax and EVImax were calculated by the Maximum Value

Composition method (MVC). And the spatial analysis was

calculated by the raster package (https://cran.r-project.org/web/

packages/raster/index.html, accessed on October 1, 2021). The

Spearman correlation test was used to calculate the relationships

between vegetation and climate factors.

As one of the represented bagging integrated algorithms,

the random forest could minimize outlier interference and

obtain higher prediction accuracy (Lv and Feng, 2019). Thus,

we employed the random forest algorithm to calculate the

relative importance of climate factors to the dynamics variations

of indirect impact (ωi) and growth offset (τ ) in each pixel

with the randomForest package (https://cran.r-project.org/web/

packages/randomForest/index.html, accessed on November 1,

2021). We selected ωi and τ as response variables, and the

daytime and nighttime land surface temperatures (LSTday and

LSTnight), annual precipitation (Pre), solar radiation (Rad), and

mean annual air temperature (Tair) as predictor variables. By

randomly assigning one value to each predictor variable, we

noticed that the model prediction error would increase after

randomly replacing (%IncMSE). Higher %IncMSE means the

higher importance of climate factors to ωi and τ variation. All

statistical analyses were performed in the environment R4.02

(https://www.r-project.org/) and mapped in ArcGIS 10.2 (ESRI,

Inc. 380 New York Street Redlands, CA 92373 USA).

Results

Spatial patterns of urbanization intensity,
GPPmax, and EVImax

The mean UI of the YRDUA in 2020 was ∼11.64%, with

noticeable spatial differences. The highest UI was observed

in the central and eastern regions, while the edges of urban

agglomerations showed a relatively lower UI (Figure 2A).

Vegetation GPPmax presented an increasing pattern from north

to south. The vegetation GPPmax in the southeast of the

YRDUA was more than 9 g C m−2 day−1 but lower than

3 g C m−2 day−1 in the north (Figure 2B). Overall, GPPmax

decreased by 47% in urban areas (UI above 1%) relative to

rural areas (UI lower than 1%). The spatial pattern of EVImax

was generally consistent with that of GPPmax. EVImax decreased

by 33% in urban areas (UI above 1%) relative to rural areas

(UI lower than 1%) (Figure 2C).

The changes in GPPmax and EVImax across
di�erent UI gradients

Figure 3 shows the relationship between the GPPmax and

EVImax with the UI in 2020. For the whole study area, both the

GPPmax and the EVImax significantly and nonlinearly decreased

alongwith increasingUI, as expected (P< 0.001) (Figures 3A,E).

The polynomial regressions of the GPPmax-UI and EVImax-UI

curves in different vegetation types were statistically significant

(α < 0.05). However, evident variation existed in the shape
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FIGURE 2

The spatial patterns of (A) urbanization intensity, (B) GPPmax, and (C) EVImax in YRDUA in 2020. The small map at the corner compares GPPmax

and EVImax between urban and rural areas for the whole study area and the three main vegetation types.

FIGURE 3

The impacts of the urbanization gradient on peak photosynthetic rates in the whole area (A,E), forest (B,F), grassland (C,G), and wetland (D,H).

The green, red, and blue lines are the cubic regression of the observed GPPmax and EVImax (circles) with UI, the zero-impact line (Vzi, GPPmax,

and EVImax without urbanization impact), and the background Vv, respectively.

of the GPPmax-UI and EVImax-UI relationships among the

forest, grassland, and wetland. Specifically, GPPmax and EVImax

were generally lower than the zero-impact lines for the

forest ecosystem but higher than the zero-impact lines for

most grassland and wetland ecosystems (Figures 3C,D,G,H),

suggesting that the process of urbanization might benefit

grassland and wetland vegetation growth in the YRDUA.

Indirect impacts and growth o�set of
urbanization on GPPmax and EVImax

The change patterns along the urbanization gradients were

analogous in both indirect impacts (ωi) and growth offset (τ )

of urbanization on GPPmax and EVImax in the YRDUA. The

negative ωi_GPPmax and ωi_EVImax were gradually weakened
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FIGURE 4

Relative indirect impacts of urbanization on GPPmax and EVImax along the urbanization gradient in the whole area (A,E), forest (B,F), grassland

(C,G), and wetland areas (D,H) in 2020.

FIGURE 5

Growth o�set of urbanization on GPPmax and EVImax along the urbanization gradient in the whole area (A,E), forest (B,F), grassland (C,G), and

wetland (D,H) in 2020. The red line represents the mean values of the growth o�set.

along the UI gradient for the entire study area, and higher

UI exhibited a positive effect (Figures 4A,E). For different

vegetation types, forest ωi_GPPmax and ωi_EVImax transitioned

from negative to positive impacts when coupled with the rising

UI gradient (Figures 4B,F). The indirect impacts for grassland

and wetland integrally presented positive benefits to GPPmax

and EVImax (Figures 4C,G,D,H).

Both τGPPmax and τEVImax showed enhancement;

subsequently, they remained relatively stable in higher UI

throughout the study area (Figures 5A,E). However, the
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TABLE 1 Correlation analysis between the indirect impacts and growth o�set of urbanization on GPPmax and EVImax and five responsible variables

(LSTday, LSTnight, Pre, Rad, Tair, and Tem).

R LSTday LSTnight Pre Tair Rad

ωi τ ωi τ ωi τ ωi τ ωi τ

All GPPmax 0.92** 0.96** −0.83** −0.87** −0.75** −0.81** 0.53** 0.59** 0.47** 0.55**

EVImax 0.96** 0.94** −0.88** −0.89** −0.81** −0.83** 0.57** 0.57** 0.53** 0.59**

Forest GPPmax 0.91** 0.97** −0.80** −0.82** −0.75** −0.82** 0.50** 0.59** 0.46** 0.55**

EVImax 0.94** 0.97** −0.84** −0.83** −0.78** −0.80** 0.53** 0.58** 0.49** 0.56**

Grassland GPPmax −0.19 −0.77** 0.21* 0.66** −0.20 −0.30** 0.11 0.01 0.12 0.07

EVImax 0.12 −0.55** −0.11 0.51** −0.07 −0.29** 0.0009 −0.02 0.05 0.12

Wetland GPPmax 0.42** −0.49** −0.22 0.37** 0.009 −0.02 0.26* −0.34** −0.18 0.11

EVImax 0.02 −0.47** −0.13 0.15 0.04 −0.03 0.22* −0.29** −0.15 0.09

Asterisk denotes statistically significant correlations *p < 0.05; **p < 0.01.

τGPPmax and τEVImax for remaining vegetation disturbed by

ωi still worsened, with a 36.62% loss of GPPmax and a 30.47%

loss of EVImax caused by direct impact. Forest τ gradually rose

(Figures 5B,F), and grassland and wetland τ showed downward

trends in the urban-rural gradient (Figures 5C,D,G,H).

According to statistics, forest τGPPmax and τEVImax

exacerbated 43.33% direct GPPmax loss and 47.45% direct

EVImax loss severally. Grassland and wetland growth offset

enhancements compensated about 47.18% (τ grasslandGPPmax),

34.22% (τ grsslandEVImax), 87.15% (τwetlandGPPmax), and

79.79% (τwetlandEVImax) for the direct GPPmax and EVImax

loss, respectively.

The relative importance of climate
factors on indirect impacts (ωi) and
growth o�set (τ )

The correlation coefficients of ωi and τ with five responsible

variables are displayed in Table 1. Regarding the entire study

area, ωi and τ had stronger correlations with LSTday than the

other four climatic variables. For different vegetation types,

forest ωi and τ both showed significant positive correlations

with LSTday (p< 0.05). Grasslandωi had weak correlations with

LSTday, while τ showed significant negative correlations with

LSTday. LSTday had more positive effects on wetland ωi, while

it had more significant negative effects on wetland τ .

The Random Forest model was used to quantify the

contributions of the five responsible variables (LSTday, LSTnight,

Pre, Rad, Tair, Tem) concerning the relative importance of

indirect impacts (ωi) and growth offset (τ ) in vegetation

GPPmax and EVImax. LSTday was the principal driver that

dominated the variation of ωi and τ for the whole study area

and different vegetation types (Figures 6, 7).

Discussion

In the context of urban expansion, it is crucial to understand

urbanization’s impacts on vegetation and the responses of

vegetation growth to changing atmospheric and climatic

conditions. In the Yangtze River Delta Urban Agglomeration

(YRDUA), one of the most rapid urban development regions,

urbanization’s direct and indirect impacts on vegetation growth

are still under debate. In this study, an urban-rural gradient

approach based on remote-sensing techniques was used, in

combination with vegetation productivity (GPP) and vegetation

greenness (EVI), to detect the consequences of urbanization on

vegetation photosynthesis across different vegetation types on

the YRDUA.

First, we found that the distribution of vegetation

photosynthesis along the urbanization gradient showed a

significant overall downward trend from the whole study

area to different vegetation types. This finding was similar

to that of Zhou et al. (2015). They suggested that vegetation

productivity in Nanjing decreased significantly with urban

sprawl because urban development and expansion resulted in

the shrinkage of vegetation area. Theoretically, the decreasing

trend should be distributed linearly along with the UI (i.e.,

zero-impact liner). However, we found that actual vegetation

photosynthesis declined nonlinearly, along with increasing UI

in the YRDUA. This finding suggests that the indirect impacts

of urbanization on plant growth are not negligible. Hence, it

is essential to distinguish between direct and indirect impacts

of the overall effects to identify the responses of vegetation

photosynthesis to the changed environmental conditions due

to urbanization (indirect impacts). Remote-sensing techniques

could provide extensive observations of physical and biological

processes (Pei et al., 2013). Vegetation productivity (GPP)

and vegetation greenness (EVI) from remotely sensed data
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FIGURE 6

The relative importance of climatic factors to indirect impacts of urbanization on GPPmax and EVImax for the study area (A,E), forest (B,F),

grassland (C,G), and wetland (D,H) in 2020. LSTday, land surface temperature of the day; LSTnight, land surface temperature of the night; Pre,

annual precipitation; Tair, mean annual air temperature; Rad, solar radiation. The values were signed by the percentage increase of mean

squared error (%IncMSE) in the RF model.

FIGURE 7

The relative importance of climatic factors to growth o�set of urbanization on GPPmax and EVImax for the study area (A,E), forest (B,F), grassland

(C,G), and wetland (D,H) in 2020. LSTday, land surface temperature of the day; LSTnight, land surface temperature of the night; Pre, annual

precipitation; Tair, mean annual air temperature; Rad, solar radiation. The values were signed by the percentage increase of mean squared error

(%IncMSE) in the RF model.

could be decomposed into contributions from vegetation and

non-vegetative surfaces in an urban pixel and distinguish the

direct and indirect impact of urbanization (Wang et al., 2010).

Second, we found that the responses of vegetation

photosynthesis were vegetation-type dependent. For the whole

YRDUA, urban environments had a negative effect on forest
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growth (ωi < 0), while grassland and wetland areas showed

vegetation growth enhancement due to urbanization (ωi >

0). Specifically, the growth enhancement of grassland and

wetland offset 47.08 and 87.23% loss of GPPmax, and 34.17 and

79.73% loss of EVImax due to reduction of vegetated surface

area, respectively. Most previous studies have demonstrated

that vegetation growth could be enhanced in urban regions

compared to their rural counterparts. For example, Kaye

et al. (2010) thought the urban-rural gradients presented

a mass of driving factors variation at the site scale, such

as atmospheric CO2 increase and urban heat island. These

changes in urban atmospheric and climatic conditions increased

grassland productivity in the urban sites by four to five

times relative to surrounding rural sites. At the regional scale,

growth enhancement was also observed by satellite records

across the world’s major cities (Zhang et al., 2022) and China’s

major cities (Zhao et al., 2016), especially in cold and arid

regions. Meanwhile, we also found that the negative impacts of

urbanization aggravated a 43.45% loss of GPPmax and a 47.55%

loss of EVImax for the forest ecosystem. This result suggests that

urban expansion does not necessarily promote plant growth and

might even stunt plant growth, which was supported by Quigley

(2004), who concluded that increased impervious surfaces could

hinder street tree growth in central Ohio, USA. Thus, it can be

seen that vegetation photosynthesis would be more complexly

disturbed by environmental factors.

Last but not least, both correlation analysis and RF model

revealed that the LSTday is far more critical than other climatic

variables in controlling ω. This indicates that the daytime

temperature mainly dominated the differences in vegetation

photosynthesis across the urban-rural gradient. A study

conducted in the Northern Hemisphere found that temperature

was a regulating factor in lengthening photosynthetic seasons

(Wang et al., 2019). In the YRDUA, Han and Xu (2013) also

suggested that land surface temperature was essential in affecting

vegetation phenology. Compared with other climatic variables,

LST showed a stronger relationship with the urban environment

and controlled the exchanges of energy and water between

the surface and the atmosphere (Arnfield, 2003; Han and Xu,

2013). Therefore, vegetation physiology processes might be

more sensitive to the variation of LSTday, experiencing longer

growth season lengths and a more robust maximum capacity of

CO2 uptake (Zhou et al., 2016; Wu et al., 2019). In our study, the

spatial pattern of LSTday correlated negatively with the fraction

of vegetation coverage, indicating that a higher UI experienced

higher temperatures than surrounding areas. Therefore, in

high UI regions, we found a prevalent enhancement of

forest growth because the rising LSTday increased vegetation

photosynthetic rate to some extent and partly compensated for

the negative direct impact of urbanization. However, we also

observed the negative impacts of urbanization on vegetation

growth on grassland and wetland in high UI environments.

This inhibitory phenomenon could be interpreted by the fact

that the temperature may exceed the optimum temperature

for vegetation growth, resulting in the decreased capacity of

grassland and wetland growth offset (Huang et al., 2019).

It must be noted that our study has some limitations for

further improvement. Based on satellite records, we attempted

to reveal the consequences of urbanization on vegetation

photosynthesis. Although remote sensing approaches provided

holistic evidence of the impacts of urbanization on plant growth

at a large scale, they could not reveal the underlying mechanisms

at the process and ecosystem levels. In the future, we call

for more complementary studies at the local scale with the

combination of higher resolution remote sensing data and field

surveys to investigate the possible mechanisms of urbanization’s

imprint on vegetation photosynthesis. Besides, cities in the

YRDUA are experiencing complicated climatic and atmospheric

changes, such as urban warming accompanied by precipitation

pattern changes and elevated atmospheric CO2 concentration.

However, our study did not explore the effect of the rising

CO2 concentration on vegetation photosynthesis due to the

lack of high spatial and temporal resolution data. Therefore,

the interactions between environmental drivers and vegetation

growth should be investigated in the future to investigate the key

drivers of vegetation growth in urban areas.

Conclusion

This study distinguished the direct and indirect impacts

of urbanization on vegetation photosynthesis for different

vegetation types on the YRDUA. We also quantified the

dominant factor for vegetation photosynthesis dynamic.

The results showed that current urbanization conditions

impaired vegetation photosynthesis of forests but improved

vegetation photosynthesis of grassland and wetland. LSTday
dominated vegetation photosynthesis dynamics and had the

largest contribution to vegetation growth offset. Our findings

suggest that appropriate measures are required to alleviate

environmental stresses resulting from urbanization.
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