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Abstract

Cities are natural laboratories for studying vegetation responses to global environ-

mental changes because of their climate, atmospheric, and biogeochemical condi-

tions. However, few holistic studies have been conducted on the impact of

urbanization on vegetation growth. We decomposed the overall impacts of urban-

ization on vegetation growth into direct (replacement of original land surfaces by

impervious built-up) and indirect (urban environments) components, using a concep-

tual framework and remotely sensed data for 377 metropolitan statistical areas

(MSAs) in the conterminous United States (CONUS) in 2001, 2006, and 2011.

Results showed that urban pixels are often greener than expected given the amount

of paved surface they contain. The vegetation growth enhancement due to indirect

effects occurred in 88.4%, 90.8%, and 92.9% of urban bins in 2001, 2006, and

2011, respectively. By defining offset value as the ratio of the absolute indirect and

direct impact, we obtained that growth enhancement due to indirect effects com-

pensated for about 29.2%, 29.5%, and 31.0% of the reduced productivity due to

loss of vegetated surface area on average in 2001, 2006, and 2011, respectively.

Vegetation growth responses to urbanization showed little temporal variation but

large regional differences with higher offset value in the western CONUS than in

the eastern CONUS. Our study highlights the prevalence of vegetation growth

enhancement in urban environments and the necessity of differentiating various

impacts of urbanization on vegetation growth, and calls for tailored field experi-

ments to understand the relative contributions of various driving forces to vegeta-

tion growth and predict vegetation responses to future global change using cities as

harbingers.
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1 | INTRODUCTION

Human society is entering into an increasingly urbanized era. City

dwellers accounted for 54% of the world’s population in 2014

(United Nations, 2015). Land changes from green spaces to

impervious surfaces to support the demands of increasing urban

populations. Meanwhile, cities account for 78% of carbon

emissions, 60% of residential water use, and 76% of wood used

for industrial purposes (Grimm et al., 2008). Urbanization leads to

various changes in the environment such as urban heat island

(Zhou, Zhao, Liu, Zhang, & Zhu, 2014), atmospheric chemistry

(Pan et al., 2016), hydrology (Suriya & Mudgal, 2012), biogeo-

chemical cycles (Kaye, Groffman, Grimm, Baker, & Pouyat, 2006),

and biodiversity including species homogeneity (Hope et al.,

Received: 15 November 2017 | Revised: 15 March 2018 | Accepted: 16 April 2018

DOI: 10.1111/gcb.14317

4084 | © 2018 John Wiley & Sons Ltd wileyonlinelibrary.com/journal/gcb Glob Change Biol. 2018;24:4084–4094.

http://orcid.org/0000-0002-3205-1414
http://orcid.org/0000-0002-3205-1414
http://orcid.org/0000-0002-3205-1414
http://www.wileyonlinelibrary.com/journal/GCB


2003; Valiela & Martinetto, 2007). These changes are rightly sur-

rogates for the most significant global environmental changes

(IPCC, 2013). The various changes in urban environments have

made cites ideal natural laboratories for global change studies

(Farrell, Szota, & Arndt, 2015; Grimm et al., 2008; Zhao, Liu, &

Zhou, 2016). Using urban habitats around the globe to develop

and test hypotheses on future climate change impacts would

complement manipulative experiments and predict how ecosys-

tems would be altered in the future (Youngsteadt, Dale, Terando,

Dunn, & Frank, 2015).

It has been long argued whether vegetation growth is abated or

enhanced in urban environments compared with its counterpart in

the rural settings. Earlier horticultural studies believed that vegeta-

tion growth would be suppressed by severe environmental condi-

tions in cities (e.g., higher air temperature, lower soil water content;

Quigley, 2002, 2004). While field experiments or satellite-based

studies showed that vegetation growth in urban environments was

enhanced due to fertilization, irrigation, introduction of non-native

species, urban heat island, climate change, and atmospheric chem-

istry change such as O3 and CO2 (Gregg, Jones, & Dawson, 2003;

Imhoff et al., 2004; Pretzsch et al., 2017; Zhao et al., 2016; Zhou,

Zhao, Zhang, & Liu, 2016).

Satellite-based approaches provide opportunities for monitoring

the spatial and temporal dynamics of vegetation productivity due

to their extensive observations and representation of a wide range

of physical and biological processes (Schaefer et al., 2012; Wang

et al., 2010). Moreover, numerous studies have demonstrated that

the greenness indices from remotely sensed data, especially for

enhanced vegetation index (EVI), is an effective indicator of vege-

tation productivity as it is proportional to photosynthesis and

regarded as a proxy for being regarded as proxies of both light

use efficiency and the fraction of photosynthetically active radia-

tion (fPAR) absorbed by the vegetation canopy (Gitelson et al.,

2006; Sims et al., 2006; Wu, Niu, & Gao, 2010; Yuan et al.,

2007).

We have proposed a generic framework for assessing vegeta-

tion growth in urban environments (Zhao et al., 2016). After apply-

ing the framework to 32 major cities in China, we found that

vegetation growth enhancement in cities was a widespread phe-

nomenon (Zhao et al., 2016). An important question one would ask

is “can this widespread vegetation growth enhancement observed

in China be seen in other places?” because cities are experiencing

different urbanization processes in different countries. As the lar-

gest developed country, the United States of America has wit-

nessed the long-term evolution of humans and environments within

urban ecosystems that is quite different from that in China. This

paper aims to explore the vegetation growth in 377 USA

metropolitan statistical areas (MSAs). Our research questions are: (i)

Does the widespread enhancement of vegetation growth exist in

the cities of the United States? (ii) Does the relationship between

vegetation growth and urban intensity vary in time and space? (iii)

What are the similarities and differences of vegetation growth

responses in cities of China and US?

2 | MATERIALS AND METHODS

2.1 | Study area

A total of 377 MSAs in the Conterminous United States (CONUS)

were included in this study (Figure 1). MSAs were defined as a cen-

tral urban area with population at least 50,000, plus adjacent terri-

tory that has a high degree of social and economic integration with

the core as measured by commuting ties (OMB, U.S. Census Bureau,

Census Geographic Glossary). The CONUS covers a broad range of

climate and vegetation types. To explore the possible regional differ-

ences of vegetation responses, the CONUS were divided into nine

climatically consistent regions identified by the scientists of National

Centers for Environmental Information (Karl & Koss, 1984). The

Northeast (NE, covered 50 MSAs) and Southeast (SE, covered 70

MSAs) are mainly covered by forests; the East North Central (ENC,

covered 31 MSAs) and Central (C, covered 86 MSAs) region are cov-

ered by a large cropland area; the West North Central (WNC, cov-

ered 12 MSAs) and the South (S, covered 48 MSAs) region are

heavily covered by crops, pasture and grassland; the Southwest (SW,

covered 29 MSAs) is dominated by shrubs; and the West (W, cov-

ered 29 MSAs) and Northwest (NW, covered 22 MSAs) are mostly

covered by forests and shrubs. More detailed information about

MSAs can be found in the Supporting Information.

2.2 | The framework for analyzing the urbanization
effect on vegetation growth

To maintain methodology consistency, we applied the framework of

Zhao et al. (2016) to 377 MSAs in CONUS. The total impacts of

urbanization on vegetation growth could be decomposed to direct

and indirect impacts. The direct impact referred to the change of

vegetation index (VI) due to the replacement of original land surfaces

by impervious built-up. The indirect impact referred to the change of

VI resulted from the change of the growth environments. Conceptu-

ally, the observed VI could be decomposed into two parts (Equa-

tion 1):

Vobs ¼ ð1þ xÞð1� bÞVv þ bVnv (1)

where Vobs was the observed VI of the urban pixel, Vv was the back-

ground vegetation index without urbanization (the VI of a pixel

within a MSA that has zero built impervious surface), Vnv is the VI of

the pixel completely filled by non-vegetative surfaces. b is urban

intensity, i.e., the percent developed imperviousness. x conceptually

abstracts the impact of urbanization on the vegetation growth. It

should be noted that Vv might include fully vegetated pixels within

the urban area, whose vegetation growth might have been affected

by urbanization. However, the number of these pixels is relatively

small compared with that in the rural area, and therefore their

impact on the background vegetation index should be minimal.

The zero-impact line (x = 0), representing the situation that

urbanization has no indirect effect on vegetation growth, was deter-

mined by two VI values corresponding to background vegetation
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(b = 0, VI = Vv) and fully urbanized pixels (b = 1, VI = Vnv):

Vzi ¼ ð1� bÞVv þ bVnv (2)

The relative direct urbanization impact on vegetation growth was

calculated as:

xd ¼ Vzi � Vv

Vv
� 100% (3)

The relative indirect urbanization impact on vegetation growth was

calculated as:

xi ¼ Vobs � Vzi

Vzi
� 100% (4)

In order to quantify how much the growth change due to indirect

impact on the remaining vegetation partly compensated for (or exac-

erbated) the reduced productivity due to the replacement of original

land surfaces by impervious built-up, we defined the ratio of the

absolute indirect (i.e., Vobs –Vzi) and direct (i.e., Vv–Vzi) impact as

growth offset (s, Equation 5). The offset value s represented how

much the growth of the remaining vegetation patches can offset (if s

was positive) or worsen (if s was negative) the EVI reduction due to

the replacement of original land surfaces by impervious built-up.

s ¼ Vobs � Vzi

Vv � Vzi
� 100% (5)

2.3 | Calculation of the observed EVI during
growing season

Due to the large spatial heterogeneity of growing season in CONUS,

we derived the growing season for each pixel in 377 MSAs using

NOAA’s 1981–2010 U.S. climate normals (available from the National

Climate Data Center, including probabilities of first/last occurrence of

minimum temperature events and growing season length for 5,808

U.S stations). The growing season is determined by the days between

the average date of last spring frost-freeze (0°C) and first autumn

frost-freeze (0°C) (Arguez, 2012). The average date of last spring

frost-freeze and first autumn frost-freeze from 1981 to 2010 for each

pixel within each MSA was obtained by interpolating the climate nor-

mals from 5,808 stations at a resolution of 250 m 9 250 m across

CONUS using a natural neighbor technique in Arcgis software.

We used EVI 250 m product (MOD13Q1) from the Moderate

Resolution Imaging Spectro-radiometer (MODIS) to characterize the

spatial variability of the EVI in MSAs (https://lpdaac.usgs.gov). The

MODIS is an optical sensor onboard the Terra and Aqua satellite as

part of the NASA Earth Observing System. MODIS scans the entire

earth surface every one-two days and acquires data in 36 spectral

bands, containing the surface reflectance values of red band (620–

670 nm), near infrared band (841–875 nm) and blue band (459–

478 nm) used for the calculation of EVI. MOD13Q1 product has 23

sixteen-day composites in a year, starting on January 1st each year.

We averaged the growing season EVI in the 377 MSAs of the Con-

terminous United States in years 2001, 2006, and 2011, respec-

tively, to examine the annual variations of vegetation growth.

2.4 | Calculation of the urban intensity

Following Zhao et al. (2016), urban intensity of a pixel was defined

as the percentage of developed imperviousness surfaces within the

pixel, ranging from 0 (fully vegetated surfaces) to 1 (nonproductive

surfaces). The Percent Impervious Surfaces Product was downloaded

F IGURE 1 Spatial distribution of the 377 metropolitan statistical areas (MSAs) in the Conterminous United States, together with percent
developed imperviousness (2011) and climate regions: Northwest (NW), West (W), Southwest (SW), West North Central (WNC), East North
Central (ENC), South (S), Central (C), Northeast (NE), and Southeast (SE) (Karl & Koss,1984) [Colour figure can be viewed at wileyonlinelibrary.com]
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from https://www.mrlc.gov/ with the spatial resolution of 30 m in

years 2001, 2006 and 2011 (Homer et al., 2007, 2015; Xian et al.,

2011a,b). To be consistent with EVI pixel, imperviousness percent-

ages layer at 30 m was aggregated and resampled to

250 m 9 250 m pixel using Arcgis software, thus each output pixel

contained the mean of the input pixels that were encompassed by

the extent of that pixel. Then after averaging, pixels that were water

body, or those with elevations more than 50 m above the highest

elevation of urban core (imperviousness percentage was above 50%),

were excluded to avoid the effect of water body or elevation on

urbanization impact.

2.5 | The determination of the zero-impact line:
mean EVIs for background vegetation and fully
urbanized pixels

The mean EVIs corresponding to background vegetation (Vv) and fully

urbanized pixels (Vnv) are the key parameters for each city to deter-

mine the zero-impact line. There are two ways to determine the Vv.

One uses the mean or median EVI of all the fully vegetated pixels for

each MSA. The other uses the intercept of the regression between

EVI and urban intensity (b) (Zhao et al., 2016). We tried both ways

and found trivial difference in most cases except that the second

approach was more stable because it relied on the trend of EVI

change and minimized the effect of EVI outliers. To develop the EVI~b

relationship, the EVI mean value within each urban intensity b bin (in-

terval of 0.01) was derived for MSA. This approach ignores physical

locations of the pixels, which makes the continuous measure of urban

gradient possible, independent of city shape and developing direction.

The EVI~b relationship was fitted by a cubic polynomial model for

each MSA: y = Vv + a1x + a2x
2 + a3x

3, where y was the observed EVI

and x was b. The order of polynomial was determined empirically as

we found that lower orders (order <3) could not faithfully capture the

trend while higher orders would increasingly entertain the outliers.

The good fit of the cubic polynomial model (adjusted R2 = 0.83~ 0.99,

P < 0.01 for all cities and years) indicated significant correlation

between vegetation growth and urban intensity and the suitability of

Vv’s determination across all MSAs.

Zhao et al. (2016) set Vnv to 0.05 according to Huete et al.

(2002). This study determined Vnv by the mean EVI value of fully

urbanized pixels (b = 1) across 377 MSAs in CONUS in years 2001,

2006 and 2011. Then the high-resolution Google Earth imagery was

used to manually check the pixels where b = 1 to assure that there

was no vegetation activity to avoid the uncertainties from impervi-

ousness data. The resultant average Vnv was 0.064, and there was

no vegetation activity under this threshold.

3 | RESULTS

3.1 | National vegetation responses to urbanization

There were strong patterns of EVI~b relationships from the com-

bined observations of 377 MSAs in CONUS in all years. Generally,

the observed EVI declined along the urban intensity gradient regard-

less of background EVI values (Figure 2a–b). The intercepts of the

specific EVI response curves to b (Vv), representing background veg-

etation conditions, varied across MSAs. And prevalent vegetation

growth enhancement can be seen from the MSAs (Figure 2c–d).

Overall, 88.4%, 90.8%, and 92.9% of urban intensity bins recorded

growth enhancement, while the remaining bins showed abatement in

2001, 2006, and 2011, respectively. The growth enhancements due

to indirect impact offset about 29.2%, 29.5%, and 31.0% of the veg-

etation loss due to direct effects on average in 2001, 2006, and

2011, respectively (Equation 5; Figure 2e). The offset value could be

larger than 100%, because the observed EVI were higher than Vv in

relative low urban bins especially for some arid MSAs. Notably,

higher variations of offset values were associated with lower urban

intensity, and vice versa.

3.2 | Temporal stability of national vegetation
responses to urbanization

The differences of the coefficients in the polynomial models across

years can be used to assess the temporal variability of the EVI~b

relationship. The intercepts of the regression (Vv) varied from 0.06 to

0.57 for all 3 years. The median of the Vv was 0.42, 0.43, and 0.43

in 2001, 2006, and 2011, respectively. The coefficient of an MSA in

2001 was a good predictor of its coefficient in 2006 or 2011, with

this relationship across all MSAs falling near the 1:1 line (Figure 3).

This finding indicated that vegetation growth responses to urbaniza-

tion presented a rather stable temporal pattern in 2001, 2006, and

2011. However, the points were not in completely alignment with

the 1:1 line and some points scattered off the line.

3.3 | Regional vegetation responses to urbanization

Substantial differences in the urban vegetation growth offset were

observed among nine climate regions (Figure 4). Generally, the

growth offset in the west was higher than that in the east. In 2011,

the offset value was highest with 142.6% in SW, second highest

with 62.9% in WNC, third highest with 52.4% in S, followed by NW

(42.8%), ENC (37.3%), W (37.3%), C (28.2%), NE (23.7%), and SE

(19.9%). And we also found that the offset values varied in larger

range with lower urban intensity, which might be related the various

background vegetation conditions. The offset medians of urban

intensity bins showed a gradual descending pattern along the urban

intensity, which was largely caused by the higher loss of VI due to

the surface replacement with higher urban intensity. The vegetation

growth presented similar responses throughout the three periods. In

NE region, C region and SE region, the regional growth offset

showed a slightly increasing pattern over time, while WNC region

presented a decreasing pattern over time, and other regions pre-

sented fluctuating patterns. Overall, the temporal variability was

rather small for most climate regions.

We also plotted the relative urban indirect impact (xi) on EVI

changes for nine regions in 2011 (Figure 5). Results showed that
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for the central and eastern regions (e.g., ENC, S, NE, C, and SE),

the relative indirect impact on EVI increased along the urban

intensity. While for most MSAs in western regions (e.g., NW,

WNC, SW, and W), the relative indirect impact on EVI reached

highest in medium-high urban intensity bins and showed a hump

shape.

We further compared MSA-specific regression coefficients of

the EVI~b relationship for each climate region (Figure 3). The med-

ian of Vv values (i.e., background of vegetation growth) in 2011

was the largest in NE region (0.50, Vv ranging 0.43 to 0.55), fol-

lowed by C region (0.47, Vv ranging 0.34 to 0.55). The median Vv

was 0.46 in ENC region, 0.42 in SE region, 0.37 in NW region,

WNC region and S region, 0.27 in W region and 0.13 in SW

region, respectively. Similarly, the coefficient of an MSA in each

region in 2001 was a good predictor of its coefficient in 2006 or

2011, with this relationship across all MSAs of each region falling

near the 1:1 line, indicating the relative temporal stability across

each region. However, the coefficients in some regions varied

across years, e.g., Vv in ENC region was higher in year 2006 than

other years, in accordance with the lower offset value in year

2006 for ENC region. We also noticed that there were some off-

group points in Figure 3b–d.

3.4 | Vegetation responses to urbanization for
MSAs

The detailed relationship between EVI and urban intensity b across

377 MSAs in CONUS in 2011 were depicted in Figure 6 and Sup-

porting information Figure S1–S8. We found that almost all the pix-

els in MSAs were above the zero-impact line, which indicated the

overall prevalent vegetation growth enhancement in urban environ-

ments. Only a few pixels of MSAs like Madera (CA) and Santa Cruz-

Watsonville (CA) in West region with low urban intensity were

below the zero-impact line (indicating growth abatement). It was

noteworthy that in some MSAs in western USA such as Idaho Falls

(ID), Reno (NV), Denver-Aurora-Lakewood (CO), Ogden-Clearfield

(UT), Provo-Orem (UT), Pueblo (CO), Riverside-San Bernardino-

Ontario (CA), and Salt Lake City (UT), EVI values with medium-high

urban intensity were even larger than background values, which

caused the higher offset for vegetation growth. We also calculated

Vv, median of observed EVI and mean of the medians of growth off-

set along all urban intensity bins for 377 MSAs (Supporting informa-

tion Table S1). For example, the background vegetation index for

Phoenix-Mesa-Scottsdale (PMS, AZ) was 0.11, and the median value

of observed EVI among all urban bins was 0.12, causing 211.8%

F IGURE 2 Generalized patterns of urbanization impact on EVI across 377 MSAs in 2011: (a) Vobs (the observed EVI) along b (urban
intensity), (b) Vzi (EVI on zero- impact line), (c) the absolute EVI change (Vobs – Vzi), (d) xi (the relative indirect impact), calculated as (Vobs – Vzi)/
Vzi, and (e) s (the growth offset), represented how much the indirect impact can offset (if s was positive) or worsen (if s was negative) the EVI
reduction due to direct replacement of original land surfaces by impervious built-up, calculated as (Vobs – Vzi)/(Vv – Vzi). The boxplot for s in
each urban bin showed 25th and 75th percentiles (gray points were outliers, the medians for each bin was depicted by the blue line and the
mean of the medians was 31.0%, showed by the red line) [Colour figure can be viewed at wileyonlinelibrary.com]
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offset for the loss of vegetated area. And for Boston-Cambridge-

Newton (BCN, MA-NH) in northeast region, background vegetation

index was 0.5, and the median of observed EVI among all urban bins

was 0.39, the overall effect of urbanization was negative, while veg-

etation was enhanced which offset 47.5% of the loss vegetation.

4 | DISCUSSION

4.1 | Impacts of urbanization on vegetation growth
in US at national and regional scales

Previous studies based on remote sensing approaches observed that

the overall net impacts of urbanization on vegetation growth were

negative in China (Pei, Li, Liu, Wang, & He, 2013; Zhao et al., 2016),

the southeastern USA (Milesi, Elvidge, Nemani, & Running, 2003), and

the USA (Imhoff et al., 2004). Our study found that EVI declined with

urban intensity for most of MSAs in CONUS, which is consistent with

former findings. We also found some MSAs such as Idaho Falls (ID),

Reno (NV), Denver-Aurora-Lakewood (CO), Ogden-Clearfield (UT),

Provo-Orem (UT), Pueblo (CO), Riverside-San Bernardino-Ontario

(CA), and Salt Lake City (UT) where EVI values with medium-high

urban intensity were even higher than background values.

Besides the overall impact, it is necessary to differentiate urban-

ization effects into direct and indirect ones (Zhao et al., 2016). Most

of the previous regional scale studies did not explicitly quantify the

indirect impact (i.e., effects other than the replacement of vegetation

with impervious built-up surfaces) of urbanization on vegetation

growth. Our results indicated the indirect vegetation growth

enhancement was observed on 88.4%, 90.8%, and 92.9% of urban

bins in 2001, 2006, and 2011, respectively. And these growth

enhancements due to indirect effects offset about 29.2%, 29.5%, and

31.0% of the growth reduction due to direct effects on average in

2001, 2006, and 2011, respectively. The vegetation responses to

urbanization showed temporal stability, which was also seen in Chi-

nese cities (Zhao et al., 2016). Our results were consistent with the

existing ground-based experiments which demonstrated mostly vege-

tation growth enhancement in urban environments compared to the

rural counterparts. For example, Searle et al. (2012) observed an

eightfold increase in biomass of red oak seedlings in urban environ-

ments relative to those at rural sites. Gregg et al. (2003) found that

the cottonwood growth in urban areas doubled that at rural sites. Bri-

ber et al. (2015) found that Quercus rubra tree’s basal area increment

nearly doubled following urban development across eastern Mas-

sachusetts. Pretzsch et al. (2017) found that urban trees tended to

F IGURE 3 Comparisons of the MSA-specific regression coefficients between the EVI and urban intensity across three time periods (one
data point represented one MSA). In panel (a–d)�1, the x axes and y axes presented the four coefficients (i.e., Vv, a1, a2, and a3). Panel (a–d)�2
were the coefficients boxplots in 2011 for nine regions [Colour figure can be viewed at wileyonlinelibrary.com]
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grow more quickly than their counterparts in the rural surroundings

in ten metropolises worldwide based on tree ring analyses. There

existed a few studies observing the negative of urbanization impact.

Meineke, Youngsteadt, Dunn, and Frank (2016) reported that urban

warming was associated with an estimated 12% loss of carbon

sequestration for mature trees using factorial experiment, in part

because photosynthesis was reduced at hotter sites. Pretzsch et al.

(2017) found that temperate-zone cities in European among ten

metropolises worldwide were the only case where urban trees grew

significantly slower than rural trees, because the adverse urban zone

effects seem to constrain tree growth in temperate climate cities. We

did suggest the abatement effect in a small fraction of bins along the

urban intensity gradient as well. Nevertheless, field experiments were

usually at the individual level and limited in spatial scope, lacking

comprehensive understanding of direct impact of surface replace-

ment on vegetation. Our study applied remote sensing approaches to

analyze the community responses to urbanization, providing a new

approach for studying holistic ecosystem responses to urbanization

processes. Uncertainty still exists due to the complexity of city and

difficulty of capturing human management activities in space.

From the regional perspective, the overall impact of urbanization

on vegetation was generally lower in the eastern America where the

background vegetation index was higher than other regions. The

lowest growth offset values were observed in the northeast (23.7%)

and southeast region (19.9%) where the background vegetation grew

better than other regions.

Prevalent vegetation growth enhancement in MSAs in CONUS

could be attributed to various factors. The urban-to-rural gradients

incorporate local to regional variations in terrain, soils, species, and

air pollutants, presenting a myriad of driving factors such as elevated

temperature, CO2 enrichment, N deposition, ozone, air pollutants,

and traffic volume (Carreiro & Tripler, 2005; Gregg et al., 2003; Imh-

off et al., 2004; Pei et al., 2013; Takagi & Gyokusen, 2004). These

factors co-vary in space and time and their interactions among one

another make the plant growth environments complicated.

4.2 | Comparison of vegetation growth
enhancement between China and the US

Zhao et al. (2016) found 84%, 85%, and 86% of urban bins were

observed with vegetation growth enhancement in 32 major cities in

China in 2001, 2006, and 2011, respectively, while our results

showed 88.4%, 90.8%, and 92.9% of urban bins in which growth

enhancement were observed in 2001, 2006, and 2011, respectively,

in all 377 MSAs in CONUS. The vegetation enhancement in CONUS

showed more variations than that in Chinese cities. This might be

related to the differences in sample size, urbanization level, and

geospatial coverage of these two datasets. Most of the cities in Zhao

et al. (2016) were located in the east of China, and the climate and

vegetation conditions were similar to the east CONUS. However,

only a few cities from the arid and semi-arid west, such as Lhasa

and Urumqi, were included in Zhao et al. (2016), and the urbanized

F IGURE 4 Vegetation growth offset in 2001, 2006, and 2011across nine climate regions: Northwest (NW), West (W), Southwest (SW),
West North Central (WNC), East North Central (ENC), South (S), Central (C), Northeast (NE), and Southeast (SE) (Karl & Koss,1984; https://
www.ncdc.noaa.gov/monitoring-references/maps/us-climate-regions.php). The numbers beside the bars and the offset data in boxplots were in
2011 [Colour figure can be viewed at wileyonlinelibrary.com]
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processes in western China was much slower than those in the

east (Wang & Pan, 2016). In these cities, urbanization indirect

impact on vegetation was higher than the east probably due to the

exotic species and improved management practices (Zhao et al.,

2016).

The vegetation growth enhancement offset about 40% of the

direct surface-replacement impact in 32 major cities of China, while

in CONUS that offset 29.2%, 29.5%, and 31.0% across MSAs in

2001, 2006, and 2011, respectively. This might be mainly related to

the background vegetation value Vv. The background EVI during

April–October in Chinese cities ranged ca. 0.10–0.40, while most

background EVI in MSAs during growing season ranged 0.10–0.57.

With higher background vegetation value, the offset of urban vege-

tation enhancement in CONUS was lower than that in Chinese

cities.

We also found that the EVI changes were highest in medium-

high urban intensity bins (0.38–0.60) for most MSAs in the arid

western regions (e.g., NW, WNC, SW, and W) in CONUS, which

were not observed in Chinese cities and in most eastern regions in

CONUS. The different response patterns (hump-shaped vs. mono-

tonic) were largely determined by the background climate and natu-

ral vegetation conditions of cities. In arid regions, the production of

natural vegetation was low compared to that in humid regions,

which favored the formation of the hump-shape response curves

through the following disparity of human intervention on vegetation

along the urban intensity gradient. In general, replacing natural vege-

tation of low productivity or desert in some cases through planting

and management practices (e.g., irrigation) in arid urban environ-

ments could effectively promote vegetation growth via improvement

of quantity/density (i.e., vegetated area) and quality (i.e., more pro-

ductive per unit leaf area due to fertilization and irrigation). How-

ever, such a growth enhancement was not uniform along the urban

intensity gradient. A plausible interpretation of the hump-shaped

response curve was provided as follows. There was too much land in

the urban fringe to plant and manage practically and most land

remained in background vegetation conditions. Therefore, the aver-

age growth enhancement would be low in these urban fringe areas.

On the other end of the gradient, there was too little land to vege-

tate in areas with high urbanization intensity to produce sizable

effect. Only the most of open spaces in areas with intermediate

urbanization intensity (manageable size compatible with the urban

intensity) could be planted and managed, producing the maximum

vegetation enhancement. The combination of these three sectors

along the urban intensity gradient produced the hump-shape

response curves in the arid regions. In contrast, replacing natural

vegetation with other vegetation in humid cities would not generate

such a hump-shape curve as the vegetation productivities were simi-

lar in general. It should be noted that our approach quantifies the

total effect of urbanization on vegetation index, including contribu-

tions from vegetation alternation (i.e., man-made quantity changes in

species, vegetated area, and density) and growth change induced by

urban environment shifts (i.e., environment-induced quality change

of leaf traits). How to separate these contributions is important, par-

ticularly in arid regions, but still challenging.

F IGURE 5 The relative urban indirect
impact (xi) for EVI changes for nine
regions in 2011
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4.3 | Implications to global change studies

The surface replacement resulted from urbanization has brought

substantial consequences to ecosystems at local to global scale,

which in turn has affected land surface situations and processes such

as carbon and water cycles (Liu et al., 2017). Cities are experiencing

elevated temperature and atmospheric CO2 concentration, among

other environmental changes, and they have been rightfully regarded

as the harbinger of the future global change (Grimm et al., 2008).

Growth enhancement in contemporary plant communities in urban

environments could provide valuable information for the future veg-

etation growth areas with low urbanization in the next several

decades as climate change and urbanization processes continue. Our

results show the overall impacts of urbanization on vegetation

growth, and the extrapolation of the results to future vegetation

should be cautious as the specific situations will likely be different.

For example, the observed growth enhancement could not be trans-

lated directly to future non-urban background vegetation as the

observed effect is driven by a combination of factors including

warming, CO2 fertilization, elevated N deposition, and intensive

management, and some of these factors (e.g., irrigation) will not be

present in the background vegetation. The effect could not be trans-

lated as well to areas whose primary background vegetation (e.g.,

cropland) is qualitatively different urban vegetation. Nevertheless,

F IGURE 6 The relationships between the EVI and urban intensity b across MSAs in South (S) region of Conterminous United States in
2011. The cubic regression lines (green) of the observed EVI (circles) were shown along with the background EVI values Vv (i.e., the horizontal
red lines) and zero-impact lines (blue). The abbreviations of MSAs were in Table S1 in the Supporting Information. The rest EVI response
figures to urban intensity for 377 MSAs were shown in the Supporting Information [Colour figure can be viewed at wileyonlinelibrary.com]
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results from urban areas are likely very useful for inferring effects of

climate change on vegetation growth in the future if the overall

effect is quantitatively attributed to individual driving variables such

as CO2 increasing and warming.

Vegetation productivity is a significant part of the carbon biogeo-

chemical cycle. One implication of this result is that EVI enhance-

ment in urban environments could be an indicator of the increasing

productivity globally under future environmental conditions (e.g.,

increased CO2 and high temperature) as EVI is proportional to pho-

tosynthesis (Wu et al., 2010; Yuan et al., 2007). This could lead to

changes of carbon sources and sinks at a variety of spatial and tem-

poral scales. More broadly, vegetation response to urbanization

could provide the insight into the long-term effects and interactions

of multiple global-change drivers and adaptation strategy by plants.

Current manipulative experiments rely on micro- to plot-scale facili-

ties to manipulate one or more factors at a time to monitor the plant

responses (Bagley et al., 2015; Dieleman et al., 2012; Kupper et al.,

2011; L€ow et al., 2006; Ma et al., 2017; Nunn et al., 2005). In addi-

tion, manipulative experiments usually employ abrupt changes of

variables (e.g., 50% precipitation reduction, doubling of CO2) rather

than gradual changes, which might result in instantaneous and pul-

satile plant responses (Zhao et al., 2016). Using urban habitats

around the globe as natural laboratories to develop and test

hypotheses about future climate change impacts would complement

the manipulative experiments (Youngsteadt et al., 2015).

ACKNOWLEDGEMENTS

This study was supported by the National key R&D plan of China

Grant (2018YFA0606104), and the National Natural Science Founda-

tion of China Grants 41590843, 41771093, and 31621091.

ORCID

Shuqing Zhao http://orcid.org/0000-0002-3205-1414

REFERENCES

Arguez, A. (2012). NOAA’s 1981–2010 Climate Normals: Supplemental

Normals.

Bagley, J., Rosenthal, D. M., Ruiz-Vera, U. M., Siebers, M. H., Kumar, P.,

Ort, D. R., & Bernacchi, C. J. (2015). The influence of photosynthetic

acclimation to rising CO2 and warmer temperatures on leaf and

canopy photosynthesis models. Global Biogeochemical Cycles, 29,

194–206. https://doi.org/10.1002/2014GB004848

Briber, B. M., Hutyra, L. R., Reinmann, A. B., Raciti, S. M., Dearborn, V.

K., Holden, C. E., & Dunn, A. L. (2015). Tree productivity enhanced

with conversion from forest to urban land covers. PLoS One, 10,

e0136237. https://doi.org/10.1371/journal.pone.0136237

Carreiro, M. M., & Tripler, C. E. (2005). Forest remnants along urban-rural

gradients: Examining their potential for global change research. Ecosys-

tems, 8, 568–582. https://doi.org/10.1007/s10021-003-0172-6

Dieleman, W. I., Vicca, S., Dijkstra, F. A., Hagedorn, F., Hovenden, M. J.,

Larsen, K. S., . . . Janssens, I. A. (2012). Simple additive effects are

rare: A quantitative review of plant biomass and soil process

responses to combined manipulations of CO2 and temperature.

Global Change Biology, 18, 2681–2693. https://doi.org/10.1111/j.

1365-2486.2012.02745.x

Farrell, C., Szota, C., & Arndt, S. K. (2015). Urban plantings: ‘living labora-

tories’ for climate change response. Trends in Plant Science, 20, 597–

599. https://doi.org/10.1016/j.tplants.2015.08.006

Gitelson, A. A., Vi~na, A., Verma, S. B., Rundquist, D. C., Arkebauer, T. J.,

Keydan, G., . . . Suyker, A. E. (2006). Relationship between gross pri-

mary production and chlorophyll content in crops: implications for

the synoptic monitoring of vegetation productivity. Journal of Geo-

physical Research, 111, 1–13.

Gregg, J. W., Jones, C. G., & Dawson, T. E. (2003). Urbanization effects

on tree growth in the vicinity of New York City. Nature, 424, 183–

187. https://doi.org/10.1038/nature01728

Grimm, N. B., Faeth, S. H., Golubiewski, N. E., Redman, C. L., Wu, J.,

Bai, X., & Briggs, J. M. (2008). Global change and the ecology of

cities. Science, 319, 756–760. https://doi.org/10.1126/science.115

0195

Homer, C., Dewitz, J., Fry, J., Coan, M., Hossain, N., Larson, C., & Wick-

ham, J. (2007). Completion of the 2001 National Land Cover Data-

base for the conterminous United States. Photogrammetric

Engineering and Remote Sensing, 73, 337–341.

Homer, C., Dewitz, J., Yang, L. M., Jin, S., Danielson, P., Xian, G., . . .

Megown, K. (2015). Completion of the 2011 National land cover

database for the conterminous united states - representing a decade

of land cover change information. Photogrammetric Engineering and

Remote Sensing, 81, 345–354.

Hope, D., Gries, C., Zhu, W., Fagan, W. F., Redman, C. L., Grimm, N. B.,

& Kinzig, A. (2003). Socioeconomics drive urban plant diversity. Pro-

ceeding National Academic of Science USA, 100, 8788–8792. https://d

oi.org/10.1073/pnas.1537557100

Huete, A., Didan, K., Miura, T., Rodriguez, E. P., Gao, X., & Ferreira, L. G.

(2002). Overview of the radiometric and biophysical performance of

the MODIS vegetation indices. Remote Sensing of Environment, 83,

195–213. https://doi.org/10.1016/S0034-4257(02)00096-2

Imhoff, M. L., Bounoua, L., DeFries, R., Lawrence, W. T., Stutzer, D.,

Tucker, C. J., & Ricketts, T. (2004). The consequences of urban land

transformation on net primary productivity in the United States.

Remote Sensing of Environment, 89, 434–443. https://doi.org/10.

1016/j.rse.2003.10.015

IPCC (2013). Climate change 2013: The physical science basis. In T. F.

Stocker, D. Qin, G. K. Plattner, M. Tignor, et al. (Eds.), Contribution of

Working Group I to the Fifth Assessment Report of the Intergovernmen-

tal Panel on Climate Change. New York, New York, USA: Cambridge

University Press.

Karl, T. R., & Koss, W. J. (1984). Regional and national monthly, seasonal,

and annual temperature weighted by area, 1895–1983. Historical Cli-

matology Series 3-3.

Kaye, J. P., Groffman, P. M., Grimm, N. B., Baker, L. A., & Pouyat, R. V.

(2006). A distinct urban biogeochemistry? Trends in Ecology & Evolu-

tion, 21, 192–199. https://doi.org/10.1016/j.tree.2005.12.006

Kupper, P., S~ober, J., Sellin, A., L~ohmus, K., Tullus, A., R€aim, O., & S~ober,

A. (2011). An experimental facility for free air humidity manipulation

(FAHM) can alter water flux through deciduous tree canopy. Environ-

mental and Experimental Botany, 72, 432–438. https://doi.org/10.

1016/j.envexpbot.2010.09.003

Liu, S., Bond-Lamberty, B., Boysen, L. R., Ford, J. D., Fox, A., Gallo, K., &

Zhao, S. (2017). Grand challenges in understanding the interplay of

climate and land changes. Earth Interactions, 21, 1–43. https://doi.

org/10.1175/EI-D-16-0012.1

L€ow, M., Herbinger, K., Nunn, A. J., H€aberle, K. H., Leuchner, M., Heerdt,

C., . . . Matyssek, R. (2006). Extraordinary drought of 2003 overrules

ozone impact on adult beech trees (Fagus sylvatica). Trees, 20, 539–

548. https://doi.org/10.1007/s00468-006-0069-z

Ma, Z., Liu, H., Mi, Z., Zhang, Z., Wang, Y., Xu, W., . . . He, J. S. (2017).

Climate warming reduces the temporal stability of plant community

JIA ET AL. | 4093

http://orcid.org/0000-0002-3205-1414
http://orcid.org/0000-0002-3205-1414
http://orcid.org/0000-0002-3205-1414
https://doi.org/10.1002/2014GB004848
https://doi.org/10.1371/journal.pone.0136237
https://doi.org/10.1007/s10021-003-0172-6
https://doi.org/10.1111/j.1365-2486.2012.02745.x
https://doi.org/10.1111/j.1365-2486.2012.02745.x
https://doi.org/10.1016/j.tplants.2015.08.006
https://doi.org/10.1038/nature01728
https://doi.org/10.1126/science.1150195
https://doi.org/10.1126/science.1150195
https://doi.org/10.1073/pnas.1537557100
https://doi.org/10.1073/pnas.1537557100
https://doi.org/10.1016/S0034-4257(02)00096-2
https://doi.org/10.1016/j.rse.2003.10.015
https://doi.org/10.1016/j.rse.2003.10.015
https://doi.org/10.1016/j.tree.2005.12.006
https://doi.org/10.1016/j.envexpbot.2010.09.003
https://doi.org/10.1016/j.envexpbot.2010.09.003
https://doi.org/10.1175/EI-D-16-0012.1
https://doi.org/10.1175/EI-D-16-0012.1
https://doi.org/10.1007/s00468-006-0069-z


biomass production. Nature Communications, 8, 15378. https://doi.

org/10.1038/ncomms15378

Meineke, E., Youngsteadt, E., Dunn, R. R., & Frank, S. D. (2016). Urban

warming reduces aboveground carbon storage. Proceedings of the

Royal Society B: Biological Sciences, 283, pii: 20161574.

Milesi, C., Elvidge, C. D., Nemani, R. R., & Running, S. W. (2003). Assess-

ing the impact of urban land development on net primary productiv-

ity in the southeastern United States. Remote Sensing of Environment,

86, 401–410. https://doi.org/10.1016/S0034-4257(03)00081-6

Nunn, A. J., Kozovits, A. R., Reiter, I. M., Heerdt, C., Leuchner, M., Lutz,

C., . . . Matyssek, R. (2005). Comparison of ozone uptake and sensitiv-

ity between a phytotron study with young beech and a field experi-

ment with adult beech (Fagus sylvatica). Environment Pollution, 137,

494–506. https://doi.org/10.1016/j.envpol.2005.01.036

Pan, C., Zhu, X., Wei, N., Zhu, X., She, Q., Jia, W., . . . Xiang, W. (2016).

Spatial variability of daytime CO2 concentration with landscape

structure across urbanization gradients, Shanghai, China. Climate

Research, 69, 107–116. https://doi.org/10.3354/cr01394

Pei, F., Li, X., Liu, X., Wang, S., & He, Z. (2013). Assessing the differences

in net primary productivity between pre- and post-urban land devel-

opment in China. Agricultural and Forest Meteorology, 171–172, 174–

186. https://doi.org/10.1016/j.agrformet.2012.12.003

Pretzsch, H., Biber, P., Uhl, E., Dahlhausen, J., Schutze, G., Perkins, D., . . .

Lefer, B. (2017). Climate change accelerates growth of urban trees in

metropolises worldwide. Scientific Reports, 7, 15403. https://doi.org/

10.1038/s41598-017-14831-w

Quigley, M. F. (2002). 150 years of changing design, disturbance, and

impact on tree growth. Urban Ecosystems, 6, 223–235. https://doi.

org/10.1023/A:1026157629609

Quigley, M. F. (2004). Street trees and rural conspecifics: Will long-lived

trees reach full size in urban conditions? Urban Ecosystems, 7, 29–39.

https://doi.org/10.1023/B:UECO.0000020170.58404.e9

Schaefer, K., Schwalm, C. R., Williams, C., Arain, M. A., Barr, A., Chen, J.

M., . . . Zhou, X. (2012). A model-data comparison of gross primary

productivity: Results from the North American Carbon Program site

synthesis. Journal of Geophysical Research: Biogeosciences, 117, 1–15.

Searle, S. Y., Turnbull, M. H., Boelman, N. T., Schuster, W. S., Yakir, D., &

Griffin, K. L. (2012). Urban environment of New York City promotes

growth in northern red oak seedlings. Tree Physiology, 32, 389–400.

https://doi.org/10.1093/treephys/tps027

Sims, D. A., Rahman, A. F., Cordova, V. D., El-Masri, B. Z., Baldocchi, D.

D., Flanagan, L. B., . . . Xu, L. (2006). On the use of MODIS EVI to

assess gross primary productivity of North American ecosystems.

Journal of Geophysical Research: Biogeosciences, 111, 1–16.

Suriya, S., & Mudgal, B. V. (2012). Impact of urbanization on flooding:

The Thirusoolam sub watershed – A case study. Journal of Hydrology,

412–413, 210–219. https://doi.org/10.1016/j.jhydrol.2011.05.008

Takagi, M., & Gyokusen, K. (2004). Light and atmospheric pollution affect

photosynthesis of street trees in urban environments. Urban Forestry

& Urban Greening, 2, 167–171. https://doi.org/10.1078/1618-8667-

00033

United Nations (2015). World urbanization prospects: the 2014 revision.

Valiela, I., & Martinetto, P. (2007). Changes in Bird Abundance in Eastern

North America: Urban Sprawl and Global Footprint? BioScience, 57,

360. https://doi.org/10.1641/B570410

Wang, G., & Pan, Z. (2016). The Robustness of China’s migration and

heihe-tengchong line. China Population Today, 1, 39.

Wang, H., Jia, G., Fu, C., Feng, J., Zhao, T., & Ma, Z. (2010). Deriving

maximal light use efficiency from coordinated flux measurements and

satellite data for regional gross primary production modeling. Remote

Sensing of Environment, 114, 2248–2258. https://doi.org/10.1016/j.

rse.2010.05.001

Wu, C., Niu, Z., & Gao, S. (2010). Gross primary production estimation

from MODIS data with vegetation index and photosynthetically

active radiation in maize. Journal of Geophysical Research, 115, 1–11.

Xian, G., Homer, C., Dewitz, J., Fry, J., Hossain, N., & Wickham, J.

(2011a). The change of impervious surface area between 2001 and

2006 in the conterminous United States. Photogrammetric Engineering

and Remote Sensing, 77, 758–762.

Xian, G., Homer, C., Dewitz, J., Fry, J., Hossain, N., & Wickham, J.

(2011b). Completion of the 2006 National Land Cover Database for

the Conterminous United States. Photogrammetric Engineering and

Remote Sensing, 77, 858–864.

Youngsteadt, E., Dale, A. G., Terando, A. J., Dunn, R. R., & Frank, S. D.

(2015). Do cities simulate climate change? A comparison of herbivore

response to urban and global warming. Global Chang Biology, 21, 97–

105. https://doi.org/10.1111/gcb.12692

Yuan, W., Liu, S., Zhou, G., Zhou, G., Tieszen, L. L., Baldocchi, D., . . .

Wofsy, S. C. (2007). Deriving a light use efficiency model from eddy

covariance flux data for predicting daily gross primary production

across biomes. Agricultural and Forest Meteorology, 143, 189–207.

https://doi.org/10.1016/j.agrformet.2006.12.001

Zhao, S., Liu, S., & Zhou, D. (2016). Prevalent vegetation growth

enhancement in urban environment. Proceedings of the National Acad-

emy of Sciences of the United States of America, 113, 6313–6318.

https://doi.org/10.1073/pnas.1602312113

Zhou, D., Zhao, S., Liu, S., Zhang, L., & Zhu, C. (2014). Surface urban heat

island in China’s 32 major cities: Spatial patterns and drivers. Remote

Sensing of Environment, 152, 51–61. https://doi.org/10.1016/j.rse.

2014.05.017

Zhou, D., Zhao, S., Zhang, L., & Liu, S. (2016). Remotely sensed assess-

ment of urbanization effects on vegetation phenology in China’s 32

major cities. Remote Sensing of Environment, 176, 272–281. https://d

oi.org/10.1016/j.rse.2016.02.010

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Jia W, Zhao S, Liu S. Vegetation

growth enhancement in urban environments of the

Conterminous United States. Glob Change Biol.

2018;24:4084–4094. https://doi.org/10.1111/gcb.14317

4094 | JIA ET AL.

https://doi.org/10.1038/ncomms15378
https://doi.org/10.1038/ncomms15378
https://doi.org/10.1016/S0034-4257(03)00081-6
https://doi.org/10.1016/j.envpol.2005.01.036
https://doi.org/10.3354/cr01394
https://doi.org/10.1016/j.agrformet.2012.12.003
https://doi.org/10.1038/s41598-017-14831-w
https://doi.org/10.1038/s41598-017-14831-w
https://doi.org/10.1023/A:1026157629609
https://doi.org/10.1023/A:1026157629609
https://doi.org/10.1023/B:UECO.0000020170.58404.e9
https://doi.org/10.1093/treephys/tps027
https://doi.org/10.1016/j.jhydrol.2011.05.008
https://doi.org/10.1078/1618-8667-00033
https://doi.org/10.1078/1618-8667-00033
https://doi.org/10.1641/B570410
https://doi.org/10.1016/j.rse.2010.05.001
https://doi.org/10.1016/j.rse.2010.05.001
https://doi.org/10.1111/gcb.12692
https://doi.org/10.1016/j.agrformet.2006.12.001
https://doi.org/10.1073/pnas.1602312113
https://doi.org/10.1016/j.rse.2014.05.017
https://doi.org/10.1016/j.rse.2014.05.017
https://doi.org/10.1016/j.rse.2016.02.010
https://doi.org/10.1016/j.rse.2016.02.010
https://doi.org/10.1111/gcb.14317

