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a  b  s  t  r  a  c  t

Understanding  the factors  driving  the  variation  in urban  green  space  and  plant  communities  in  hetero-
geneous  urban  landscapes  is crucial  for  maintaining  biodiversity  and  important  ecosystem  services.  In
this  study,  we used  a combination  of  field  surveys,  remote  sensing,  census  data  and  spatial  analysis  to
investigate  the  interrelationships  among  geographical  and  social-economic  variables  across  328  differ-
ent  urban  structural  units  (USUs)  and  how  they  may  influence  the  distributions  of urban  forest  cover,
plant  diversity  and  abundance,  within  the central  urban  area  of Beijing,  China.  We  found  that  the  urban
green  space  coverage  varied  substantially  across  different  types  of  USUs,  with  higher  in  agricultural
lands  (N  =  15),  parks  (N =  46)  and  lowest  in  utility  zones  (N = 36).  The  amount  of  urban  green  space  within
USUs  declines  exponentially  with  the  distance  to  urban  center.  Our  study  suggested  that  geographical,
social  and  economic  factors  were  closely  related  with  each  other  in  urban  ecological  systems,  and  have
important  impacts  on urban  forest  coverage  and  abundance.  The  percentage  of forest  as well as  high  and

low  density  urban  areas  were  mainly  responsible  for variations  in  the  data  across  all  USUs  and  all  land
use/land  cover  types,  and  thus  are  important  constituents  and  ecological  indicators  for  understanding
and  modeling  urban  environment.  Herb  richness  is more  strongly  correlated  with  tree  and  shrub  density
than  with  tree  and  shrub  richness  (r  =  −0.472,  p  < 0.05).  However,  other  geographic  and  socioeconomic
factors  showed  no  significant  relationships  with  urban  plant  diversity  or  abundance.
. Introduction
The existence of urban plants and their associated ecologi-
al processes play an important role in the structure, function
nd dynamics in urban ecosystems (Pickett and Cadenasso, 2008).
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Urban socioeconomic system means a set of critical resources
(natural, socioeconomic, and cultural) whose flow and use is reg-
ulated by a combination of ecological and social systems (Berkes
et al., 2003). The urban forest, along with buildings and surfaces,
is a principal element of urban structure (Ridd, 1995). Plants con-
tribute to the spatial structure of urban systems not only through
their presence in parks and reserves, but also throughout the entire
urban mosaic. The urban forest, which includes individual trees
along streets and in backyards as well as stands of remnant for-

est (Nowak et al., 2001), has become one of the most extensively
researched topics in urban ecology because of its environmental,
social and economic benefits (Peckham et al., 2013). Specifically,
environmental benefits include urban heat island effect mitigation
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on water-covered areas (e.g., Kunming Lake of the Summer Palace)
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Yuan and Bauer, 2007), carbon sequestration (Jo and McPherson,
995; Nowak and Crane, 2002), air purification (Nowak et al., 2006),
abitat provision (Young, 2010), and an increase in local biodi-
ersity (Kong et al., 2010). Social benefits include, for example,
sthetic pleasure (Smardon, 1988), improved human health (Maas
t al., 2006, 2009; Qureshi and Breuste, 2010), faster recovery from
llness through establishment of a tranquil and healthy environ-

ent (Kuo and Sullivan, 2001), and reduction of crimes and fear of
rime (Troy et al., 2012). In terms of economic benefits, urban forest
ould help increase real estate values (Anderson and Cordelland,
988), and also stimulate higher economic activity (e.g., tourism
nd direct provision of timber) in tree-covered areas (Baines,
000).

Many researchers have studied urban forest and plant diversity
hanges as well as the driving forces behind these changes in differ-
nt cities around the world. However, the driving force has not been
ound to be the same everywhere. For example, in many U.S. cities,
lant diversity and the proportion of vegetation cover is closely
elated to residents’ income (Iverson and Cook, 2000; Martin et al.,
004; Clarke et al., 2013), the proportion of immigrants (Troy et al.,
007; Szantoi et al., 2012), and the geographic slope (Kim and Zhou,
012). Other studies in different regions of the world suggested
hat policy or governance-related factors played a leading role. For
xample, rapid urbanization and greening policies accounted for
he process of green space change in Kunming, China in Zhou and

ang (2011). Kendal et al. (2012) found that ‘top down’ political
actors in Ballarat, Australia were more important than individual
ehaviors in determining tree cover, and physical rather than socio-
conomic factors were better predictors of species richness across
ll land uses. In Bloomington, Indiana, USA, urban land use as gov-
rned by municipal zoning policies plays a role in the abundance,
istribution, and potential future location of urban trees indepen-
ent of policies meant specifically to manage canopy (Mincey et al.,
013). Therefore, comparative studies in varying cultural, political
nd geographic contexts are required to improve our understand-
ng of how socio-economic conditions may  drive patterns of urban
egetation.

Beijing, as one of the fastest growing cities in China, harbors 618
lant species belonging to 349 genera, 103 families, and 14 different
horological spectra (Zhao et al., 2010). The area dedicated to public
reen space reached 15.7 m2 per capita in 2013 (BD, 2014). Urban-
zation results in homogenization of the landscape, and is often the

ain cause for the loss of overall biodiversity and native species
n modified landscapes (McDonnell, 2011; Pauleit et al., 2010). For
xample, 53% of the plant species in Beijing are aliens (Zhao et al.,
010; Wang et al., 2011). Urban structural unit is a good model
o explore urban vegetation cover and plant diversity changes in
omplex urban ecosystem. Urban structural units (USUs) are work
or similar) units in urbanized areas, such as parks, areas of com-

erce, and areas for transportation (Wang et al., 2013). Wang et al.
2013) examined single linear relationships between forest cover
nd the construction period/housing price in three USUs (i.e., uni-
ersities/colleges, parks and residential areas). However, the urban
cosystem is highly heterogeneous, having biotic and abiotic com-
onents, and the relationships among these components are not
imple linear relationships between pairs (Pickett and Cadenasso,
008).

Recently, some studies (e.g. Egoh et al., 2008; Naidoo and
icketts, 2006; Nelson et al., 2009) explore the spatial patterns of
rovision of multiple services across landscapes, and these stud-

es focused on spatial concordance among services as evidence of
in–win opportunities for conservation of multiple ecosystem ser-
ices and biodiversity. However, it is scarce to explore more types
f USUs with PCA and multivariate regression in urban ecosys-
em, while understanding the driving factors of urban green space
nd plant diversity in highly heterogeneous landscapes of Beijing
cators 60 (2016) 921–929

is crucial for deciding how to best maintain biodiversity and the
provision of ecosystem services.

We focused on three questions in this study. Firstly, how
does the urban green space vary by urban structural unit (USU)?
Secondly, how do the geographical, social and economic factors
interrelate with each and to what extent can they explain the vari-
ations of urban green space at the USU level? Thirdly, at the USU
level, how do plant species richness and density vary by USUs,
and what factors may  influence the urban plant communities?
We intended to identify key indicators that could predict pat-
terns across all land use cover types. We  also explored the driving
force(s) behind forest cover and plant diversity in Beijing, which
would provide important implications for better incorporating bio-
diversity and the provision of ecosystem services in future urban
planning and design.

2. Method

2.1. Study area

Beijing is located at the northwestern border of the North China
Plain. The city has an annual average temperature of 11.7 ◦C and
annual average precipitation of 595 mm,  with most of this precip-
itation occurring in the summer. Beijing has a nearly 3000-year
history as China’s political and cultural center, 800 of which Bei-
jing has been the capital city in China following the Yuan dynasty
(1271–1368, AD). The central urban area is confined within the
fifth ring road (Fig. 1) and covers an area of 650 km2 (BISM, 2005).
In 2009, Beijing’s population reached 21.14 million, and the per-
manent resident population density is of 1311 persons/km2 (GD,
2014). Its urban greening percentage is up to 46.8% (BMBS, 2012).
The economy experienced fast growth following the implemen-
tation of a market-oriented reform policy in late 1970s. For the
past several decades, Beijing has also undergone a rapid urban-
ization, with urban areas increasing from 64 km2 in 1978 to 16
thousand km2 in 2009; the area within the fifth ring road as of 2009
is 650 km2 in BMBS (2009).

2.2. Sampling design

An even grid based stratified sampling method was developed
for this study. First, we obtained two  scenes of cloud-free SPOT 5
(Satellite Pour l’Observation de la Terre) images with spatial resolu-
tion of 10 m and acquisition dates of 30 August and 25 October 2002,
respectively. Both images were geometrically rectified by ground
control points from orthorectified images and then mosaiced using
ERDAS ImagineTM software. The images within the fifth ring road
of Beijing were extracted and tilted into 160 2 km × 2 km grids.
Then, one to four USUs within each grid were selected randomly
in each grid cell. The boundary of each USU was  determined on the
printed photo by referring to Google Earth (accessed from June to
July in 2010), Beijing City Atlas (BISM, 2005, scale 1:50,000) and
in situ surveys (including interviewing local people for a given
USU’s boundaries). Finally, referring to the SPOT 5 images, the
boundaries were drawn by on-screen digitization of the images
with ArcGIS 10 (Fig. 1).

In this study, we  did not adopt a completely random sampling
approach mainly because we did not know a priori where the sam-
pling sites would be. Furthermore, the urban vegetation and socio-
economic data of sampling plots could not be accessed if they fell
or impermeable surfaces (such as Tian’anmen Square). Our sam-
pling method had the likelihood to introduce some sampling bias;
therefore, we  increased the sampling size (number of samples) for
each USU type in order to minimize the bias as much as possible.
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ig. 1. Study area and sampling sites. A–O represent the column name from left to r
he  first USU in the grid F3.

.3. Land use/land cover classification

An appropriate land cover classification system developed by
adenasso et al. (2007) was adapted to identify land cover classes
rom the SPOT 5 image. A land use/land cover map  for the study area
as derived using an object-based image analysis (OBIA) approach.

wo scenes of SPOT imagery (4 color banded; 10 m resolution)
cquired on 30 August and 25 October 2002 were used as the
ain sources for Land Use and Land Cover (LULC) classification.

hree main steps were used for the classification. First, we  per-
ormed a multi-resolution image segmentation to generate image
bjects on which the classification algorithm could be applied. For
his segmentation, we used a ‘scale parameter’ of 20, which was
etermined by visual interpretation of the segmentation results.
he important outcome of the segmentation process is to iden-
ify objects that were homogeneous and included the features (i.e.,
pectral values, shape, texture, etc.) that can be used for classifica-

ion (Walker and Blaschke, 2008). Second, once the segmentation
as achieved, we utilized a combination of fuzzy rules and standard
earest neighbor (SNN) algorithm to classify each image object. A
otal of 200 training samples were selected and referenced with
nd 1–14 represent the row name from the top to bottom; therefore, F3a represents

the auxiliary data (including digital topographic maps, field sur-
vey data, high spatial resolution imagery (Quick Bird) (QB), and
Google Earth) to identify their representative classes. Based on
the spectral and spatial information of these samples, we created
the SNN feature space and fuzzy rule algorithms that were col-
lectively used for classification. Each image object was assigned
a probability of which LULC class it belonged, and the final class
of image objects was decided on the basis of which class has the
highest probability. Finally, we refined the classification with man-
ual adjustment to improve the overall quality of classification. As
a result, six categories were identified: exposed land, open water,
forest, high-density urban, low density urban, and farmland. The
classification was  performed using Definiens 7.0 software. Classifi-
cation accuracy was assessed by comparing the reference collection
with classified imagery (Congalton, 1991). Based on the confusion
matrix, the overall accuracy of land cover classification was 92.56%,
and the Kappa coefficient was  0.92 (ca. Wang et al., 2013). Based

on the derived LULC map, we further calculated the percentage for
each LULC type within every USU in ArcGIS 9.3 (ESRI).

The classification scheme of the USUs in this study was  mod-
ified from the Urban Forest Effects (UFORE) Model: Field Data
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ollection Manual (UFORE, 2011). For our study, ‘Agriculture’ (A)
ncludes farmland and orchards. ‘Commerce’ (C) includes hotels,
usinesses, and logistics centers. ‘Institutional’ (I) includes muse-
ms, colleges/universities, research institutions, places of historic

nterest and scenic beauty, general institutions, primary and mid-
le schools. ‘Park’ (P) is parklands. ‘Residential’ (R) includes urban
illages, low and high-density residential areas, and Siheyuan
Courtyards). ‘Transportation’ (T) includes overpasses, bridges,
oads, expressways, bus stops, train stations, airports, and bus sta-
ions; T also includes limited access roadways (usually fenced),
rain tracks, airports, shipyards, etc. ‘Utility’ (U) includes public
quares, refuse processing plants, sports centers sewage treatment
lants, entertainment plazas, hospitals, government organs and
overnment offices. Finally, ‘water/wetland’ (W)  includes rivers,
anal, and lakes.

.4. Socioeconomic variables

Based on prior information, data for the construction period,
ousing price, and population density for each USU were collected
nd used as representative socioeconomic indicators (variables).
hese were considered as the most relevant indicators by which
o address the question and objective of this study. To determine
he construction period (years), first, the year when the USU was
stablished or brought into service/function was accessed by refer-
ing city portal website or through interviews with the local people
n each USU. Then, using 2011 minus the year of establishment, we
btained the construction period that reflected the total length of
he USU’s existence. Housing price (Yuan/m2) was  accessed from
he Beijing Aifang website (http://beijing.aifang.com/) from April 1
o June 1 in 2011. The average second-hand housing price for each
earby USU was accessed from that website. Only a few USUs had
o house price information, and for those cases, we referred to the

ocal housing value evaluation center (i.e., http://www.zplh.net/)
nd interviewed more than 30 local people to calculate the aver-
ge and avoid bias as much as possible. We  counted the number of
uildings (B), storeys of each building (S) and apartments of each
torey (A) (if any) within each USU via visiting each USU or referring
oogle Earth (http://earth.google.com/). We  get the average num-
er of each family member (M)  via referring to the Beijing Statistics
earbook (BMBS, 2009), and the population (P) of each USU was
etermined as the following formula: P = B × S × A × M.  Permanent
opulation density (person/km2) = P/A. A is the area of each USU.

Besides, a questionnaire including average income, average age,
ercentage of alien people, percentage of house rent, number of
ach family member, average education level and main profes-
ional was performed in Beijing via interviewing local people of
ach residential areas.

A central/median point within each USU was determined to rep-
esent the geographical position of each USU within Beijing. Then
he area, longitude, latitude and the distance from urban center
Tian’anmen square) were accessed in ArcGIS 9.3. Ramalho and
obbs (2011) pointed out that categorical or quantitative measures
f geographical linear distance in urban ecological studies can be
mbiguous and misleading. In Beijing, however, more people prefer
o live in the urban center, as it provides better resources for educa-
ion and medical treatment (Time Architecture, 2007). In addition,
he urban sprawl in Beijing occurs from the second to fifth ring road
Ding, 2005), and readily manifests along urban–rural gradient in
eijing.

.5. Vegetation survey
The vegetation survey was conducted with a stratified sampling
ethod for each USU. Each USU was divided into tree, shrub and

erb layers; each sampling site was selected randomly in each layer.
cators 60 (2016) 921–929

A woody plant was considered a tree if its trunk diameter were
larger than 2 cm;  otherwise, it was classed as a shrub. We  had at
least three 10 m × 10 m tree sampling plots within each USU, with
five 2 m × 2 m shrub sampling plots and 1 m × 1 m herb sampling
plots nested within each tree plot. However, if the USU was  highly
heterogeneous (such as a park) or was larger than 30 km2, more
than three tree sampling plots were investigated. We  recorded the
species name, diameter at breast height (DBH), height, and crown
width for each tree; the species name, crown width, and height for
each shrub; and the species name, height and number of individ-
uals for each herb. Four plant richness and density variables are
calculated as follows:

Tree and shrub richness = The total number of tree and shrub
species in three 10 m × 10 m tree/shrub plots for each USU;
Herb richness = The number of herb species in each 1 m × 1 m herb
plot;
Tree and shrub density = The total number of tree and shrub
species individuals/300 m2, three 10 m × 10 m tree and shrub plot
in each USU;
Herb density = The total number of herb species individu-
als/N × 1 m2 plot, N = the number of herb plots in each USU.

2.6. Data analysis

The multivariate analytical technique of Principal Component
Analysis (PCA) was  used in this study. The statistical software
of Minitab16® was used to perform all the multivariate analysis.
PCA was  used both for the sake of dimension reduction and for
examining/describing the pattern(s) of collective variation in the
multivariate data set. For preliminarily exploratory analysis, no
rotations were used. The principal components (PC) obtained by
the analysis are regarded as the linear combinations of the variables
under study, and thus hold and summarize optimum information
in the data.

PCA with Varimax method of orthogonal rotation was  then used
at the secondary stage of the analysis. Each sampling site com-
prised subset-areas, categorized by the dominant land cover. The
land cover types were classified as forest land, exposed (barren)
land, water, high density, low density or farmland in this study.
For PCA, more general and meaningful variables of %forest land,
%Exp, %water, %hidensity, %low dens and %farmland were derived
for each sample by multiplying the area of each of the subset by
100 and dividing by the total sampling area.

The sum of the variables for forest land, exposed areas,
water-covered areas, high density, low density and farmland was
compared with the total area of the sampling site for each sample,
and values showing a difference of more than 5% were removed.
The data was  then z-score standardized for the multivariate analy-
ses. Standardization helped to eliminate the errors and to manage
any issues that could arise due to large differences among means
and variances and the different units of variables. A preliminary
exploratory PCA was first carried out to refine the data and it was
noticed that the data contained some extreme values, as shown in
the score plot of the first two components, which dominated the
overall correlation model of the PCA. The contribution of a variable
in a PC depends upon its “loading”, the coefficient of the variable in
the linear equation connecting variables with the PC.

We further performed multiple regression analyses to evaluate
the relative importance of each variable for urban forest. We  used
hierarchical partitioning to evaluate the relative importance of
each model term on urban green space. The most parsimonious

model was selected using Akaike’s Information Criterion, AIC
(Burnham and Anderson, 1998). We also examined the bivariate
relationships using a scatterplot, which was fit with appropri-
ate functions as needed. Model assumptions were checked and

http://beijing.aifang.com/
http://beijing.aifang.com/
http://beijing.aifang.com/
http://beijing.aifang.com/
http://beijing.aifang.com/
http://www.zplh.net/
http://www.zplh.net/
http://www.zplh.net/
http://www.zplh.net/
http://www.zplh.net/
http://earth.google.com/
http://earth.google.com/
http://earth.google.com/
http://earth.google.com/
http://earth.google.com/
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Table  1
Eigenvalues and loadings for each of the five chosen PCs obtained by the PCA. %hidensity = percentage of high density urban area; %low dens = percentage of high density
urban  area; % farm = percentage of farmland area; %water = percentage of water-covered land; %Exp = percentage of exposed land area; %forest = percentage of forestland
area;  %green = percentage of greening land area.

Variable PC1 PC2 PC3 PC4 PC5

Eigenvalue 2.8855 2.0037 1.6315 1.2135 1.1425
%Proportion 19.2 13.4 10.9 8.1 0.076
%Cumulative 19.2 32.6 43.5 51.6 59.2
The  distance from urban center 0.465 −0.068 −0.058 −0.197 −0.06
Construction period −0.266 −0.11 0.177 0.34 0.098
Housing price −0.321 −0.023 0.134 0.25 0.251
Population density −0.433 −0.071 0.063 0.18 0.198
Richness of trees and shrubs −0.11 −0.383 −0.463 0.066 −0.133
Density of trees and shrubs −0.048 −0.095 −0.418 0.116 0.28
Richness of Herbs 0.025 −0.257 −0.521 −0.059 −0.065
Density of Herbs −0.053 −0.415 −0.109 0.21 −0.072
%Exp  0.305 −0.06 0.085 0.161 0.462
%forest 0.143 −0.425 0.318 −0.174 0.025
%water 0.02 −0.329 0.171 −0.065 −0.031
%high density −0.447 0.163 −0.137 −0.428 −0.091
%low  dens 0.261 0.251 −0.135 0.65 −0.265
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%farm 0.15 0.0
%green 0.015 −0.4

ariance inflation Factor (VIF) (1.8) suggested no violation of mul-
icollinearity. We also examined all pairwise comparisons among
oncentrations using a Tukey’s honestly significant difference
ultiple comparison test.

. Results

Table 1 contains the eigenvalues for the first five PCs obtained by
he PCA. These five PCs account for 59.2% of the cumulative varia-
ion in the data. Table 1 also lists the proportion of the total variation
or which each of these PCs is exclusively responsible. Each of these
Cs can be defined as a linear combination of the variables present
n the real data. Table 1 lists all loadings for each of the five cho-
en PCs. The variables contributing the most to PC1 (±loading more
han 0.300) are the distance from urban center, %Exp, housing price,
opulation density and %hidensity, while PC2 is mainly governed by
ariables including: richness of herbs, %water, richness of trees and

hrubs, density of herbs, %forest and %green, as these have extreme
oadings (Fig. 2). Using the same argument, Table 1 shows that PC3
s mainly influenced by %forest, %green, density of trees and shrubs,
ichness of trees and shrubs and richness of herbs, PC4 by %low

ig. 2. Loading plot of the first two-factor analysis (PCs) showing the contribution of
ariables in the factor analysis (PCs). %hidensity = percentage of high density urban
rea; %low dens = percentage of low density urban area; %farm = percentage of farm-
and area; %water = percentage of water-covered land; %Exp = percentage of exposed
and area; %forest = percentage of forestland area; %green = percentage of greening
and area.
−0.16 −0.127 0.685
0.266 0.06 −0.129

dens, construction period and %hidensity, and PC5 by %farmland
and %Exp.

The PC accounting for the most variation (19.2%) in the data,
i.e., PC1, is mainly influenced by variables including distance from
the urban center, %Exp, housing price, population density and %hi-
density (±loading more than 0.300). Therefore, the heterogeneity
of the studied urban regional samples mainly derives from socio-
economic variability and corresponding changes in use of sparsely
landscaped land. Furthermore, PC4 (8.1% of the total variance)
had high loadings for the variables of low-density urban area,
high-density urban area, and construction period. This PC clearly
quantified the socioeconomic history and the land cover of the
sampled regions. PC5 (7.6% of the total variance) has significant
contribution by the variables %farmland and %Exp areas. As farm-
land is not correlated to any socioeconomic factor, land cover type,
or plant diversity parameter, and as exposed land is weakly corre-
lated only with the distance from the urban center, PC5 accounts
for the abundance and influence of farmland and barren lands in
the studied urban area.

An obvious clustering of the variables is also evident from the
loading plot (Fig. 2). This clustering can be accounted by the correla-
tion coefficients of these variables, which are listed in the Appendix.
Among the LULC types, only %hidensity shows significant corre-
lation with the distance from urban center and with population
density (r = −0.433 and 0.315, p < 0.05), which are both strongly cor-
related (r = −0.613, p < 0.05) with each other. Therefore, these vari-
ables clearly form a cluster in the loading plot; the variables housing
price and construction period join this cluster because of their cor-
relation (r = 0.37 and 0.33, p < 0.05) with population density. The
variable %hidensity is moderately to weakly correlated with %for-
est and %low dens (with a negative r). Distance from the urban
center, %Exp, and %farmland are all weakly correlated; therefore,
the latter two  form a cluster showing an association with the first.

The variables %forest, %low dens, %hidensity and %Exp were the
four main variables in our loading plot of the first two rotated com-
ponents, which indicated that these four variables could contribute
to most common variances in our study (Fig. 2). The variables
%forest, %low dens, %hidensity and %Exp were thus likely mainly
responsible for the variation in the data in all USUs and across all
land use types. Other variables only caused variation in certain

USUs. Therefore, these three variables can be used as indica-
tors/predictors for every type of land use in this study (Fig. 2).

Multiple regression analyses were applied to evaluate the
relative importance of each variable to the urban forest, and
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Table 2
Summary of the total number of samples and average unit size (with standard
deviation) for each USU type.

Urban structural unit (USU) Number of samples Area (±SD) (ha)

Agriculture 15 25.9 (±20.6)
Commerce 35 20.7 (±16.5)
Institution 85 24.8 (±27.3)
Park 46 36.8 (±43.8)
Residential 135 22.1 (±15.2)
Transportation 18 33.8 (±63.0)
Utility 36 21.6 (±20.2)
Water/wetland 10 56.6 (±75.6)

Fig. 3. Variations in percentage of urban greenness among urban structural units
(
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(r = −0.61), indicating that the price of houses and population den-
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p
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USUs). Groups with different letters indicate significant difference as determined
rom Tukey’s multiple comparison test. Refer to Table 1 for the number of samples
or  each USU.

ierarchical partitioning was used to evaluate the relative impor-
ance of each model term on urban green space. We  found that
rban green space exhibited great variability across all USU
ypes. Highest green space coverage was found in Agriculture

N = 15), Park (N = 46) and Utility (N = 36), and lowest was found
n Transportation (N = 18) with Tukey’s multiple comparison tests
Table 2 and Fig. 3). The best AIC model accounted for 16% of the

ig. 4. Hierarchical partitioning result illustrates the independent effects of model term
IC-best  model, and text gives their slopes and standard errors. All predictor variables w
rior  to analyses. The best AIC-model accounted for 16% of the variation of percentage of u
f  multicollinearity.
Fig. 5. Scatterplot of percentage of urban greenness and log-transformed distance to
urban center, indicating that the amount of urban green space declines exponentially
as USU is closer to urban center.

variation of percentage of urban greenness. The amount of urban
green space declines exponentially the closer a USU is to the urban
center (Figs. 4 and 5).

No significant relationships were found between urban plant
diversity and abundance with other geographic and socioeconomic
factors. Only housing price was  correlated to tree/shrub species
richness (negative correlation), but housing price only explained a
very small proportion of the variation (Fig. 6).

4. Discussion

4.1. Relationships among different components of urban
ecosystem

In our study, we exclude variation in the indicators and correla-
tions depending on seasons (e.g., water availability in the summer,
etc.), the distance from urban center, construction period, hous-
ing price, and population density have expected correlations with
each other (Table 1). The distance from urban center is negatively
correlated with housing price (r = −0.43) and population density
sity are lower in areas further away from the urban center. In
addition, population density is also positively correlated with con-
struction period (r = 0.33) and housing price (r = 0.37), suggesting

s for urban greenness (i.e., predictor variables). Dark bars indicate variables in the
ere log-transformed because of the right-skewed distribution, and standardized

rban greenness. Model assumptions were met and VIF (1.8) suggested no violation
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Fig. 6. Hierarchical partitioning result illustration the independent effects of model terms (i.e., predictor variables) for species richness and density. Dark bars indicate
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ariables retained in the AIC-best model, and text gives their slopes and standar
ichness and density. All responses were log-transformed to satisfy the model assu

hat more densely populated areas are more likely to have existed
onger and have higher property values. The amount of urban green
pace declines exponentially the closer the USU is to the urban cen-
er. This reflects how it becomes more feasible to develop green
pace alongside a lower population density where the housing
rices are also lower (Fig. 5).

Beijing shows a pattern of urban sprawl: older houses/buildings
re usually located near the urban center, where people are con-
entrated and the houses are expensive. This pattern is consistent
ith the development pattern and life style in most Chinese cities:
nlike those living in western cities (i.e., cities in Europe and the
SA), people in China prefer to live close to downtown or central
usiness regions, rather than suburban areas, so that the individuals
an access convenient transportation and municipal infrastructure
nd facilities such as hospital and education (Time Architecture,
007). On the contrary, wealthy or middle-class families in west-
rn countries prefer to live in the suburban or exurban areas. For
xample, while the total population of Atlanta, Georgia, USA only
ncreased by 22,000 in the past 10 years, 2,100,000 people are
rowded in its suburban regions, with these crowds surging to
reas even further afield (SCD, 2004). This phenomenon of urban
prawl over time occurs mainly because of life style, values and
erspectives; e.g., the wealthier people in the west prefer to choose
uburbs, as these have a better environment and more convenient
ransportation.

As indicated by earlier studies (Grove et al., 2006; Luck et al.,
009; Boone et al., 2010), population is one of the important
ocioeconomic variables affecting the urban green space varia-
ion; therefore, we included population density in this study, and
xpected that population density would play a role in determining

rban green space. However, population density was  not sig-
ificantly correlated to urban green space variation. This result,
hough, might due to the mismatch between the scale at which
opulation density data were accumulated (i.e., district-level) and
rs. Column indicates tree/shrub and herbaceous layer, and row indicates species
n.

the scale (i.e., USUs level) at which they may  exert the influences.
Unfortunately, district-level population density is the finest avail-
able data; the results might change if finer-level population data
would be made available. The population data for each USU in Chi-
nese cities are deemed confidential by official agencies, unlike USA
cities, in which the data could be more readily obtained (Grove
et al., 2006). Therefore, in our study, we  used the population data
for each district from local published Statistical Yearbooks; i.e., the
population density for each USU is represented by the average pop-
ulation density of each district in which the USU falls. Given the
heterogeneity of urban ecosystem, the population for parks and
residential areas are not the same, a discrepancy that might have
contributed to the non-significant relationship between population
density and urban green space coverage.

4.2. Plant species richness and density vary by USUs

The urban ecosystem is a highly heterogeneous and complex
system in which human activities, such as those related to socio-
economic or urban management factors, determine the greenness
coverage; in other words, human activities play a greater role in
determining the green space coverage in urban systems than natu-
ral processes do (Martin et al., 2004; Troy et al., 2007; Kendal et al.,
2012; Szantoi et al., 2012; Mincey et al., 2013). In our study, the
loadings of PC2 (responsible for 13.4% of the total variance; Table 1)
show that richness of herbs, richness of trees and shrubs, density
of herbs, and urban green space may  respond in the same direc-
tion to external environmental drivers, even though no land cover
area was  weakly correlated with any of the plant diversity parame-
ters. This suggests that increase in urban green space can still help

conserve urban plant communities, albeit such an effect is limited.
The richness and density of herbs refer to the species composition
and population density of all types of herbs, respectively. There-
fore, this PC explains the herb species composition rather than
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hat of the trees or shrubs. We  also found that richness of herbs
s more strongly correlated to the density of trees and shrubs than
o the richness of trees and shrubs (Table 1). Perhaps this correla-
ion between herb richness and tree/shrub density arises because

 greater number of trees and shrubs provide a microclimate (e.g.,
oisture, temperature) that is more suitable for herbs, and thus

enerates a beneficial habitat for more herb species.
Some studies (Grove et al., 2006; Luck et al., 2009; Boone et al.,

010) indicated that householders’ income was an important fac-
or affecting the plant richness for each USU, therefore, in this
tudy we also intended to include householders’ income as one
f the variables. Our hierarchical partitioning results indicated
hat no significant relationships were found between urban plant
iversity and abundance with other geographic and socioecono-
ic  factors; only housing price was weakly negatively correlated
ith tree/shrub species richness, and only explained a very small
roportion of the variation (Fig. 6). This result is different from
luxury effect” proposed by Hope et al. (2003), i.e. more wealthier,
ore plant diversity in their residential areas. There are three rea-

ons that might explain the weak relationships: first, while Grove
t al. (2006) were able to obtain USA city householders’ income,
e were not able to acquire those same data for Beijing residents.

he questionnaire for our study, designed and performed in some
esidential areas of Beijing by Wang, asked about income and edu-
ation level, but the primary results were not ideal, because Chinese
ity dwellers are very reluctant to answer such private questions;
mericans tend to provide relatively complete socioeconomic data

Grove et al., 2006; Troy et al., 2007; Boone et al., 2010). Even though
e could not get the householders’ income precisely as Grove et al.

2006), housing price reflects the income level of its residents (Guo
t al., 2007), and as housing price has been used as one of the socio-
conomic variables in Wang et al. (2013), we also used the average
ousing price as one of the socioeconomic variables in this study.
econd, the housing price in Beijing has increased very rapidly in
ecent years alongside the rapid urbanization, therefore, it is inac-
urate to consider housing price in and of itself as a socioeconomic
actor driving plant richness in Beijing. For example, the housing
rice in Beijing increased eight times in the past eight years (from
003 to 2011) and is highly influenced by multiple factors, such as
he annual income of residents, price indices of investment in fixed
ssets, and the consumer price index, etc. Lastly, in China, urban
reening is primarily managed by the government. In the USA,
0–70% of land in a city is privately owned and landscaped. So the
ousing price in the USA can have strong relationship with the plant
iversity, to some extent, China city dwellers did not involve in their
ards plant species choosing and planting like USA cities, China
rban residents often entrust their yard greening to outside com-
any and the greening species could be changed frequently because
f different owners’ preference, while the companies implement
he greening policy according to trend and bid money to arrange
he greening area and plant species.

To manage biodiversity, the existing diversity in older neighbor-
oods should be maintained, and the introduction of new species
o newer neighborhoods should be encouraged (Clarke et al., 2013).
n this study, we  found that the plant diversity variables exhibited
nly moderate/weak to even negligible correlation with each other.
he richness of trees, shrubs and herbs are moderately correlated
r = −0.472, p < 0.05). The richness of herbs is also weakly correlated
ith their density. The remaining plant diversity measures show
o correlation with one another. One possible explanation for the

ack of relationship is that urban vegetation, which is highly influ-
nced by purposeful planning and design, is likely to be determined

y decisions from local agencies and thus might not be captured by
ocioeconomic conditions. Each habitat patch may  serve as a source
r a sink for individuals of the human population (Pulliam, 1988).
n this study, PC3 (10.9% of the total variance) is mainly influenced
cators 60 (2016) 921–929

by forest cover, greening area, density of trees and shrubs, richness
of trees and shrubs, and richness of herbs. Unlike PC2, this PC does
include richness of both trees and shrubs. Thus, this PC takes into
account both the tree and shrub species composition and human
population. In addition, the variables %green, %water and density
of herbs, which clustered together, do not correlate with any of the
other variables. This is likely because areas of green space, sup-
ported by water, are mainly used to support grass-like herbs rather
than trees or shrubs (e.g., such as golf courses).

5. Conclusion

Socioeconomic factors (i.e., construction period, housing price
and population density) have strong correlations with distance
to urban center. The urban green space coverage is highest in
Agriculture and Park, and lowest in Utility. The amount of urban
green space within USUs declines exponentially with the distance
to urban center. Geographical, social and economic factors were
closely related with each other in urban ecological systems. The
percentage of forest as well as high and low density urban areas
were mainly responsible for variations in the data across all USUs
and all land use/land cover types. However, other geographic and
socioeconomic factors showed no significant relationships with
urban plant diversity or density.

The richness of herbs was  more strongly correlated to the den-
sity of trees and shrubs than to the richness of trees and shrubs.
To some extent, a higher density of trees and shrubs would create
a more suitable habitat for more understory herb species. Hence,
we could establish trees, shrubs and herbs in a multi-layered com-
munity to make full use of the ecological resources spatially. In
turn, using the ecological resources to their full potential would
increase the habitat diversity and make the ecological space more
heterogeneous, enriching species diversity.
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