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a b s t r a c t

About 52% of the world's population now lives in urban areas, and 41% of urban land in developed
countries is used for residential areas. The amount and quality of residential green space, an important
element in urban residential infrastructure, is closely correlated to city dwellers' quality of life. The
quality of green spaces is not only closely correlated to the ecosystem services they provide, but also to
their disservices. In order to (i) examine how plant diversity and plant traits vary in different residential
areas, (ii) determine the main socio-economic factors driving plant trait variations across different res-
idential areas, and (iii) provide an overview on selected ecosystem services and disservices related to
plant diversity, we investigated the flora and socio-economic properties of 83 residential areas in Beijing,
China. We found a total of 369 plant species belonging to 99 families and 150 genera. With respect to
plant traits, there were 90 annual species, 174 alien species, 169 pollen allergenic species, and 133 species
with edible or pharmaceutical value. The number of perennial, alien, ornamental and edible plant species
was largest in residential areas completed in the 1990s. The number of allergenic species was highest in
residential areas completed prior to 1980. The Simpson, Shannon and Pielou indices for trees and shrubs
were highest in areas completed in the 1990s, while those same indices for herbs were highest in res-
idential areas completed prior to 1980. General Linear Model analyses revealed that richness increased
with increasing housing price across all groups of species. Principal Component Analysis indicated that
housing price and floor-area ratio are the variables that positively correlate with species richness for all
groups of species.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. The importance of residential green space and plant traits for
urban wellbeing

Residential areas represent one of the basic urban structural
units in suburban and urbanized areas, and can comprise a sub-
stantial amount of urban green space. For example, urban domestic
g).
gardens cover between 20% and 30% of land area in cities of Great
Britain (Gaston, Warren, Thompson, & Smith, 2005; Loram,
Tratalos, Warren, & Gaston, 2007). “Residential green space” re-
fers to the green space within urban residential areas, including
green space adjacent to residential areas, but excluding public
green space in residential community parks (Ministry of
Construction China, 2002). The amount and quality of residential
green space is closely correlated to city dwellers' quality of life:
green spaces filter and alleviate surface runoff (Whitford, Ennos, &
Handley, 2001), reduce energy consumption and improve the
microclimate of a city by mitigating hot temperatures (Akbari,
2002), sequester CO2 (Nowak & Crane, 2002), mitigate air
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pollution (Jim & Chen, 2008), promote neighborhood harmony
(Qureshi, Breuste, & Jim, 2013; Vemuri, 2004), add cultural and
aesthetic value for city dwellers (Grove et al., 2006; Qureshi et al.,
2013), and provide physical and psychological benefits (Tzoulas &
James, 2004). Still, these ecosystem services are accompanied by
several disservices (Lyytim€aki & Sipil€a, 2009), such as the emission
of allergenic pollen by certain plant species.

1.2. Socio-economic forces behind urban plant diversity

Many researchers have recently become interested in exploring
the driving forces behind changes in plant diversity. The urban
plant diversity can be separated in two major categories: sponta-
neous vegetation (any species that grows in an urban area without
assistance from humans, including both native and alien species)
and cultivated vegetation (species that have been planted or sown
for a specific purpose e including many alien but also native spe-
cies). According to Kühn, Brandl, and Klotz (2004), the emergence
of spontaneous native species in cities is strongly affected by nat-
ural drivers such as geology, while spontaneous alien species are
mainly driven by urban land use. The manifestation of cultivated
species is driven by local residents' preferences; e.g., some urban
residents like to bring in ornamental plant species for aesthetic
reasons, while others prefer medicinal or edible plants, which in
turn affect the overall urban plant diversity (Iverson & Cook, 2000;
Martin,Warren,& Kinzig, 2004). In addition, the residents' financial
resources needed to meet these preferences affect diversity, a
phenomenon that has been referred to as the “luxury effect”: the
wealthier the residents of a residential area are, the higher the
plant diversity in this residential area becomes (Hope et al., 2003).
Besides the luxury effect, there are other socioeconomic variables
that affect plant diversity in the residents' surrounding living
environment, such as education level and religion (Boone,
Cadenasso, Grove, Schwarz, & Buckley, 2010; Cook, Hall, & Larson,
2012; Hope et al., 2003; Lowry, Baker, & Douglas, 2012; Luck,
Smallbone, & O’Brien, 2009). On private land, housing age, the
rate of vacant houses, and human population density might influ-
ence residential green space patterns. For example, socioeconomic
status was shown to be an important predictor of vegetation in
urban residential areas; i.e., wealthier people prefer to live in areas
with higher vegetation coverage, which provides them with a
better living environment (Grove et al., 2006; Hope et al., 2003;
Martin et al., 2004).

In addition, a number of demographic and lifestyle factors, such
as average family size, and percentage of single-family detached
homes, was strongly correlated to the amount of land not covered
by buildings (Grove et al., 2006; Luck et al., 2009). Finally, changes
in vegetation patterns lag behind social and economic changes; this
phenomenon is known as the “legacy effect”. An example of the
legacy effect was given by Hahs et al. (2009), who showed that
modern cities still harbor plant species that are vulnerable to urban
land use, but that are likely to go extinct in these cities in the future.

1.3. Research gaps in current studies on urban plant diversity and
ecosystem services

In addition to the amount and quality of green spaces, plant
traits have the potential to contribute a number of important
ecosystem services (i.e., “the benefits people obtain from ecosys-
tems”; Millennium Ecosystem Assessment, 2005: p. V). These ser-
vices include e.g., cultural services such as aesthetic values
provided by ornamental species as well as provisioning services
such as food or medicine provided by edible or pharmaceutical
species (Millennium Ecosystem Assessment, 2005; Pataki,
McCarthy, Gillespie, Jenerette, & Pincetl, 2013). Still, plant traits
also contribute disservices (i.e., “functions of ecosystems that are
perceived as negative for human wellbeing”; Lyytim€aki & Sipil€a,
2009: p. 311) such as plants that produce allergenic pollen or
invasive alien species that threaten health or economy. The occur-
rence of plant species in urban residential areas is highly controlled
by human activities. Therefore, in order to improve the planning
and management of urban green spaces towards an increased
provision of ecosystem services and a decrease in disservices, it is
important to examine the relationship between residential plant
traits and housing characteristics. However, there are only a few
studies concerned with the effects of housing characteristics, such
as the floor-area ratio (FAR, i.e., the ratio of a building's total floor
area to the size of the piece of land upon which it is built) and the
residential property management scheme (e.g., trimming and wa-
tering frequency) on ecosystem services and disservices.
1.4. Aims of this study

The aims of this paper are to (i) examine how plant diversity and
plant traits vary in different residential areas, (ii) determine the
main socio-economic factors driving plant trait variations across
different residential areas, and (iii) provide an overview on the
ecosystem services and disservices related to plant species. We
chose Beijing, China as our research area because it is a rapidly
urbanizing city and provides an Asian perspective to biodiversity
and ecosystem service research, which until now has mainly
focused on Europe and North America. Our questions are: (1) How
does residential land use affect plant species diversity and the di-
versity of plant groups that are characterized by specific traits
related to ecosystem services or disservices? (2) What are the main
socio-economic factors driving the diversity of these plant groups
across different residential areas? We explore the mechanisms that
drive changes in trait group and species diversity and conclude
with ideas for improved planning of future residential areas in
rapidly urbanizing landscapes.
2. Methodology

2.1. Study area

This study was conducted within the fifth ring road of Beijing,
covering an area of 670 km2 (Fig. 1), which was regarded as the core
of urban Beijing. Beijing, the center of China's political and cultural
activities, is located in the northwest edge of the North China plain.
Beijing has a temperate, semi humid, continental monsoon climate:
hot and rainy in summer, cold and dry inwinter, with a short spring
and autumn. Its average temperature ranges from �7 to �4 �C in
January, and from 25 to 26 �C in July. The annual frost-free period
lasts 180e200 days, and 80% of the annual precipitation occurs in
the summer months of June, July and August (BMBS, 2014).

Beijing has been undergoing rapid urbanization over the past
few decades: its population grew from 8.71 million in 1978 to 21.15
million in 2013 (BMBS, 2014). In 1978, the per capita green space
area was 5.07 m2 and the percentage of urban green space was
22.3%. However, public green area per capita increased to 15.7 m2

and the percentage of urban green space was as high as 46.8% by
the end of 2013 (China Garden website, 2014). In 1978, the per
capita housing areawas 6.7m2, but had become 31.13m2 in 2013. In
1978, the built-up area was 232.13 km2, but by 2013, the built-up
area had increased up to 1268 km2 (BMBS, 2014). The different
ring roads signifying urban expansionwere established in different
years leading to different ages of residential areas, population
density and related socioeconomic variables.



Fig. 1. The location of Beijing within China and the area within the fifth ring road in Beijing. The sampling sites of the residential areas are located within the fifth ring road of
Beijing, China. Pictured here are the four rings (second, third, fourth and fifth ring, from inside to outside, respectively). The first (innermost) ring (not shown in this Fig.) is the
outside wall of the Forbidden City.
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2.2. Sampling

Sampling plant species in urban areas, especially within urban
residential areas, is subject to many restrictions and obstacles.
Typically, access to a range of private grounds is often denied by the
landowner. Moreover, randomly-selected regions often have large
areas that are covered with water or some impervious surface, thus
making plant sampling impossible or meaningless. Such re-
strictions and obstacles were present in our case study of Beijing,
and so we were unable to use strictly-defined stratified random
sampling, which would have been desirable. We therefore adopted
a purposive sampling method in this study (based on Wang et al.
2013) in order to gain sites that represent the distribution of so-
cioeconomic variables in Beijing by applying the following proce-
dure, which had key elements of iterative random sampling:

Firstly, we determined where or not the existing 164 2 � 2 grid-
cells within the fifth ring of Beijing (see Wang et al., 2013) qualified
as residential areas. A residential area is defined as an urban area
dominated by buildings where people live (i.e., an area having only
a few businesses or industry buildings, or lacking them entirely).
Our selection was based on a zoning map that indicated the areas
with the most residential areas, the most universities, etc. If the
selected area did not meet the criterion of being a residential area,
we discarded it and randomly-selected another residential area.

Secondly, we employed a sampling strategy based on key so-
cioeconomic variables, i.e., population, housing age and income
(using housing price as a proxy). Population increases from the 2nd
to 5th ring road (Table 4, the second column), so the number of
sampling sites also increased from 2nd to 5th ring road (Table 4, the
forth column). We did not have data on the spatial distribution of
housing prices and housing age at a precise scale (e.g., the 2� 2 km
scale); therefore, we instead obtained the population data and
housing price distribution from each ring road to determine the
number of sampling sites for each category. All sampling sites were
categorized as belonging to one of the five periods based on
completion of construction dates from the Taofang Property Web-
site (http://bj.taofang.com/): prior to 1980s (including 1980s)
(17.5%), 1990s (35%), 2000e2003 (25%), and 2004 to 2012 (22.5%).
Further, our sampling approach distinguishes housing types of
varying socio-economic status: apartments (this is where middle-
income earners live), villas (where wealthier people live) and ur-
ban villages (where poorer people live). Following the distribution
of housing prices, whichwe used as a proxy for income, we selected
the following sample sizes matching the distribution in Beijing (see
Anonymous, 2015b “Distribution of housing price in Beijing” in the
paper): 16% of our sample sites are from lower priced residential
areas (reflecting lower income households), 54% sampling sites are
from middle-income residential areas, and 30% are from high-
income residential areas.

Lastly, after we made our initial selection, we checked to see
whether or not the selected residential area had the right charac-
teristics in terms of age and housing price. In cases where a selected
area was missing the characteristics needed to achieve the right
distribution, we discarded the site. The above procedure resulted in
a total of 93 residential sampling sites. However, ten of these 93
sites were lacking plant data (i.e., numbers of tree, shrub and herb
species) because we had not been allowed to investigate plants in
these ten private residential areas, and therefore our study uses 83
sampling sites in total.

2.3. Field investigation of plant diversity

Following the methods of Meng, Ouyang, Cui, Li, &.Zheng, 2004,
Zhao et al. (2010), Wang et al. (2011, 2012), we randomly sampled
the tree, shrub (including liana or vine) and herb species in plots
sized 10 � 10 m, 2 � 2 m and 1 � 1 m, respectively, within each of
the 83 residential areas. Shrub and herb sampling plots were taken
within the 10� 10m tree plots.We recorded the species names and
species numbers in each plot including both spontaneous and
cultivated species.

http://bj.taofang.com/


Table 1
Plant traits utilized in this study. Here “þ” ¼ ecosystem service; “�” ¼ ecosystem disservice; “*” ¼ neither related to ecosystem services nor to disservices.

Trait Description Reference of the source for the traits

Life form (*) 1) Trees (evergreen or deciduous),
2) shrubs, 3) lianas or vines, and 4) herbs.

FRPS (1959e2004)

Life history (*) Annual or biennial, biennial or perennial, biennial, annual or perennial, annual FRPS (1959e2004)
Origin (*) Alien, native Wang et al. (2011); Liu, YU and Zhou (2002)
Allergenicity (�) Its pollen is allergenic or not Mao (2012), Mao et al. (2013)
Ornamental use (þ) Its leaves, fruits or the whole individuals are ornamental. FRPS (1959e2004)
Edible or pharmaceutical use (þ) Only a part or the whole individual could be with edible or pharmaceutical use. FRPS (1959e2004)

Table 2
Number of plant species per group (categorized by taxonomy, life form, life history,
origin, and traits correlated to ecosystem services and disservices) used in this study.

Type Feature Value

Flora composition No. of total family 99
No. of total genus 150
No. of total species 369
No. of species in Rosaceae 32
No. of species in Gramineae 26
No. of species in Compositae 20
No. of species in Fabaceae 14
No. of species in Rosa 5
No. of species in Prunus 5
No. of species in Ficus 4
No. of species in Euphorbia 4

Life form No. of species in trees 75
No. of species in shrubs 67
No. of species in lianas/vines 23
No. of species in herb 204

Life history No. of annual or biennial species 1
No. of biennial or perennial species 2
No. of biennial species 2
No. of annual or perennial species 6
No. of annual species 90
No. of perennial species 268

Functional traits No. of alien species 174
No. of native species 195
No. of pollen allergenic species 169
No. of ornamental species 200
No. of edible or pharmaceutical species 133

Table 3
The General Linear Models (GLMs) relate the plant trait in different residential areas to s
include the variable in the model, nm: not in model. Signif. codes value > 0.5 is not sign

Trend between
variables and housing
price

Housing
price

Distance to
urban center

Floor-area
ratio (far)

Prope
mgt.

Tree richness Positive *** * ns nm
Shrub richness Positive * ns * nm
Herb richness Positive *** ** nm nm
Total species

richness
Positive *** *** ns nm

Perennial species
richness

Positive *** nm nm nm

Pollen allergenic
species richness

Positive *** ns nm nm

Ornamental species
richness

Positive *** ns * nm

Edible species
richness

Positive *** ns nm nm

Native species
richness

Positive *** *** nm nm

Non-Pollen
allergenic species
richness

Positive *** ** nm nm

Non-Ornamental
species richness

Positive *** nm nm nm

Non-edible species
richness

Positive *** ** nm nm
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About 30% of the alien species are used as ornamentals, while
other alien species are used as medicinal or forage plants, etc. Some
ruderal aliens such as Solanum rostratum, Euphorbia maculate, and
Bidens pilosa were included in the sampling sites. The pharma-
ceutical species such as Rumex japonicas and Vaccaria segetaliswere
among the alien plants.
2.4. Plant traits

In order to examine how the diversity of plants that are char-
acterized by specific plant traits, including traits related to
ecosystem services or disservices, varies in different residential
areas, we determined a species' life form and life history as well as
whether the species is alien or native, whether it is pollen aller-
genic or not, whether it has ornamental value, and whether it is
edible or of pharmaceutical value (Table 1). Life form distinguishes
between trees, shrubs, lianas/vines and herbs, with trees being
especially important to a number of ecosystem services such as
heat mitigation by evapotranspiration (Lehmann, Mathey, R€oßler,
Br€auer, & Goldberg, 2014). Alien species are not per se harmful,
but some have the potential to become invasive with negative ef-
fects on the native flora, human health or economy (Vil�a et al.,
2010). Although the life history of a species has no direct rela-
tionship with ecosystem services or disservices, we include it to
provide a basic assessment of the composition of the residential
flora of Beijing.
ocioeconomic variables. The minimum AIC value of the equation to decide whether
ificant (ns), Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.1.

rty
fee

Minimum Akaike
information
criterion

Residual
standard
error

Multiple
R-squared

Adjusted
R-squared

F-
statistic

p-value

512.9 5.131 0.5945 0.5791 38.61 <0.001
242.8 1.008 0.1222 0.0888 3.666 0.01573
522.44 5.466 0.8273 0.823 191.6 <0.001
481.76 4.253 0.2828 0.2556 10.39 <0.001

461.71 3.813 0.8688 0.8672 536.5 <0.001

86.306 0.395 0.2257 0.2063 11.66 <0.001

517.61 5.279 0.5139 0.4955 27.84 <0.001

475.22 4.113 0.6327 0.6235 68.91 <0.001

549.25 6.424 0.4162 0.4016 28.51 <0.001

522.44 5.466 0.1752 0.1546 8.499 <0.001

509.07 5.072 0.6308 0.6263 138.4 <0.001

547.66 6.363 0.5425 0.531 47.42 <0.001



Table 4
The number of sampling sites in this study comparing with Beijing population and
housing price within each ring road (Anonymous, 2015a).

Population
(ten thousand)

Housing price
(Yuan per
square meter)

Number of sampling sites
within each ring road
(one site in the sixth ring road
was not taken into account)

2nd ring road 148.1 59 051 7
3rd ring road 257.3 53 324 15
4th ring road 287.5 69 019 20
5th ring road 360.7 41 790 40
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2.5. Socioeconomic variables as potential drivers of plant diversity

Distance to the urban center for each sampling site was calcu-
lated by ArcGIS 10.0 using the latitude and longitude for sampling
sites and Beijing's Tian'anmen Square as the urban center. Distance
to the urban center is generally regarded as a poor independent
variable (see Ramalho & Hobbs, 2011). However, as in a study of
Flanders city (Gurdebeke, De Bakker, Vanlanduyt, & Maelfait,
2003), the distance to the urban centre was used as one variable
driving urban plant diversity. Due to limited data availability, we
did not use “share of green space”, “distance to next green space”,
or “distance to the next large road” as variables in this study.

In addition, we used the following socioeconomic variables:

(1) Housing price, referring to the unit-price per square meter
for each house. The square meter price for living space for
hotels or college dormitories was approximated by the
housing price of nearby single-family homes instead. While
householder incomes would be a useful socio-economic
variable (i.e., the higher income, the higher greening per-
centage/plant diversity living areas could afford, Hope et al.,
2003; Luck et al., 2009), these are extremely hard to collect in
Beijing urban residential areas. Since the housing price re-
flects the income level of the residents in Chinese cities (Guo,
Fang,& Zhu, 2007), and was already used as a socioeconomic
variable to measure the driving force of Beijing urban plant
diversity (Wang et al. 2013), we selected housing price as a
useful proxy for household income.

(2) The precise house age, referring to the year 2013 (when
sampling was done)minus the year when the construction of
the house was completed;

(3) Floor-Area Ratio (FAR), referring to the ratio of a building's
total floor area to the size of the piece of land uponwhich it is
built. This measure effectively represents the microclimate
within different residential areas; i.e., the higher the FAR, the
taller the buildings. Taller buildings consume more energy
and thus raise local temperatures (Grimm et al., 2008),
causing the “urban heat island effect” and ultimately
affecting plant species occurences;

(4) Property management fee, referring to the fee paid by
householders for local property management agents who are
responsible for triming and irrigation, etc. The property
management fee is usually calculated per month and per
square meter of the built-up area.

The above four variables were obtained from the Taofang
Property Website (http://bj.taofang.com/), a reliable website that
provides real-time housing prices for each residential area in Bei-
jing to enable convenient transactions between users and pro-
viders. Data inquiry for all of the above socioeconomic variables
was completed in October, 2013. If one or more of the above vari-
ables were not available at the website for a particular area, we
contacted at least 30 local residents to determine the average value
of that area.

2.6. Plant diversity calculation

Simpson, Shannon and Pielou indices were calculated together
with species richness to evaluate the diversity of trees, shrubs, and
herb species in each residential area. Since liana or vine species were
found only infrequently, and because some sampling plots did not
have any liana or vine species at all, the indices were not computed
for lianas and vines. The indices were calculated as follows:

(1) Species richness (S), i.e., the number of species in each resi-
dential area;

(2) The Simpson diversity index (D) (Simpson, 1949);

D ¼ 1�
XS

P2i P2i ¼ niðni � 1Þ
NðN � 1Þ
i¼1

(3) The Shannon index (e-base) H0
e(Shannon, 1948);

H0
e ¼ �

XS
Pi ln Pi
i�1

(4) The Pielou evenness index (J) (Pielou, 1966)

Je ¼ H0
e

H0
max
In the formulae 1 through 4, S ¼ the number of species in each
residential area; Pi ¼ ni/N, where ni is the number of an individual
species I, N is individual number of all species, while H0

max is the
maximum Shannon index. If D ¼ 0, there are no species in the plot.

2.7. Data analysis

The number of perennial, alien, ornamental and edible plant
species was compared among five periods: prior to 1980s
(including 1980s), 1990s, 2000e2003, and 2004 to 2012. In addi-
tion, the Simpson, Shannon and Pielou indices for trees, shrub and
herb species were compared among these five periods.

We compiled plant traits and socioeconomic variables for each
residential area. We used Minitab 16 (Minitab, Inc.) to test all the
residuals of a model for all variables with a D-test (Kolmogor-
oveSmirnov test) and a W-test (ShapiroeWilk test) to check
whether or not they are normally distributed. If the variables were
not normally distributed, Johnson transformation was applied to
approach normal distribution. These transformations were
required for the following biological variables: richness of all spe-
cies, trees, shrubs, herbs, perennial species, pollen allergenic spe-
cies, ornamental and non-ornamental species, edible and non-
edible species, native species, non-pollen allergenic species. Simi-
larly, the transformation was used for the following socioeconomic
variables: housing price, distance to urban center, floor-area ratio,
and property management fee.

Pearson's correlation was applied to test for highly correlated
explanatory variables; if the value > 0.5, we excluded one of the
variables. In this study, because of the existence of correlation >0.5
between housing age and housing price, we excluded housing age
(see Appendix 1). The relationships between the diversity of spe-
cies with different functional traits and the socioeconomic vari-
ables were analyzed using a multiple General Linear Model (GLM)

http://bj.taofang.com/
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with stepwise selection in R (R Development Core Team, 2013):
First, we constructed simple GLMs with one explanatory variable
and one response variable each. Then, we conducted a multiple
GLM, including all explanatory variables with p -values < 0.1 in the
simple GLMs. For cases where no explanatory variables had p < 0.1,
the variable was not included. Finally, we conducted stepwise se-
lection against themultiple GLM. Themodel with the lowest Akaike
Information Criterion (AIC) was adopted.

Furthermore, we applied Principal Component Analysis (PCA).
PCA has the advantage of decreasing the dimensions of variables in
a multi-variable correlation analysis, and could determine which
variables are most positively and negatively correlated to diversity
in a two-dimension ordination. We used the richness of all species
groups and five independent variables (i.e., housing price, FAR,
distance to urban centre, construction period and property man-
agement fee), to conduct PCA in CANOCO 4.5 (ter Braak& Smilauer,
2002).
3. Results

3.1. Species and plant traits in the residential areas of Beijing

A total of 369 plant species (not further categorized as sub-
species or varieties) belonging to 99 families and 150 genera were
found in this study (Table 2). Among them, the family with most
species was Rosaceae (32), followed by Gramineae (26), Compo-
sitae (20) and Fabaceae (14). The genera with the highest number
of species were Rosa and Prunus (5 species each), followed by Ficus
and Euphorbia (4 species each). Trees (including evergreen and
deciduous), shrubs, lianas/vines, and herbs comprised 75 (20.3%),
67 (18.2%), 23 (6.2%) and 204 (55.3%) species, respectively. Some
of themore common tree species included Sophora japonica L. (the
Japanese pagoda tree), Pinus tabuliformis Carr. (Chinese pine) and
Koelreuteria paniculata Laxm. (the golden rain tree). The common
shrub species included Euonymus japonicus Thunb. (Japanese
spindle), Rosa chinensis Jacq. (China rose) and Ligustrum � vicaryi
Rehder (privet). The common vine or liana plants were Campsis
grandiflora (Thunb.) Schum. (Chinese trumpet vine). The common
herbs included Petunia hybrida Vilm. (petunias), Ixeris sonchifolia
Hance (daisy) and Humulus scandens (Lour.) Merr. (Japanese
hops).

With respect to life history types listed in Table 1, two members
of the “annual or biennial” class (0.5%), four of the “biennial or
Fig. 2. The number of perennial, alien, ornamental and edible plant spec
perennial” class (1.1%), five “annual or perennial” (1.4%), 90 annual
(24.4%), and 268 perennial (72.6%) plant species were found,
respectively. There were 174 alien species, accounting for 47.15% of
all species; the most common species were Rhus typhina L. (Stag-
horn sumac) and Lolium temulentum L. (darnel). There were 169
pollen allergenic plant species, accounting for 45.8% of all species;
common allergenic pollen plants included Artemisia argyi
L�evl.(Chinese mugwort) and Setaria viridis (L.) Beauv. (green fox-
tail). We counted 200 species of ornamental value, accounting for
54.2% of all species; frequently found ornamentals included Yucca
gloriosa L. (Spanish dagger), richly-colored trees, such as Ixora
pavetta Andrews (the torch tree), and aesthetically appealing
shrubs. There were 133 species with edible or pharmaceutical
value, accounting for 38.9% of all plant species; the common species
included Solanum lycopersicum L. (tomato), Citrullus lanatus
(Thunb.) var. lanatus (watermelon), Cucurbita pepo L. (pumpkin)
and Lens culinaris Medik (lentils).
3.2. Species diversity across residential areas of different ages

The number of perennial, alien, ornamental and edible plant
species compared to housing age (i.e., construction completed;
periods defined in Methods) showed a bell curve trend (Fig. 2)
wherein there was an initial increase followed by a decrease. The
number of perennial, alien, ornamental species and edible plant
species reached its highest in residences completed in 1990s (i.e.
21.4 ± 4.2, 24 ± 5.2, 23.8 ± 5.1, 23.8 ± 4.8, respectively). However,
the number of pollen allergenic plant species showed a direct
relationship with housing age, and was lowest in the newest
residences: that is, before 1980s, the number of pollen allergenic
plants species was highest (10.2 ± 2.0), but gradually, the
number decreased with time, and the lowest value (5.4 ± 0.81)
was obtained in the residential areas completed in 2004e2012
(Fig. 2).

The Simpson, Shannon and Pielou indices for trees were highest
in the residential areas completed in 1990s (i.e., 0.74 ± 0.05,
1.49 ± 0.09 and 0.82 ± 0.06, respectively). However, the Simpson,
Shannon and Pielou indices for shrubs were highest in residential
areas completed before 1980s (i.e., 0.73 ± 0.04, 1.18 ± 0.14 and
0.84 ± 0.06 respectively). Similarly, the Simpson, Shannon and
Pielou indices for herbs were highest in the residential areas
completed before 1980 (i.e., 0.83 ± 0.07, 2.07 ± 0.25, 0.76 ± 0.10). All
indices decreased gradually with newer housing (see Fig. 3).
ies compared with the period housing construction was completed.
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3.3. Socioeconomic drivers of plant diversity

Depending on the study site and the respondent group, the
model fit (adjusted R2) of simple GLMs ranged between 0.09 and
0.87 (Table 3). Initially, we selected five independent variables:
house age, housing price, distance to urban center, floor-area ratio
(FAR) and property management fee; however, after we did a cor-
relation test between pairs of these variables, the Kendall's tau-b
correlation between house age and price is higher than 0.5
(Appendix 1), and thus, we removed house age as an independent
variable. All indices of species richness used as dependent variables
were positively and significantly related to housing price (Signif.
level <0.001; Table 3, Appendix 2). Moreover, the richness of all
species, herbs, trees, native species, non-pollen allergenic species,
and non-edible species are positively and significantly related to
distance to urban center (Table 3). FAR only affected the richness of
shrubs and of ornamental species. Property management fee was
not included in the minimum adequate model (Table 3).

3.4. Relationships among socioeconomic factors and plant
composition as well as traits

In the Principal Component Analysis (PCA) using the species
richness of trees, shrubs, herbs and the total flora, the first axis
explained 54.87 of the variation, and the four remaining axes
together explained 87.54 of the variation. In the PCA using the
richness of plant trait groups, the first axis explained 64.35 of the
variation, and the four other axes explained 84.86 of the variation.

In the PCA analysis, the cosine value of the angle between the
variables represents the correlation between them, and the length
of the arrow represents the degree of effect, the longer, the stron-
ger. Taking the number of tree species as an example, housing
prices as well as FAR are positively correlated to the number of tree
species, while the other variables do not show a relationship to the
number of tree species The same applies to the number of shrubs
and to all species, while herb species richness does not show a close
relation to any of the variables (Fig. 5).

In the PCA using the richness of plant trait groups (Fig. 6),
housing prices and FAR again were most closely and positively
related to richness.

4. Discussion

4.1. Residential vegetation in Beijing

In many areas of the world, cultivated species often belong to a
small range of plant families such as Rosaceae, Leguminosae and
Solanaceae, and they are introduced as crops or ornamentals plants
(Cadotte et al., 2010). Schmiedel (2010) found 3138 ornamental and
crop species cultivated in Germany: 479 species of these were
Asteraceae, while other plant families weremuch less frequent. Our
study demonstrates these findings: here, Rosaceae account for a
larger percentage (8.74%) of the total flora than any other plant
family. Many species of Rosaceae are planted in Beijing, being
chosen because of their long flowering period, attractive colors, and
ability to handle Beijing droughts (Anonymous, 2010). The rose is
also the City Flower of Beijing. In addition, Prunus persica L.
(peaches), which also belong to the Rosaceae family, is frequently
planted, as the people of Beijing love fruit.

We observed 133 plant species with edible or pharmaceutical
value, including S. lycopersicum (tomato) and Mentha haplocalyx
Briq. (Chinese mint, a medicinal plant). These species have been
artificially introduced, and because they have value as food or
medicine, the residents in their own small courtyard plant these
species for future consumption.
4.2. Driving forces of plant diversity in residential area of urban
Beijing

Unraveling the mechanism behind changes of urban plant di-
versity has piqued the interest of many researchers over recent
decades. The forces driving diversity partly depend on the scale of
observation. For example, natural environmental factors (e.g.,
temperature or rainfall) are better predictors of plant diversity at
broad spatial scales across different cities, while at the city scale
(within the same city), the luxury effect (i.e., the wealthier the
residents, the higher the number of species) and the legacy effect
mainly affect plant diversity (Pautasso, 2007; Zhang, 2010). For
example, a study by Hope et al. (2003), in which biotic, abiotic and
socioeconomic variables were collected and used to explain the
mechanism in Maricopa County, Arizona, showed that socioeco-
nomic variables were the main drivers of urban plant diversity.
Following this study, other groups did similar studies in different
countries/areas, revealing four different mechanisms explaining
urban plant diversity variations within cities (cf. Clarke, Jenerette,&
Davila, 2013); namely, (1) Climate gradient hypothesis: mild cli-
mates should exclude fewer managed species than harsh climates;
(2) Land use hypothesis: different management decisions between
land uses will create patterns of diversity; (3) Luxury effect: in high
income neighborhoods, greater financial resources are available to
support large, heterogeneous green spaces; and (4) Legacy effect:
older urban areas will harbor higher species richness of long lived
perennials.

Our study echoes the legacy effect. The number of perennial
species is highest in the 1990s residential areas (Fig. 2), and the
Simpson, Shannon, and Pielou indices for herbs are highest in the
�1980s residential areas (Fig. 3C). One explanation is that older
residential areas had more time to accumulate species (seeds or
young seedlings) by wind, birds or human beings. Also, as the
residential areas age, many plants with edible or pharmaceutical
value are added, indicating that these plants are largely introduced
by the residents. The lower diversity of trees in the younger resi-
dential areas may be a result of the lag it takes for trees to grow.We
plan to revisit those areas in about five years, where we anticipate a
larger diversity of planted trees in younger residential areas.

In addition, our study echoes the luxury effect, with species
richness increasing as housing prices increase (Table 3). Similarly,
Jenerette et al. (2013) found that there was a significant socioeco-
nomic effect whereby higher income areas had a higher cumulative
enhanced vegetation index than lower income areas in seven
metropolitan regions in the southwestern United States. In South
Africa, more affluent residential urban areas were found to have a
larger selection of plant species than less affluent areas (Lubbe,
Siebert, & Cilliers, 2010). The correlation of wealth to species
richness likely results from peoples' preferences and the ability to
expand the variety of plants for cultivation. Confirming the luxury
effect (Hope et al., 2003), urban residents have more wealth, more
money and time to spare for bringing in and cultivating preferred
plant species for their fruits, ornamental or medicinal use.

In our study, housing price reflect the socioeconomic status and
the ability to introduce and cultivate alien species (Fig. 4). Similarly,
greater property management fees should indicate greater ex-
penses for more intensive care (e.g., a higher watering frequency)
for the yard plant species; that is, human inference should create a
more suitable environment for certain species, while FAR might
influence the micro-climate (i.e., with a higher FAR, buildings are
also higher, and the higher buildings might affect the amount of
sunshine, wind, and rainfall for the residential plants). However,
when all three independent variables were included in the GLMs,
we found that housing price played the most significant role, which
indicates that socioeconomic variables are key factors in driving



Fig. 3. The Simpson, Shannon and Pielou indices for trees (a), shrubs (b) and herbs (c) compared with the period housing construction was completed.
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Fig. 4. The relationship between housing price and the percentage of
Alien þ cultivated species accounting for all species in the residential areas.

Fig. 5. The Principal Component Analyses (PCA) plot of the relationship between plant
composition and its affecting variables, in which the cosine value of the angle between
the variables represents the correlation between them, and the length of the arrow
represents the degree of effect, the longer, the stronger. Blue arrows with black
characters represent species composition variables (i.e., the number of total species,
number of tree species, number of shrubs and herbaceous species) in different resi-
dential areas. TreSpcRc ¼ Tree species richness, ShrSpcRc ¼ Shrub species richness,
HerSpcRc ¼ Herb species richness, TotlSpec ¼ Total species, DisToUr ¼ Distance to
urban center, ConsPeri ¼ Construction period, HousPric ¼ Housing price, FlooArea ¼
Floor area ratio (FAR), ProprFee ¼ Property fee. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. The Principal Component Analyses (PCA) plot of relationship between plant
traits and variables in which the cosine value of the angle between the variables
represents the correlation between them, and the length of the arrow represents the
degree of effect, the longer, the stronger. AnnuSpec ¼ Annual species,
PerSpcRc ¼ Perennial species richness, AlieOrNt ¼ Alien or naturalized species,
PolSpcRc ¼ Pollen-allergenic species richness, OrnSpcRc ¼ Ornamental species rich-
ness, EdibSpec ¼ Edible species, NatSpcRc ¼ Native species richness,
DisToUr ¼ Distance to urban center, ConsPeri ¼ Construction period,
HousPric ¼ Housing price, FlooArea ¼ Floor area ratio (FAR), ProprFee ¼ Property fee.
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urban plant diversity change. Only ornamental species richness and
shrub richness are correlated to FAR, as higher FAR usually includes
higher buildings, which increase local temperatures and result in
more substantial urban heat island effects and water shortage. Heat
and drought would likely compromise the plants' physiology, and
thus might decrease plant diversity. The property management fee
was not a significant driver (see Table 3). In China, residential
greening is usually done by property management companies; that
is, once the house owner buys a house, property managers will hire
people to green, trim, clean, or otherwise maintain the yards. In
other words, the house owners did not manage the greening of
their yard by themselves, but instead pay for its management. As
we could not showan effect of propertymanagement fee on species
richness, we suspect that companies managing private yards do so
homogeneously across yards. In contrast, in the USA, 60%e70% of
urban land is privately owned and landscaped, so the householder's
income and education level directly affect yard vegetation and
plant species richness (Boone et al., 2010; Grove et al., 2006; Troy,
Grove, Jarlath, Pickett, & Cadenasso, 2007).

4.3. Ecosystem disservices of residential vegetation in Beijing

Although more and more people are beginning to care about
their surrounding living environment, urban greening policy
makers andmanagers seldom consider the ecosystemdisservices of
plants when they introduce them to urban areas. One of the
important disservices that relates to health issues is that plants
growing in urban environments can cause allergic reactions (Moro
et al., 2009) such as respiratory diseases, eye disease, etc. (Maas,
van Dillen, Verheij, & Groenewegen, 2009). Pollen from wind-
pollinated plants can cause severe health problems for people
with allergies. In our study, we found that the richness of pollen
allergenic plant species, such as Populus tomentosaCarri�ere (Chinese
white poplar), was significantly and positively correlated to housing
prices. As such, we suggest that householders and management
companies become better educated about the health implications of
the species they cultivate so that fewer pollen allergenic species
(and more non-allergenic ones) are planted in urban Beijing.

Moreover, some alien plant species have the potential to become
invasive and to cause habitat loss of native species, economic
damages or health problems. An example in Beijing is R. typhina L.
(staghorn sumac), which originates from North America and was
previously shown to out-compete other native species (Wang et al.,
2011). Although its ornamental value can be seen as a cultural
ecosystem service, the sap of R. typhina can cause dermatitis in
humans (see e.g. http://ias.biodiversity.be). However, it is hard to
eradicate this tree, as the financial cost for doing so would be high.
Therefore, urban landscape planners should consider the potential

http://ias.biodiversity.be
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effects of alien species before introducing them into new environ-
ments. Lyytim€aki and Sipil€a (2009) argued “that a more balanced
treatment of ecosystems services and disservices could provide a
fruitful framework for an interdisciplinary and participatory socio-
ecological approach” (Lyytim€aki & Sipil€a, 2009). Although urban
plant species can provide a range of beneficial ecosystem services,
disservices caused by plants can also be harmful to human health
and wellbeing. Therefore, given the complexity of urban green space
and plant diversity, we also need a comprehensive consideration of
urban green space ecosystems services and disservices from an
interdisciplinary approach. In order to take disservices better into
account, public participation methods used in urban green man-
agement should be adjusted. Local knowledge about disservices
should be systematically collected and processed.

5. Conclusions

Understanding how biodiversity is affected by rapidly expanding
and heterogeneous urban environments is important for its conser-
vatione and might also be important for regulating the provision of
ecosystem services. Not every service is related to high biodiversity
(cf. Lyytim€aki & Sipil€a, 2009) and biodiversity is more than species
richness. In the present study, we concentrated on the richness of
species characterizedby selected traits. However, ecosystem services
might also be related to functional, genetic or phylogenetic diversity.
Therefore, synthesizing different aspects of biodiversity and their
effects on ecosystem services and disservices across spatial scales,
especially scales relevant for management will help finding ways to
harmonize biodiversity and ecosystem service provision. This
harmonization will go a long way toward improving human health
and wellbeing, especially in densely populated urban areas.

While we concentrated our study on Beijing, our suggestion that
“ecosystem services and disservices should be considered in the
management of green urban infrastructure and spaces before
introducing alien species” holds for cities worldwide. Still, the di-
versity of species related to either services or disservices will differ
among different cities, requiring individual assessments.

Urban ecology can elucidate the connections between city
dwellers and the environment in which they reside (Grimm et al.,
2008). Urban nature is seen as an important contributor to solv-
ing urban problems and thus is an alternative to technological so-
lutions (Breuste, Schnelinger, Qureshi, & Faggi, 2013). Our finding
that the luxury effect plays the most important role for species
richness, irrespective of which species group we considered, illus-
trates the relevance of human preferences for urban biodiversity
(Williams et al., 2009). These preferences, however, can also result
in the increase of plant-related ecosystem disservices. With socio-
economics being important drivers of urban plant diversity, it be-
comes clear that the future of urban biodiversity relies in educating
urban dwellers: Urban planners should consider insights from ur-
ban ecology in their planning. One starting point would be to
establish a comprehensive list of Beijing‘s alien and pollen aller-
genic plant species as well as to identify alternative species that do
not promote disservices. Such information could be distributed as
promotional literature that educates urban residents about both
the benefits plant diversity provides and the potential harm of alien
and allergenic species.
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