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Abstract. Trinitrotoluene (TNT), a commonly used explosive for military and industrial applications, can cause

serious environmental pollution. 28-day laboratory pot experiment was carried out applying bioaugmentation using

laboratory selected bacterial strains as inoculum, biostimulation with molasses and cabbage leaf extract, and

phytoremediation using rye and blue fenugreek to study the effect of these treatments on TNT removal and changes

in soil microbial community responsible for contaminant degradation. Chemical analyses revealed significant

decreases in TNT concentrations, including reduction of some of the TNT to its amino derivates during the 28-day

tests. The combination of bioaugmentation-biostimulation approach coupled with rye cultivation had the most

profound effect on TNT degradation. Although plants enhanced the total microbial community abundance, blue

fenugreek cultivation did not significantly affect the TNT degradation rate. The results from molecular analyses

suggested the survival and elevation of the introduced bacterial strains throughout the experiment.
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Reference to this paper should be made as follows: Nõlvak, H.; Truu, J.; Limane, B.; Truu, M.; Cepurnieks, G.;
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Introduction

The nitroaromatic explosive, 2,4,6-trinitrotoluene (TNT),

has been extensively used for over 100 years, and this

persistent toxic organic compound has resulted in soil

contamination and environmental problems at many

former explosives and ammunition plants, as well as

military areas (Stenuit, Agathos 2010). TNT has been

reported to have mutagenic and carcinogenic potential

in studies with several organisms, including bacteria

(Lachance et al. 1999), which has led environmental

agencies to declare a high priority for its removal from

soils (van Dillewijn et al. 2007).

Both bacteria and fungi have been shown to

possess the capacity to degrade TNT (Kalderis et al.

2011). Bacteria may degrade TNT under aerobic or

anaerobic conditions directly (TNT is source of carbon

and/or nitrogen) or via co-metabolism where addi-

tional substrates are needed (Rylott et al. 2011). Fungi

degrade TNT via the actions of nonspecific extracel-

lular enzymes and for production of these enzymes

growth substrates (cellulose, lignin) are needed. Con-

trary to bioremediation technologies using bacteria or

bioaugmentation, fungal bioremediation requires

an ex situ approach instead of in situ treatment (i.e.

soil is excavated, homogenised and supplemented

with nutrients) (Baldrian 2008). This limits applicabil-

ity of bioremediation of TNT by fungi in situ at a field

scale.
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McComb 1995), and has spatial ecological effects of its 
landscape patterns and functions within its boundaries 
and beyond (Chang et al. 2011). As remnants of a cultur-
al landscape with rich biodiverse habitats (Barthel et al. 
2005), UGS provides significant contribution to ecosystem 
services (Goddard et al. 2010). UGS structure is crucial for 
biodiversity maintenance (Antrop 2005). Moreover, the 
spatial configuration of UGS significantly affects the mag-
nitude of land surface temperature (Kong et al. 2014) and 
has been used frequently to assess the urban heat island 
effect (Chen et al. 2014). Due to accelerating urbanization 
in compact cities, urban planners have an imperative to 
make limited UGS address the deteriorating environmen-
tal quality and to provide greater ecological benefits by op-
timizing UGS distribution. To encourage sensible choices 
that promote sustainable development, information on the 
spatial distributions of landscape functions and services 
is needed (Hermann et al. 2014). The ecological value of 
UGS is determined by the integrity of habitat and regu-
lation functions of UGS according to ecological metrics, 
such as diversity, complexity and rarity (de Groot et al. 
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abstract. The pattern and structure of urban green space (UGS) plays a significant role in the landscape and ecological 
quality (LEQ) of UGS, especially in a compact city with limited space. Based on landscape metrics, this study pro-
poses an innovative method to quantify the effects of UGS pattern and structure on LEQ. Taking Shanghai, China as 
the study area, we calculated all landscape-level spatial metrics in FRAGSTATS, used correlation analysis in SPSS for 
data reduction, and adopted factor analysis and cluster analysis to statistically analyze the metrics and assesse the LEQ 
of UGS. These methods bridge the research gap of UGS distribution assessment for LEQ value by landscape metrics. 
Results showed that new districts usually have higher LEQ of UGS than old towns. Of the 17 districts in Shanghai, 
Chongming has the highest LEQ of UGS and Hongkou has the lowest. For the UGS pattern and structure, the eight 
old towns are similar, in contrast to the new districts of Chongming and Pudong, which are more dissimilar than the 
other districts for LEQ of UGS. The findings could help compact cities having limited UGS to develop and achieve 
better LEQ.

Keywords: urban green space (UGS), landscape and ecological quality (LEQ), landscape pattern, compact city, land-
scape metric, environmental sustainability.

Introduction

Urban green space (UGS) is important for urban sus-
tainability (Haq 2011), and provides cities a wide range 
of ecosystem services (Wolch et  al. 2014). These spaces 
may support urban ecological integrity (Andersson 2006), 
provide food (Groenewegen et al. 2006), improve micro-
climate regulation (Neuenschwander et al. 2014), control 
pollution (Escobedo et al. 2011), filter air (Gill et al. 2007), 
clean water, attenuate noise, and replenish groundwater 
(Thompson 2002; Sherer 2003; James et al. 2009). Consid-
ering cities are becoming increasingly hotter, congested, 
crowded, and polluted (Blanco et al. 2009), which could 
be migrated by UGS, the environment benefits of UGS 
need more concern and attention for urban sustainability.

Most landscapes provide a multitude of functions 
(i.e., regulation, habitat, production, information and car-
rier functions), which have been divided into three types 
of values: ecological, social-cultural and economic value 
(de Groot 2006). Urban green space is a spatial structure 
that is related to various ecological processes (McGarigal, 
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2003). Thus assessing UGS structure for landscape and 
ecological value using relative landscape metrics could 
promote better urban planning and improve development 
decision making for landscape protection and improve-
ment (Buyantuyev et al. 2010; Wu et al. 2011).

A large body of research has tried to analyze and as-
sess UGS structure and pattern based on spatial metrics. 
Some studies focused on the effects of UGS spatial pattern 
on land surface temperature by using landscape metrics 
(Li et al. 2012; Hamada et al. 2013; Li et al. 2013; Kong 
et al. 2014). Some studies focused on the correlation be-
tween biodiversity and UGS spatial character based on 
landscape metrics (Schindler et al. 2008; Kong et al. 2010; 
La Rosa et al. 2013; Walz 2015). Some studies focused on 
analyses of specific landscape patterns by using landscape 
metrics, such as UGS fragmentation (Tian et al. 2011; Fan, 
Myint 2014) and heterogeneity (Plexida et al. 2014). Some 
studies focused on the dynamics of UGS in urbanization 
using spatial metrics (Zhou, Wang 2011; Byomkesh et al. 
2012; Qian et al. 2015). Compared with other softwares 
such as Patch Analyst (Rempel et al. 1999), APACK (Sau-
ra, Torne 2009) and QRULE (Gardner 1999), FRAGSTATS 
(McGarigal et al. 2002) is comprehensive, powerful, easy 
to use, and is the most widely used package for landscape 
pattern analysis (McGarigal, McComb 1995; Turner et al. 
2001). Most of the relevant research used numerous land-
scape indicators to quantify UGS pattern and structure. 
However, few studies quantify the effects of UGS pattern 
and structure on landscape and ecological quality (LEQ); 
an exception is the research of Tian et al. (Tian et al. 2014) 
who selected some landscape indices to analyze the eco-
logical quality of UGS landscape patterns in the compact 
city of Hong Kong.

To rectify the shortcomings of currently available 
assessment techniques of UGS landscape and ecological 
quality, we used multiple software to study the contribu-
tion that UGS pattern and structure makes to the LEQ of 
UGS. The study was conducted on Shanghai, a compact 
megacity. Our study had three objectives: (1) introduce 
a new approach for evaluating the contribution of spatial 
pattern and structure to LEQ of UGS; (2) use the new ap-
proach to analyze the structure and distribution of UGS 
in the compact city of Shanghai; (3) account for the cor-
relation between UGS pattern and distribution and its 
influences, thereby assisting policy makers and planners 
to develop intervention programs in UGS planning and 
development.

1. Materials and methods

1.1. study area

Shanghai (121°50′E, 31°40′N) is located at the mouth of 
the Yangtze River (Chang Jiang) (Fig. 1) and is one of the 
largest and most densely populated cities in China. The 

city covers an area of 634,050 ha, has a registered popula-
tion of 18.6 million and consists of 17 districts, including 
eight old towns and nine new districts (Fig. 1). Belong-
ing to the subtropical moist marine climate zone, the city 
experiences four distinct seasons and receives sufficient 
rainfall and large amounts of sunshine. Compared with 
the cities with more than 300 m2 per capita green cover 
(Fuller, Gaston 2009), such as Lie’ge (Belgium), Oulu (Fin-
land) and Valenciennes (France), the quantity of UGS in 
Shanghai is really scarce, as its per capita green cover was 
only 13.38 m2 in 2014. Shanghai is a congested and com-
pact megacity with meager ground UGS, and is in great 
need of enhancing the efficiency with which UGS provides 
environmental benefits.

1.2. data preparation

The detailed methodology of this study is shown in Fig-
ure 2. The data used in this study were purchased from 
the Chinese government (http://ngcc.sbsm.gov.cn/). These 
data included satellite images acquired in 2014 (resolu-
tion of 0.5×0.5 m), high quality land-use maps (resolu-
tion of 0.5×0.5 m, compiled in 2014), land survey data, 
and district boundary maps. The UGS in this study in-
cluded four categories: public green land, forest, garden 
and agriculture. The boundaries of different land uses (the 
four UGS categories, as well as water and built-up land) 
were manually digitized from the high quality land-use 

Abbreviation: Huangpu (HP); Xuhui (XH); Changning (CN); 
Jiang’an (JA); Putuo (PT); Zhabei (ZB); Hongkou (HK); Yang-
pu (YP); Pudong (PD); Minhang (MH); Baosha (BS); Jiading 
(JD); Jinshan (JS); Songjiang (SJ); Qingpu (QP); Fengxian (FX); 
Chongming (CM)

Fig. 1. Study area

http://ngcc.sbsm.gov.cn/
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Fig. 2. Methodology chart

Fig. 3. Land use distribution in Shanghai

maps and labeled piece by piece using the software R2V 
for Microsoft Windows (version 5.5, Able Software Corp., 
Lexington, MA, USA) to output area feature files (shape-
file). These area feature files were input to ArcGIS (version 
10.2, ESRI, Redlands, CA, USA) software for spatial ad-
justment with reference to the satellite images. The satellite 
images were also visually interpreted and field trips were 
performed to check, modify, refine and verify the land 
use data digitized using R2V. All land use data digitized 
in ArcGIS were assigned a feature property of land use 

type (public green land, forest, garden, agriculture, water, 
built-up land or other land) and a corresponding type ID 
(Fig. 3). The combined “layer” with all seven land use data 
and different type IDs was converted from a feature to a 
raster format in ArcGIS and output as TIFF files of 17 dis-
tricts with a cell size of 5 m, which was suitable for pro-
cessing using the FRAGSTATS software.

1.3. landscape metric calculation

For greater number of indices, the software of FRAG-
STATS (version 4.2) was used in this research for land-
scape metric calculation. To quantify the landscape pat-
tern and green structure of the city, all the 116 landscape 
metrics at the landscape level in FRAGSTATS were cho-
sen to analyze the land use pattern of UGS by district. 
The metrics calculated include eight categories, e.g. area, 
shape, edge and contrast, core area, proximity, subdivi-
sion, contagion, and diversity (Table  1). Detailed infor-
mation for the calculated metrics can be found elsewhere 
(McGarigal et al. 2012).

Table 1. Landscape metrics calculated in Fragststs (McGarigal 
et al. 2012)

Class Acronym Metric name

Area

TA Total area 
LPI Large patch index
AREA Mean patch area
GYRATE Radius of gyration

Shape PAFRAC Perimeter-area fractal 
dimension
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Class Acronym Metric name
PARA Perimeter-area ratio
SHAPE Shape index
FRAC Fractal dimension index

CIRCLE Related circumscribing 
circle

CONTIG Contiguity index

Edge & 
Contrast

TE Total edge
ED Edge density

CWED Contrast-weighted edge 
density

TECI Total edge contrast index
ECON Edge contrast index

Core area

TCA Total core area

NDCA Number of disjunct core 
area

DCAD Disjunct core area density
CORE Core area
DCORE Disjunct core area
CAI Core area index

Proximity

ENN Euclidean nearest 
neighbor distance

PROX Proximity index
SIMI Similarity index
CONNECT Connectance index

Subdivision

NP Number of patches
PD Patch density
DIVISION Landscape division index
SPLIT Splitting index
MESH Effective mesh size

Contagion/
Interspersion

CONTAG Contagion

IJI Interspersion 
juxtaposition index

PLADJ Proportion of like 
adjacencies

AI Aggregation index
LSI Landscape shape index
COHESION Patch cohesion index

Diversity

PR Patch richness
PRD Patch richness density
RPR Relative patch richness
SHDI Shannon’s diversity index
SIDI Simpson’s diversity index

MSIDI Modified Simpson’s 
diversity index

SHEI Shannon‘s evenness Index
SIEI Simpson’s evenness index

MSIEI Modified Simpson’s 
evenness index

1.4. statistical analysis

Using the FRAGSTATS calculations of all 116 landscape-
level UGS metrics for each of 17 districts as a basis, sta-
tistical analyses were conducted using the software SPSS 
(version 22, IBM Corp., Armonk, NY, USA) for the assess-
ment of UGS pattern and structure. Correlation analysis 
was used within each class of landscape metrics for data 
reduction. Spearman’s rank correlation coefficient (rs) was 
calculated for all pairwise correlations among the variables 
(i.e., the metrics in this study) in each class of the pairs of 
metrics having a rank correlation coefficient equal to or 
higher than 0.9 (|rs| ≥ 0.9), only one metric was retained 
(Griffith et al. 2000; Torras et al. 2008). For the pairs of 
highly correlated metrics, the metrics commonly used in 
greenspace pattern analysis literature were selected.

After data reduction, factor analysis (Riitters et  al. 
1995) was performed for the remaining metrics within 
each group for different metric classes. By using the ex-
traction method of principal component analysis, the vari-
max rotation method with Kaiser normalization, and the 
factor-score calculation method of regression, additional 
variances, non-correlated factors, component score coef-
ficients, and regression factor scores were obtained. Then 
the integrated index value of each metric class by district 
was formulated as Eqs (1)–(8).

 ( )
1

_ _ _
n

d di di
i

ARE I ARE E ARE FS
=

= ×∑ . (1)

Equation (1) yields the index value for area (ARE) in 
a given district d; Id is the integrated index value of each 
metric class; Edi is the eigenvalue of each component; and 
FSdi is the regression factor score of each factor. Eqs (2)–
(8) yield index values for edge and contrast (EDG), shape 
(SHA), core area (COR), proximity (PRO), subdivision 
(SUB), contagion (CON) and division (DIV).
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DIV I DIV E DIV FS
=

= ×∑ . (8)

End of Table 1
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With the eight integrated index values of each metric 
class by district obtained above, factor analysis was per-
formed again to get the integrated index value of all metric 
classes by district for UGS pattern and structure analysis 
among the 17 districts. The integrated index value of UGS 
was formulated as Eq. (9):

 
( )

1
_ _ _

n

d di di
i

LEQ I UGS E UGS FS
=

= ×∑ ,  (9)

where in a given district d, LEQ_Id is the integrated index 
value of all metric classes.

To further analyze and compare the UGS pattern and 
structure of different districts, hierarchical cluster analysis 
of all the integrated index values of different metric classes 
by district was performed. In the analysis, centroid clus-
tering and squared Euclidean distance were used to group 
the districts for which integrated index values were related 
and similar.

2. results

2.1. uGs distribution by district

The area of different types of UGS by districts was shown 
in Figure 3, which presents the general characteristics of 
UGS distribution for different types in different districts in 
Shanghai. Areas of the four types of UGS in new districts 
of the city are all significantly larger than that in old towns. 
Pudong has a larger area of public green land, forest and 
garden than most of the other districts. Chongming has a 
larger area of forest, garden and agriculture than most of 
the other districts. Baoshan and Minhang have less forest, 
garden and agriculture area than the other new districts.

2.2. uGs pattern and structure characteristics  
by metric class

Using the correlation analysis procedure within each 
metric class, 1029 metric correlations were examined for 
all pairs of metrics within all groups, of which 143 were 
found to be significant (|rs| ≥ 0.9). Through data reduction, 
the original set of landscape-level metrics was reduced 
from116 to 59 (Table  2). The integrated scores of each 
landscape metric class by district, obtained through factor 
analyses of the 59 selected metrics within eight groups, are 
given in Figure 4, which shows the relative contributions 
of different aspects of UGS pattern and structure to the 
LEQ of UGS in different districts.

The new districts usually have higher LEQ of UGS 
subdivision, core area, and patch edge and contrast than 
the old towns (Fig. 4). Of the 17 districts, Fengxian and 
Jinshan have the highest LEQ of UGS patch edge and 
contrast and the eight old towns all have the lowest qual-
ity. Pudong has the highest LEQ of UGS subdivision and 
Changning has the lowest. Chongming has the highest 
LEQ of UGS core area and Jing’an has the lowest. Thus, 

Table 2. Landscape metrics selected after data reduction

Class 
(number of 

met rics)
Landscape metric (acronym)

Area (8)

Total area (TA); Large patch index (LPI); Mean 
patch area (AREA_MN); Area-weighted mean 
patch area (AREA_ AM); Median patch area 
(AREA_MD); Mean radius of gyration (GYRATE_
MN); Standard deviation in radius of gyration 
(GYRATE_SD); Coefficient of variation in radius 
of gyration (GYRATE_CV)

Shape (19)

Perimeter-area fractal dimension (PAFRAC); 
Area-weighted mean perimeter area ratio (PARA_
AM); Median perimeter area ratio (PARA_MD); 
Range in perimeter area ratio (PARA_RA); Mean 
shape index (SHAPE_MN); Area-weighted mean 
shape index (SHAPE_AM); Median shape index 
(SHAPE_MD); Range in shape index (SHAPE_
RA); Standard deviation shape index (SHAPE_
SD); Mean fractal dimension index (FRAC_
MN); Area-weighted mean fractal dimension 
index (FRAC_AM); Median fractal dimension 
index (FRAC_MD); Range in fractal dimension 
index (FRAC_RA); Standard deviation in fractal 
dimension index (FRAC_SD); Area-weighted 
mean related circumscribing circle (CIRCLE_AM); 
Median related circumscribing circle (CIRCLE_
MD); Standard deviation in related circumscribing 
circle (CIRCLE_SD); Coefficient of variation in 
related circumscribing circle (CIRCLE_CV); Area-
weighted mean contiguity index (CONTIG_AM)

Edge & 
Contrast 
(3)

Edge density (ED); Range in edge contrast index 
(ECON_RA); Coefficient of variation in edge 
contrast index (ECON_CV)

Core area 
(9)

Total core area (TCA); Disjunct core area density 
(DCAD); Mean core area (CORE_MN); Median 
core area (CORE_MD); Standard deviation in 
core area (CORE_SD); Coefficient of variation 
in core area (CORE_CV); Median disjunct core 
area (DCORE_MD); Range in core area index 
(CAI_RA); Standard deviation in core area index 
(CAI_SD)

Proxi mity 
(10)

Mean Euclidean nearest neighbor distance 
(ENN_MN); Median Euclidean nearest neighbor 
distance (ENN_MD); Range in Euclidean nearest 
neighbor distance (ENN_RA); Standard deviation 
in Euclidean nearest neighbor distance (ENN_
SD); Coefficient of variation in Euclidean nearest 
neighbor distance (ENN_CV); Mean proximity 
index (PROX_MN); Area-weighted mean 
proximity index (PROX_AM); Median proximity 
index (PROX_ MD); Coefficient of variation in 
proximity index (PROX_ CV); Connectance index 
(CONNECT)

Sub divi sion 
(4)

Number of patches (NP); Patch density (PD); 
Splitting index (SPLIT); Effective mesh size 
(MESH)

Conta gion/
Inter sper-
sion (4)

Contagion (CONTAG); Aggregation index (AI); 
Landscape shape index (LSI); Patch cohesion 
index (COHESION)

Diver sity 
(2) Patch richness (PR); Patch richness density (PRD)
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the relative contributions of UGS patch subdivision, core 
area and edge to LEQ of UGS in new districts has been 
improved through district development. Furthermore, the 
characteristics of UGS patch edge in old towns are exactly 
the same.

In contrast, the new districts usually have lower LEQ 
of UGS diversity than the old towns (Fig. 4). Of the 17 
districts, Jing’an has the highest LEQ of UGS diversity and 
the nine new districts all have much lower values, which 
are similar to each other. Although new districts gener-
ally have higher patch richness (PR) of UGS than the old 
towns, the patch richness density (PRD) of UGS in dis-
tricts is much lower than in the old towns. Thus, the rela-
tive contributions of UGS diversity to LEQ of UGS have 
been lowered due to district development; the mono-dis-
tribution of UGS type might be the primary cause.

There were no significant difference of LEQ of UGS 
area, shape, proximity and contagion metrics between new 
districts and old towns. Of the 17 districts, Chongming 
has the highest LEQ of UGS area and Minhang has the 

lowest. Changning has the highest LEQ of UGS shape 
and Jing’an has the lowest. Jing’an has the highest LEQ of 
UGS proximity and Fengxian has the lowest. Chongming 
has the highest LEQ of UGS contagion and Huangpu has 
the lowest. Thus, the relative contributions of UGS area, 
shape, proximity and contagion metrics to LEQ of UGS 
are not directly related to district development, although 
some indexes of these four groups are related to district 
development.

2.3. lEQ of uGs by district

Tables 3 and 4 show results of factor analysis of the eight 
integrated indexes for the 17 districts. Three notable com-
ponents were extracted, with the first contributing 45.38% 
variance of initial eigenvalues, the second contributing 
26.03%, and the third contributing 18.66%. The first com-
ponent was characterized by a high negative loading of 
DIV_I and high positive loading of EDG_I and SUB_I. 
Thus, the first component represents the LEQ of UGS in 
new districts. The second component was characterized 

Note. The abbreviations of districts are explained in Figure 1.
Fig. 4. Index value of each metric class by district
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Table 3. Factor loadings in factor analysis with varimax method

Com-
ponent

Initial Eigenvalues Extraction sums of squared loadings Rotation sums of squared loadings

Total % of Va-
riance

Cumulative 
% Total % of 

Variance
Cumulative 

% Total % of 
Variance

Cumulative 
%

1 3.630 45.376 45.376 3.630 45.376 45.376 2.951 36.889 36.889
2 2.082 26.028 71.405 2.082 26.028 71.405 2.551 31.892 68.781
3 1.493 18.664 90.069 1.493 18.664 90.069 1.703 21.288 90.069
4 0.457 5.712 95.780 – – – – – –
5 0.171 2.141 97.921 – – – – – –
6 0.110 1.374 99.295 – – – – – –
7 0.039 0.481 99.776 – – – – – –
8 0.018 0.224 100.000 – – – – – –

Note. The abbreviations of districts are explained in Figure 1. “LEQ_I” is explained in methods part.

Fig. 5. Landscape ecological quality index values for districts in Shanghai

Table 4. Rotated component matrix and variance explained for UGS pattern and structure characteristics for 17 districts in Shanghai

Integrated index for each 
metric category

Component
1 2 3

ARE_I –0.282 0.919 0.186
CON_I 0.285 0.921 –0.017
COR_I 0.454 0.808 –0.252
DIV_I –0.873 –0.338 0.286
EDG_I 0.939 0.243 0.007
PRO_I –0.173 0.017 0.869
SHA_I –0.042 0.014 –0.876
SUB_I 0.953 –0.181 0.001

Note. Italic numbers indicate component loadings >|0.8|. Components are characterized by the corresponding integrated indexes with 
bold number. The metrics class abbreviations are explained in methods part.

by a high positive loading of ARE_I, CON_I and COR_I. 
Thus, the second component represents the UGS having 
large area in old towns. The third component was char-
acterized by a high positive loading of PRO_I and high 

negative loading of SHA_I, and was correlated to UGS 
with small area in old towns.

Figure 5 shows the relative contributions of UGS 
pattern and structure to the LEQ of the city by district. 
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The new districts usually have higher LEQ of UGS than 
the old towns. Of the 17 districts, Chongming has the 
highest LEQ of UGS and Hongkou has the lowest. The 
contribution of UGS pattern and structure to the LEQ 
of the city has been improved due to district develop-
ment.

The district group results from cluster analysis of se-
lected metrics are shown in Figure 6. Rescaled distance 
equal to “5” was considered suitable for grouping the dis-
tricts into clusters. Three clusters were identified that rep-
resented different characteristic UGS patterns and struc-
tures of districts. The first cluster is related to the eight 
old towns in Shanghai. The third cluster is related to the 
new districts of Chongming and Pudong. The second clus-
ter is related to the remaining seven new districts. Thus, 
the eight old towns are similar in their UGS pattern and 
structure, as are most of the new districts (except Chong-
ming and Pudong). The new districts of Chongming and 
Pudong are dissimilar from all other districts (new and 
old) for LEQ of UGS.

2.4. lEQ of uGs and per capita green cover

Figure  7 shows the paradoxical relationships between 
LEQ_I and per capita green cover. Green cover in the fig-
ure refers to public green land and forest. It seems a posi-
tive relationship between LEQ_I and per capita green cov-
er, as new districts have both higher green cover per capita 
and better UGS LEQ than old towns. This phenomenon 
seems conceivable and reasonable. However, the relation-
ship between LEQ_I and per capita green cover within 
the group of new districts or old towns pretended to be 
negative. For new districts, as green cover per capita in-
creases, LEQ_I decreases. For old towns except Hongkou, 
as green cover per capita increases, LEQ_I decreases. This 
phenomenon might be counterintuitive. It showed that 

districts of the same development with lower green cover 
per capita usually have better UGS LEQ.

3. discussion

In the calculation of integrated landscape metrics, be-
cause of agriculture, forest and garden UGS types, the 
new districts usually have more types of UGS, especially 
for agriculture. Agricultural and forested lands usually 
occur as discrete, large areas distributed within districts. 
Thus, although new districts have more UGS types than 
old towns, the new districts also have lower patch richness 
density (PRD) and lower LEQ of UGS diversity.

In the pattern characteristic grouping of the districts, 
the fact that the eight old towns have similar character in 
integrated landscape metrics might be because they un-
derwent a similar complex development process that re-
sulted in a similar UGS quantity and distribution pattern. 

Note. The abbreviations of districts are explained in Figure 1. “LEQ_I” is explained 
in methods part.
Fig. 7. UGS LEQ and per capita green cover

Note. The abbreviations of districts are explained in Figure 1.
Fig. 6. Cluster analysis of selected metrics
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That the seven new districts (except Chongming and 
Pudong) have similar character in integrated landscape 
metrics might be because they are similar in area (which 
is larger than other districts), with fewer restrictions posed 
by constructed buildings and with more agricultural and 
forested land. Chongming and Pudong are distinctive in 
UGS character, but for different reasons. Chongming is 
the least developed district in Shanghai and has a large 
area and the most agriculture. Conversely, Pudong is the 
most developed district, encompassing a large area with 
the most public green land in Shanghai.

The fact that the new districts have higher LEQ_I 
and per capita green cover than the old towns indicates 
that the causes of UGS in new districts with higher LEQ 
include both quantity and distribution of UGS. The nega-
tive relationship between LEQ_I and per capita green 
cover among both new districts and old towns indicates 
that the distribution of UGS largely determines its LEQ in 
these districts without a significant difference in quantity 
of UGS. Of the new districts, Chongming has the high-
est LEQ_I for UGS but lowest per capita green cover. This 
relationship might arise because per capita green cover is 
defined by per capita public green land cover and excludes 
agricultural land; Chongming has much more agriculture 
than the other districts. Of the old towns, Hongkou has 
lower LEQ_I and per capita green cover than the other 
districts indicating that both quantity and distribution of 
UGS are the causes of its lower LEQ. Thus, Hongkou not 
only needs to increase UGS (especially public green land) 
but also needs to optimize the distribution and structure 
of UGS.

This study provides some important contributions to 
the assessment of UGS. It fills a gap in the scientific litera-
ture by assessing the LEQ of UGS by qualification of UGS 
pattern on the basis of spatial metrics. Because a single 
landscape metric is inadequate, indices are related; thus, re-
dundant information in multiple indices must be abridged 
for effective UGS pattern measurement, and selection of ap-
propriate metrics is crucial. Previous studies identified some 
important landscape metrics for calculation by subjective 
factors (Zhou, Wang 2011; Tian et al. 2014). In contrast, 
this study calculated all indices using the FRAGSTATS soft-
ware and selected appropriate metrics objectively through 
correlation analysis. This procedure not only ensures data 
integrity, but also avoids data redundancy using objective 
criteria. By employing factor analyses twice, this improved 
procedure reduced the data dimension of landscape indi-
ces to quantify UGS pattern and structure for each district. 
Therefore, this method provides a direct comparison of 
UGS LEQ among 17 districts. Moreover, by cluster analysis 
of all the integrated indexes of metric classes, the grouping 
analysis of UGS pattern and structure of the 17 districts also 
avoided the use of subjective factors.

However, this study has some limitations. It focused 
on one point in time instead of several times. Thus, the 
results can be used to reflect and analyze only the present 
situation, not the evolution of UGS pattern over time. For 
a time-evolution analysis, the statistical changes of UGS 
landscape metrics over a number of years are needed, re-
quiring UGS measurements at multiple points in time. 
Thus, future studies should include data from multiple 
time points to obtain a more comprehensive understand-
ing of UGS evolution over time in a compact city.

conclusions

In summary, this research developed an improved method 
for UGS LEQ assessment and used the method to analyze 
UGS distribution, pattern and structure for the megacity 
of Shanghai. In addition, the study provides valuable in-
sights for policy makers and planners striving to develop 
an ecological and sustainable city with limited UGS. Re-
sults from the research justify the following conclusions. 
The relative contributions of UGS area, shape, proximity 
and contagion metrics to LEQ of UGS are not directly re-
lated to district development. New districts usually have 
higher LEQ of UGS than the old towns. However, for new 
districts and old towns respectively, districts with lower 
green cover per capita have better UGS LEQ. These results 
of the study in the compact city (e.g., Shanghai) not only 
assist in identifying the strengths and weaknesses of UGS 
distribution, pattern and structure, but also in optimizing 
UGS pattern and distribution to improve LEQ of UGS.

author contributions

Conceived and designed the experiments: HL. Performed 
the experiments: HL DC. Analyzed the data: HL. Contrib-
uted materials/analysis tools: QZ. Contributed to the writ-
ing of the manuscript: HL. Revised and approved the final 
version of the paper: HL QZ.

references

Andersson, E. 2006. Urban landscapes and sustainable cities, 
Ecology and Society 11(1): 34. 

 https://doi.org/10.5751/ES-01639-110134
Antrop, M. 2005. Why landscapes of the past are important 

for the future, Landscape and Urban Planning 70(1): 21–34. 
https://doi.org/10.1016/j.landurbplan.2003.10.002

Barthel, S.; Colding, J.; Elmqvist, T.; Folke, C. 2005. History and 
local management of a biodiversity-rich, urban cultural land-
scape, Ecology and Society 10(2): 10. 

 https://doi.org/10.5751/ES-01568-100210
Blanco, H.; Alberti, M.; Forsyth, A.; Krizek, K. J.; Rodri-

guez, D. A.; Talen, E.; Ellis, C. 2009. Hot, congested, crowded 
and diverse: emerging research agendas in planning, Progress 
in Planning 71(4): 153–205. 

 https://doi.org/10.1016/j.progress.2009.03.001

https://doi.org/10.5751/ES-01639-110134
https://doi.org/10.1016/j.landurbplan.2003.10.002
https://doi.org/10.5751/ES-01568-100210
https://doi.org/10.1016/j.progress.2009.03.001


Journal of Environmental Engineering and Landscape Management, 2017, 25(1): 64–74 73

Buyantuyev, A.; Wu, J.; Gries, C. 2010. Multiscale analysis of the 
urbanization pattern of the Phoenix metropolitan landscape 
of USA: time, space and thematic resolution, Landscape and 
Urban Planning 94(3): 206–217. 

 https://doi.org/10.1016/j.landurbplan.2009.10.005
Byomkesh, T.; Nakagoshi, N.; Dewan, A. M. 2012. Urbanization 

and green space dynamics in Greater Dhaka, Bangladesh, 
Landscape and Ecological Engineering 8(1): 45–58. 

 https://doi.org/10.1007/s11355-010-0147-7
Chang, H.; Li, F.; Li, Z.; Wang, R.; Wang, Y. 2011. Urban land-

scape pattern design from the viewpoint of networks: a case 
study of Changzhou city in Southeast China, Ecological Com-
plexity 8(1): 51–59. 

 https://doi.org/10.1016/j.ecocom.2010.12.003
Chen, A.; Yao, L.; Sun, R.; Chen, L. 2014. How many metrics are 

required to identify the effects of the landscape pattern on 
land surface temperature?, Ecological Indicators 45: 424–433. 
https://doi.org/10.1016/j.ecolind.2014.05.002

De Groot, R. D. 2006. Function-analysis and valuation as a tool 
to assess land use conflicts in planning for sustainable, multi-
functional landscapes, Landscape and Urban Planning 75(3): 
175–186. https://doi.org/10.1016/j.landurbplan.2005.02.016

De Groot, R. D.; Perk, J. V.; Chiesura, A.; Vliet, A. 2003. Im-
portance and threat as determining factors for critical-
ity of natural capital, Ecological Economics 44(2): 187–204.  
https://doi.org/10.1016/S0921-8009(02)00273-2

Escobedo, F. J.; Kroeger, T.; Wagner, J. E. 2011. Urban forests 
and pollution mitigation: analyzing ecosystem services and 
disservices, Environmental Pollution 159(8): 2078–2087.  
https://doi.org/10.1016/j.envpol.2011.01.010

Fan, C.; Myint, S. 2014. A comparison of spatial autocorrelation 
indices and landscape metrics in measuring urban landscape 
fragmentation, Landscape and Urban Planning 121: 117–128. 
https://doi.org/10.1016/j.landurbplan.2013.10.002

Fuller, R. A.; Gaston, K. J. 2009. The scaling of green space cover-
age in European cities, Biology Letters 5(3): 352–355. 

 https://doi.org/10.1098/rsbl.2009.0010
Gardner, R. H. 1999. RULE: a program for the generation 

of random maps and the analysis of spatial patterns, in 
J. M. Klopatek, R. H. Gardner (Eds.). Landscape ecological 
analysis: issues and applications. New York: Springer-Verlag.  
https://doi.org/10.1007/978-1-4612-0529-6_13

Gill, S.; Handley, J.; Ennos, A.; Pauleit, S. 2007. Adapting cities 
for climate change: the role of the green infrastructure, Built 
Environment 33(1): 115–133.

Goddard, M. A.; Dougill, A. J.; Benton, T. G. 2010. Scaling up 
from gardens: biodiversity conservation in urban environ-
ments, Trends in Ecology and Evolution 25(2): 90–98. 

 https://doi.org/10.1016/j.tree.2009.07.016
Griffith, J. A.; Martinko, E. A.; Price, K. P. 2000. Landscape struc-

ture analysis of Kansas at three scales, Landscape and Urban 
Planning 52(1): 45–61. 

 https://doi.org/10.1016/S0169-2046(00)00112-2
Groenewegen, P. P.; Van den Berg, A. E.; De Vries, S.; Ver-

heij, R. A. 2006. Vitamin G: effects of green space on health, 
well-being, and social safety, BMC Public Health 6(1): 149. 
https://doi.org/10.1186/1471-2458-6-149

Hamada, S.; Tanaka, T.; Ohta, T. 2013. Impacts of land use and 
topography on the cooling effect of green areas on surround-
ing urban areas, Urban Forestry and Urban Greening 12(4): 
426–434. https://doi.org/10.1016/j.ufug.2013.06.008

Haq, S. M. A. 2011. Urban green spaces and an integrative ap-
proach to sustainable environment, Journal of Environmental 
Protection 2: 601–608. https://doi.org/10.4236/jep.2011.25069

Hermann, A.; Kuttner, M.; Hainz-Renetzeder, C.; Konkoly-
Gyuró, É.; Tirászi, Á.; Brandenburg, C.; Allex, B.; Zie-
ner, K.; Wrbka, T. 2014. Assessment framework for 
landscape services in European cultural landscapes: an Aus-
trian Hungarian case study, Ecological Indicators 37: 229–240.  
https://doi.org/10.1016/j.ecolind.2013.01.019

James, P.; Tzoulas, K.; Adams, M.; Barber, A.; Box, J.; Breuste, J.; 
Elmqvist, T.; Frith, M.; Gordon, C.; Greening, K. 2009. To-
wards an integrated understanding of green space in the Eu-
ropean built environment, Urban Forestry and Urban Green-
ing 8(2): 65–75. https://doi.org/10.1016/j.ufug.2009.02.001

Kong, F.; Yin, H.; James, P.; Hutyra, L. R.; He, H. S. 2014. Effects 
of spatial pattern of greenspace on urban cooling in a large 
metropolitan area of eastern China, Landscape and Urban 
Planning 128: 35–47. 

 https://doi.org/10.1016/j.landurbplan.2014.04.018
Kong, F.; Yin, H.; Nakagoshi, N.; Zong, Y. 2010. Urban green 

space network development for biodiversity conservation: 
Identification based on graph theory and gravity modeling, 
Landscape and Urban Planning 95(1): 16–27. 

 https://doi.org/10.1016/j.landurbplan.2009.11.001
La Rosa, D.; Privitera, R.; Martinico, F.; La Greca, P. 2013. Mea-

sures of Safeguard and Rehabilitation for landscape protec-
tion planning: a qualitative approach based on diversity indi-
cators, Journal of Environmental Management 127: S73–S83. 
https://doi.org/10.1016/j.jenvman.2012.12.033

Li, X.; Zhou, W.; Ouyang, Z. 2013. Relationship between land 
surface temperature and spatial pattern of greenspace: what 
are the effects of spatial resolution?, Landscape and Urban 
Planning 114: 1–8. 

 https://doi.org/10.1016/j.landurbplan.2013.02.005
Li, X.; Zhou, W.; Ouyang, Z.; Xu, W.; Zheng, H. 2012. Spatial pat-

tern of greenspace affects land surface temperature: evidence 
from the heavily urbanized Beijing metropolitan area, China, 
Landscape Ecology 27(6): 887–898. 

 https://doi.org/10.1007/s10980-012-9731-6
McGarigal, K.; Cushman, S. A.; Neel, M. C.; Ene, E. 2002. FRAG-

STATS: spatial pattern analysis program for categorical maps 
[online], [cited 14 March 2016]. Available from Internet: 
http://www.citeulike.org/group/342/article/287784

McGarigal, K.; Cushman, S.; Ene, E. 2012. FRAGSTATS v4: spatial 
pattern analysis program for categorical and continuous maps 
[online], [cited 14 March 2016]. Available from Internet: http://
www.umass.edu/landeco/research/fragstats/fragstats.html

McGarigal, K.; McComb, W. C. 1995. Relationships between 
landscape structure and breeding birds in the Oregon Coast 
Range, Ecological Monographs 65(3): 235–260. 

 https://doi.org/10.2307/2937059
Neuenschwander, N.; Hayek, U. W.; Grêt-Regamey, A. 2014. In-

tegrating an urban green space typology into procedural 3D 
visualization for collaborative planning, Computers, Environ-
ment and Urban Systems 48: 99–110. 

 https://doi.org/10.1016/j.compenvurbsys.2014.07.010
Plexida, S. G.; Sfougaris, A. I.; Ispikoudis, I. P.; Papanastasis, V. P. 

2014. Selecting landscape metrics as indicators of spatial het-
erogeneity – a comparison among Greek landscapes, Interna-
tional Journal of Applied Earth Observation and Geoinforma-
tion 26: 26–35. https://doi.org/10.1016/j.jag.2013.05.001

https://doi.org/10.1016/j.landurbplan.2009.10.005
https://doi.org/10.1007/s11355-010-0147-7
https://doi.org/10.1016/j.ecocom.2010.12.003
https://doi.org/10.1016/j.ecolind.2014.05.002
https://doi.org/10.1016/j.landurbplan.2005.02.016
https://doi.org/10.1016/S0921-8009(02)00273-2
https://doi.org/10.1016/j.envpol.2011.01.010
https://doi.org/10.1016/j.landurbplan.2013.10.002
https://doi.org/10.1098/rsbl.2009.0010
https://doi.org/10.1007/978-1-4612-0529-6_13
https://doi.org/10.1016/j.tree.2009.07.016
https://doi.org/10.1016/S0169-2046(00)00112-2
https://doi.org/10.1186/1471-2458-6-149
https://doi.org/10.1016/j.ufug.2013.06.008
https://doi.org/10.4236/jep.2011.25069
https://doi.org/10.1016/j.ecolind.2013.01.019
https://doi.org/10.1016/j.ufug.2009.02.001
https://doi.org/10.1016/j.landurbplan.2014.04.018
https://doi.org/10.1016/j.landurbplan.2009.11.001
https://doi.org/10.1016/j.jenvman.2012.12.033
https://doi.org/10.1016/j.landurbplan.2013.02.005
https://doi.org/10.1007/s10980-012-9731-6
https://doi.org/10.2307/2937059
https://doi.org/10.1016/j.compenvurbsys.2014.07.010
https://doi.org/10.1016/j.jag.2013.05.001


H. Liang et al. Assessing Urban Green Space Distribution in a Compact Megacity by Landscape Metrics74

Qian, Y.; Zhou, W.; Li, W.; Han, L. 2015. Understanding the dy-
namic of greenspace in the urbanized area of Beijing based 
on high resolution satellite images, Urban Forestry and Urban 
Greening 14(1): 39–47. 

 https://doi.org/10.1016/j.ufug.2014.11.006
Rempel, R. S.; Elkie, P. C.; Carr, A. 1999. Patch analyst user’s 

manual: a tool for quantifying landscape structure. Thunder 
Bay: Ontario Ministry of Natural Resources, Boreal Science, 
Northwest Science and Technology.

Riitters, K. H.; O’neill, R.; Hunsaker, C.; Wickham, J. D.; Yan-
kee,  D.; Timmins, S.; Jones, K.; Jackson, B. 1995. A factor 
analysis of landscape pattern and structure metrics, Land-
scape Ecology 10(1): 23–39. 

 https://doi.org/10.1007/BF00158551
Saura, S.; Torne, J. 2009. Conefor Sensinode 2.2: a software pack-

age for quantifying the importance of habitat patches for 
landscape connectivity, Environmental Modelling and Soft-
ware 24(1): 135–139. 

 https://doi.org/10.1016/j.envsoft.2008.05.005
Schindler, S.; Poirazidis, K.; Wrbka, T. 2008. Towards a core set of 

landscape metrics for biodiversity assessments: a case study 
from Dadia National Park, Greece, Ecological Indicators 8(5): 
502–514. https://doi.org/10.1016/j.ecolind.2007.06.001

Sherer, P. M. 2003. Why America needs more city parks and open 
space. Washington, DC: The Trust for Public Land.

Thompson, C. W. 2002. Urban open space in the 21st century, 
Landscape and Urban Planning 60(2): 59–72. 

 https://doi.org/10.1016/S0169-2046(02)00059-2
Tian, Y.; Jim, C. Y.; Wang, H. 2014. Assessing the landscape and 

ecological quality of urban green spaces in a compact city, 

Landscape and Urban Planning 121: 97–108. 
 https://doi.org/10.1016/j.landurbplan.2013.10.001
Tian, Y.; Jim, C.; Tao, Y.; Shi, T. 2011. Landscape ecological as-

sessment of green space fragmentation in Hong Kong, Urban 
Forestry and Urban Greening 10(2): 79–86. 

 https://doi.org/10.1016/j.ufug.2010.11.002
Torras, O.; Gil-Tena, A.; Saura, S. 2008. How does forest land-

scape structure explain tree species richness in a Mediter-
ranean context?, Biodiversity and Conservation 17(5): 1227–
1240. https://doi.org/10.1007/s10531-007-9277-0

Turner, M. G.; Gardner, R. H.; O’neill, R. V. 2001. Landscape ecol-
ogy in theory and practice. New York: Springer.

Walz, U. 2015. Indicators to monitor the structural diversity of 
landscapes, Ecological Modelling 295: 88–106. 

 https://doi.org/10.1016/j.ecolmodel.2014.07.011
Wolch, J. R.; Byrne, J.; Newell, J. P. 2014. Urban green space, pub-

lic health, and environmental justice: the challenge of making 
cities ‘just green enough’, Landscape and Urban Planning 125: 
234–244. 

 https://doi.org/10.1016/j.landurbplan.2014.01.017
Wu, J.; Jenerette, G. D.; Buyantuyev, A.; Redman, C. L. 2011. 

Quantifying spatiotemporal patterns of urbanization: the 
case of the two fastest growing metropolitan regions in the 
United States, Ecological Complexity 8(1): 1–8. 

 https://doi.org/10.1016/j.ecocom.2010.03.002
Zhou, X.; Wang, Y. 2011. Spatial-temporal dynamics of urban 

green space in response to rapid urbanization and greening 
policies, Landscape and Urban Planning 100(3): 268–277. 
https://doi.org/10.1016/j.landurbplan.2010.12.013

Huilin lIanG. Affiliation: College of Landscape Architecture, Nanjing Forestry University, Nanjing, Jiangsu, China. 
Scientific degree: Master’s degree. Research interests: Environmental sustainability; Landscape management; Landscape 
planning. Number of publications: 3. Number of attended conferences: 2.

di cHEn. Affiliation: College of Architecture and Urban Planning, Tongji University, Shanghai, China. Scientific degree: 
Master’s degree. Research interests: Landscape management; Landscape planning. Number of publications: 5. Number of 
attended conferences: 2.

Qingping zHanG. Affiliation: College of Landscape Architecture, Nanjing Forestry University, Nanjing, Jiangsu, China. 
Scientific degree: PhD. Research interests: Environmental sustainability; Landscape management; Landscape planning. 
Number of publications: 23. Number of attended conferences: 16.

https://doi.org/10.1016/j.ufug.2014.11.006
https://doi.org/10.1007/BF00158551
https://doi.org/10.1016/j.envsoft.2008.05.005
https://doi.org/10.1016/j.ecolind.2007.06.001
https://doi.org/10.1016/S0169-2046(02)00059-2
https://doi.org/10.1016/j.landurbplan.2013.10.001
https://doi.org/10.1016/j.ufug.2010.11.002
https://doi.org/10.1007/s10531-007-9277-0
https://doi.org/10.1016/j.ecolmodel.2014.07.011
https://doi.org/10.1016/j.landurbplan.2014.01.017
https://doi.org/10.1016/j.ecocom.2010.03.002
https://doi.org/10.1016/j.landurbplan.2010.12.013

