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H I G H L I G H T S

• We evaluated the impacts of accom-
plished urban structure shift on connec-
tivity.

• We developed an approach combining
counterfactual analysis with landscape
graphs.

• What Nanjing might look like if it was a
monocentric structure was revealed.

• The polycentric structure facilitates
bird's dispersal, but not for forest mam-
mals.

• Urban structure shift might not neces-
sarily cause connectivity decline.
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Many studies have been conducted to evaluate the effects of different urban structures on landscape connectivity,
andmost of them rely on the comparison approach or ex-ante scenario analysis. However, we still lack an ex-post
method to capture the consequences of accomplished urban structure shift (from monocentric to polycentric),
which is guided by the land use planning. To fill this gap, we develop an ex-post evaluation approach which inte-
grates counterfactual analysis and landscape graphs. Counterfactual analysis is combined with cellular automata
simulation model, to uncover what the city might look like, if it had continued to expand in a monocentric struc-
ture; and the landscape graphs enable us to reveal the possible landscape connectivity in actual and counterfactual
scenarios. We select Nanjing city as the study area and 4 target species, to delve into the varying impacts of the
urban structure shift on different taxonomic groups. Our case study demonstrates that: (1) the impact of urban
structure shift is more relevant to the long disperser; (2) the actual landscape (polycentric) would facilitate the
bird's dispersal, while (3) forest mammals have higher connectivity in the counterfactual scenario (monocentric),
and the possible reasons are discussed. Finally, we demonstrate that the urban structure shiftmight not necessarily
cause the connectivity decline, on condition that the key connectivity providers are identified by integrating eco-
logical network analysis into the land use planning, and well preserved in the shift.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The impacts of urban development on landscape connectivity vary
with different urban structures (Alberti, 2005), also depending on spe-
cies. With the brunt of unprecedented population growth rate, the
urban structures of many cities gradually shift from the monocentric
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towards the polycentric (Su et al., 2017), especially in China, the emer-
gence of polycentric cities has been highlighted since the Millennium
(Liu and Wang, 2016). In many aspects, the polycentric structure has
great advantages as it could generate greater agglomeration externality,
and promote socioeconomic as well (Parr, 2004). While on the other
hand, polycentric structure and the associated traffic constructions can
have strong barrier effects to the movement of organisms (Mörtberg
et al., 2007; Aguilera et al., 2011), and thus it may result in the decline
in landscape connectivity. Since landscape connectivity is a major con-
cern for biodiversity maintenance (Taylor et al., 1993), the impact eval-
uation of urban structures should be given priorities in the land use
planning, as well as in biodiversity conservation practice.

The comparison study and the scenario analysis are two major ap-
proaches to deal with such assessment. In the former paradigm, scholars
would generally select multiple cities with different landscape patterns,
to demonstrate how urban patterns influence landscape connectivity
(Taylor et al., 1995; Bierwagen, 2005; Bierwagen, 2006). But the inherent
heterogeneities of sampled cities, such as the urban size, habitat cover-
age and aggregation, will necessitate the comparisons among enormous
factor combinations (i.e. experimental groups and control groups). Test-
ing all of them would be, however, extremely tedious and time-
consuming (e.g. there are 148.5 thousand combinations in Bierwagen,
2006).

For these reasons, the secondparadigmmight bemore appealing as it
only focuses on the study area itself. Scenarios in these studies might be
the different planning schemes supplied by the local government
(Mörtberg et al., 2007; Scolozzi and Geneletti, 2012); or those predicted
by a variety of simulationmethods (Syphard and Franklin, 2005;Mitsova
et al., 2011; Tannier et al., 2016; He et al., 2017). These ex-ante projec-
tions do provide support to explorewhich urban form is less detrimental
to landscape connectivity; however, the ex-post evaluation for the ac-
complished urban structure shift is equivalently important, and should
be prior to the future planning, because it helps to determine whether
the structure conversion is suitable, and whether it could continue. Be-
sides, it can assess to which degree that, the former round of planning
has successfully guided the sustainable urban development. Yet, this
task would be a great challenge, due to difficulties in the construction
of a non-observable case without planning interventions.

In this scientific context, counterfactual analysis could be a promi-
nently paradigm for the ex-post planning assessment, in which a non-
observable, counterfactual case is designed, and be compared with the
actual one. By this means, how and to what extent such planning inter-
venes could be revealed (Trescott, 1982). Traditional counterfactual
analysis is widely used in economy and social management fields, rely-
ing on statistical methods to uncover the causality between policy inter-
vention and its consequences (Trescott, 1982; Bourguignon et al., 1992),
while the spatially explicit impact evaluation of the urban structure shift
is rare. We add scenario simulation model based on cellular automata
(CA) to generate the counterfactual scenario (He et al., 2013), due to its
capability in simulating the spatio-temporal land use dynamics (Batty
and Xie, 1994; Li and Yeh, 2000). By investigating the counterfactual sce-
nario, we could uncover what would have happened to the landscape
connectivity, if the urban had continued to develop in the monocentric
structure.

Given the assessment of landscape connectivity, the landscape graph
approach (also known as the ecological network) has been increasingly
deemed as the cornerstone for it (Urban and Keitt, 2001; Opdam et al.,
2006; Rubio et al., 2015). Connectivity could be divided into two
types: (1) the functional connectivity that concerns the spreading of
species (Galpern et al., 2011), and (2) the structural connectivity that
only focuses on spatial arrangements of habitats. Among a variety of
connectivity metrics, the Probability of Connectivity (Saura and
Pascual-Hortal, 2007) and CONNECT (Mcgarigal et al., 2002) are two of
the most popular ones for functional connectivity and structural con-
nectivity, respectively, and both of themare adopted as our connectivity
metrics. The ex-post impact evaluation of urban structure shift is

implemented by measuring the loss/improvement of connectivity
across a landscape, between the counterfactual case (monocentric)
and the actual one (polycentric).

Our primary goal is to provide a supporting tool that assesses the im-
pacts of accomplished urban structure shift, which is guided by the land
use planning, on landscape connectivity of different species.We propose
a novel method that integrates counterfactual analysis, CA simulation
and landscape graphs. To elaborate the performance of our approach,
we choose Nanjing City (eastern China) as the study area, because
Nanjing's urban structure has transited frommonocentric to polycentric
since 1996,which fulfills the researchdemands.More specifically, our re-
search objectives (ROs) consist of: RO1 is to design a counterfactual case,
in which urban expands in a monocentric structure; RO2 deals with the
ecological network construction and the ex-post evaluation, answering
what would have happened to landscape connectivity, if the city had
continued in the monocentric structure; RO3 demonstrates the impacts
on different taxonomic groups with varying dispersal capabilities, so
we select two bird species and two forest mammals to illustrate these
differences.

2. Materials and methods

2.1. Study area and target species

Nanjing City is one of China's ancient capital and cultural-historical
centers (Chen et al., 2016). It is also one of major cities in Yangtze
River Delta, covering 6582 km2 approximately (Fig. 1). Nanjing used to
be a monocentric city until 1996, since then, Nanjing has experienced
two rounds of land use master planning (one is 1997–2010, and the
other one is 2006–2020) and started rapid urbanization under their in-
structions. The development of several sub-centers has been articulated
in the planning, for the purposes of decentralization and deindustrializa-
tion. At presence, many frog-leap sub-centers have appeared, and the
roads connecting sub-centers to the core city proper have also been con-
structed (Qian, 2013).

Meanwhile, the planning also aims to improve the local habitat's
quantity and quality by afforestation, and the forest areas are planned
to increase to 18% of the total area in 2020 (Qian, 2013). Although evi-
dent increase of forested land could be observed from 1996 to 2016,
the efficiency of this management remains questionable, we do not
know yet whether such management indeed improves the landscape
connectivity.

Moreover, a variety of national rare and protected species inhabit
Nanjing City, including breeding birds such as the fairy pitta (Pita
nympha), the Chinese sparrowhawk (Accipiter soloensis), and terrestrial
mammals like the large Indian civet (Viverra zibetha), aswell as the Chi-
nese water deer (Hydropotes inermis), which are our target species in
this study, in order to represent diverse taxonomic groups with differ-
ent dispersal capabilities. Their habitat preference is forest, and the
common threat is the habitat loss caused by urbanization (IUCN,
2017). No specific documents reporting their dispersal distances are
found, so we calculate them based on their diet types and body mass
(Sutherland et al., 2000). The maximum dispersal distance of the fairy
pitta and the Chinese sparrowhawk is estimated as 12 km and 25 km,
respectively; and to demonstrate the potential differences caused by
different taxonomic groups, the dispersal distance of the large Indian
civet and the Chinese water deer is also estimated as 12 km and
25 km, respectively, which is plausible according to the model in
Sutherland et al. (2000) as well.

2.2. Data sources and pre-processing

Multiple datasets are collected from diverse sources and compiled
(Table 1). The land use classification through remote sensing imageries
is processed by the software of ENVI 5.1 (Exelis Inc). After the pre-
processing of atmospheric correction, the land use type is classified
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