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Abstract
Urban open spaces are considered as spatial residuals of the expansion of built areas. The
environmental impact of the resulting land-cover pattern and associated ecosystem services
are frequently evaluated at a crude spatial resolution only. However, wild animals use
remaining interconnected fine-grain open spaces as an infrastructure for movement.
In this paper, we traced the evolution of an open-space system in Haifa, Israel, and examined the
impact of urban morphology on size and distribution of open spaces at different spatial
resolutions.
At a 30 m resolution, our analysis indicated fragmentation and increasing partial elimination of
open spaces. Over time the connectivity declined at a diminishing rate, yet the network did not
disintegrate into separate components. The evolution analysis implied that in crude resolution,
the open space network is threatened.
At a 5 m resolution, our analysis showed that Haifa remains porous to animal movement. Using
combined multiple least-cost paths through the urban landscape of heterogeneous permeability,
we illustrated extensive connectivity among open spaces. Backyards and other urban in-between
spaces complemented the seminatural open-space network connectivity, enabling wildlife
movement between habitat patches and thus survival in an urbanized environment.
Keywords
Urban, open space, network, morphology, dynamics, connectivity

Corresponding author:
Marina Toger, Technion—Israel Institute of Technology, Technion City, Segoe building, 510, Haifa 3200003, Israel.
Email: marinat@technion.ac.il

Toger et al.

849

Introduction
The apparent disappearance of urban open spaces is of great concern to urban planners. The
common perception is that city expansion swallows all open spaces unless duly protected.
Indeed, analyses at crude spatial resolutions indicate that urban open spaces are
disappearing, except for large-scale planned projects (e.g., Central Park in New York
City, Copenhagen’s Green Fingers). However, when cities are examined at a ﬁner scale,
additional open spaces are revealed and the porous structure of cities becomes evident.
The pores include planned and unplanned open spaces. Planned open spaces consist of
public parks, lawns, and gardens, sport and recreation facilities, and other dedicated open
land uses. Unplanned open spaces include unbuilt, vacant and abandoned lots, wastelands,
fallow and abandoned agricultural lands, creeks and ravines, ﬂood plains and riverbeds,
coastlines, wetlands, roadside vegetation, backyards, and other unbuilt patches of land.
Urban open spaces are increasingly part of the public discourse and motivate various
planning eﬀorts (Maruani and Amit-Cohen, 2007). Yet, there is relatively little scientiﬁc
knowledge concerning their abundance, morphology, and dynamics. There is empirical
evidence that wildlife and native plant species inhabit these pores in the urban fabric
(Matthies et al., 2013; VanDruﬀ and Rowse, 1986). Furthermore, there is ample informal
evidence, such as reports of urban residents of frequent sightings of various wild animals.
For example, in Haifa, Israel the wild boar population grew so large that the municipality is
implementing measures to control their numbers (Barshaw, 2012). Similar phenomena are
observed in other cities, such as Berlin and Barcelona (Licoppe et al., 2013). The existence of
relatively large open-space patches, within and outside the city, with corridors linking them
to smaller patches enables wild species to move within the urban environment despite
observed fragmentation of the system of open spaces (Goddard et al., 2010).
The presence of wildlife in cities in contradistinction to urbanization-induced
disappearance of vegetated urban open spaces is the focus of this paper.
This paper aims to answer the following questions:
. How does urbanization aﬀect open-space system connectivity?
. Can open-space systems in cities support wildlife movement?
. What geographic resolution is relevant for analysis of open-space connectivity and
wildlife movement?
This study examines urban open spaces in Haifa as a functioning network that facilitates
movement and thus contributes to the persistence of wildlife populations in cities. To this
end, based on a temporal series of aerial imagery, we mapped and analyzed changes in
amount of the urban open spaces and spatial relationship among them. The citywide
open-space system was translated into a network of interconnected patches at a resolution
of 30 m. In addition, we performed a high-resolution (grain size of 5 m) study of the
connectivity of urban open spaces based on a mapping of land-use/land-cover types in Haifa.
The crude-resolution analysis indicated the urbanization-induced decrease in overall area
and network density of the open-space system. The high-resolution analysis showed that
contribution of an individual open-space patch to the overall connectivity depends on the
following factors: the patch area; distance to and amount of other open spaces; the land
cover of other patches in the vicinity; and urban morphology type in general. The analyses
indicated that Haifa open-space system seems better connected than one might expect.
The remainder of this paper is comprised of ﬁve sections. The next section presents a brief
sketch of existing knowledge concerning the evolution urban built and open spaces. The
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third section contains a crude-resolution analysis of the temporal changes in Haifa’s openspace system. In the fourth section, we present a ﬁner-resolution analysis of inter-patch
connectivity structure. Conclusions and discussion are presented in the ﬁnal section.

Spatial evolution of cities and urban open spaces
Urban open spaces often are the residuals of spatial expansion of the built environment. The
evolution of the built areas in cities is the result of self-organization processes circumscribed
by land-use plans and incremental eﬀorts to change them. Any attempt to understand urban
ecosystems must contemplate fundamental questions concerning the spatial coevolution of
social and natural systems and feedback processes that govern them (Alberti, 2005; Hobbs
et al., 2013; Winder et al., 2005). Although both are embedded in a dynamic biophysical
environment, agreement concerning a common coevolutionary framework remains
unresolved (Gual and Norgaard, 2010; Helbing et al., 2009). For decades, urban
geographers, urban economists, regional scientists, and ecologists ignored each other and
the interdependence of these processes (Czamanski et al., 2008). Extant knowledge is
incomplete and often misleading.
According to the classic monocentric urban model (Alonso, 1964; Mills, 1972; Muth,
1969), the spatial structure of cities is governed by competition for accessibility to the
city’s center. As population grows, the model implies a process of sprawl from the center
outward as a uniform wave engulﬁng and removing all open spaces. While the model
generated many useful insights concerning cities, its validity has been established at a very
crude spatial resolution only. Nevertheless, the planning discourse is colored by its ﬁndings.
In reality, cities display a polycentric structure that evolves by leapfrogging (Bettencourt and
West, 2010; Ewing, 2008; Frenkel and Ashkenazi, 2008), resulting in a relatively dense urban
core and porous areas of varying density.
At the broadest level, the lack of agreement between theories and evidence is due to the
inconsistency of the spatial and temporal resolution of theoretical and empirical analyses.
Theories generally refer to reality in broad-brush fashion using crude, stylized facts.
Heterogeneity of cities and their environments is overlooked in the scholarly literature
that is based on behavior of typical agents and per-capita or per-unit indicators, focusing
on common traits to various places and coarse-scale classiﬁcations (Cadenasso et al., 2007).
Accordingly, various phenomena are viewed in terms of linear relationships to size with
average dynamics common to all places. However, these relationships are the result of
sublinear or superlinear relationships and local emergent processes (Bettencourt and West,
2010). A growing body of empirical evidence suggests that spatial dynamics reﬂect scaling
laws that are place speciﬁc (Benguigui and Czamanski, 2004; Benguigui et al., 2000).
There is evidence that the quantity of urban open spaces is shrinking (Orenstein and
Hamburg, 2010; Shoshany and Goldshleger, 2002). Nevertheless, some open spaces
remain within cities (Tardin, 2012). There are good reasons for the persistence of open
spaces within the porous urban spatial structure. As urban expansion often happens by
leapfrogging, city fabric features built-up clusters with open spaces in between. Some of
the gaps ﬁll in during later stages and others gain protected status or remain undeveloped.
Furthermore, urban open spaces generate beneﬁts for human quality of life, health, and wellbeing (Bolund and Hunhammar, 1999), resulting in willingness-to-pay for proximity to open
spaces. Newer models of urban growth presume that land developers take the demand for
proximity to open spaces into account, and their proﬁt-maximizing behavior exploits
planning restrictions and resulting land prices to develop noncontiguous land parcels
(Broitman and Czamanski, 2012; Czamanski and Broitman, 2012). These models reject
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equilibrium conditions. They reﬂect self-organizing dynamic processes and present urban
open spaces in a constant state of ﬂux. However, heretofore only some feedback eﬀects have
been considered.
With urban and agricultural land uses consuming increasing amounts of land, urban open
spaces remain an important haven for native ﬂora and fauna (Hobbs et al., 2013). Networks
of open spaces, made-up of large and small patches and corridors linking them together,
enable wildlife populations to persist (Goddard et al., 2010). Contrarily, allowing wildlife
into residential neighborhoods generates negative externalities, and it is unclear to what
extent these externalities aﬀect urban spatial dynamics. Tardin (2012) argues that urban
and peri-urban open spaces should be analyzed as an interconnected infrastructure system
optimized to fulﬁll human demands for recreation and amenities together with environment
conservation targets.
In this paper, we illustrate changes in amount and connectivity of open spaces in Haifa,
Israel.

Crude-resolution analysis of Haifa’s open-space network
Haifa is located on the slopes and at the foot of Mount Carmel, on the coast of the
Mediterranean Sea (Figure 1). It is the third largest city in Israel with a population of
270,000. The estimated population of its metropolitan area is more than million people
(Central Bureau of Statistics, 2009) and it covers 65.2 km2 (Haifa municipality, 2012).

Figure 1. Study area location. Note the large vegetated open-space area to the south of Haifa, the Carmel
National Park.
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The mountainous topography of the city includes ravines (wadis) that penetrate deeply
into the urban built fabric. These wadis, formed like green ﬁngers, comprise the backbone of
the urban open-space system. The seminatural open spaces in and around Haifa mostly
consist of rocky slopes, covered with typical Mediterranean scrubland and woodlands,
and patches of herbaceous vegetation. The seminatural forest remnants contain maquis
vegetation communities interspersed with planted pine-tree stands.
For the initial crude-resolution analysis, we utilized open-space mapping data set (Balter,
2010) based on a set of digital aerial photos and historical maps. Photos for 1945, 1962, 1986,
1999, and 2004, were at scales of 1:50,000–1:20,000. Additionally, we mapped open spaces for
2010 at 1:12,000.1 For the purpose of this analysis, open spaces were deﬁned as vegetated
nonpaved patches of open land and not used by modern, monoculture agriculture, larger than
100 m2. The open spaces comprised 66% of the total land area in 1945 and decreased to 37%
by 2010. The analyses were carried out using ArcGIS10.1 software (Environmental Systems
Research Institute [ESRI], 2012), NetLogo5 (Wilensky, 1999) for the network construction
and Gephi (Bastian et al., 2009) for network analysis and visualization.
Using an approach comparable to Urban and Keitt (2001) and Morgado et al. (2012), the
open-space patterns were transformed into a network using a threshold aerial minimal
distance between patch edges of 60 m. This distance is below the mean daily movement
distance of most of the mammal species observed in Haifa. Any two patches whose edges
are at a distance below 60 m are deﬁned as connected.
Figure 2 illustrates the diminishing connectivity that resulted from the growth of Haifa.
Open spaces, are depicted in green in the ﬁrst and third rows. All other land-cover types are
in white. The second and fourth rows show the corresponding networks for each sample
year. The patches are shown as nodes and connections between them as edges. Node size
depicts normalized patch area and node color indicates gradation of the betweenness
centrality network metric, ranging from central nodes that are shown in green to
peripheral nodes in red with intermediate values in yellow. Betweenness centrality
indicates the importance of a node for overall network connectivity Urban and Keitt
(2001). Most large open spaces featured high betweenness centrality values.
It is evident that increasing urbanization caused changes in the network of open spaces.
Figure 3(a) shows the evolution of the number of open space patches, number of connections
among the patches, termed links, and number of connected patch clusters, termed
components. All three numbers increase during 1945–1999, indicating fragmentation of
the open spaces due to expansion of built-up areas and roads. From 1985, these numbers
stabilized indicating that the fragmentation process stopped.
Figure 3(b) indicates the decline in network density over time. It is measured as the
percentage of links present in the network to maximal number of links possible. This
number indicates that despite the initial increase in number of network elements, the
connectedness of the network deteriorates over the entire period. Figure 3(c) indicates the
decrease in total area of the largest (giant) component of the network. Over the entire period,
the giant component included all the largest patches and was connected to the core vegetated
area (Carmel Forests, the vegetated open area south of the city, see Figure 1, lower right).
Patches that do not belong to the giant component are disconnected from the network, are
small in area, and thus are not important for the network. The giant component area as well
as percentage of the total open-space area decreased during 1962–1999, indicating that parts
of the open-space network were converted into built areas. It is noteworthy that changes in
the system and the process of fragmentation in particular seem to have diminished by 2004.
This is apparent from all the above indicators, in particular from changes in the number of
open patches and links in the city.
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Figure 2. Crude-resolution mapping and schematic network representation, 1945–2010.

The above crude network analysis suggests that the dynamics of the open-space pattern in
Haifa is consistent with the assertion that urbanization results in the signiﬁcant reduction in
open-space area (Orenstein and Hamburg, 2010; Shoshany and Goldshleger, 2002). Indeed,
Haifa’s initial built-up seed of 1945 had almost continuous open space around it. Later
development claimed ﬁngered areas with mild slopes and left steep areas unexploited.
These areas were then incorporated into Kaufmann’s plan as protected open space land
use (HP, 2009). Afterward, the ﬁngers were cut into fragments and patches, and ﬁnally,
many fragments were eliminated during the ﬁrst decade of the 21st century. The decline of
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Figure 3. Dynamics of the number of open-space patches, links, and components (a), network density (b),
connected area size and ratio out of total open-space area in Haifa (c).

the giant component area indicates the deterioration of the total connected habitat area. The
percentage of connected area ﬁrst declined, but then increased, indicating that the openspace patches that have been eliminated after 1999 were mostly already disconnected from
the main network. Another possible explanation is that during 2004–2010, small patches
were eliminated due to development of these patches.

High-resolution patterns of open-space connectivity
The above structural analysis does not present the full picture of the processes taking place.
This is evidenced by a comparison of crude 30 m and ﬁne 5 m resolution studies for 2012.
For the high-resolution analysis, we used a 2012 aerial orthophoto of Haifa metropolitan
area with a pixel size of 0.25 m. We performed manual interpretation at various levels of
accuracy and selected 5 m as benchmark for the entire data set. We used ArcGIS10.1 (ESRI,
2012) with Feature-Analyst and Python scripting for data preparation, interpretation, and
analysis. The aerial image was manually classiﬁed into a polygon layer of 20 land-use/
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Table 1. Land-use and Land-cover classification and resistance values.
Land-use/
land-cover type

Description

Cost

Category

Forest
Shrubs
Grassland

Seminatural and planted forests and woodlands
Mediterranean scrubland
Herbaceous vegetated areas, burnt land, grasslands

0.001

Open spaces

Orchard

Vineyards, orchards

0.1

Garden

0.25

Wasteland
Fallow

Managed vegetated areas: parks, gardens, lawns,
sport facilities, monuments, recreation
Garbage, dunes, beach, mines, wasteland open areas
Abandoned and fallow fields

Field
Dirt road
Trail
Backyard

Agricultural cropland and cultivated open areas
Unpaved roads
Paved or unpaved footpaths and trails
Backyards, squares, logistic spaces around buildings

0.5

Transportation

Railroads, parking, transportation logistic space,
airports, seaports
paved roads

0.75

Roads
Construction
Industry
Built agriculture
Water
Buildings

Construction sites
Industrial areas, cemeteries, prisons, exurban
commercial areas
Greenhouses, warehouses
Water bodies
Building footprints

1

Transit areas with
varying resistance

Obstacles

land-cover types (Table 1). The vector polygons were rasterized based on majority rule, into
5  5 m raster. We have randomly chosen 50 locations on the classiﬁed map of 2012 for
validation. For 30 locations, we were able to validate our classiﬁcation by comparing to the
Google Street View images (Google maps, 2012). For the other 20 cases, we visited the
locations. In all cases, the classiﬁcation was correct.
Although the total sum area of open spaces was approximately the same (17.82 km2 for
crude resolution and 17.84 km2 for ﬁne resolution), the high-resolution mapping reﬂects a
somewhat diﬀerent landscape structure. At a resolution of 5 m, more patches are discernible
(Figure 4). Distances among patch borders are shorter with more patches in between,
resulting in higher connectivity. At high resolution, the largest patch had a bigger area
(1.63 km2 vs. 0.75 km2) indicating that patches that seemed disconnected are actually
connected. Even using a simple binary patch-matrix mapping increasing resolution
indicates higher open space connectivity.
In addition to their intrinsic value, open-space networks in cities can enable animal
movement. The possibilities of movement are deﬁned by small-scale heterogeneity of open
spaces in respect to connectivity to the surrounding animal habitats. The consequences of
habitat fragmentation can be understood at a resolution of animal movement decision at the
scale of passages between fences or vegetation patches.
Much of Haifa conforms to the Garden City planning framework. The basic planning
unit is a parcel. A typical parcel zoned for construction has a Building Limit Frontier of at
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Figure 4. Crude and fine resolution patch analysis. Left: Mapping at crude (dark green, 30 m cell size) and
fine (green, 5 m cell size) resolution. Middle: Number of contiguous patches detected at crude 30 m (top) and
fine 5 m (bottom) resolutions, open spaces (green) and other land-cover types (gray). Right: Land-use/landcover composition of the study area, 2012.

Figure 5. A typical parcel plan with the Building Limit Frontier marked.

least 5 m distance from the front and 3–5 m from the side plot boundaries (Figure 5). Thus,
we chose the 5 m cell as a unit for analysis.
In addition to buildings, plots include paved areas, parking lots, and backyards.
Furthermore, depending on the plot’s geographic location, minimal unpaved area for a
residential parcel is required to be 25–50% of its size in order to get the building permit.
Parts of the parcel left unpaved typically are gardened or recolonized by ruderal vegetation.
The amount of the unbuilt open space inside a parcel depends on the development type.
For instance, high-density modern development contains less open spaces than the long
rectangular 5-storey housing projects of the 1960s. High-resolution mapping of the city
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indicates that each urban parcel contains spaces that are impermeable to animal movement
and permeable spaces around the buildings. The speciﬁc patterns of permeable and
impermeable spaces result from particular ways that the cities are built. Thus, while
crude-resolution analyses, based on land-use maps, consider the entire built-up parcels as
impenetrable, at ﬁner resolutions penetrable spaces are discernable inside almost every parcel
(not considering terraced walls and fences). Some of these can serve as corridors for
traversing among larger patches. Their traverse-ability depends on overall width, number/
density of paths, and amount of bottlenecks. Furthermore, in Haifa, many residential parcels
directly border vegetated seminatural areas and are not fenced oﬀ. Thus, the city is
connected to animal habitats outside the built areas. Moreover, the resolution of 5 m is
suitable to analyze the urban morphological diﬀerences relevant to connectivity of
medium- to large-sized mammals.
By means of a representative sample of built-up areas from the rich Haifa land-use/landcover database, we tested various methods for identifying traversable corridors. The Indian
Crested Porcupine (Hystrix indica) was chosen as an example species. We chose the Indian
crested porcupine out of the species that we had observed using cameras2 for the following
reasons: the porcupine is more sensitive to human disturbance than golden jackal or wild
boar; the porcupine prefers seminatural vegetated land cover; porcupines are herbivores and
thus less dependent on urban food resources; the porcupine is sensitive to habitat area and
landscape connectivity; there were enough observations to deduce the presence of porcupine
population in Haifa; the Indian crested porcupine is not overabundant in Haifa and
currently is not considered as a nuisance.
In what follows, we apply Rudnick’s et al. (2012) understanding of the cost of animal
movement in the city, namely as combined measure representing disturbance from human
activities (perceived risk of movement) and energy expenditure of the animal. Operational
estimate of the cost-of-movement for least-cost-based connectivity analysis is widely debated
(Spear et al., 2010). Most papers apply as a cost the inverse of habitat suitability index or
cost estimates that are based on expert opinion. For this paper, we relate resistance to the
land-use/land-cover type, the most frequently used environmental variable in connectivity
analysis studies (Zeller et al., 2012).
Habitat suitability index calculations are based on the habitat functional features in the
patch and/or occupancy empirical data for the focus species (Spear et al., 2010). Roads and
built areas are scored as unsuitable for porcupine habitat in coarse-scale analyses.
Occupancy data per land-cover type is nonexistent for porcupines in cities. Therefore, we
used occupancy observation-based index for open spaces and agriculture in the North of
Israel, areas with similar climate and vegetation cover to Haifa (Naali, 2009). For the rest of
land-cover type resistances, we used expert opinion.
For the porcupine, resistance values based on Naali’s (2009) species-speciﬁc index of
traverse-ability were calculated as 0/m for natural areas and 0.01 for olive groves. To
avoid computational problems due to division by zero and also because the seminatural
open spaces in Haifa contain a blend of maquis vegetation with olive and pine trees, the
approximate resistance values for the seminatural areas and olive groves were chosen as
0.001/m, 0.1/m for orchards, and 0.25/m for fallow crops areas. For other land-cover types,
based on expert opinion, we assumed that the cost of crossing a backyard is 0.5/m, twice as
hard as crossing a fallow agricultural ﬁeld, while crossing a road cost 0.75/m, buildings and
obstacles had inﬁnite cost. The landscape was classiﬁed into 20 land-cover types with
resistance values accordingly (Table 1).
The connectivity of patches was estimated using the least-cost-paths over a resistance
surface. It is well known that animals have essential random component in their route choice
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and use diﬀerent paths with change of seasons, weather, or time of day. Formally calculated
single least-cost path not necessarily reﬂects the path used by the animals (Sawyer et al.,
2011). To reﬂect possible variations, instead of the least-cost path, we consider all possible
paths between two patches with a cost per the unit of a path length lower than a given
threshold per-unit cost C*.
Given C*, some urban areas allow wide navigation corridors, while the others enable only
dispersed multiple narrow paths through them. Wider corridors can be used both by species
that tolerate proximity to disturbance (e.g., wild boar) and by those that do not. The wider
corridors enable usage by a wider range of species (Hilty et al., 2006). The connectivity for a
certain species can be determined by adjusting the model parameters: landscape resistances
and cutoﬀ values of minimal corridor width and maximal corridor path-cost C*.
The detailed description of the corridors detection method is presented in Appendix 1.
In what follows, we estimate corridors and propose four measures for characterizing the
patterns of corridors between two habitats (Figure 6):
n Number of movement paths between patches
w Width of bottleneck, i.e. width of the narrowest part of the corridor, in meters
r Percentage of the area covered by the corridors out of the entire nonopen area analyzed
q Percentage of the area of the widest corridor out of its convex hull.

Figure 6. Explanation of corridor metrics. Let the green patches at the left and right be connected by
three corridors. For these corridors’ pattern and C* ¼ 130/m: Number of movement corridors n ¼ 3. Width
of bottleneck w ¼ 10 m. Percentage of the corridors sum area (hatched) out of the entire nonopen area (in
gray). In the example above corridors’ area is 15,300 m2, while total nonopen area is 33,000. The ratio
r ¼ 15,300/33,000 ¼ 46%. Percentage of the area of the widest corridor out of its convex hull. In the example
above the widest top corridor area is 7975 m2 and its convex hull area is 11,000, thus q ¼ 7975/
11,000 ¼ 73%.
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Figure 7. Patterns of movement routes between two green areas at a distance of 280 m for different
construction patterns and the threshold cost C* ¼ 130.

Diﬀerent urban patterns entail distinctive corridor patterns. To illustrate, we chose seven
representative samples of Haifa residential neighborhoods and estimated movement
corridors for each of them (Figure 7). The dimensions of buildings, roads, and unbuilt
areas were measured from the aerial images of Haifa. Samples 1–3 represent the typical
development of late 1960s, featuring long 5-storey buildings. Samples 4–7 represent the
‘‘Garden city’’-type residential neighborhoods with freestanding buildings of three to ﬁve
ﬂoors and varying gap sizes and block orientations.
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Figure 8. Three samples with corridors detected through the urban matrix. Each row represents different
urban patterns (samples 006, 010, 011). The columns correspond to the different cutoff path costs
(C* ¼ 100, 80, 60).

To illustrate the variety of movement patterns in a real landscape, we compare the
resulting patterns (Figure 8) for three distinct samples in Haifa with threshold costs
C* ¼ 100, 80, and 60. At C* ¼ 100, the corridors contained many redundant paths, at
C* ¼ 60, minimal connectivity was observed, and the value of C* ¼ 80 seems a plausible
compromise between the extremes. Figure 8 indicates the minimal shortest path cost and
length for each sample. For each pattern and threshold value, n—number of distinct
corridors was calculated (with cost lower than C*) and w—the widest corridor (width of
the bottleneck in all the corridors). In Figure 8, paths with path cost below C* are indicated
by fat black lines.
Increase in C* led to a stepwise increase in n and w metrics for all samples (Figure 9).
In Figure 10, we present analysis of connectivity for a single patch inside the Denya
neighborhood in Haifa.
Our approach yields several corridor patterns (Figure 10): parallel thin multiple paths
between buildings (1 and 2), short and wide corridor (3), wide multiple paths (4), and
corridors with a stopover (5, 6). The small stopover patches of undeveloped land with
seminatural vegetation are important for connectivity. In case of corridor 6, development
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Figure 9. Number of paths n (left) and their bottleneck width w (right) corridor metrics (ordinate) plotted
against the increasing cutoff path-cost C* (abscissa). Each line represents a different sample of the urban
pattern (samples 006, 010, 011, Figure 8). Both n and w characteristics grow with an increase in the cutoff
path-cost C*.

Figure 10. Connectivity analysis for an open-space patch (center) in Denya neighborhood (C* ¼ 200).

of the stopover patch will destroy the whole corridor. The overall picture suggests that this
patch is well connected to the surrounding open spaces and potentially can be utilized by
animals. Indeed camera and ﬁeld observations indicated presence of wild boar, jackal,
porcupine, and mongoose.
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Conclusions and discussion
Open spaces in cities function as an interconnected system (Tardin, 2012). Research on
whether urban open-space systems can support wildlife movement has been implemented
using open-space connectivity analyses (e.g., Kong et al., 2010).
In this paper, we traced the evolution of open-space system inside and at the fringes of
Haifa, Israel. We illustrated the connectivity of urban open spaces at the citywide level and
its changes over time. We used a connectivity analysis by threshold distance, a method
analogous to Urban and Keitt (2001), with addition of the temporal comparison. At the
crude 30 m resolution, few open spaces were detected and the resulting network appeared
fragmented and scarce. The open-space system underwent fragmentation and subsequent
partial elimination of its elements. The network connectivity diminished with time, albeit at a
slowing rate. Despite that, most open-space patches remained connected to the main
network component.
For the purpose of crude-resolution analysis, the landscape patches were categorized as
either open space or matrix. However, urban matrix heterogeneity inﬂuences landscape
connectivity. Least-cost-path open-space connectivity analyses incorporate landscape
heterogeneity using landscape resistances (e.g., Kong et al., 2010). Pinto and Keitt (2009)
criticized single least-cost-path analyses for ignoring alternative paths, and used multiple
shortest paths stochastic approach. In contrast, rather than including a stochastic
component, we achieved multiple shortest paths by detecting all paths with costs lower
than a path-cost threshold. We also used ﬁner resolution and more detailed land-cover
classiﬁcation.
At the ﬁne 5 m resolution, more open-space patches were discernible, and the network was
richer in connections. Using least-cost-path analysis, we illustrated by means of several
samples how the urban matrix heterogeneity resulted in the complex structure of openspace connections. The combined multiple least-cost-path corridors included many
redundant paths, that simple least-cost-path analyses often overlook, and thus reduced
sensitivity to uncertainty in parameters.
Multiple paths included here provide alternate connection routes as can be discovered at
this resolution of input data. In reality, we expect that small obstacles (e.g., fences),
indiscernible at this level of resolution analysis, might cancel some of the paths and thus
inhibit connectivity. However, additional paths might be discernable at higher resolutions.
We mapped large obstacles, such as retaining walls or big fences, during the land-cover
classiﬁcation. Smaller obstacles, indiscernible in the aerial imagery, were observed in the
ﬁeld to have occasional gaps and holes, and fences were found broken in places by vandals
and wildlife (wild boars). We accepted this limitation to the remote sensing technique
without extensive ﬁeldwork mapping. Thus, local analyses with mapping of obstacles at
higher resolution using ﬁeld surveys are advisable in key areas.
Nonetheless, the general pattern of corridors can be detected by this analysis. We used
multiple paths to comprise each corridor in order to minimize the eﬀect of local small
obstacles on the analysis results, as well as to account for uncertainty in the route
optimization target function and errors in data processing.
Backyards and other urban in-between spaces complemented the seminatural open-space
network connectivity, enabling wildlife movement between habitat patches. Distinct openspace connection patterns derived from diverse urban tissues. For instance, we compared
two patterns of residential development: the late 1960s train building blocks versus ‘‘Garden
city’’ smaller houses. The ﬁrst pattern features larger gaps between buildings with potential
for wider green corridors. However, the connectivity was weaker in areas where the same
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building blocks were oriented perpendicular to the main movement direction between large
open-space patches. Therefore, not only the development type is important but also the
pattern orientation relative to the surrounding open spaces. Moreover, the amount of
backyard vegetation varied among samples of the same morphological type. Thus, for
future research, we would recommend to incorporate a vegetation index into the
calculation of resistance values. This would add to the accuracy of the results without
signiﬁcantly changing the analysis method.
The high-resolution analysis strengths were: spatially explicit results; corridors of multiple
least-cost-paths are more robust to variability in initial conditions, input data inaccuracy,
and uncertainty in model parameters; the scale of the analysis is consistent with the scale of
the wildlife spatial interactions (movement, sensory input, etc.); hi-resolution analysis
represents the urban morphology at the scale of urban elements.
The data acquisition/availability and computationally intensive nature of our method
were its main limitations. As a direction for future research and to further improve the
results, we would recommend: use of automatic tools for data generation (from aerial and
satellite imagery); integration of observations into model parameter estimation and
deﬁnition of initial conditions, especially reﬁning resistance values based on a habitat
suitability indexing with habitat features and species occupancy mapping of Haifa urban
area at a high resolution.
Manipulation of urban matrix qualities can mitigate the negative impact of urbanization
on biodiversity and supplement conservation eﬀorts in reserves. Donnelly and Marzluﬀ
(2006) encourage greater abundance of native vegetation species outside reserves by
minimizing impervious surfaces and maximizing retention of trees as well as increasing
variability of development design pattern. Intermediate landscape heterogeneity together
with high-quality matrix and abundant seminatural elements in the landscape, could
enhance local biodiversity despite the fact that the landscape is fragmented, or perhaps
because of it (Le-Roux, 2010; Tscharntke et al., 2012), given a network that connects these
elements and facilitates movement. Preserving connectivity of open spaces is an important
step toward biodiversity conservation targets. For medium-sized mammals, connectivity
enables movement between habitat patches and thus survival in an urbanized environment.
Planners are increasingly involved in management and preservation of open spaces. Most
planning tools for protection of exurban open spaces are on national or regional level, at a
very crude resolution, and some are nonstatutory and not binding. Environmental impact
assessments in Israel are mandatory only for development plans and master plans. We
encourage use of high-resolution impact assessment reports as a prerequisite for master
plan preparation. At the planning stage, vegetated open areas can be strategically
allocated to preserve connectivity by comparing planning scenarios using connectivity
analysis method proposed here. Moreover, a comparison of contribution to connectivity
of diﬀerent open-space types is a promising application of this method.
Urban planning for biodiversity conservation calls for integrated planning eﬀorts to
combine an interconnected system of protected nature reserves and seminatural vegetated
areas, together with parks and recreational facilities, agricultural and urban land uses. This
includes increasing native vegetation cover in urban land-use; supporting and managing the
heterogeneous vegetation cover rather than homogenous lawns and manicured gardens;
designing parcel boundaries and fences penetrable for the desired species movement
(Donnelly and Marzluﬀ, 2006). Improving connectivity between open spaces entails
maximizing vegetation in the other land uses as well as maximizing the amount and area
of vegetated urban open spaces themselves, and has a potential to improve urbanites quality
of life while pursuing the nature conservation purposes.
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Urban porosity is a complex phenomenon. It changes with time and varies with urban
morphology and across the cityscape. Open spaces in cities comprise complex networks that
consist of connected patches of diﬀerent quality and quantity. Parts of cities remain
permeable to movement of mammals and enable communities to persist. Evaluation of
urban porosity in terms of movement of mammals and decisions concerning the
importance of particular patches and corridors for the sustainability of the network
requires ﬁne-resolution analysis and parameters that pertain to particular species.
This paper is part of an eﬀort to address urban open space in a spatially explicit and
ecologically based context. Here, we react to the extant planning discourse concerning urban
open spaces that are residuals of the spatial expansion of the built environment. The
resulting land-cover pattern is frequently evaluated, in terms of its inﬂuence on the
environment, at a crude spatial resolution only. We claim that, at the low resolution, the
open-space pattern disappears. To evaluate the ecological signiﬁcance of urban open spaces,
one has to perform that analysis at the ﬁne resolution of backyards and vegetated areas
along the sidewalks, trails, and roads.
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Notes
1. Data preparation and initial processing were performed jointly by Marina Toger (Technion) and by
Yulia Grinblat and Einat Roth (Tel Aviv University).
2. We used motion-sensor triggered cameras to detect mammal activity in Haifa open spaces. The
open spaces were defined as having 75% or more of unsealed surface land-cover. The patches were
divided into nine groups by size and distance from Carmel forests boundary. The sampling sites
were selected using stratified random approach. In the 2011 sampling series, eight wild mammal
species were detected, including Indian crested porcupine. We plan to report our findings in detail
elsewhere.
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Appendix 1: High-resolution connectivity analysis
Definitions
Core area—protected seminatural vegetated open spaces large enough to support viable
populations; in Haifa it is the Carmel Forest. Patches connected to the core area (directly or
through other patches) comprise the accessible part of the open-space network.
Open spaces—unbuilt open patches with seminatural vegetation as opposed to managed
vegetated areas as in parks, backyards, or gardens. These open spaces contain suitable
habitat for the mammal species in question, but are too small to support the populations
by themselves. These patches cannot serve as permanent habitats and yet they are important
for connecting the larger open spaces.
Transit areas consist of several classes deﬁned by resistance that they present to animal
movement. They include parks, small streets and roads, backyards, alleys, footways,
agriculture, and garbage sites. Movement within the city boundary will eventually entail
crossing roads or paved areas, the transit areas with high resistance. Managed vegetated
open spaces are irrigated, implement pest control, and often contain planted nonnative
species (Alberti, 2005). In this analysis, they are part of the transit land-cover type.
Obstacles are hostile areas e.g. buildings, water, construction sites, walls, and other
impassable land-cover types.
Cell costs—landscape resistance to movement values for each cell. In an urban setting,
resistance to movement is determined by disturbance from human activities, here based on
the land use/land cover of the land patch. A cost value of 0.1/m means that the terrain is
90% permeable (Table 1). The lower the cost value, the higher the permeability of the cell.
Hence, we use the concept of the cost of movement; it represents the friction of the resistance
to movement present in the landscape. The resistance values are based on species-speciﬁc
response to diﬀerent land-cover types.
Connectivity—the ability to provide animal movement between the patches.
Paths—connections between open spaces through the heterogeneous landscape, detected
using multiple least-cost-path analyses. For simplicity, we disregarded slopes, so path cost
from origin to destination is equal to path cost from destination to origin; thus, here the
paths are bidirectional.
Path-cost threshold—a species-speciﬁc parameter of the corridor, the max cutoﬀ value C*
of path cost. Animals travel a certain distance nightly. Mean nocturnal movement distance
through the seminatural open space is the basis of the threshold value. Moving through a
seminatural vegetated patch, an animal will cover a certain distance in its nocturnal foraging,
and occasionally will travel further to mate. For example, Indian crested porcupine pairs are
capable of foraging around the den at 0.7–2.8 km/night (Saltz and Alkon, 1989), whereas
males in search of mates can cover up to 8 km/night (Sever and Mendelssohn, 1991) through
a hilly terrain. Porcupine pairs occupy permanent home ranges with occasional overlap
between siblings, whereas single males are not territorial. Porcupines are highly adaptable
species and their home-range size and foraging distance vary with food availability (Sever
and Mendelssohn, 1991). To account for the seasonal and gender variability in movement
distances, multiple paths are obtained with a range of path-cost values. The travel distance
will be shorter through more resistant land-cover type cells. Assuming for instance a
threshold distance of 8000 m and a cost of 0.1 (meaning that travel is 10 times harder
through a given urban land cover than through seminatural vegetated open space), the
maximal cost–distance is equal to 800 m. If another less friendly land use/land cover is
50% more resistant than open space, with the cell cost value of 0.5/m, then max travel
distance is 80 m through that land-use/land-cover type.
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Corridor detection method
Cost surface preparation.
. Aerial images were manually digitized into vector polygons of 20 land-use/land-cover
classes (Table 1).
. Land-use/land-cover polygon layer was rasterized, and each 5 m cell was assigned the
cost/resistance value.
Link construction (for each origin–destination pair)
(1)
(2)
(3)
(4)
(5)
(6)

(7)
(8)

Choose a pair of open-space patches, an origin and a destination.
Run least-cost-path from origin to destination over the resistance surface.
Save the found least-cost-path.
If the path cost of the found least-cost-path is less than cutoﬀ cost value C* then
continue.
Else stop, this is the last path for the origin–destination pair.
Construct the new resistance surface with the found least-cost-path ‘‘spent’’ cells values
increased by a value of C, other cells values and open-space cells cost values remain the
same as before.
Repeat step 4 using the new resistance surface.
Output: The multiple paths with cumulative cost value increasing from least cost to the
cutoﬀ value C*. These multiple paths comprise a complex link pattern of the possible
choices of routes, the corridor.
Formally, we establish

. every 5  5 landscape cell is assigned a cost of crossing per meter of movement
. species-speciﬁc cost threshold C* that an animal may accumulate on the path between
two open spaces
. increase in cell cost C for cells that already participated in a previously found path, a
model parameter
Link construction:
. Then we search for the k paths with cost below the C* threshold.
To implement the procedure, we developed a tool that exploits the raster least-cost-path
algorithm. We applied the procedure to the areas that include both patches and suﬃcient
margins around them. The approach was applied to every pair of patches P1 and P2 at an
aerial distance below C*. Let the cost of the shortest path between P1 and P2 be C1:
. If C1 > C*, then P1 and P2 are not connected, otherwise.
. Increase the cost of every cell included into C1 by C, apply the algorithm again and
obtain the second least-cost path C2 (C is the incremental increase in cost).
. Repeat and obtain all least-cost paths Ck satisfying Ck  C*.
. Establish the movement corridor by combining the cells of all paths Ck between P1
and P2.
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The lower is the diﬀerence in cost of passage C, the better will be the representation of
the corridor. At the same time, the number of paths found with path cost lower than C* will
increase with increasing overlap between the paths. The choice of C is thus a compromise
between the precision of the corridor representation and computer performance. C should
be expressed in units of the cell costs and, thus, depends on the way the costs are assigned.
For very low C, paths overlap. When C is increased—additional distinct paths are found.
With a very large C, paths are completely foreign and certain branching paths are lost.
Optimal C is when most part of the paths diﬀers but not the whole path. Varying this
parameter alters the amount of redundant paths found. After experimenting with diﬀerent
values, we chose C ¼ 0.01 as it gave many redundant paths without them being too similar.
If totally nonoverlapping paths are needed—value of cells of previous paths increased by
inﬁnity.
Next, postﬁltering of the found paths is applied to the paths. After all paths between a
pair of patches are found, some of the paths should be ﬁltered out based on the local
conditions. For instance, a porcupine may not cross a road 80 m wide, even though the
total cost of crossing it is within the maximum cost value. At the same time, it is capable of
crossing several roads 10 m wide each. This is assuming that wide roads typically have more
traﬃc than narrow ones, are lit during the nights, are noisier, and are characterized by longer
gaps without shelter. The additional ﬁltering leads to the ﬁnal selection of paths between the
given origin–destination pair.

