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a  b  s  t  r  a  c  t

The  spatial  pattern  of urban  development  has  important  ecological  and  conservation  implications.  Urban
sprawl,  characterized  by  scattered  and  low-density  urban  development,  is  commonly  criticized  for  its
negative  ecological  impact.  In response,  growth  management  policies  have  been  proposed  in  order  to
promote  compact  development,  which  is  generally  considered  more  favorable  from  an  ecological  per-
spective. Spatial  simulations  of  land  cover  change  are useful  for  comparing  urban  development  scenarios
and  their  potential  effects.  One aspect  that  has  not  received  much  attention  is  how  the  rate  of  develop-
ment  may  affect  differences  between  compact  development  and  urban  sprawl  in terms  of  their  potential
impact  to  biodiversity  conservation  at the  landscape  scale.  Our  goal in  this  study  was  to compare  the
spatial  pattern  and  landscape-scale  conservation  and  ecological  implications  of  sprawling  development
(expected  under  unregulated  development)  versus  compact  development  (promoted  by growth  man-
agement  policies)  at different  development  rates.  We  focused  on  Israel’s  Mediterranean  region—a  region
characterized  by high  human  population  density  and  heterogeneous  land  cover.  Using  a  cellular  automata
model,  DINAMICA-EGO,  we  calibrated  and  validated  an  urban development  model  for  the  period  between
1998  and  2007.  Using  this  period  as  a reference,  we simulated  two  scenarios  20  years  into  the future:
unregulated  (resulting  in a more  sprawling  development  pattern)  versus  regulated  development  (result-
ing in  a  more  compact  development  pattern).  For  each  scenario  we analyzed  a range  of  development
rates,  and  compared  built-up  area  patterns,  and  several  landscape-level  attributes  of  natural  habitats,
conservation  priority  areas,  and  protected  areas.  We  found  that at development  rates  comparable  to
those observed  during  1998–2007,  there  was  no  major  difference  between  the  two  scenarios.  At higher
development  rates,  some  differences  between  the scenarios  emerged:  natural  core  areas  were  more  frag-

mented  and  smaller  in their  extent,  and a higher  proportion  of conservation  priority  areas  were  expected
to  undergo  development  in  the  unregulated  scenario.  Overall,  the  regulated  scenario  was  more  favor-
able  for  conservation.  Since  the  regulated  and  unregulated  scenarios  exhibited  only  minor  differences  in
lower development  rates,  modifications  to policy  measures  included  in  the  regulated  scenario  should  be
considered  in  order  improve  its  effectiveness.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Urban development involves the conversion of open land into
uilt-up land that serves various human needs (e.g., residential,

ndustrial, and infrastructure). Urbanization constitutes an extreme

orm of land-use alteration and is generally considered to have sig-
ificant detrimental effects on the environment and ecosystems
Mcdonald et al., 2008). During the 20th century, urbanization lev-
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els throughout the world increased dramatically (Angel et al., 2005;
Grimm et al., 2008; Seto et al., 2011). Widespread development of
urban areas is projected to continue in the 21st century, particularly
in developing countries (Cohen, 2006; Montgomery, 2008).

The ecological consequences of urbanization are a major con-
cern for conservation scientists and planners. Much research has
been dedicated to mapping the extent and patterns of urban devel-
opment (Angel et al., 2012; Frenkel and Orenstein, 2012; Seto et al.,
2011) and quantifying its ecological impacts (Chace and Walsh,

2006; Chamberlain et al., 2009; Pautasso et al., 2011). Urban sprawl,
characterized by widespread low-density urban development over
increasingly larger areas of land, has been the subject of intense
criticism and debate (Brueckner, 2000; Ewing, 2008; Glaeser and
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ahn, 2003; Gordon and Richardson, 1997). Urban sprawl can be
efined and quantified in various ways (Frenkel and Orenstein,
011). The use of the term urban sprawl in our study refers to a spa-
ial pattern of urban development characterized by noncontiguous
eapfrog development, scattered and/or low-density development
Frenkel and Orenstein, 2012; Orenstein et al., 2014). An important
rgument against urban sprawl concerns its potentially negative
nvironmental impact (European Environmental Agency, 2006;
wing, 2008), including for example, the fragmentation and loss of
abitats (Irwin and Bockstael, 2007; Radeloff et al., 2005; Robinson
t al., 2005) caused by scattered and low-density development
Frenkel, 2004a; Hasse and Lathrop, 2003).

To address concerns over the impact of urban sprawl, urban
rowth management policies and planning measures have been
roposed and implemented in many cities and countries, in order
o control the patterns, extent, and intensity of urban development
Ewing, 1997; Frenkel and Orenstein, 2012; Razin and Rosentraub,
000). The objective of many of these policies has been to encourage
rban development that is spatially compact. Compactness in the
ontext of our study refers to development characterized by higher
ensities of population and residential units over smaller areas,
nd increased spatial aggregation and clustering of built-up areas.
ools and policies that promote compact development include:
ifferent types of land-use zoning, definition of urban growth
oundaries, and land purchasing by governments (Frenkel, 2004b).
rom an ecological perspective, compact development is generally
onsidered more favorable: larger areas of natural and agricul-
ural habitats are preserved (Couch and Karecha, 2006; Frenkel
nd Orenstein, 2012; Robinson et al., 2005) and edge effects are
educed (Ries et al., 2004; Ikin et al., 2014). For example, Sushinsky
t al. (2013) found that compact development was more favor-
ble for bird species in terms of local extinctions and distribution
eductions, and Gagné and Fahrig (2010) concluded that compact
evelopment minimized human impact on forest breeding birds
ased on their abundance.

However, there is no consensus regarding the negative eco-
ogical consequences of sprawling urban development (Czamanski
t al., 2008; Lin and Fuller, 2013) or the efficacy of urban growth
anagement policies in controlling urban form and development

atterns (Alfasi et al., 2012; Frenkel and Orenstein, 2012; Lin and
uller, 2013). Firstly, Some have argued that low-density develop-
ent is not necessarily ecologically detrimental and that it may

n fact support biodiversity (Czamanski et al., 2008; see Lin and
uller, 2013). The idea is that, in contrast to high-density intensive
evelopment, in areas with low-density development ecological
onsequences are less severe at a local scale and larger areas of
rban green space (e.g., backyards, parks, avenues, greenways)
an be retained. Such areas may  even support and maintain high
pecies diversity (Sandström et al., 2006), provide essential habitats
Bryant, 2006; Mo  et al., 2000), and serve as buffers between areas
f intensive agriculture and dense urbanization (Czamanski et al.,
008). Secondly, since the effectiveness of policies depends on mul-
iple social, historical, economic and political factors (Frenkel and
renstein, 2012; Lin and Fuller, 2013), only a few studies (reviewed
y Frenkel and Orenstein, 2012) have empirically assessed the
ffectiveness of growth management policies in preserving unde-
eloped land and open space, and these studies have provided
ixed evidence (Alfasi et al., 2012; Dallimer et al., 2011; Frenkel

nd Orenstein, 2012).
Israel’s Mediterranean region is characterized by high human

opulation density and high demand for development of land
Frenkel and Orenstein, 2012; Orenstein and Hamburg, 2010;

chaffer and Levin, 2014). A recent report by the Israel Society
or Nature Protection (Ben David and Avni, 2013) listed dozens
f local-scale cases in which planned development poses threats
o remaining natural and semi-natural habitats in the region. In
Policy 54 (2016) 221–234

addition to the concern over the loss of natural habitats, con-
servation concerns that are relevant to this region include: (a)
insufficient coverage by protected areas—protected areas in the
region do not provide adequate protection and representation for
most habitat types (Levin et al., 2007; Weil and Levin, 2015) and
for several groups of species that have been examined, including
breeding birds (Troupin and Carmel, 2014) and endangered verte-
brates (Dolev and Carmel, 2009); (b) reduced spatial connectivity
between natural and agricultural patches (Achiron-Frumkin, 2011;
Levin et al., 2007); and (c) edge effects caused by settlements – e.g.,
changes in community structure resulting from increased develop-
ment and the proximity of natural habitats to settlements – such
differences between woodlands that are close to settlements and
woodlands that are more distant from settlements were found for
mammals, birds and butterflies (Berg et al., 2015).

In summary, the spatial pattern of urban development can have
important ecological and conservation implications. One  of the
main questions that current research addresses is which urban
development pattern is more favorable in terms of ecological and
biodiversity conservation (where should urban development take
place and what should its spatial form be). One aspect that has not
received much attention is how the rate of development affects
the differences between compact development and urban sprawl
in terms of spatial pattern and the potential implications to biodi-
versity conservation at the landscape scale.

Our goal in this study was to compare the spatial pattern
and landscape-scale conservation and ecological implications of
sprawling development (which is expected under unplanned and
unregulated development) versus compact development (which is
promoted by growth management policies) at different develop-
ment rates. We  examined this question for Israel’s Mediterranean
region. We  used a land cover simulation model to construct and
compare two  scenarios of urban development 20 years into the
future: (1) an unregulated development scenario, representing a
situation in which the guidelines of the national-level plan are
ignored, altered, or unenforced—resulting in urban sprawl; (2) a
regulated development scenario which is based on the policy out-
lined in the national-level plan (e.g., development in adjacency to
existing built-up areas)—resulting in a more compact spatial form.
We simulated both scenarios over a range of increasing devel-
opment rates in order to assess how varying development rates
affected the differences between the scenarios, specifically the
effectiveness of the regulated development scenario, and account
for uncertainties in projected new development. We  analyze and
discuss the resultant spatial patterns of built-up areas simulated
under each scenario and their potential implications for conserva-
tion at the landscape scale.

2. Methods

2.1. Study area

The study area, Israel’s Mediterranean region, lies between lat-
itudes 30◦ and 33◦ and encompasses an area of approximately
7,000 km2 (Fig. 1). In this study we used a land-cover map  that was
produced by overlaying the most recent land-cover data from sev-
eral sources (Table 1). Troupin and Carmel (2014) used this map
to define the preferred habitats of the breeding birds in Israel’s
Mediterranean region and examine different strategies for select-
ing conservation priority areas for this group of species. The land
cover (Fig. 1; Table 2) consists mainly of agricultural land (crops

and plantations, approximately 53%), natural habitats (primarily
Mediterranean type vegetation formations, approximately 37%)
and built-up areas (primarily human settlements, approximately
10%).
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Fig. 1. The aggregated land cover classes in the study area and borders of administrative districts.

Table 1
Land cover data sources. All layers were provided as vector layers and converted into raster format at a resolution of 50 m.

Data Source Year

Natural vegetation Israel Nature and Parks Authority 1995
Agricultural plantations and croplands Israel Central Bureau of Statistics 2002

ael M
e Heb

ish N

a
v

Built-up area Isr
Running streams and water bodies Th
Vegetation in Jewish National Fund managed areas Jew

The land cover map  included twelve land cover classes (Table 2)

nd permitted the distinction between natural (or semi-natural)
egetation/land cover and agricultural vegetation: For the purposes
inistry of Interior 2007
rew University GIS center 2008
ational Fund 2009

of our study we aggregated classes 1–8 and 9–10 into natural and

agricultural land cover, respectively (Table 2; Fig. 1).

The National Outline Plan 35 (NOP 35), which has been in
effect since 2005, includes a growth management policy involving a
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Table 2
Land cover classes in the study area.

No. Class % of study region Aggregated class

1 Herbaceous vegetation 2.13 Natural
2  Sparse shrubs 3.06 Natural
3 Dense shrubs 2.39 Natural
4  Sparse trees 5.39 Natural
5  Dense trees 7.42 Natural
6  Planted forest 9.25 Natural
7  Other natural vegetation 2.76 Natural
8  Riparian vegetation 0.52 Natural
9  Agricultural plantations (orchards, groves, etc.) 14.60 Agricultural
10 Croplands 38.00 Agricultural
11  Water bodies (fish ponds, water reservoirs, etc.) 

12  Built-up 

Total area (km2) 
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ig. 2. Multiple window fuzzy similarity measures obtained from the comparison
etween the observed changes and simulated changes between 2003 and 2007.

umber of development restrictions, such as requiring new urban
evelopment to take place in adjacency to existing urban built-
p areas, concentrating development in defined areas, intensifying
xisting built-up areas, and enforcing minimal density levels in new
reas of development (Assif and Shachar, 2005; Frenkel, 2004a). The
tudy area includes five regional administrative districts: North,
outh, Center, Haifa, and Jerusalem; Fig. 1. We  excluded the Tel
viv administrative district and the city of Jerusalem from the
tudy area, since land cover data (the distribution of agricultural
ersus natural land cover; see Table 1) for these areas were incom-
lete and they are both mostly built-up already. Each district has

 District Outline Plan, which is a comprehensive plan specify-
ng long-term planning policies and allocating planning rights, in
ccordance with NOP 35. Each plan includes a zoning map  that
esignates the planned land-uses.

.2. Urban development simulation framework

As part of the preparation and assessment of NOP 35, the Israeli
inistry of Interior mapped built-up areas at a national scale

sing aerial photos in three time points: 1998, 2003, and 2007.
or each of these years built-up area was digitized using a sim-
lar methodology. These data provide an opportunity to assess
rban development over time. Based on these maps (provided
y the Israeli Ministry of Interior) we calibrated and validated an

rban development model. We  used this model to simulate a ref-
rence scenario (extrapolating observed trends into the future),
hich served as a reference for the two scenarios discussed here.
e performed the simulations using DINAMICA-EGO version 2.4.1
1.08 Water bodies
13.40 Built-up
7,804

(Soares-Filho et al., 2002) which is software that serves as a plat-
form for spatial environmental modeling. One of its main uses is
modeling land-use and cover change over time and space using a
cellular automata simulation model. Cell size in our model was  50 m
and its inputs included: (a) an initial land cover map—we used the
built-up data from 1998, 2003 and 2007 for model calibration and
validation, and the 2007 map  (the most recent available year) as the
starting point for simulations into the future; (b) transition matrices
containing the probabilities of each possible change between land
cover types. In our case this included a single transition type—from
non-developed land into built-up/developed land. We  calculated
the annual transition rate for each administrative district sepa-
rately using cross-tabulation between the maps from 1998, 2003
and 2007 (using an operation available in DINAMICA EGO); (c) a
map  of spatial transition probability—this is a map  that shows the
transition probability for each cell. We  produced this map using
the Weights of Evidence method which is available in DINAMICA
EGO (Bonham-Carter, 1994; Soares-Filho et al., 2010). The Weights
of Evidence is a Bayesian method and it has the advantage of not
being constrained by the statistical assumptions of parametric tests
such as linear regression or logistic regression which are often vio-
lated by spatial data (Nti and Sallis, 2014; Soares-Filho et al., 2010).
As input variables for the Weights of Evidence method we used
the following driving factors which were chosen based on the find-
ings of previous studies in the study area: (1) distance to existing
built-up areas; (2) average sub-district (an administrative division
within districts) population growth in the five years preceding the
simulation’s initial year; (3) distance from major roads and high-
ways; (4) population density in sub-districts in the simulation’s
initial year; (5) land-use; (6) distance from major running streams;
and (7) protection status. In Appendix A we  provide details on
the data sources for the input variables we  used and the results
of this analysis. Detailed descriptions of the Weights of Evidence
method and its implementation in DINAMICA EGO for produc-
ing spatial probability maps can be found in Soares-Filho et al.
(2010, 2009) and Ximenes et al. (2011); and (d) the size distribution
of new built-up patches and expansion areas (by controlling the
mean, variance and shape—isometry), and the relative proportions
of new built-up patch generation vs. existing patch expansion (the
patcher/expander parameter)—we calculated these parameters for
the data from 1998, 2003, and 2007 and calibrated them iteratively.
The output of the simulation model is a land cover map. We  ran the
model for 20 time-steps (years) and used the final simulated land
cover map  for further analyses.

2.3. Model validation
We  assessed model performance by running the simulation for
the period of 2003–2007, using the same parameters obtained
in the calibration (1998–2003). We  compared the simulated and
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ig. 3. Developed areas in the (a) unregulated and (b) regulated scenarios after 20 y
eference rate include also those added in the simulation with development rate 40

bserved maps using the “reciprocal fuzzy comparison method”
Almeida et al., 2008; Soares-Filho et al., 2013, 2009). Rather than
ompare the simulated and observed maps on a cell-by-cell basis
his method compares similarity at the neighborhood context (a
efined area around a central cell). This is a useful approach for
omparing the similarity of spatial patterns (Soares-Filho et al.,
013) and therefore is appropriate for our case-study since we
ocused on comparing the effects of urban development spatial
atterns.

The method involves the calculation of two maps of changes:
1) between the initial map  and the simulated map  at the end of
he studied time period; and (2) between the initial map  and the
bserved map  at the end of the studied time period. Then, over a
ange of increasing window sizes (e.g., 1 × 1 cell, 3 × 3 cells, etc.),
wo similarity measures are calculated—the match (spatial fit) of

ap  1 to map  2, and vice versa (a value of 1 is assigned to a
atching cell within the given window). This two-way comparison

ields two measures of overall similarity (spatial fit)—minimum
nd maximum. The similarity index ranges from 0 (total dissim-
larity) to 1 (total similarity). The overall similarity can then be
btained by averaging the two-way similarity values for all map
ells (Fig. 2). Detailed explanations of this method can be found

lsewhere (Almeida et al., 2008; Maeda et al., 2011; Ximenes et al.,
011).

At a the single cell resolution (50 m)  the similarity between
he observed and simulated maps was relatively low compared to
uilt-up areas added in the simulation with development rate 800% higher than the
gher than reference rate.

larger window sizes. As window size increased, the average simi-
larity between the 2007 observed and simulated maps increased.
This pattern is consistent with the findings of other studies that
have used this method (e.g., De Rezende et al., 2015; Maeda et al.,
2011; Nti and Sallis, 2014; Salonen et al., 2014). We  found that the
similarity between the maps of observed and simulated changes
exceeded 50% at a resolution of 650 m (12 × 12-cell window size)
and reached > 80% at a resolution of 2,050 m (22 × 22-cell window
size; Fig. 2). While determining acceptable performance of spa-
tial models is specific to the case-study (Hagen-Zanker and Lajoie,
2008; Soares-Filho et al., 2013), the similarity values are compara-
ble to those found in several studies (Maeda et al., 2011; Salonen
et al., 2014).

2.4. Simulation of future scenarios

We constructed two urban development scenarios. Both sce-
narios are based on the work of Frenkel (2004a, b) who developed
a land consumption model that served to forecast land needs for
development and examine alternative land-use scenarios during
the preparation of NOP 35 and Israel 2020–A Master Plan for Israel
in the 21st Century (Mazor, 1993). The first scenario, unregulated

development, corresponds to Frenkel’s continuation of current
trends scenario (Frenkel, 2004b) and also draws from the findings
of Alfasi et al. (2012). who compared planned and actual land-uses
within the Center district of the study area. The second scenario,
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ig. 4. Total area developed after 20 years in each simulation as a function of the
hange in development rate relative to the reference rate.

egulated development, corresponds to Frenkel’s growth manage-
ent policy implementation scenario. We  describe both scenarios

elow. Their main differences are in the overall development rate,
he relative proportion of development in the different administra-
ive districts, and the resulting spatial pattern of built-up land.

(a) Unregulated development
This scenario corresponds to a situation in which local policy and

arket forces dictate the spatial development, resulting in contin-
ed urban sprawl (Frenkel, 2004a, b). This essentially means that
he development guidelines outlined by NOP 35 will not be fol-
owed. Alfasi et al. (2012) recently argued that this is in fact the case,
t least in the Center district, where they found large gaps between
and-uses designated by statutory plans and actual land-uses, and
howed that development was not restricted by land-use designa-
ions of comprehensive district outline plans: In their words: “The
ctual case-by-case development gradually erodes land-uses originally
llocated for farmland and for nature and scenic landscape, turning
hem into built areas.”

Compared to the regulated development scenario, in this sce-
ario development rates are higher in the central region (Haifa,

erusalem and the Center districts) than in the peripheral regions
North and South districts) and the overall development rate is also
igher. While our simulations did not refer to the number or den-
ity of residential units it is assumed that in general development in
his scenario consisted of a lower residential unit density per a given
rea compared to the regulated development scenario. Hereinafter
his scenario is referred to as the “unregulated scenario”.

In order to simulate this scenario, we made the following
hanges to the reference scenario parameters (Appendix B): (1)
ncreased the patcher/expander ratios in each district by 50% in
rder to generate a larger number of new built-up patches (for
xample, the value was set at 0.6 for the South district, indicat-
ng that 60% of development would result in the formation of new
uilt-up patches and 40% of the development would occur adja-
ently to existing built-up areas, i.e. infill or outward expansion);
2) increased transition probabilities by 25% so that the relative pro-
ortion of development in the different districts remained identical

o the reference scenario but with increased development rates; (3)
ecreased mean size of built-up patches by 100% in order to pro-
uce a pattern of smaller and more scattered built-up patches; and
4) set the weights of both agricultural and natural land uses in
Policy 54 (2016) 221–234

the spatial probability map  to zero in order to reflect a situation
in which development is not influenced by current or designated
land-use.

(b) Regulated development
This scenario represents a growth management policy and

assumes that future development and land-uses will be determined
by the policies suggested in NOP 35 (Frenkel, 2004a). According to
Frenkel (2004b): “This policy was manifested by normative goals for
population spatial distribution. In order to generate efficient differen-
tial use of land in the various areas, binding development restrictions
were set in the national plans. These restrictions included, among
others, the obligation to attach any new urban development to an exist-
ing urban built-up area; the concentration of development in defined
areas; a minimum urban- density requirement in the new built-up
areas, as well as the intensification of the old built-up areas”. The
term “concentrated development” was used to describe this sce-
nario (Frenkel and Orenstein, 2012; Frenkel, 2004a) since at the
regional scale it promotes development and population growth
in the peripheral regions (North and South districts) while at the
local scale it aims to intensify existing built-up areas (by situating
new development adjacent to existing built-up areas, and impos-
ing minimal size of built-up areas and densities). Hereinafter this
scenario is referred to as the “regulated scenario”.

In order to simulate this scenario, we  applied the following
changes to the reference scenario parameters (Appendix B): (1)
decreased the patcher/expander ratio by 50% in order to gener-
ate a smaller number of new built-up patches (for example, the
assigned value of 0.2 in the South district means that 20% of new
development will occur in newly formed patches while 80% of new
development will be adjacent to existing built-up areas—either
infill or outward expansion of existing built-up patches); (2)
changed the transition probabilities in each district in order to
reflect a situation in which the development in each district is
guided by NOP 35—this results in changes in the relative propor-
tion of development in each district—higher development rates in
the North and South districts and lower development rates in the
central districts (Frenkel, 2004a); (3) increased the mean size of
built-up patches by 150% in order to increase the size of built-up
patches; (4) replaced the land-use map  of the initial year with the
map  of designated land-use according to district outline plans; and
(5) set negative weights (W+ = −2.0) for agricultural and natural
land cover, and positive higher weights for areas designated for
development (W+ = 2.0). This was done in order to reflect a sit-
uation whereby land-use zoning is imposed and receives greater
weight.

The parameters used for the reference scenario simulation and
for the two urban development scenarios are found in Appendix B.
For each scenario we performed a set of simulations, by progres-
sively increasing the transition probabilities (development rate) by
100% each time, up to values which were 800% higher than those in
the simulations with the reference development rates. Thus, each
scenario was modeled over a range of nine development rates. We
conducted one simulation for each development rate. Hereinafter
the term “scenario” refers to the set of nine simulations conducted
for each scenario, and the term “simulation” is used to refer to a
specific development rate in a given scenario.

2.5. Analyses of scenarios

We  calculated the following landscape metrics over the entire
study area for each simulation in each scenario: (1) number of built-
up patches; (2) average area of built-up patches; (3) number of

disjunct core natural areas; (4) total natural core area; (5) aver-
age built-up area within a 500 m radius of protected areas; and (6)
proportion of breeding bird conservation priority areas that were
expected to undergo development in each simulation. We chose



D. Troupin, Y. Carmel / Land Use Policy 54 (2016) 221–234 227

F mber
a rtion 

o lated

m
i
a
c
i
r
1

c
r
N
A
o
w

ig. 5. (a) number of developed patches, (b) average area of developed patch, (c) nu
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f  the total area developed after 20 years in the unregulated (filled circles) and regu

etrics 1–4 since they have been found to be robust and consistent
ndicators of urban sprawl in the study area (Orenstein et al., 2014)
nd calculated them using FRAGSTATS (McGarigal et al., 2002). We
alculated metrics 1 and 2 using the maps of built-up area produced
n each simulation. For the calculation of ‘natural core areas’ (met-
ics 3 and 4) we included the classes of natural land cover (classes
–8 in Table 2) which were then buffered inwards by 50 m.

Metrics 5 and 6 and provide further ecological and conservation
ontext. Protected areas for calculation of metric 6 included nature
eserves and national parks, as well as forests, managed by the Israel

ature and Parks Authority and the Jewish National Fund’s Forest
uthority, respectively. Both organizations provided us with maps
f the areas under their management (as of 2009). These layers
ere provided as vector layers and converted into raster format
 of disjunct natural core areas, (d) natural core area as percentage of study area, (e)
of breeding bird conservation priority areas developed in simulations, as a function

 (open circles) scenarios.

at a resolution of 50 m.  As conservation priority areas for breeding
birds for metric 6 we  used the map  of natural vegetation conser-
vation priority areas which was  produced by Troupin and Carmel
(2014) in an analysis of the habitat distributions of 87 breeding bird
species using the conservation planning software MARXAN (Ball
et al., 2009).

3. Results

3.1. Built-up areas under future scenarios
The unregulated scenario resulted in larger areas of built-up
land (particularly in the central region of the study area; Fig. 3).
For example, assuming the rate of new development remains com-
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arable to that of the reference period (between 1998 and 2007),
he total area of built-up land in the study area in 2027 (t = 20 years)
as expected to be 980 km2 and 906 km2 for the unregulated and

egulated scenarios, respectively. Fig. 3 shows the total area devel-
ped in the study area in both scenarios after 20 years for two  of
he simulated development rates (400% and 800% higher than the
eference).

Fig. 4 shows the total area developed in each simulation as a
unction of the change in development rate relative to the reference
ate. This facilitates the comparison of the scenarios with respect
o absolute values of developed area rather than relative change in
evelopment rate—in Fig. 5 we plot the metrics used to compare the
cenarios as a function of the total area developed in each scenario.

The unregulated scenario resulted in a greater number of built-
p patches. With increasing rates of development, the number of
uilt-up patches increased more rapidly in the unregulated sce-
ario set than in the regulated scenario (Fig. 5a). The average
uilt-up patch area was consistently smaller in the unregulated
cenario (Fig. 5b).

.2. Natural habitats under future scenarios

With increasing rates of development, total natural core area
ecreased more rapidly in the unregulated scenario (Fig. 5c). Under
he unregulated scenario, the number of disjunct natural core areas
ncreased more rapidly with increasing development rates than in
he regulated scenario (Fig. 5d), indicating increased fragmentation
f natural habitats.

.3. Protected areas and conservation priority areas under future
cenarios

In both scenarios the average amount of built-up areas within
 500 m radius of protected areas changed at a similar rate with
ncreasing development rates (Fig. 5e). Under lower develop-

ent rates, the proportion of breeding bird conservation priority
reas (based on Troupin and Carmel, 2014) that were expected
o undergo development was similar and relatively small in both
cenarios (approximately 1%). However, as the development rate
ncreased, the proportion of breeding bird conservation priority
reas expected to undergo development increased more rapidly
n the unregulated scenario (Fig. 5f).

. Discussion

Our analysis of a range of development rates revealed that the
egulated development scenario (representing a growth manage-

ent policy) was relatively ineffective when development rates
ere relatively low. For development rates comparable with those

bserved in the study area between 1998 and 2007, the regulated
nd unregulated scenarios exhibited only minor differences in the
andscape-scale conservation factors we examined. At increasing
evelopment rates, some differences between the two  scenarios
ecame apparent: (1) the loss and fragmentation of natural habi-
ats (indicated by the number of disjunct natural core areas) was

ore pronounced in the unregulated scenario (Fig. 5c and d); (2) the
roportion of breeding bird conservation priority areas that were
ransformed into built-up areas in simulations (and thus can be
onsidered as threatened by development) increased more rapidly
n the unregulated scenario (Fig. 5e). These differences suggest
hat the regulated scenario, which includes the implementation of

rowth management measures, was more beneficial for conserva-
ion of natural areas at the landscape-scale. The main limitation
f the regulated development scenario was its relative ineffective-
ess in lower development rates. Below we discuss these and other
Policy 54 (2016) 221–234

aspects in further detail and in the context of the available litera-
ture.

4.1. Urban development under future scenarios

Based on our simulations, at least 1–2% of the study area is
expected to undergo development by 2027 (compared to the extent
of built-up area in 2007, the year with the most recent data on
built-up areas). These values, and the resulting difference between
the regulated and unregulated development scenarios are smaller
than other estimates: An earlier study (Frenkel, 2004a) estimated
that between 1995 and 2020, the area of new built-up land would
range between 677 km2 and 822 km2, depending on the scenario. In
our simulations, these development rates correspond to increases
of 350% and 600% compared to the reference development rate,
in the unregulated and regulated scenarios, respectively. Possi-
ble explanations for the differences between our results and these
estimates could be differences in the modeling approach and data
period used for constructing the model. Firstly, while our simula-
tions are spatially explicit and rely on the observed pattern and
rate of development, Frenkel’s (2004a) model was not spatially
explicit and relied on a statistical model that included different
input variables such as population growth, population preferences
for location and housing type, expected change in standard of liv-
ing and changes in household size and other policy variables which
were implicit in our simulation. Secondly, we used more recent data
(1998–2007) than that used in Frenkel’s study (primarily data up
to 1995). Indeed, analyses conducted as part of the monitoring of
NOP 35 (Cohen et al., 2010) indicate that the period between 1998
and 2007 was characterized by lower development rates than those
projected during the preparation of the plan. However, these rel-
atively low rates might not persist or be maintained in the future.
In fact, available data on construction area indicates that the aver-
age area constructed annually between 2008 and 2014 was  higher
than the average area constructed annually between 2003 and 2007
(Central Bureau of Statistics of Israel, 2015; Appendix C). Thus,
while our reference estimates are on the lower end, analyzing a
range of development rates enabled us to account precisely for this
uncertainty in future development rates.

Compared with the regulated scenario, the unregulated scenario
resulted in an increased amount of built-up areas and larger num-
bers of built-up patches. In the unregulated scenario, in simulations
with higher development rates (those in which development rates
were 500% or higher than the reference rate), the number of built-
up patches decreased slightly and remained relatively constant.
This is probably because development in this scenario occurred
primarily in the Center district, and as non-developed land was
depleted, built-up patches coalesced (see for example Gustafson,
1998; Shi et al., 2012). As noted in Section 2.4, the unregulated
scenario concentrated new development primarily in the Center
district since one of its characteristics is urban sprawl around main
metropolitan areas (Frenkel, 2004a).

4.2. Potential ecological effects of urban development

The ecological effects that are most relevant to the discussion
of our study are those related to the conversion of natural habitats
and the edge effects caused by large number of built-up patches
and the increased proximity between built-up areas and natu-
ral ecosystems. These occurred in both scenarios, but to a greater
extent in the unregulated scenario. Given the increased fragmen-
tation and loss of natural habitat in the unregulated scenario, it is

likely to expect that it would have a greater negative impact on
natural ecosystems. Examples of ecological effects that are likely to
be more severe under the unregulated scenario include: (a) loss
of habitat as a result of conversion; (b) increased limitations to
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nimal movement, population and gene flow (Bar-Massada et al.,
014; Mcphearson et al., 2013)—From a landscape continuity per-
pective, the larger and more massive continuous built-up area
hat develops at the central region of the study area (primarily
he Center district) in the unregulated scenario (Fig. 3a), as com-
ared with the regulated scenario (Fig. 3b), might pose a more
evere limitation to the movement and dispersal of many species
etween the northern and southern parts of the study area; (c) bio-

ogical invasions—these are expected to be facilitated by increased
ragmentation and proximity of natural habitats to built-up areas
Alberti, 2005; Bar-Massada et al., 2014); and (d) altered com-

unity structure and interactions—in Israel some species such as
he Golden Jackal (Canis aureus), Eastern European Hedgehog (Eri-
aceus concolor) and Egyptian mongoose (Herpestes ichneumon)
tilize human resources and the presence of their populations in
he vicinity of human settlements is increased. Other species, such
s the Mountain Gazelle (Gazella gazella gazella) are sensitive to
he presence of human settlements and tend to avoid them (Berg
t al., 2015). The differential sensitivity of species to human settle-
ents can alter the community structure, and interactions such as

redator-prey dynamics, competition, disease transmission (Bar-
assada et al., 2014).

Overall, our results indicating the favorability of the regulated
cenario (which includes growth management policy implementa-
ion) are consistent with the findings of other simulation (Mitsova
t al., 2000; Robinson and Brown, 2009; Sohl et al., 2012) and empir-
cal (Jongsomjit et al., 2012; Merenlender et al., 2009; Suarez-Rubio
t al., 2013) studies that have examined the ecological impact of
ifferent urban forms. However, as noted above, a major caveat of
he regulated scenario is its effectiveness in lower development
ates—in development rates that are similar to those observed
etween 1998 and 2007, the regulated scenario had no obvious
dvantage over the unregulated scenario (Fig. 5). Moreover, the
xtent of developed areas in close proximity to protected areas
500 m)  was similar in both scenarios also in higher development
ates (Fig. 5e). This means that the regulated scenario did not
revent development near protected areas more than the unreg-
lated scenario. Increased proximity between protected areas and
uilt-up areas can result in conflicts between stakeholders and
amper conservation (Hansen and Defries, 2007; Mcdonald et al.,
008). Thus, the regulated scenario could potentially result in an
dverse effect on the functioning and performance of protected
reas, particularly since it directs more development to the North
nd South districts which contain more protected areas. Unin-
entional adverse effects of growth management plans have been
hown elsewhere. Gimmi  et al. (2011) showed that in the U.S.,
he establishment of national parks resulted in accelerated growth
ates in their surrounding areas. Robinson et al. (2005) showed
hat in the Puget Sound Region, growth management policies with
he objective of protecting natural habitats did not prevent low-
ensity development, and the unintended outcome was  increased

ragmentation of rural and natural areas.

. Conclusions

We  compared two alternative urban development scenarios at a
egional scale over a range of increasing development rates. Com-
ared to other studies, a notable distinction of our methodology

s that rather than analyzing a single instance of development,
e simulated each scenario over a range of development rates.

his approach has an advantage over the comparison of two  single
uture states, since it allowed us to address a dimension of uncer-

ainty regarding the expected rate of development in the study area.
evelopment rates can be influenced by factors such as popula-

ion growth and changes in income and standard of living (Frenkel,
004b; Verburg et al., 2006). Estimates for these factors often vary
Policy 54 (2016) 221–234 229

and, furthermore, they could also be affected by unpredictable dra-
matic events or crises (e.g., the massive influx of immigrants from
the Former Soviet Union to Israel in the beginning of the 1990s;
see Alterman, 1995; Frenkel, 2004a). From a practical perspective,
assessing a range of possible development rates can provide plan-
ners with insights regarding the trajectories of proposed plans and
their potential impact, and thus help to reduce some of the uncer-
tainties associated with this type of decision-making.

We found that regardless of its spatial pattern, increasing rates
of development were expected to have negative ecological conse-
quences at the regional scale. It has been pointed out that analyses
at broader scales, e.g., regional or national (such as ours) are impor-
tant since biodiversity conservation targets are commonly set at
broader scales and since information from finer scales (e.g., city or
neighborhood) “is not necessarily generalizable to larger-scale anal-
yses and will not be helpful for determining how a range of land used
should be arranged across a landscape.”  (Lin and Fuller, 2013). While
our study area is relatively similar in size to a number of other case-
studies that have compared the preservation of open space and
landscape-scale ecological impacts of urban growth scenarios using
simulations (app. 9,045 km2 in Thorne et al., 2013; app. 9,180 km2

in Villarreal et al., 2013), our case-study is relatively unique since it
involves the comparison of policies determined at a national scale
rather than the district or city level.

Overall, we found that the regulated scenario, which included
the implementation of growth management policies, was more
beneficial from a conservation perspective. In this respect, our
study supports the findings of other studies that have found that
management steps for containing urban sprawl are expected to be
more beneficial for conservation (e.g., Martinuzzi et al., 2013, in the
case of freshwater ecosystems and aquatic biodiversity conserva-
tion in the contiguous U.S.; and Sushinsky et al., 2013, in the case of
local extinctions of bird species in Brisbane, Australia). We  did how-
ever find limitations to the regulated scenario, which is based on the
national outline plan: under low development rates it performed
very similarly to the unregulated scenario and it did not restrict
or prevent development in proximity to protected areas also in
higher development rates. We  therefore propose that additional
policies and measures are needed in order to minimize ecolog-
ical damage at lower development rates. Two possible options
are to define and enforce no-development buffers around pro-
tected areas, and to establish a new type of protected area, which
will provide protection also to landscapes with mixed land cover
classes, such as agro-ecosystems. More generally, we  recommend
that growth management plans incorporate measurable and quan-
titative conservation objectives, rather than abstract definitions,
such as “maintaining connectivity” or “minimizing habitat loss”.

.
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Appendix A.

Weights of Evidence—method
In the land cover change context, the Weight of Evidence
method (Bonham-Carter, 1994) is used to detect the favorability of
a land cover change in relation to the potential evidences (driving
factors of change). The weights are estimated from the measured
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ssociation between land cover change events (evidence) and the
alues of the driving factor maps (predictors). The weight (influ-
nce) of each variable on a transition (land cover change event)
s calculated independently of a combined solution (Maeda et al.,
011; Soares-Filho et al., 2009, 2002).

Here we describe the method briefly, based on the explanation

n Maeda et al. (2011) and Ximenes et al. (2011). More detailed
xplanations can be found in the DINAMICA manual (Soares-Filho

ig. A1. Weight of evidence coefficients for spatial drivers of change from open into built
opulation growth rate in sub-district in the five years prior initial year, (c) distance to m
ear,  (f) distance to running streams, and (g) protected area status.
Policy 54 (2016) 221–234

et al., 2009) and in the supplementary information of Soares-Filho
et al. (2010).

Eq. (1) serves to calculate the spatial probability of a transition
(Maeda et al., 2011; Ximenes et al., 2011):
P

(
T˛
i

V1
i
, ..., Vm�

i

)
=

O
(
T�
i

)
× e

�m�
v W+

i,v

1 + ��˛=1 O
(
T�
i

)
× e

�m�
v W+

i,v

(1)

-up land for the calibration and validation periods: (a) distance to built-up area, (b)
ain roads, (d) population density in sub-district in initial year, (e) land-use in initial
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Table  A1
Variables used as drivers of open-built transition in the spatial probability map. t0 is the initial year of the model (for the calibration—1998, for validation—2003, for the
scenario simulations—2007). All layers were provided as vector data and converted to raster format at a resolution of 50 m cell size. Abbreviations of sources: HUGIS—Hebrew
University of Jerusalem GIS Center; CBS—Israel Central Bureau of Statistics; INPA—Israel Nature and Parks Authority; MOIN—Israel Ministry of Interior; JNF—Jewish National
Fund.

Number Variable Data (Source) Year Variable data type Publication(s) indicating importance of
variable

1 Distance from major roads and
highways

Major roads and
highways (HUGIS)

2009 Continuous Levin et al., 2007

2 Distance from major running streams Major running streams
(HUGIS)

2009 Continuous Maruani and Amit-Cohen, 2009

3 Average Population growth in
sub-district over five years prior to
the initial year (t0)

Sub-district borders
(CBS)

2009 Continuous Orenstein and
Hamburg, 2010

Population data (CBS) 2003–2007
4 Population density in sub-district

at  the initial year (t0)
Sub-district borders 2009 Continuous Orenstein and

Hamburg, 2010population data (CBS) 2007
5 Land

use
Vegetation and land
cover (INPA)

1995 Categorical Frenkel, 2004a, b; Orenstein and
Hamburg, 2010; Alfasi et al., 2012

Land-use (CBS) 2002
6  Distance from built-up areas Built-up areas (MOIN) 2007 Continuous Benguigui et al., 2001; Benguigui and
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7 Protection status Protected areas (INPA
and JNF)

2

here P is the probability of transition in a cell; i notes the posi-
ion of a cell in the study area; � represents a type of land cover
ransition, � represents the total number of transition types (in
ur case there is one type of transition—from open into built-up

and); V1
i

and Vm�
i

are the first and mth variable observed in cell i,

espectively; O
(
T�
i

)
is the odds ratio of transition T˛ in the ith cell

the probability of T�
i

divided by the complementary probability

¯
�

i , i.e., the probability that T˛ will not occur in the ith cell); W+
i,v

orresponds to the positive weight of evidence for the ith cell with
espect to the vth variable, and is defined by the following Eq. (2):

+
i,v = loge =

P
(
Vm�
i
/T�
i

)
P
(
Vm�
i
/T̄�
i

) (2)

The term in the numerator found within the natural loga-
ithm function on the right hand of the equation is the probability
f occurrence of the mth variable range observed in cell i, used
o explain transition � given the prior presence of transition
˛
i

—which is calculated by dividing the number of cells where both
m˛
i

and T˛
i

by the total number of cells where T˛
i

is found. The term
n the denominator represents the probability of occurrence of the

th variable range observed in cell i, used to explain transition T˛i
iven the previous absence of transition T˛

i
—calculated by dividing

m˛ ¯
�

he number of cells where both V
i

and Ti are found by the total

umber of cells where T̄
�

i is not found.
W+ values represent the degree of association between a given

ransition and a certain variable range. Positive W+ values repre-

able A2
orrelation between spatial variables used for the Weights of Evidence method (Carmer’s
iagonal).

Cramer’s Coefficient/Joint Information
Uncertainty

Distance to
built-up area

Protected area
status

Distance to
main roads

Distance to built-up area – 0.03 0.07 

Protected area status 0.25 – 0.01 

Distance to main roads 0.18 0.15 – 

Distance to running stream 0.15 0.08 0.13 

Land  use in t0 0.30 0.53 0.08 

Average  population growth rate in the
five years prior to t0

0.15 0.19 0.08 

Population density in t0 0.17 0.14 0.10 
Czamanski, 2004
Categorical Frenkel, 2004a, b; Orenstein and Hamburg,

2010; Alfasi et al., 2012

sent a greater probability of a certain transition, while negative
values of W+ indicate a negative association between the given
transition and variable range (e.g., inhibition of a transition). near
zero values indicate no association (Silvestrini et al., 2011).

The input variables which we used as input to the Weights of
Evidence method and produce spatial probability maps are listed
in Table A1 along with their source.

The application of the method requires two preliminary stages:
(1) Categorizing continuous variables. In order to categorize contin-
uous variables (Table 1A) we  implemented a categorization method
that is included in DINAMICA-EGO and was  adapted from Agterberg
and Bonham-Carter (1990) and Goodacre et al. (1993); (2) Ensuring
spatial independence between the input variables. We  tested the
pairwise correlations between the variables using Cramer’s coeffi-
cient (V) and the Joint Information Uncertainty (U) (Bonham-Carter,
1994). The values of these tests are between 0 and 1, representing
independence to full association of the pair of maps, respectively.
There are no significance tests for these measures and generally
values < 0.5 imply weaker association.

Weights of evidence—results

Almost all values of pairwise correlation between the variables
used as spatial drivers of urban development were lower than 0.5,

implying high independence of all these variables (Table A2 ). The
highest correlation was between population growth rate and pop-
ulation density (Joint Information Uncertainty = 0.64), however the
corresponding value of Carmer’s coefficient for this pair of vari-

 coefficient below the diagonal and Joint Information Uncertainty values above the

Distance to
running stream

Land use in t0 Average
population
growth rate in
the five years
prior to t0

Population density in t0

0.04 0.07 0.03 0.03
0.00 0.018 0.02 0.01
0.03 0.01 0.01 0.01
– 0.02 0.13 0.05
0.14 – 0.03 0.03
0.35 0.16 – 0.40

0.21 5 0.14 0.64 –
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bles was <0.5 (0.4). We  therefore decided to include both variables
Maeda et al., 2011).

The Weights of Evidence method allowed us to analyze the effect
f each spatial variable on the transition probability from open into
uilt-up land. The major findings are shown in Fig. A1 and were: (a)
he probability of conversion from open to built-up land decreased
ith distance (particularly above 200 m)  from existing built-up

and in both periods (1998–2003 and 2003–2007) as indicated by
elatively high W+ values in shorter distances; (b) Development
as more likely to occur in sub-district that experienced higher

evels of population growth in the five years prior to the initial
ear of the simulation period (>500 thousand persons/year); (c)
reas in proximity to main roads (up to approximately 1,200 m)
ere more likely to undergo development; (d) Population den-

ity at the sub-district level did not have a consistent and clear
ffect on development; (e) Development was more likely to occur
n areas with agricultural land use than on natural areas; (f) devel-
pment was less likely to occur in proximity to running streams;
g) development was less likely to occur in protected areas.
ppendix B.

Table B1.

able B1
arameters used in the simulation of each scenario at the reference development rate. I
xcept for the transition probability which was  increased by 100% each time.

Scenario Parameter District

South 

Reference Mean patch size (Ha) (patcher) 12.73 

Mean patch size (Ha) (expander) 12.73 

Patch size variance 1,801,500 

Isometry 2 

Patcher/expander ratio 0.4 

Transition probability (x104) 5.79 

Unregulated Mean patch size (Ha) (patcher) 6.4 

Mean patch size (Ha) (expander) 6.4 

Patch size variance 1,801,500 

Isometry 2 

Patcher/expander ratio 0.6 

Transition probability (x 104) 7.24 

Regulated Mean patch size (Ha) (patcher) 31.8 

Mean patch size (Ha) (expander) 31.8 

Patch size variance 1,801,500 

Isometry 2 

Patcher/expander ratio 0.2 

Transition probability (x104) 7.48 
Policy 54 (2016) 221–234

Appendix C.
0
2002 2004 2006 2008 2010 2012 2014 2016

Year

Fig. C1. Annual total construction area in Israel between 2003 and 2014.Source:
Central Bureau of Statistics of Israel, 2015. Table 22.6. Construction area, by purpose
[WWW  Document]. Statistical Abstract of Israel 2015. URL http://www1.cbs.gov.il/
shnaton66/st22 06.pdf. (accessed 1.13.16).

n the remaining simulations for each scenario, all parameters remained identical

Haifa Jerusalem Center North

13.35 6.5 6 5
13.35 7.61 8.74 6.41
1,848,020 370,320 350,360 70,740
2 2 2 2
0.64 0.3 0.6 0.7
14.41 9.32 31.04 7.54
6.7 3.3 3.0 2.5
6.7 3.8 4.4 3.2
1,848,020 370,320 350,360 70,740
2 2 2 2
0.96 0.45 0.9 1
18.01 11.64 38.80 9.43
33.4 16.3 15 12.5
33.4 19.0 21.9 16.0
1,848,020 370,320 350,360 70,740
2 2 2 2
0.32 0.15 0.3 0.35
8.94 5.71 16.93 6.47

http://www1.cbs.gov.il/shnaton66/st22_06.pdf
http://www1.cbs.gov.il/shnaton66/st22_06.pdf
http://www1.cbs.gov.il/shnaton66/st22_06.pdf
http://www1.cbs.gov.il/shnaton66/st22_06.pdf
http://www1.cbs.gov.il/shnaton66/st22_06.pdf
http://www1.cbs.gov.il/shnaton66/st22_06.pdf
http://www1.cbs.gov.il/shnaton66/st22_06.pdf
http://www1.cbs.gov.il/shnaton66/st22_06.pdf
http://www1.cbs.gov.il/shnaton66/st22_06.pdf
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