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Abstract: The present study aims to use systematic conservation planning to analyse and review
the national protected areas (PAs) network in Jordan. The analysis included the application of
three modules: the environmental risk surface (ERS), the relative biodiversity index (RBI), and
the application of Marxan. The methodology was based on using Marxan to achieve solutions for
three scenarios for the PAs network. Marxan was applied to the input data, which included vegetation
types, distribution of threatened mammals and plants, locations of currently established PAs and
other types of designations. The first two scenarios aimed to conserve 4% and 17%, respectively,
of each vegetation type, and 10% and 20%, respectively, of the extent of occurrence of threatened
mammals and plants. The third scenario aimed to conserve 17% of each vegetation type and 10%
of the extent of occurrence of threatened plants and mammals, except for forest and the Hammada
vegetation which had the target of 30% and 4%, respectively. The results of the three scenarios
indicated that the boundaries of existing reserves should be extended to achieve the conservation
targets. Some currently proposed (PAs), such as the Aqaba Mountains, did not appear in any of
the solutions for the three scenarios indicating that the inclusion of these sites in the proposed
(PAs) network should be reconsidered. All three scenarios highlighted the importance of having
conservation areas between the western and eastern parts of the country. Systematic conservation
planning is a structured, replicable, transparent, and defensible method for designing PA networks.
It allows for finding efficient solutions building on what is currently conserved and minimizing the
fragmentation and cost of the proposed solution for conservation areas.

Keywords: relative biodiversity index; Jordan; Marxan

1. Introduction

The International Union for the Conservation of Nature (IUCN) defines protected ar-
eas as “A clearly defined geographical space, recognised, dedicated and managed, through
legal or other effective means, to achieve the long-term conservation of nature with associ-
ated ecosystem services and cultural values” [1]. Protected areas (PAs) are an integral part
of national and international biodiversity conservation strategies. They have a significant
role in minimizing the extinction risk of threatened species, acting as refuges for species
where the natural or semi-natural ecological processes can be maintained. PAs also provide
benefits to the communities living in and around them because of the recreational use,
genetic resources, and other ecosystem services that they provide [2].

GIS applications have been applied in many fields related to protected area design
and planning, for example, PAs zoning, eco-tourism zoning, habitat suitability modelling,
fire risk modelling, and PAs design [3–8]. GIS and remote sensing are also widely used in
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vegetation analysis and wetland monitoring [9–12]. Several software packages are applied
in systematic conservation planning. Among the most commonly used software, Marxan
is widely used in the identification of gaps in protected area networks, and in identifying
potential priority areas to be included in a well-designed representative protected area
network that meets pre-set conservation targets [13]. It is also one of the most widely
used conservation-planning, decision-support tools [14]. Particularly, this software uses a
minimum-set approach to identify portfolios of planning units that achieve conservation
targets at near-minimal cost [15,16].

Systematic conservation planning has five fundamental principles, which are represen-
tation, complementarity, adequacy, efficiency, and spatial compactness [15,17]. It is widely
applied in Australia, the United States, and South Africa [18–20]. For example, in Ecuador,
systematic conservation planning using Marxan software was applied in combination with
species distribution modelling using Maxent with the aim of increasing the representa-
tion of terrestrial species diversity in the protected areas network [21,22]. However, its
application in the Arab region in general, and Jordan remains very limited.

Many innovative systematic conservation planning approaches have been explored
and applied in one of the 19 world’s most important biodiversity hotspots, which is the
Mediterranean Sea [18,23]. A study from the Mediterranean Egadi Islands explored alter-
native conservation strategies within two scenarios: with and without considering human
uses in marine spatial planning. The study highlighted the importance of combining ecolog-
ical and socioeconomic aspects to achieve nature conservation sustainability using Marxan
software [24]. Systematic conservation planning was used to produce a priority ranking of
the arid zones of southeast Spain. The zones were prioritized according to the rarity and
richness of the characteristic flora and based on their status and level of endangerment. This
study shows that it is important to conserve areas by establishing micro-reserves outside
the boundaries of the protected areas network to ensure the conservation of priority sites.

Three main habitats occur in the Mediterranean region showing that systematic con-
servation planning using Marxan software was used for comparison between two planning
scenarios: (1) a whole-basin scenario, which involves the selection of priority areas across
the Mediterranean Sea, and (2) an eco-regional scenario, where areas were selected within
the predefined ecoregions. The results of this study showed that the eco-regional approach
yields better representativeness of conservation features [25]. The Abu Dhabi Global Envi-
ronmental Data Initiative (AGEDI) organized a GIS and systematic conservation planning
workshop in 2010 as part of the Biodiversity Conservation Conference at the Arabian
Peninsula. The workshop aimed at testing the potential for conducting a rapid systematic
conservation assessment for the Arabian Peninsula using datasets available from partici-
pating countries. This assessment for the Arabian Peninsula covered Jordan but there were
inconsistencies and limitations in the data used for different countries [26]. This assessment
introduced the methodology to apply Marxan software to the region and prepared for
conducting a more robust assessment in the future [27]. Systematic conservation planning
was applied in the United Arab Emirates (UAE) to assess if conservation features were
adequately represented in the system of marine protected areas (MPAs), and to identify
complementary coastal and marine priority areas for conservation and management [28].

Previous studies on protected areas in Jordan used different mapping and GIS tech-
niques. GIS was used in the first review of a network of 20 national protected areas in the
1990s and later on in 2008 where representation percentage of each of Jordan’s 13 vegetation
types within the boundaries of established and proposed protected areas were calculated
using overlay analysis [29]. On an individual site level, Boulad (2014) applied spatial
multi-criteria evaluation techniques in developing zoning plans for protected areas in
Jordan using Dibeen Forest Reserve as a case study. This approach was afterwards applied
in other protected areas in Jordan such as Wadi Rum, Ajloun, and Yarmouk Forest reserves.

Although the total area of the established protected areas in Jordan exceeds the national
target of 4% from the country’s total area, this percentage is not evenly distributed across the
different vegetation types. There are still some vegetation types that are considerably under-
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represented such as evergreen oak forest, Mediterranean non-forest vegetation, Juniperus
forest, and steppe vegetation, while other vegetation types such as sand dune vegetation
and mudflat are highly over-represented. The vegetation representation gap still exists
even when considering the proposed sites. These gaps imply that the current design of the
established and proposed PAs does not offer a balanced representation of all vegetation
types even under the current target of 4%. Table 1 shows the representation percentages
for the established and proposed PAs under the current conditions. This implies that an
extensive review and update for the national PAs network is urgently needed.

Table 1. The representation percentages for the established and proposed PAs under the current
conditions.

Vegetation Type Area in Jordan km2 Representation Percentage in
Established and Proposed Pas

Representation Percentage
in Established PAs

Acacia and rocky Sudanian 2599.44 16.1 6.93
Deciduous oak forest 425.92 3.8 3.84
Evergreen oak forest 747.47 1.3 1.30

Hammada vegetation 66,393.97 7.2 5.21
Juniperus forest 283.97 27.4 0.68

Mediterranean non-forest 4590.26 3.7 2.20
Mudflat 631.69 23.7 23.73

Pine forest 105.90 6.3 6.29
Saline vegetation 1055.81 3.7 3.68

Sand dune vegetation 1300.74 34.7 34.49
Steppe vegetation 9672.71 7.3 2.56

Tropical vegetation 451.17 11.6 11.62
Water vegetation 656.79 6.1 5.86

This approach was also used in developing the first seasonal zoning plan for a dynamic
Ramsar site using Sabkhat Al Jabboul in Syria as a case study [30]. As for the application of
systematic conservation planning using the Marxan model, this is the first time it has been
applied to Jordan and surrounding countries integrating several important datasets and pre-
set targets. Correspondingly, in this study, the systematic conservation planning techniques
were used to provide scenarios for the update of the national network of protected areas
in Jordan according to international criteria and design principles, and to identify new
and complementary potential areas for species conservation. To accomplish this aim, we
tested the application of three modules: the environmental risk surface (ERS), the relative
biodiversity index (RBI), and the application of Marxan. The methodology was based on
using Marxan to achieve solutions for three scenarios for the PAs network. As such, we
seek to improve protected area networks in Jordan and other highly diverse countries.

2. Study Area

The study area includes the whole geographic extent of Jordan with its strategic
location at the intersection of three continents (Figure 1). Jordan is located in west Asia
between 29◦11′ to 33◦22.6′ N, and 34◦57′ to 39◦18′ E with a total area of 89,342 km2. The
topography of the land varies, ranging from the Jordan valley lowlands, western highlands,
and the eastern Badia spanning altitudes from approximately 400 m below mean sea level
at the Dead Sea in the west, to around 1854 m above mean sea level at Jabal Um Addami
Mountain in the south.

Jordan is a semi-arid and drought-prone country. Precipitation ranges from approxi-
mately 500 mm in the highlands to less than 50 mm in the eastern Badia. Jordan’s land-
scape is reflected in its rich and diverse ecosystems as it encompasses four different bio-
geographical zones, which are: the Mediterranean, Irano-Turanian, Saharo-Arabian, and
the Sudanian penetration, transforming into thirteen different vegetation types [31].The
highlands of Jordan have a Mediterranean climate which is characterized by hot dry sum-
mers with the long term mean maximum air temperature reaching up to 31.1 ◦C, and
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cool, wet winters with the long term mean minimum air temperature reaching 10.7 ◦C;
Mediterranean climate occurs in the southern and eastern parts of the country.
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Figure 1. Current status of the national network of protected areas in Jordan.

The history of (PAs) planning in Jordan goes back to the first study on PAs which
was carried out by the International Union for the Conservation of Nature IUCN and the
World Wildlife Fund WWF in collaboration with the Royal Society for the Conservation of
Nature RSCN in 1974. This study, also known as “John Clarke’s study” proposed 12 PAs
to represent Jordan’s different ecosystems and landscapes, among which are Shaumari,
Azraq, Ajloun, Mujib, Dana, and Wadi Rum PAs (RSCN). Twenty years later, in 1998, RSCN
conducted the first review of protected areas in Jordan. In 2008, the Jordan Ministry of
Environment published the “National Network of Protected Areas” report. The report
included an update of the protected areas network using the CBD international criteria,
with a proposed target to conserve 4% of Jordan’s 13 vegetation types [29]. Since the
publishing of Jordan’s National Network of Protected Areas report in 2008, the network has
undergone several updates. The National Network of Protected Areas currently consists of
12 designated sites with a total area of 4766 km2 and six proposed terrestrial sites (Figure 1)
in addition to the marine reserve in Aqaba. The designated terrestrial protected areas cover
around 5.3% of the country, exceeding the national coverage target.

As for biodiversity, in Jordan 2622 species of plants can be found, among which 100
are endemic, including the black iris (Iris nigricans). A total of 644 animal species have been
recorded in Jordan, among which 83 are mammal species, including the globally threatened
Nubian ibex (Capra nubiana) and the Arabian oryx (Oryx leucoryx). Jordan is also rich in
avi-fauna due to its location along the Rift Valley, which is a major migratory bird route.
Key bird species recorded in Jordan include the northern bald ibis (Geronticus eremita) and
the sociable lapwing (Vanellus gregarious) [31].

3. Methods and Database

This study applied systematic conservation planning using a combination of open
source and non-open-source software packages in different stages of assessment. ArcGIS
10.8.1 released in July 2020 by the Environmental Systems and Research Institute ESRI
was used to prepare the input layers, and produce map layouts. Marxan, developed by
the University of Queensland in Australia, is the most widely used conservation planning
software and was used to perform the conservation planning analysis [14,15]. Marxan was
designed to solve the minimum-set problem, where the goal is to achieve certain amounts
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of each biodiversity feature for the smallest cost [32]. It has several graphical user interfaces
(GUI) and user-friendly plug-ins and toolboxes such as ArcMarxan python toolbox [33]
and Zoning CLUZ for ArcView 3.x [34].

The methodology followed to apply Marxan conservation planning software consisted
of the following steps:

1. Preparation of planning units:

Jordan’s map was divided into planning units with a hexagon shape covering the
whole country area. Each planning unit has the size of (8.9 km2). The planning units were
created using the extension “Repeat shapes for ArcGIS 10.x” from Jenness Enterprises
http://www.jennessent.com (accessed on 25 May 2019). The hexagon planning unit’s
shapefile was superimposed with the boundaries of the established and proposed PAs.
Each PA was considered as an individual planning unit and was not subdivided into
hexagons. The resulting number of planning units totalled 9812.

2. Identifying environmental risk surface (ERS):

ERS for this study was created using the “Protected Area Tools for ArcGIS” plug-in
developed by the Nature Conservancy in 2008 [35]. In order to produce a modelled risk
surface, each risk element was mapped individually, then all risk elements were combined.
Each risk element was then assigned the following values: intensity value, influence
distance, and distance decay function. ERS was applied in this study upon discussion with
biodiversity and land use experts. Datasets included in the analysis and the parameters
applied are described in Table 2. The overlay function that was used to combine the
environmental risk from each risk factor was the “mean” function, whereas, the arithmetic
average for the environmental risk is calculated, and all environmental risk layers were
given the same weight, with a value of “1”.

Table 2. Datasets used in producing ERS with corresponding parameters in this study.

Risk Element Geometry Type Intensity Value Influence Distance (m) Risk Element

Development projects, central
licensing committee database

https://jo.chm-cbd.net/, accessed
on 16 January 2020

Points 100 5000 Concave

Development projects,
environmental impact
assessment database

https://jo.chm-cbd.net/, accessed
on 16 January 2020

Points 100 5000 Concave

Major roads https:
//www.arcgis.com/index.html,
accessed on 25 December 2019

Lines 80 2000 Convex

Minor roads https:
//www.arcgis.com/index.html,
accessed on 25 December 2019

Lines 60 500 Convex

Negative land use types
https://jo.chm-cbd.net/, accessed

on 16 January 2020
Polygons 100 1000 Concave

3. Calculating the relative biodiversity rareness index (RBI):

The RBI index calculation is complementary to the Marxan analysis. While Marxan
analysis aims to identify the best solution for a protected area network design problem
by having an efficient design that has representation of all targets, the Marxan solution
might miss some planning units that have the highest remaining biodiversity elements.
The RBI analysis was used to calculate the relative uniqueness or rareness of habitats across

http://www.jennessent.com
https://jo.chm-cbd.net/
https://jo.chm-cbd.net/
https://www.arcgis.com/index.html
https://www.arcgis.com/index.html
https://www.arcgis.com/index.html
https://www.arcgis.com/index.html
https://jo.chm-cbd.net/
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a study area and to quantify the area weighted relative contribution of each planning
unit compared with the total distribution of each conservation target using the following
equation as stated in [35]:

n RBI =
RBI
RAI

where:
RBI: abundance (planning unit_)/abundance (study area)
RAI: area (plsnning unit)/area (study area)
The RBI was applied using PAT for ArcGIS. The tool requires the identification of

the analysis domain (study area or analysis extent), in addition to the input layers rep-
resenting the distribution of biodiversity targets such as the distributions of rare plants
and animals (Table 3). The module calculated the index based on the overlaps of these
biodiversity targets in the different planning units, and by comparing the area covered by
each biodiversity target in each planning unit compared with its distribution across the
whole analysis extent.

Table 3. The layers used to create the RBI in this study.

Layer Name Geometry Type Source

Threatened plants’ extent of occurrence Polygons https://jo.chm-cbd.net/biodiversty/species-diversity/
flora-jordan (accessed on 12 December 2019)

Threatened mammals’ extent
of occurrence Polygons https://portals.iucn.org/library/node/49117 (accessed on

15 October 2020)

Distribution of all recorded plants Points https://www.gbif.org/ (accessed on 30 January 2020)

Distribution of all recorded birds Points https://www.gbif.org/ (accessed on 30 January 2020)

Distribution of all recorded animals Points https://www.gbif.org/ (accessed on 30 January 2020)

Vegetation type Polygon http://bims.rscn.org.jo (accessed on 23 December 2019)

4. Preparation of Marxan inputs and running Marxan:

The application of Marxan software to produce solutions for different scenarios for
protected area networks includes several steps as follows:

I—Preparation of Marxan input files: Marxan uses a special file format with a specified
structure, and has mandatory and optional files as shown in Table 4 below.

Table 4. Marxan input files, their default names [35].

Nr. Input File Name Short Name

1 Planning unit file Pu.dat
2 Input parameter file Input.dat
3 Conservation feature file Spec.dat

4 Planning unit versus
conservation feature file puvspr.dat

5 Boundary length file Bound.dat

II—Data sources: Marxan input files were prepared and processed using ArcGIS 10.8.1.
Three types of datasets were required to produce these input files: A datasets selected to
prepare conservation features (conservation targets), which included: the vegetation types
map, the distribution of threatened and key plant species, the distribution of endangered
mammal species (obtained from the national Red list for Jordan); B datasets representing
the cost of achieving conservation targets, and these include layers representing the limita-
tions for conservation such as distribution of settlements and urban areas, distribution of
development projects, major roads, and land use types; and C datasets representing types

https://jo.chm-cbd.net/biodiversty/species-diversity/flora-jordan
https://jo.chm-cbd.net/biodiversty/species-diversity/flora-jordan
https://portals.iucn.org/library/node/49117
https://www.gbif.org/
https://www.gbif.org/
https://www.gbif.org/
http://bims.rscn.org.jo
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of existing designations, such as established and proposed protected areas, boundaries of
special conservation areas, and boundaries of important bird areas, etc. (Table 5).

Table 5. Datasets included in preparing Marxan input files in this study.

Nr. Dataset Source Date

A Biodiversity features and
conservation values

1 Vegetation types http://bims.rscn.org Accessed on 23 December 2019

2 Locations of threatened plants http://bims.rscn.org Accessed on 12 December 2019

3 Nationally red listed mammals https:
//portals.iucn.org/library/node/49117 Accessed on 15 October 2020

4
Distributions of species using Global

Biodiversity Information Facility
Database (GBIF)

https://www.gbif.org/ Accessed on 30 January 2020

B Datasets representing land use, threats, and limitations to biodiversity

5 Locations of development projects https://jo.chm-cbd.net/ Accessed on 16 January 2020

6 Land use/land cover map Royal Jordanian Geographic Centre RJGC Accessed on 15 December 2008

7 Major roads https://www.arcgis.com/index.html Accessed on 25 December 2019

C Existing designations

8 Established and proposed
protected areas http://bims.rscn.org.jo Accessed on 16 January 2020

9 Special Conservation Areas SCAs http://bims.rscn.org.jo Accessed on 16 January 2020

10 Key Biodiversity Areas KBAs http://bims.rscn.org.jo Accessed on 16 January 2020

11 Important Bird Areas IBAs http://bims.rscn.org.jo Accessed on 16 January 2020

12 Important Plant Areas IPAs http://bims.rscn.org.jo Accessed on 16 January 2020

13 Forestry lands (Haraj lands) http://bims.rscn.org.jo Accessed on 16 January 2020

III—Application of the Marxan analysis scenarios based on conservation targets:
Three main scenarios were applied for conservation features (targets):

Scenario 1 was applied referring to the national representation target proposed in the
National network of protected areas report [29]. This scenario aimed to conserve 4% of each
vegetation type in addition to 10% of the extent of occurrence of threatened mammals and
plants. This national representation target is below the international target of 17% known
as the AICHI target adopted globally for 2020 [36].

Scenario 2 aimed to conserve 17% of each vegetation type and 20% of the extent of
occurrence of threatened plants and mammals. This scenario meets the AICHI biodiversity
target for the year 2020.

Scenario 3 is a customized scenario that was planned with biodiversity and protected
areas experts. It gives more weight to the less abundant habitats, and those that are most
vulnerable to climate change, meanwhile, it gives less weight to the most abundant habitats
and those that are less vulnerable to climate change. This scenario aimed to conserve 17%
of each vegetation type except for forest vegetation types, which had the target of 30%, and
the Hammada vegetation type which had the target of 4%, in addition to 10% of the extent
of occurrence of threatened plants and mammals.

These three scenarios with their different representation targets for each conservation
feature were reflected in the conservation feature file which reflected the proportion or
percentage for the conservation features in each scenario.

IV—Running Marxan software: Arc Marxan toolbox was used to run Marxan in the
ArcGIS environment [33].

http://bims.rscn.org
http://bims.rscn.org
https://portals.iucn.org/library/node/49117
https://portals.iucn.org/library/node/49117
https://www.gbif.org/
https://jo.chm-cbd.net/
https://www.arcgis.com/index.html
http://bims.rscn.org.jo
http://bims.rscn.org.jo
http://bims.rscn.org.jo
http://bims.rscn.org.jo
http://bims.rscn.org.jo
http://bims.rscn.org.jo
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V—Mapping the outputs: Output for each of the three analysis scenarios resulting
from applying Marxan software was produced in “~.dat” file format. The “output.dat”
file was displayed in ArcGIS and joined with the planning units using the planning unit
ID field. The output contained one new field named “solution” with an integer value of
“0” and “1”. Value “0” indicated that the corresponding planning unit was not part of the
Marxan solution for this scenario, while the value “1” indicated that this planning unit was
part of the Marxan solution for the scenario. The results and output maps were produced
using ArcGIS 10.8.1 released in July 2020 by the Environmental Systems and Research
Institute (ESRI).

4. Results
4.1. Environmental Risk Surfaces (ERS)

The environmental risk values ranged from 0 to 866.625, with 0 representing low risk
and 866.625 representing high risk. The results of the environmental risk surface (ERS)
analysis showed that the eastern part of the country—including the eastern desert—has
relatively low ERS values except for some spots and fragments representing quarries,
mining areas, and other industries. The highest ERS values were found in Zarqa, and
eastern and southern Amman, with fragmented hotspots in Maan, Madaba, and Mafraq
governorates. Figure 2a shows the resulting environmental risk surfaces in Jordan. Figure 2b
shows the planning units that have above average ERS values (µERS = 130.3). These
planning units include the western part of the country with fragmented hotspots in the
eastern and southern desert. The total area of the planning units that had above average
ERS values amounts 28,724 km2 representing 32% of the country.
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4.2. Relative Biodiversity Index (RBI)

The relative biodiversity index (RBI) values ranged from 0 to 6.9, with 0 representing a
low relative biodiversity index and 6.9 representing high relative biodiversity index. Figure 3a
shows that high relative biodiversity index values were clustered around established
protected areas and some of the proposed protected areas. Additionally, the rift valley
and rift margins had relatively high RBI scores compared with the eastern and southern
desert. Figure 3b shows the areas that had above average relative biodiversity index RBI
scores (µRBI = 0.010). All established protected areas had above average RBI, while some of
the proposed protected areas such as Bayer, Abu Rukbeh, and the Aqaba Mountains had
below average RBI. The total area of the planning units in the country which scored above
average RBI amounts was 11,412 km2 representing only 13% of the country.
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4.3. Marxan Analysis

Marxan analysis for the three introduced scenarios provided different results according
to the parameters and targets set for each scenario. The section below provides a detailed
description of the results of each scenario:

Scenario 1 aimed to conserve 4% of each vegetation type and 10% of the extent of
occurrence of threatened mammals and plants. Table 6 shows the representation percentage
of each vegetation type in the resulting solution compared with the total area of the
vegetation type in Jordan. The table shows that the resulting representation percentages
ranged between 4.1% for the Mediterranean non-forest vegetation to 36.9% for the sand
dune vegetation. This range indicates that this scenario met the minimum representation
target of 4%, while some vegetation types achieved well above the target as they were
either already over-represented in the current established PAs or because it was necessary
to increase the representation as they fell within the extent of occurrence for threatened
plants and mammals.

Table 6. The area and representation percentage of each vegetation type in solution for scenario 1.

Vegetation Type Area Covered in Scenario (km2) Total Area (km2) Representation Percentage

Acacia and rocky Sudanian 233.01 2599.44 9.0
Deciduous oak forest 66.83 425.92 15.7
Evergreen oak forest 36.91 747.47 4.9

Hammada vegetation 7123.65 66,393.97 10.7
Juniperus forest 14.57 283.97 5.1

Mediterranean non-forest 187.99 4590.26 4.1
Mudflat 149.89 631.69 23.7

Pine forest 7.59 105.90 7.2
Saline vegetation 53.39 1055.81 5.1

Sand dune vegetation 480.26 1300.74 36.9
Steppe vegetation 632.82 9672.71 6.5

Tropical vegetation 57.25 451.17 12.7
Water vegetation 75.15 656.79 11.4

Figure 4a shows the currently established protected areas (green) with the additional
areas proposed for conservation resulting from the Marxan (red). From the figure it is
obvious that this scenario proposes minor extension of a number of established protected
areas including Yarmouk, Dibeen, Dana, and Burqu. It also suggested to include two of the
currently proposed protected areas (i.e., Abu Rukbeh and Shoubak), while other currently
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proposed protected areas (i.e., Bayer, Rajel, Petra, and the Aqaba Mountains) did not appear
in the Marxan solution results.
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Scenario 1 mainly focused on enhancing the representation of Hammada and Mediter-
ranean non-forest vegetation to meet the 4% representation target in addition to wildlife
corridors and the overlapping extents of occurrence of threatened plants and mammals. A
total of 524 planning units with a spatial extent of 9164 km2 representing 10% of the total
area of the country were included in Marxan’s solution for scenario 1.

Scenario 2 aimed to conserve 17% of each vegetation type and 20% of the extent of
occurrence of threatened plants and mammals. Table 7 shows the representation percentage
of each vegetation type in the resulting solution compared with the total area of the
vegetation type in Jordan. The table shows that the resulting representation percentages
ranged between 16.8% for the saline vegetation to 37.2% for the sand dune vegetation.
This shows that this scenario met the minimum representation target of 17%, while some
vegetation types achieved well above the target as they were already over-represented in
the current established PAs.
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Table 7. The area and representation areas and percentage of each vegetation type in solution for
scenario 2.

Vegetation Type Area Covered in
Scenario 2 (km2)

Total Area
(km2)

Representation
Percentage

Acacia and rocky Sudanian 447.22 2599.44 17.2
Deciduous oak forest 74.40 425.92 17.5
Evergreen oak forest 128.89 747.47 17.2

Hammada vegetation 13,642.85 66,393.97 20.5
Juniperus forest 88.82 283.97 31.3

Mediterranean non-forest 780.33 4590.26 17.0
Mudflat 197.13 631.69 31.2

Pine forest 31.67 105.90 29.9
Saline vegetation 177.75 1055.81 16.8

Sand Dune vegetation 483.44 1300.74 37.2
Steppe vegetation 1644.13 9672.71 17.0

Tropical vegetation 76.41 451.17 16.9
Water vegetation 117.99 656.79 18.0

Figure 4b shows the established protected areas with the additional areas proposed for
conservation. Marxan’s solution for scenario 2 proposed extensions to several established
protected areas including Yarmouk, Ajloun, Dibeen, Dana, and minor extension to Wadi
Rum, Fifa, and Mujib. This scenario also included three of the currently proposed protected
areas in the final solution: Abu Rukbeh, Shoubak, and Petra. Three of the currently
proposed protected areas did not appear in the final solution: Rajel, Aqaba Mountains,
and Bayer.

The scenario 2 solution focused on extending the boundaries of forest reserves, and
increasing the representation of the Hammada in areas that are less exposed to environ-
mental risk. This solution included 1471 planning units with a total area of 17,948 km2

representing 20% of the country.
Scenario 3 aimed to conserve 17% of each vegetation type except for forest vegetation

types, which had the target of 30%, and the Hammada vegetation type which had the
target of 4%, in addition to 10% of the extent of occurrence of threatened plants and
mammals. Table 8 shows the representation percentage of each vegetation type in the
resulting solution which ranged between 8.8% for the Hammada vegetation to 36.4% for
the sand dune vegetation.

Table 8. The representation percentage of each vegetation type in solution for scenario 3.

Vegetation Type Area Covered in
Scenario 3 (km2)

Total Area
(km2)

Representation
Percentage

Acacia and rocky Sudanian 639.26 2599.44 24.6
Deciduous oak forest 129.98 425.92 30.5
Evergreen oak forest 229.52 747.47 30.7

Hammada vegetation 5830.10 66,393.97 8.8
Juniperus forest 92.15 283.97 32.5

Mediterranean non-forest 781.84 4590.26 17.0
Mudflat 151.13 631.69 23.9

Pine forest 35.81 105.90 33.8
Saline vegetation 178.51 1055.81 16.9

Sand dune vegetation 473.20 1300.74 36.4
Steppe vegetation 1642.36 9672.71 17.0

Tropical vegetation 78.33 451.17 17.4
Water vegetation 117.20 656.79 17.8

Figure 4c shows the established protected areas with the additional areas proposed
for conservation according to this solution. Marxan’s solution for scenario 3 proposed
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extensions to most of the currently established and proposed nature reserves, including
Yarmouk, Ajloun, Dibeen, Mujib, Fifa, Dana, Qatar, and Wadi Rum. This solution also
included two of the currently proposed protected areas, namely, Shoubak and Petra, while
four of the currently proposed protected areas, namely, Abu Rukbeh, Rajel, Aqaba Moun-
tains, and Bayer did not appear in the solution. This solution also suggested connecting
Dana with Shoubak and Petra proposed reserves through a conservation corridor.

The solution for the third scenario focused on extending the boundaries of forest
reserves, while slightly increasing the representation of Hammada in areas that are less
exposed to environmental risk factors and where extents of occurrence for different species
overlapped. This solution includes 675 planning units with a total area of 10,423 km2

representing 12% of the country.

5. Discussion

The paper addresses representation gaps in the current protected areas network
compared with the national and global representation targets and provides solutions for
addressing these gaps. It is a contribution in putting Jordan in alignment with the interna-
tional trends and best practices in protected area system design, and will provide potential
for showcasing Jordan as a unique case study in the region [37]. Previous proposals and
reviews for protected areas networks in Jordan did not apply the principles of system-
atic conservation planning, and the target for conservation areas was based merely on
vegetation representation without having any target for conserving certain percentages
of the extent of occurrence for individual target species. Previous assessments included
mapping the boundaries of individual protected areas based on field observations and land
use and land tenure data, using available maps and without considering the PA design
principles that are addressed through systematic conservation planning. Principles such as
minimizing the overall boundary cost of PAs, adjacency of planning units, and targets for
species range representations were not explicitly addressed in these assessments [31].

Previous efforts, however, applied PA selection criteria after the boundaries of each
protected area were developed for the purpose of identifying eligible PAs and for identify-
ing site priority for establishment. Systematic conservation planning, however, provides
solutions for the planning units that should be included in the PA network formulating
proposed boundaries or extensions to existing PAs to meet certain conservation targets.
Thus, GIS-based systematic conservation planning techniques were applied to the area
of Jordan using updated biodiversity data and a combination of targets covering both
vegetation types and species extents.

Marxan was applied in this research for three different scenarios. Although each of
these scenarios provided a different result, they all suggested to extend the boundaries of
existing reserves to achieve the conservation targets. Some currently proposed protected
areas, such as the Aqaba Mountains, Rajel, and Bayer did not appear in any of the solutions
for the three scenarios, which indicates that the inclusion of these sites in the proposed PA
network should be reconsidered. The respective outcomes of the three different scenarios
all highlight the importance of having conservation areas between the western and eastern
parts of the country. Although each scenario-related result has a different proposal to the
extension, all outcomes emphasize that some sort of conservation action should be assigned
to the planning units that connect the protected areas in the western part of the country
and the protected areas in the eastern part of the country.

Scenario 2 is the only one that achieves the AICHI representation target for Jordan;
however, this scenario suggests a considerable increase in the areas of the PAs and might not
be applicable in the short term. It is proposed to take Marxan’s solution for scenario 2 as a
long-term target that could be reviewed and updated based on the new Global Biodiversity
Targets, and the Post-2020 Global Biodiversity Framework.

Marxan’s solution for scenario 3, which was a customized scenario, gives preference
to the forest types which are less abundant compared with other vegetation types in the
country, by increasing the representation target and assigning a high species penalty factor
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for forest vegetation types. These outcomes applying a customised scenario are also able
to accommodate that highly abundant vegetation types such as Hammada may not need
to have high representation targets. The outcomes provided by Marxan’s solution for
scenario 3 are the ones preferred by the authors under the current conditions, which are:

• Forest vegetation types are among the most restricted vegetation types in Jordan, and
forest vegetation types represent less than 1% of the total area of the country;

• Forest vegetation types, especially in northern Jordan, are among the most climate
vulnerable ecosystems in Jordan according to Jordan’s Third National Communication
on Climate Change [38];

• About 65% of forest cover in northern Jordan might be converted to agricultural lands,
built up areas, and other types of landcover according to an unpublished study by
RSCN, so higher representation target for forest vegetation types would be preferred;

• The Hammada vegetation type is the most abundant in the country with a total area
of 66,394 km2 representing 74% of the country, therefore, a lower representation target
is proposed.

The size of the planning units was one of the factors that might have affected the
quality of the results for this planning exercise. The study area, which was the total
terrestrial area of Jordan, was divided into 9812 hexagon planning units, each with an area
of 8.9 km2. The hexagon planning units were updated with the boundaries of existing
established protected areas in order to have them locked within any proposed solution for
the PAs network. Smaller planning units would have been preferred but due to the large
number of planning units needed to cover the whole study area, we decided to keep the
number of planning units below 10,000 for an optimized run of the analysis, and to avoid
having the software crash due to a larger number of planning units [34].

Our approach in conservation planning and to outline protected areas for Jordan comes
in parallel to the global efforts to agree on the post-2020 Global Biodiversity Framework [39].
This framework is expected to set new biodiversity conservation targets including setting
a new representation target for protected areas. Jordan set its national protected area
representation of 4% in 2008, which is already behind the current global target for the
representation of terrestrial PAs which is 17% of each habitat or ecosystem. If the post-2020
Global Biodiversity Framework succeeds to set new targets for the terrestrial PAs represen-
tation, the gap for Jordan to meet the new targets will increase and the planning challenge
will become even more complicated. Integrating higher representation targets for terrestrial
PAs will help to prepare Jordan for the new challenging targets of the Post-2020 Global
Biodiversity Framework and may contribute in reducing the gaps between the current
national target and the expected post-2020 PAs representation target. The expected impacts
of climate change on Jordan’s biodiversity and ecosystems according to the Third National
Communication (TNC) report on climate change include forest die back and expansion
of drier biomes into marginal lands with forest and water ecosystems being identified
as priority for climate adaptation actions [38]. Jordan’s Intended Nationally Determined
Contribution (INDC) document has called for a review of protected areas as one of the
top priority adaptation measures for the biodiversity and ecosystems sector. The review
of the national protected areas network was planned to aim at identifying and validating
climate-vulnerable ecosystems, extending conservation efforts in PA surroundings, and
designing buffer zones as deemed necessary for strengthening the adaptive capacities of
key ecological hotspots by 2020 [31]. The current research is in alignment with the measures
identified in the INDC as it has identified a higher conservation target for forest ecosystems.
This analysis has also followed the principles of conservation planning which give priority
to extend existing PAs and propose corridors which could be integrated within different
governance types for protected areas.

A similar study in Guyana showed that systematic conservation planning can be
used to apply scientifically sound principles and criteria with the flexibility to adapt
the criteria to the national context [7]. Other larger scale studies tested the systematic
conservation approach for regional scale analysis such as the whole Arabian Peninsula,
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while the acquisition of high quality and homogeneous data was a limiting factor affecting
the results of the analysis [27]. Göke et al. (2018) found that the application of scenarios
in Marxan can be useful for the identification of alternatives for development projects in
maritime spatial planning.

6. Recommendations and Conclusions

Marxan is a powerful decision support tool that can be applied to solve complex
conservation planning problems, however, the power and effectiveness of Marxan largely
depends on the quality and availability of input data [13]. The two main limitations for this
research were the quality of available input data, and the maximum number of planning
units that could be used to run Marxan efficiently. The analysis could have been consider-
ably improved by applying input datasets with higher quality than available (see Table 5).
The main dataset that needs to be improved is the one on the spatial distribution of veg-
etation types which is the base for calculating the representation target. The spatial and
temporal resolution of the input data such as reptiles and birds is also a key factor in
determining the quality of Marxan solutions [40].

Application of different scenarios offers options for discussion with decision makers
and allows for developing short- and long-term targets for the protected area systems.
The study provides three solutions based on the implementation of three scenarios, each
meeting different pre-set targets. Although suggestions based on applying scenario 1
seem to be relatively easily achievable as it resembles the current status of established and
proposed protected areas network, the authors recommend to adopt the solution provided
by scenario 3. Marxan solution for scenario 3 has many advantages as it considered the
abundance of vegetation types and assigned higher targets to forest vegetation types
which have a restricted distribution range in Jordan, and which have high vulnerability to
projected impacts of climate change. Marxan’s solution for scenario 3, which will achieve
an overall coverage percentage of 12% for protected areas compared with the total area of
the country, could be identified as a medium-term target for Jordan. Its implementation
will reduce the gap between the current national target of 4% and the current AICHI target
of 17% for terrestrial habitats and ecosystems.

Systematic conservation planning should be promoted in the Arab and west Asia
regions since different countries are currently using different methods that are mostly ad
hoc methods for designing protected area networks. Applying this approach on a regional
scale with high quality data will allow for identifying priority areas for conservation across
the boundaries of neighbouring countries and will provide the opportunity for the proposal
of cross border PAs (data are available from the first author upon request).
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