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Abstract Crop wild relatives (CWRs) are important

reservoirs of adaptive traits for crop breeding pro-

grammes. Both ex situ and in situ conservation

approaches should be deployed to ensure CWR

availability for use. This paper aims to (a) create a

regional database of occurrence records for the 441

priority CWRs in the Fertile Crescent, (b) identify

CWR-rich areas in the Fertile Crescent, (c) recommend

locations to implement genetic reserves intended for

CWRs active in situ conservation and (d) undertake ex

situ and in situ conservation gap analyses. The study

area comprises Jordan, Syria, Palestine/Israel, Leba-

non, Turkey and Iraq. Occurrence records of the 441

priority CWR within the Fertile Crescent were gath-

ered from herbaria, gene banks and online databases.

Gaps in the current ex situ and in situ conservation

were identified. Hotspots of CWR diversity were

identified, and complementary analysis was carried

out to identify areas for in situ conservation using

DIVA-GIS. Then proposed genetic reserves were

compared with the existing protected areas to establish

genetic reserve areas whether within or outside the

protected areas. A total of 23,878 occurrence records

were collated for 441 CWR priorities. The first priority

grid square is located in Syria near Tal Kalakh City,

close to the Lebanese border from the north. The

second priority site is located in Turkey’s Izmir

Province near Kemal Atatürk Mahallesi. The third

priority site is located in Turkey’s Sahinbey/Gaziantep

Province. The ex situ gap analysis revealed that of the

441 taxa, 134 (30%) CWRs are totally absent from the

current gene banks collections. Only 307 (70%)

CWRs are represented in gene banks, and, of these

taxa, 252 (57%) of them have less than 10 accessions

in gene banks. A total of 353 taxa were categorised as a

high priority for collection and conservation; 23 taxa

were categorised as a medium priority and 41 taxa as a

low priority. However, 24 taxa were identified that did

not require urgent collection (see Supplementary

Table 7). The most important areas for a further

collection of ex situ conservation are located in the

west and south of Turkey across the Mediterranean

seashore, north of Lebanon and west of Syria (in

Lattakia and Tartus Governorate), across the border

between Turkey and Syria and northern Iraq. Ten

genetic reserves are recommended in the Fertile

Crescent for CWR conservation. The results and

methods used will help meet the conservation targets
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of CWR in the Fertile Crescent; they will also help

achieve global food security.

Keywords Conservation � Gap analysis � Species
richness � Complementary analysis � Genetic diversity

Introduction

The Fertile Crescent is a geographical term that has

been used historically to describe the northern part of

the Middle East and the eastern coast of the Mediter-

ranean Sea, including Jordan, Syria, Palestine/Israel,

Lebanon, Turkey and Iraq (Breasted 1916; Clay 1924).

Not only is the Fertile Crescent recognised for plant

species concentration but also specifically for its

agrobiodiversity wealth (Vavilov 1926; Zhukovsky

1950; Harlan 1951; Harlan and Zohary 1966; Zohary

1969) in terms of both rich diversity of cultivated plants

and wild relatives. It is the domestication centre of

major crops, such as Triticum monococcum L. (einkorn

wheat), Triticum durum Desf. (durum wheat), Triticum

turgidum L. (poulard wheat), Triticum aestivum L.

(bread wheat), Hordeum vulgare L. (cultivated two-

rowed barley), Secale cereale L. (rye), Avena byzantina

K. Koch (red oat), Cicer arietinum L. (chickpea), Lens

esculenta Moench. (lentil), Pisum sativum L. (pea),

Medicago sativaL. (blue alfalfa) and Sesamum indicum

L. (sesame) (Hawkes 1983; Morrell and Clegg 2007).

The Fertile Crescent region has significant historical

value as a place where agriculture was first developed.

Recent evidence indicates that agriculture started on a

small scale in Ohalo II in Israel around 23,000 years

ago (Snir et al. 2015). The Fertile Crescent is a center of

plant diversity. It is part of the global hotspot ‘‘the

Mediterranean Basin’’. The Mediterranean Basin is a

biologically diverse hotspot of global importance,

primarily because of its great plant diversity. Approx-

imately 10% of the Earth’s vascular plants (25,000)

exist in the Mediterranean Basin on less than 2% of the

area of land on Earth, and 50% of these species exist

nowhere else on the planet (Myers 1990).

To conserve agriculture biodiversity or plant

genetic materials, two approaches have been pro-

posed. The first one is in situ conservation, which

refers to the conservation of plant genetic materials in

their original geographic location in which they

belong and their distinctive property that has

developed over the years (CBD 1992). In situ conser-

vation can be done in protected areas. A protected area

is a geographical area that is built to archive one

particular conservation aim or more (CBD 1992). Ex

situ conservation is the method that involves conserv-

ing species outside their natural surroundings. It could

be done in gene banks, botanic gardens or another

environment. Crop wild relatives are threatened in

their natural habitat; this is due to urbanisation,

constructing of roads, deforestation, desertification,

intensive farming, erosion of soil and plant genetic

resources, pollution of land and water, scarcity of

water, overgrazing, and the impact of climate change

(El-Beltagy 2006; Derneg 2010). Trigo et al. (2010)

state that climate change impacted negatively on the

vegetation in the Fertile Crescent (Trigo et al. 2010).

For all the above-mentioned reasons, there is an urgent

need to conserve CWR in the Fertile Crescent and

conserve their natural habitats.

The demand for agrobiodiversity is increasing to

help produce more food to feed a growing human

population, which is expected to reach 11.2 billion by

2100 (UN 2017); there is also rising expectations

among consumers for high-quality crops. The lack of

natural resources (e.g. water and farming land),

climate change, and land and water pollution have

put further pressure on food and agricultural produc-

tion globally (FAO 2011; Asseng et al. 2015).

Although agricultural demand can be somewhat met

by reducing food wastage (Tilman and Clark 2014),

increased and sustainable agricultural production

continues to be needed (Godfray et al. 2010). To

achieve global food security, 90% of the increase in

food production will have to come from intensive

agriculture and increased crop yield (FAO 2009). One

of the major contributions to increased agricultural

production involves improving crop varieties using

novel genes donated from CWRs, which can be

achieved not only by improving yields but also by

improving tolerance for different climatic conditions

as well as resistance to pests and diseases (Maxted

et al. 2000; Araus et al. 2008).

CWRs are wild plants closely related to crops;

therefore, they are important sources of novel traits

(Maxted et al. 2006) because they have the greatest

breadth of adaptive trait diversity as they have not

passed through the domestication bottleneck (Tanks-

ley and McCouch 1997). One additional factor in

achieving food security involves in situ and ex situ
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conservation as well as using CWRs in crop breeding

programmes (Maxted et al. 1997; Zhang et al. 2017).

The need to increase food production in the face of

climate change necessitates an increased use of CWR

diversity to provide the required trait diversity

(Maxted et al. 2012; FAO 2015), especially in the

context of the Fertile Crescent where increasing

drought has been attributed to climate change (Kelley

et al. 2015). Vincent et al. (2013) and Castaneda-

Alvarez et al. (2016) have confirmed that this region is

the global centre of CWR concentration with 84 global

priority taxa per 25 km2; therefore, conserving the

region’s CWR diversity is vital to global, as well as

regional and local, food security.

Castaneda-Alvarez et al.’s (2016) assessments

revealed that a third of CWRs have no accessions

and that 72% of them take a high priority for

collection. Furthermore, urbanisation, climate change,

and land and water pollution threaten the natural

habitats of CWRs (Jarvis et al. 2008). Using the Red

List threat assessment methodology of the Interna-

tional Union for Conservation of Nature (IUCN), Kell

et al. (2012) discovered that 16% of European CWRs

are in danger of extinction. In the Fertile Crescent,

CWRs are specifically threatened by the construction

of buildings, expansion of infrastructures, overgrazing

and climate change (El-Beltagy 2006; Derneg 2010;

Trigo et al. 2010).

Gap analysis is now routinely used as a tool for

agrobiodiversity conservation planning (Maxted et al.

2013). It involves finding gaps in existing conserva-

tion actions and identifying the under-represented

elements, and, therefore, helping to prioritise addi-

tional actions (Scott et al. 1991). In the CWR context,

gap analysis involves comparing the range of natural

diversity with the diversity already conserved ex situ

in gene banks or in situ in genetic reserves, with the

gaps becoming the recommended additional conser-

vation actions (Magos Brehm et al. 2017).

To facilitate the conservation of CWRs, this study

aims to conduct a gap analysis of 441 priority CWRs

related to 61 crops. 441 priority CWRs were selected

for their social economic value as well as they are

endemic. Priority were given to taxa with restricted

range and threatened species. This study also intends

to recommend more effective conservation methods of

CWRs’ gene pools to enable farmers and breeders to

benefit from their genetic materials.

Methods

Occurrence records were collated from herbaria, gene

banks and online databases for the priority list of 441

CWR taxa in the Fertile Crescent (Zair et al. 2017).

The list of data sources of the occurrence records used

in the potential distribution modelling and the gap

analysis are summarised in Supplementary Table 12.

Although the arc of the Fertile Crescent includes only

parts of Iraq, Palestine/Israel, Jordan, Lebanon, Syria

and Turkey, the conservation gap analysis was con-

ducted for all these countries. Where records had no

geographic coordinates but only specific locations,

GEOLocate (2017) software was used to obtain

latitudes and longitudes. Occurrence data were subse-

quently verified, and those that occurred outside the

boundaries of the Fertile Crescent or were found in the

sea were either corrected or deleted (Scheldeman and

van Zonneveld 2010).

DIVA-GIS Version 7.5 was then used to plot the

occurrence records to produce a distribution map of

the priority CWR in the Fertile Crescent (Fig. 1). A

species richness map was also produced using ‘Point

to Grid’ and ‘Richness’ tool in DIVA-GIS Version 7.5

with a grid cell of 0.2� (* 22.2 km2) (Scheldeman

and van Zonneveld 2010). DIVA-GIS Version 7.5 was

also used to plot CWR observation richness with a grid

cell of five minutes (* 9 km2). Subsequently, a cell

size of 0.2� and Rebelo et al.’s (1994) algorithm were

used to conduct a complementary analysis using the

‘Point to Grid’ and ‘Reserve Selection’ functions in

DIVA-GIS Version 7.5.

Figure 2 demonstrates the observation richness of

CWR priority taxa. The map indicates the north-west

of Syria and northern Lebanon as regions with the

highest concentration of CWRs. Figure 3 shows the

complementary analysis of priority CWR sites and the

existing protected areas in the Fertile Crescent. The

proposed in situ reserve locations were compared with

the existing locations of the protected areas. The

existing layers of the protected areas were taken from

the Protected Planet (2018) database.

An analysis to cover two-thirds of the CWR taxa

was undertaken. The top two-thirds of the total CWR

priority taxa comprise 294 taxa (441 9 2/3 = 294).

The CWR taxa for each site were added until reaching

294 or more.
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Fig. 1 Presence points of the 441 priority CWR of the Fertile Crescent

Fig. 2 CWR observation richness with a grid cell of 5-min degrees (* 9 km2)
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CWR taxa to cover two-thirds of the

CWR = S1 ? S2 ? S3 ? S4

S1 number of CWR taxa at site 1

S2 number of CWR taxa at site 2

S3 number of CWR taxa at site 3.

S4 number of CWR taxa at site 4.

For the ex situ gap analysis, gaps in the ecogeo-

graphic representation of CWR priorities of the Fertile

Crescent in gene banks were identified (Fig. 4,

Supplementary Tables 1 and 2), after Ramirez-Ville-

gas et al.’s (2010) methodology followed by Cas-

taneda-Alvarez et al. (2016). MaxEnt version 3.4 was

used to obtain species distribution models of the 441

taxa (Phillips et al. 2006). The 19 bioclimatic variables

extracted from WorldClim (Fick and Hijmans 2017)

and outlined in Supplementary Table 3 were used in

the models.

A total of 10,000 random points were used as

background records across the study area, and fivefold

cross-validation (k = 5) was implemented. Maximum

training sensitivity and specificity thresholds were

used to restrict the modelled potential distributions.

Only models that fulfilled the following validation

criteria were considered to be stable and used in

further analyses (Ramirez-Villegas et al. 2010):

• Fivefold average area under the test data ROC

curve (ATAUC) above 0.7.

• Standard deviation of ATAUC (STAUC) below

0.15.

• Proportion of potential distribution area with a

standard deviation above 0.15 (ASD15) and below

10%.

For those taxa that lacked stable models, a 50-km

round buffer was applied when only ten present points

were available. To assess whether the species con-

served ex situ were ecogeographically and adequately

conserved, three scores were estimated: Ramiréz-

Villegas et al.’s (2010) Geographic Representative-

ness Score (GRS), Environmental Representativeness

Score (ERS) and Sampling Representativeness Score

(SRS). To prioritise each target taxon for the collec-

tion of ex situ conservation, all representativeness

scores (i.e. SRS, GRS and ERS) were averaged with an

Fig. 3 Complementary analysis of 441 priority CWR and the existing protected areas in the Fertile Crescent using a cell size of 0.2�. All
these ten sites cover all the 441 CWR taxa
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equal weighting to obtain the final prioritisation score

(Ramiréz-Villegas et al. 2010).

Following Castaneda-Alvarez et al. (2016), if the

Final Priority Score (FPS) is more than seven, the

taxon is considered a high priority for ex situ

conservation; if the score is between five and seven,

the taxon is considered a medium priority; the taxon is

considered a low priority for conservation if it is

between 2.5 and 5.

Another method to undertake gap analysis involves

conducting the Ecogeographic Land Characterisation

(ELC) analysis in CAPFITOGEN version 1.2 and

applying the ELCmapas tool (Parra-Quijano et al.

2014). Geophysical and bioclimatic variables were

standardised in Excel and tested for collinearity

(Dormann et al. 2013) by running an R script (see

the supplementary materials), which resulted in 11

variables comprising five geophysical variables and

six bioclimatic variables (i.e. bio_15, bio_3, bio_5,

bio_6, bio_8 and prec_6). The five geophysical and six

bioclimatic variables were then run through a Princi-

pal Component Analysis (PCA) in SPSS, where

variables were chosen based on the highest loadings

([ 0.3). This resulted in four geophysical variables

(i.e. slope, altitude, northness and eastness) and three

bioclimatic variables (bio_8, bio_6 and bio _15).

MaxEnt version 3.4 was used to calculate CWR

potential richness. The MaxEnt results were uploaded

onto DIVA-GIS Version 7.5 (see Fig. 5 for DIVA-GIS

results). The map in Fig. 6 resulted from overlaying

the potential richness map with the current route

richness diversity layer. The aim of Fig. 6 analysis

was to find gaps for further collections.

List of experts who evaluated the gap analysis are

presented in Supplementary Table 14.

In summary, this analysis aimed to find projected

hotspots for future collection of high priority CWRs.

Plant genetic materials from these projected hotspots

can be used in ex situ conservation and gene banks.

bFig. 4 Mean priority score values for ex situ conservation of

CWR in the Fertile Crescent

Fig. 5 CWR potential richness; the legend displays the number of CWR species with a grid cell of 5-min degrees (* 9 km2)
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Results

The priority list of crop wild relatives in the Fertile

Crescent consists of 441 CWR taxa (Supplementary

Table 1). Passport data of these 441 CWR taxa were

collated and are presented in Supplementary Table 2. A

total of 23,878 presence points (latitudes and longi-

tudes) representing the 441 CWRpriority list taxa in the

FertileCrescent are presented in SupplementaryTable 3

and used in the subsequent analyses. Hordeum vulgare

L. subsp. spontaneum (K. Koch) Thell, a wild relative

of barley, has the largest number of presence points

with 2190 occurrence records. Vavilovia formosa

(Steven) Fed. was found to be the rarest with only

one presence point. The associated crops of the 441

CWR taxa are summarised in Supplementary Table 4

and used in the following analyses.

Presence points for the 441 priority CWR taxa of the

Fertile Crescent region are shown in Fig. 1, and the arc

of the Fertile Crescent is visible in Fig. 2. Ten sites

(Fig. 3 and Supplementary Table 5) are needed to

conserve all 441 priority CWR taxa, and the number of

taxa in each site is marked in Table 1. Ideally, when

implementing in situ conservation of CWRs, genetic

reserves should be located within the existing protected

areas to limit the costs associatedwith the establishment

of new conservation areas (Dulloo et al. 2008).

However, a few of the 10 priority sites are located in

or adjacent to the existing protected areas because of a

lack of protected area coverage in the Middle East.

However, site 7, Anata, is relatively close to Wadi el

Qilt Nature Reserve in the Palestinian territories. The

borders of these protected areas have been suggested to

be extended to include the CWRs’ locations.

CWR taxa to cover two-thirds of the CWR tax

a = S1 ? S2 ? S3 ? S4 = 113 ? 112 ? 43 ? 35

= 303 CWR taxa. The results show that the first four

sites (Homs, Izmir, Gaziantep and Ankara) need to

cover two-thirds of all taxa.

The ex situ gap analysis indicates that priority

CWRs in the Fertile Crescent (Supplementary Table 6)

are under-represented in gene banks. Of the 441 taxa,

Fig. 6 CWR ex situ gap analysis of high priority CWR in the Fertile Crescent with a grid cell of 5-min degrees (* 9 km2)
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134 (30%) CWRs are totally absent from the current

gene banks collections. Only 307 (70%) CWRs are

represented in gene banks (Supplementary Table 7),

and, of these taxa, 252 (57%) of them have less than 10

accessions in gene banks.

A total of 353 taxa were categorised as a high

priority for collection and conservation; 23 taxa were

categorised as a medium priority and 41 taxa as a low

priority. However, 24 taxa were identified that did not

require urgent collection (see Supplementary Table 7).

A lack of geographical and ecological representation

in gene banks leads to high FPS scores, with clear gaps

in ex situ conservation of these taxa.

An examination of CWR taxa, sorted by their

related crops, indicated that 57 crops (93%) had been

relegated to a high need for further gathering, with the

gene pool of these crops requiring serious protection

activities (see Fig. 4).

The analysis in Supplementary Table 8 demon-

strates that the mean FPS values per related crop are

7.51 for barley, 7.6 for sorghum, 7.88 for oat, 8.17 for

pea, 8.95 for sugar beet, 9.59 for rye and 9.63 for sugar

cane. Themean FPS values for fruits are 10 for apricot,

blueberry, cherry, date palm, peach, persimmon and

plum. Four crops (7%) of the crop gene pools had been

assigned as a medium priority for further collection,

and their FPS values are 6.34 for lentil, 6.1 for wheat,

5.7 for grape and 5.15 for chickpea. As can be seen in

Supplementary Table 9, wild relatives of pulses,

cereals, oil crops, fruits, industrial crops, sugar crops,

herbs, vegetables, nuts and spices were assessed as

being a high priority for collection. The mean FPS

values for crop types are 8.735 for spices, 8 for pulses,

8.28 for cereals, 8.92 for oil crops, 9.07 for fruits, 9.1

for industrial crops, 9.29 for sugar crops, 9.42 for

herbs, 9.47 for vegetables and 9.575 for nuts.

Of all the examined CWRs related to 61 crops, no

crop gene pool can be considered well represented in

gene banks.Wild relatives of wheat have been used as a

source of genetic materials for crop improvement and

collected in gene banks, and they are categorised as a

medium priority for collection. Medium priority gene

pools, such as chickpea and lentil, have fewer CWRs

than wheat. As Supplementary Table 10 in Fig. 7

shows, the FPS across the CWR priority list in the

Fertile Crescent has been categorised according to the

gene pool and crop. Although some crops have been

assessed as being a low priority for conservation, some

taxa related to these crops are a high priority for ex situ

conservation. Certain CWRs related to wheat were

evaluated as being under-represented in gene banks,

such asAegilops comosa Sm., Thinopyrum pycnanthum

(Godr.) Barkworth and Agropyron cristatum (L.)

Gaertn. Only the high priority category for further

collection are presented in Supplementary Table 11.

The gaps in ex situ conservation refer to areas

where taxa potentially occur, with accessions for ex

situ conservation not collected and, thus, missing in

gene banks (Scheldeman et al. 2007).

As Fig. 5 shows, the highest concentration of

projected CWR diversity can be found in the west of

Syria in an area from north Lattakia to south Tartus,

alongside the coastal area of Turkey from the city of

Bandirma in the Sea of Marmara to the town of

Table 1 Priority sites of in situ CWR conservation

Site number Country Province Locality Latitude Longitude Number of CWR taxa Taxa not

occurring

at this site

1 Syria Homs Tel Kalakh 34.730611 36.133611 113 328

2 Turkey Izmir Menemen 38.5604 27.0878 112 329

3 Turkey Gaziantep Burc Karakuyu 36.9485 37.2360 43 398

4 Turkey Ankara Cankaya 39.873040 32.806458 35 406

5 Turkey Sanlıurfa Siverek 37.7895 39.6609 27 414

6 Turkey Canakkale Kumkale Koyu 39.9735 26.2328 27 414

7 Palestinian Terr Jerusalem Anata 31.8183 35.2596 27 414

8 Turkey Mersin Anamur 36.1668 32.8148 19 422

9 Turkey Edremit Doyran 39.6730 26.7040 19 422

10 Turkey Aziziye Tebrizcik 39.9485 41.0041 19 422

441 (total CWR taxa)
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Yayladagı in Hatay Province in southern Turkey, across
the border between Turkey and Syria and north-east of

Iraq, across the mountains in Lebanon and the seashore,

west of Jordan alongside the border between Israel and

Jordan and alongside the coastal area of Israel. Some

countries, such as Iraq, have a few presence points.

However, the analysis revealed that the north of Iraq

contains high potential CWR taxa richness.

Ex situ conservation gaps were identified across the

Fertile Crescent regions in Fig. 6, with the most

important gaps being in the west and south of Turkey

across the Mediterranean seashore, north of Lebanon,

west of Syria in Lattakia and Tartus Governorate,

across the border between Turkey and Syria and north

of Iraq. In such sites, between 133 and 144 CWR taxa

are expected to exist in a single grid square.

Projected hotspots for future seed collection of

priority CWR in the Fertile Crescent are presented.

The map corresponds to gaps in ex situ conservation,

as these taxa are not conserved at all. The legend

displays the number of CWR taxa per cell. CWR taxa

ranging from 133 to 144 are expected to exist in the

extremely dark red cells. Between two and nine CWR

taxa are expected to exist in the pale-yellow areas. The

map is the result of overlaying the potential richness

map with the current route richness diversity layer to

identify gaps for further collections.

The analysis in Fig. 6 only considers high priority

CWR taxa. The deep red colour means that collection is

required in these areas and that no ex situ collection has

been undertaken before for CWR in these sites, although

these sites are suitable for CWR high priorities.

Discussion

One of the purposes of this study was to create a

regional database of occurrence records for the

priority CWRs in the Fertile Crescent. To this end,

23,878 records were collated. The methods used to

identify the richest hotspots for CWR diversity in the

Fertile Crescent are in line with previously published

methods (e.g. Fielder et al. 2015; Phillips et al. 2016).

The findings of this study can help policymakers set

out effective protocols to conserve CWRs. CWRs play

an essential role in current and future food security

strategies. They have been used as a source of

diversification for domesticated crops and have con-

tributed to improved yields by introducing genes that

strengthen insects and plants against diseases and

increase tolerance for salinity stress, drought and

extreme weather conditions. There is a wide diversity

of CWRs throughout the Fertile Crescent, and this

study recommends candidate genetic reserves,

intended for active CWR conservation, as a keystone

for implementing a regional conservation strategy for

such important genetic resources.

This paper strongly recommends the implementa-

tion of the proposed CWR genetic reserves. The

findings of this study are significant, mainly because

the results from the analysis of occurrence data are

critical to the conservation of CWRs. Although several

publications have discussed some of the biodiversity

hotspots in the region, most of them have chosen to

focus on a particular genus. Shehadeh (2011), for

example, identifies a hotspot in the Talkalakh area of

Syria for Lathyrus taxa diversity and another hotspot

in the Osmaniye province of Turkey for Lathyrostylis.

The richest hotspots for CWR diversity have been

found in the north-west of Syria, north of Lebanon, and

west and east of Turkey, including the Ankara region.

Protected spots of CWR in the Fertile Crescent have also

been recommended. Site 1, TelKalakh, is relatively close

to Quttina Lake’s protected area near Homs in Syria, and

site 2, Izmir, is relatively close toGedizDelta’s protected

area, a Ramsar site in Turkey.However, both sites appear

to be unsuitable habitats for CWR in situ conservation.

Therefore, active in situ CWR conservation in the Fertile

Crescent will require either the establishment of new

protected areas or the promotion of active in situ

conservation in less formally managed sites.

The protected spots of CWR are vital to the

conservation of our genetic resources to help our

planet overcome climate change and other threats to

agricultural biodiversity and food security. This study

provides the minimum biodiversity hotspots needed.

In the future, it is necessary to combine the taxa

richness with potential richness for adaptive traits, which

can increase the number of recommended protected

areas. A trait can be defined as adaptive if it is suitable to

survive in new natural environmental conditions (Ack-

erly et al. 2000). In otherwords, onlyCWR taxa that have

adaptive traits for climate change and other environ-

mental stress, are resistant to pests and diseases and have

the ability to increase yield in the Fertile Crescent will be

selected to identify genetic reserves for them.

The results indicate that the representation gaps in

gene banks need to be filled, especially for high
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priority under-represented taxa related to barley,

sorghum, oat, pea, sugar, beet, rye and sugarcane. To

study the impact of climate change on CWR taxa,

further studies are needed.

After carefully examining the representation of

priority CWRs in global gene banks, it can be

concluded that there is a lack of representation in

gene banks and that efforts are urgently required to

conserve them ex situ. To fill the conservation gaps,

seeds need to be collected from areas that are rich in

CWRs and have been outlined in the ex situ gap

analysis map through site visits. National and regional

gene banks, with the aid of universities, local

communities and governmental departments, can be

used to accomplish the collection mission. Duplicates

of the seed samples should then be sent to international

gene banks, such as the Svalbard Seed Vault.

Collected CWR seeds should also be crossed with

domesticated crops to transfer the desired genes, based

on the gene pool assessment. More advanced tech-

niques, such as in vitro gene transfer, can be used for

CWR taxa which are difficult to cross using the

natural breeding methods.

The gap analysis method using MaxEnt version

3.4.1 and DIVA-GIS is an effective calculation

method to detect geographical areas that are rich in

CWRs or under-represented taxa. The use of the

number of germplasm accessions in the assessment is

an effective method in the gap analysis because if the

number is low, the priority for collection increases.

The FPS is used to effectively identify priorities that

not only rely on the number of germplasm accessions

but also on the number of samples and other factors.

Conclusion

A regional database of occurrence records was created

for CWRs in the Fertile Crescent. The richest hotspots

for CWR diversity were identified in the Fertile

Crescent, located in Syria near the Lebanese border

and the Syrian Coastal Mountain Range in the north-

west of Syria, north-west of Jordan and several places

in Turkey. Ten virtual CWR genetic reserves were

recommended for the Fertile Crescent. Both the data

and methodology applied can be used in setting

strategies to conserve CWR plant genetic resources

and help the Fertile Crescent meet its targets in

conserving CWR diversity; they can also be used to

ensure that CWR genetic resources are preserved to

prevent and tackle global food insecurity.

The ex situ gap examination showed that 30% of

CWR taxa have no representation in gene banks and

that only 70% of the examined CWR taxa are

represented. Significant gaps in ex situ conservation

are prevalent in the west and south of Turkey across

the Mediterranean seashore, north of Lebanon and

west of Syria (in Lattakia and Tartus Governorate),

across the border between Turkey and Syria and

northern Iraq.
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Appendix

ELC map

The ELCmapas tool (CAPFITOGEN version 1.2) was

used to create the ecogeographic map (Parra-Quijano

et al. 2014). First, a subset of variables was selected for

this analysis (see Supplementary Table 15). The

environmental data was combined with the presence

point data for the priority taxa in the Fertile Crescent.

The ELCmapas used the 23,878 presence points which

represent the 441 CWR priority list for the Fertile

Crescent. Figures 7, 8, 9, 10, 11, 12 and 13 display the

ELC map of the Fertile Crescent using the variables
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Fig. 7 An ELC map of the Fertile Crescent using the environmental variables with elbow method (CAPFITOGEN) (cell size

10 9 10 km)

Fig. 8 ELC map of Jordan using the environmental variables with the elbow method (CAPFITOGEN) (cell size 1 9 1 km)
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Fig. 9 An ELC map of Syria using the environmental variables with the elbow method (CAPFITOGEN) (cell size 1 9 1 km)
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Fig. 10 ELC map of Iraq using the environmental variables with the elbow method (CAPFITOGEN) (cell size 5 9 5 km)

Fig. 11 An ELC map of Turkey using the environmental variables with the elbow method (CAPFITOGEN) (cell size 5 9 5 km)
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Fig. 12 An ELC map of

Israel using the

environmental variables

with the elbow method

(CAPFITOGEN) (cell size

5 9 5 km)

Fig. 13 An ELC map of

Lebanon using the

environmental variables

with the elbow method

(CAPFITOGEN) (cell size

5 9 5 km)
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listed in Supplementary Table 3 with elbow method

(CAPFITOGEN) (cell size 10 9 10 km).
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