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SUMMARY

Date palm (Phoenix dactylifera L.) is an important cash crop in many countries, including Saudi Arabia.
Understanding the likely potential distribution of this crop under current and future climate scenarios will
enable environmental managers to prepare appropriate strategies to manage the changes. In the current study,
the simulation model CLIMEX was used to develop a niche model to estimate the impacts of climate change
on the current and future potential distribution of date palm. Two global climate models (GCMs), CSIRO-
Mk3-0 and MIROC-H under the A2 emission scenario for 2050 and 2100, were used to assess the impacts of
climate change. A sensitivity analysis was conducted to identify which model parameters had the most effect
on date palm distribution. Further refinements of the potential distributions were performed through the integra-
tion of six non-climatic parameters in a geographic information system. Areas containing suitable soil taxonomy,
soil texture, soil salinity, land use, landform and slopes of <7° for date palm were selected as suitable refining
variables in order to achieve more realistic models. The results from both GCMs exhibited a significant reduction
in climatic suitability for date palm cultivation in Saudi Arabia by 2100. Climate sensitivity analysis indicates that
the lower optimal soil moisture, cold stress temperature threshold and wet stress threshold parameters had the
most effect on sensitivity, while other parameters were moderately sensitive or insensitive to change. The
study also demonstrated that the inclusion of non-climatic parameters with CLIMEX outputs increased the
explanatory power of the models. Such models can provide early warning scenarios for how environmental man-
agers should respond to changes in the distribution of the date palm in Saudi Arabia.

INTRODUCTION producing countries in the world. In 2013, date pro-
duction in Saudi Arabia reached 1065032 tonnes,
from 3-7 million trees (FAO 2013). However, despite
great government support and attention to date palm
cultivation in Saudi Arabia, the level of date productiv-
ity remains low compared with other date-producing
countries, and exports of dates have not reached the
expected level (Aleid et al. 2015). A number of
factors could be behind this reduction, such as plant
diseases, insect pests as well as environmental stress
factors including salinity, drought and temperature
extremes as a result of climate change.

Changes in climate have serious implications in the
agricultural sector due to direct exposure to and
dependence on weather conditions, both of agricul-
* To whom all correspondence should be addressed. E-Mail: ture and other natural resources (Yu et al. 2010).
aallbed@myune.edu.au A substantial number of studies have been conducted

Date palm (Phoenix dactylifera L.) is an important fruit
crop in the palm family (Arecaceae) grown in the arid
and semi-arid regions of the world, including Saudi
Arabia. Date palm is one of the most important cash
crops that contributes significantly to agroecosystems
in Saudi Arabia and plays a major role in the national
economy and agricultural sector through its contribu-
tion to economic growth, and meeting local market
needs. There are more than 400 date palm cultivars
in Saudi Arabia and each region is characterized
by certain cultivars, but only approximately 50-60
cultivars are used commercially (Mikki 1998). Saudi
Arabia is considered one of the top three date-
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on the impacts of climate change on agricultural prod-
uctivity. As an example, it has been reported that
climate change could lower agricultural productivity
in four agricultural sectors (paddy rice, wheat, other
grains and other crops) in Southeast Asia, specifically
by 15-26% in Thailand, 2-15% in Vietnam, 12-23%
in the Philippines and 6-18% in Indonesia (Zhai &
Zhuang 2012). In some countries, it has been pro-
jected that reductions in yields from rain-fed agricul-
ture could reach as high as 50% by 2020 (Field
etal. 2012). In addition, IPCC (2007) has documented
that a 40% decline in agricultural productivity is
expected in India by 2080 as a result of climate
change.

Saudi Arabia is one of those countries that are
highly vulnerable to the adverse effects of climate
change, due to its arid climate. It has been predicted
that the average temperatures in Saudi Arabia would
increase by as much as 6-0 °C by 2100 as a conse-
quence of climate change, and the crop irrigation
water demands would rise by about 602 and 3122
million m®> (MCM) at 1 and 5 °C increases, respect-
ively, and the expected yield of different types of
field fruit trees and crops will experience losses that
range from 5 to >25% (Zatari 2011). This means that
climate change is expected to impact heavily on agri-
culture and food production in Saudi Arabia, espe-
cially through reducing water availability and direct
effects on crop yields. For example, during the 2010
season many farmers noticed unusual early blooming
of date palm as a direct consequence of climate
change (Darfaoui & Assiri 2009). To deal with such
change, optimizing the cropping pattern in Saudi
Arabia according to the regional competitive advan-
tage was considered as one of the actions to adapt
to the adverse effects of climate change.
Alabdulkader et al. (2016) applied a mathematical
sector model to optimize the date palm cropping
pattern using limited water resources and cultivated
lands. The results showed great potential for Saudi
Arabia to adapt to the adverse effects of climate
change by optimizing date palm cropping in accord-
ance with its scarce water resources and limited culti-
vated lands.

Climate change may also impact an economy dir-
ectly by affecting its agricultural outputs. For instance,
it has been reported that maize production in Africa
and South America could decline by 10% by 2055,
causing a loss of $2 billion per year due to climate
change (Jones & Thornton 2003). Moreover, the total
annual income from date palms in Middle Eastern
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countries has declined from 1990 to 2000 due to
plant diseases and water shortages resulting from
climate change (Zaid & Arias Jiménez 2002).
Currently, at a global scale, 0-20-0-25 of harvested
crops are lost due to harvest disease and these losses
are expected to rise with climate change (Dixon
2012). Consequently, food security will be affected
and the global and regional agricultural productivity
will be negatively impacted. Added to this, climate
change is very likely to have significant impacts on
the distribution, quantity and quality of global agricul-
tural production (Thung & Rao 1999; Wheeler & Von
Braun 2013).

Decision makers should prepare management strat-
egies that address climate change impacts on agricul-
ture to achieve long-term sustainable production of
cash crops such as date palm. Thus, information on
the potential distribution of the species and the rela-
tive abundance under projected future climate scen-
arios is essential. A variety of distribution models
have been used to study the effect of climate change
on species distribution, including bioclimate envelope
models (e.g. Spatial Evaluator of Climate Impacts on
the Envelope of Species (SPECIES)) (Hampe 2004),
global climate models (GCMs) (e.g. UKMO-
HadCM3, GFDL-CM2-0 and MIROC3-2) (Porfirio
etal. 2014), ecological niche models (e.g. generalized
linear model) (Silva et al. 2014), MaxEnt (Nazeri et al.
2012), random forest (Vincenzi et al. 2011), boosted
regression tree (Radinger et al. 2015) and CLIMEX
(Aljaryian et al. 2016; Shabani et al. 2016). CLIMEX,
a mechanistic model, is a well-known climate model-
ling software for predicting species’ responses to
climate change due to its extensive phonological
observations and geographic range (Sutherst et al.
2007). With CLIMEX, users can detect areas where
selected species can be established and maintained
or developed based on predicted climate changes.
CLIMEX has been extensively used in multiple appli-
cations; some examples include projecting crop dis-
eases such as Fusarium oxysporum f. spp. (Shabani
et al. 2014a), determining the impact of climate
change on invasive weeds such as Lantana camara
L. (Taylor et al. 2012b) and illustrating the potential
distribution of the common bean (Ramirez-Cabral
et al. 2016), among other applications.

Most studies examining climate change effects on
species using CLIMAX often use climate variables
alone and exclude non-climatic parameters such as
soil type, land use and topography. Hence, it is pos-
sible that some projected suitable regions for
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specifically studied species may be inaccurate, and
may be unsuitable with regard to non-climatic para-
meters. Therefore, to overcome this limitation, incorp-
oration of climatic and non-climatic parameters has
been suggested to achieve greater accuracy and
more robust results, since the results must satisfy
more extensive requirements (Sutherst et al. 2007;
Beaumont et al. 2008). As an example, Cheng et al.
(2006) found that the combination of biotic and non-
biotic factors led to a significant improvement in the
prediction of potential distribution of Frankliniella
occidentalis in China compared with prediction by
climate variables alone. Additionally, Shabani et al.
(2014b) projected date palm distribution at the
national level for Iran by including non-climatic para-
meters such as land use, topography and soil tax-
onomy and found that only 220000 km* would be
suitable for date palm cultivation, compared with
610000 km* based on climatic suitability. In other
words, the incorporation of climatic and non-climatic
factors is the key, and provides better results than
models based purely on climatic factors when asses-
sing the impact of climate change on predicting the
future distribution and fate of economically important
crops, such as date palm.

The above-mentioned studies provide evidence that
climate change represents a massive threat to plant
and crop distribution. It is highly likely that the prod-
uctivity potential of some regions will increase while
others will decrease as a result of climate change
and unsuitability due to abiotic factors (e.g. slope,
soil texture, soil taxonomy, soil salinity and land
use). Therefore, it is vital to consider the impact of
both climatic and non-climatic parameters when pre-
dicting the potential future distribution of the species.
The main objectives of the current study were to (i)
develop climatic models of date palm in Saudi
Arabia for the current time, 2050 and 2100; (ii) find
the main climatic stresses that may drastically affect
date palm in Saudi Arabia by 2050 and 2100; (iii)
refine the projection based on suitability of soil tax-
onomy, soil texture, soil salinity, slope and land use
to find areas that are practical, accurate and possible
to cultivate date palm; and (iv) identify the most sensi-
tive climatic parameters through a sensitivity analysis.
The models will be used to investigate how these
changes will impact the potential future distribution
of date palm in Saudi Arabia. It is assumed that
climate change will alter the agricultural areas that
currently produce date palm. Model results from the
current study will benefit governments and decision
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makers by preparing for the circumstances ahead,
and along this line increase economic advantages
that can help enhance local economies. Even more
importantly, those managing areas that could
become unfavourable can be made aware of the cir-
cumstances and the likely change to their economies,
providing a chance to plan for other sources of
income.

MATERIALS AND METHODS
Current distribution of date palm (Phoenix dactylifera L.)

Information on the current geographical distribution
and locations of P. dactylifera are essential for model-
ling the future distribution of this crop. Based on P.
dactylifera literature in the CAB Abstracts databases
(e.g. Hassan et al. 2006; Bokhary 2010; Al-Senaidy
& Ismael 2011; Shabani et al. 2012, 2014b, c;
Shabani & Kumar 2013) and the Global Biodiversity
Information Facility (GBIF), date palm can be found
worldwide in large parts of northern and central
Algeria; south-eastern Spain; Sudan; Australia; south-
western USA; Greece; north-western Libya; north-
eastern Egypt; south-western, southern and south-
eastern Iran; Yemen; India; Oman; and in central, nor-
thern, eastern, southern, western and south-western
Saudi Arabia.

In the present study, an attempt has been made to
maximize the number of occurrences in Saudi
Arabia to improve the accuracy of model predictions.
Model predictions were based on satellite images
available from the United States Geological Survey
(USGS) database and GBIF along with data acquired
from the Center of Palms and Dates Research, the
National Center for Palms and Dates (NCPD) and
the Ministry of Agriculture in Saudi Arabia. A total of
930 records were collected, only 460 of which were
used after excluding duplicate points and records
with no geographic coordinates. This step is an
important part of data quality control, as only verified
location points with geographic coordinates can be
used in the parameter fitting procedure. Thus, 460
records were used in parameter fitting (Fig. 1).

CLIMEX software

CLIMEX is an eco-climatic modelling package used to
describe the relationship between the current and pro-
jected niche of any species (Wharton & Kriticos 2004;
Kriticos et al. 2005). Basically, it predicts the potential
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Fig. 1. Current and modelled potential distribution of P. dactylifera in Saudi Arabia. El, eco-climatic index; P. dactylifera,

Phoenix dactylifera. Colour online.

distribution and relative abundance of a species in a
new region using climatic information, biological
data and the known geographic distribution of that
species. Climate predictions can be made at regional
and world scales (Sutherst et al. 2007). This method
assumes that species populations increase during suit-
able climate seasons and decrease during unsuitable
seasons. CLIMEX uses different indices that are
grouped into growth-related and stress-related
indices to predict the potential growth and survival
of a species at a given location. The potential popula-
tion growth during favourable seasons is described by
an annual growth index (Gl,), while four stress indices
(SI) (cold, hot, wet and dry stresses) describe the popu-
lation survival possibility during unfavourable seasons
(Sutherst et al. 2007). The Gl, is determined from dif-
ferent growth indices, including the temperature index
(T) and the moisture index (M) that describe the
species’ temperature and soil moisture requirements
for population growth. The four climatic parameters
used to describe the suitable temperature for popula-
tion growth are DVO and DV3 (limiting low and
high temperatures, respectively) and DV1 and DV2
(lower and upper optimal temperatures, respectively).
Similarly, the MI comprises four climatic parameters,
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which are SM0 and SM3 (limiting low and high soil
moisture, respectively), and SM1 and SM2 (lower
and upper optimal soil moisture, respectively). These
indices, Tl and MI, are multiplied to provide a
weekly growth index and the yearly average of this
gives the Gla. The SI, cold, hot, wet and dry stresses,
are combinations of the two parameters, the threshold
value and the stress accumulation rate. Stress accumu-
lation during the year is exponential and once this
value equals 1, the species will be unable to survive
in that geographic region (Sutherst et al. 2007).

The model combines these growth and SI into an
overall eco-climatic index (El) that represents the suit-
ability of the location for the species under various
climate change scenarios as a number between 0
and 100. If the El value is close to 0, it indicates that
a site is unsuitable for the species, values from 0 to
10 indicate marginal habitats, values from 10 to 20
indicate a suitable climate area and El values >20 indi-
cate optimal conditions for the species (Sutherst &
Maywald 2005). The outcome models provided by
CLIMEX will predict almost all climatically suitable
areas for date palm and provide early risk assessments
to decision makers about the potential effects of
climate change on this essential crop.
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Climate data, global climate models and climate
change scenarios

CLIMEX for Windows, version 5 was used to develop
potential distribution models for date palm under two
future climate scenarios, 2050 and 2100, chosen to
provide snapshots of climate change projections for
the near and further future, respectively. The CliMond
10" gridded climate data (http:/www.hearne.com.au/
Software/CLIMEX/Editions#version_CLIMEX3.0.2) were
used to model the potential distribution of date palm.
To project potential future climate in 2050 and 2100,
overall minimum and maximum monthly temperatures
(Tmin and T,y respectively), overall monthly precipi-
tation (Pw) and the relative humidity at 09.00 h
(RHg.00) and 15.00 h (RH15 o) were used. The potential
distribution of date palms under future climate was
based on two different GCMs, namely, CSIRO-Mk3-0
(CS) and MIROC-H (MR) (Center for Climate
Research, Japan), available as part of the CliMond
data sets.

These two models were selected from 23 GCMs
because of the availability of temperature, precipita-
tion, mean sea level pressure and specific humidity,
which are required for CLIMEX (Nakicenovic et al.
2000). Moreover, the models contain relatively small
horizontal grid spacing and performed well compared
with other GCMs in representing the core aspects of
the observed climate at a regional scale, according
to Taylor et al. (2012b) and Kriticos et al. (2012).
The A2 emission scenario was selected in the
current study because it includes different variables
such as financial, demography and technological
forces driving greenhouse gas (GHG) emissions. The
A2 emission scenario considers a world with higher
population growth but slower economic growth and
technological changes, and assumes moderate
global GHG emissions compared with the other emis-
sions scenarios such as ATF1, A1B, B2, A1T and B1 by
2100 (Suppiah et al. 2007; Kriticos et al. 2012; Taylor
et al. 2012b).

Fitting CLIMEX parameters

The basic CLIMEX parameter values for date palm
modelling were taken from Shabani et al. (2012). For
a detailed description of these CLIMEX parameters
and the procedure by which they were selected,
refer to Shabani et al. (2012). In the current study, to
ensure all date palm occurrences were within the suit-
able groups of climate in Saudi Arabia, 6 out of 14
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parameters were slightly modified based on current
date palm occurrence, including SM0O, SM1, SM2,
the cold stress temperature threshold (TTCS), the
cold stress temperature rate (THCS) and the wet
stress rate (HWS). Temperature and moisture response
parameter values were then transformed into CLIMEX
compatible temperature and Ml parameters and cold,
heat, dry and wet stress threshold (SMWS) values.
The CLIMEX parameter values that were used for P.
dactylifera were set as follows: DVO at 14 °C, DV1 at
20°C, DV2 at 39 °C, DV3 at 46 °C, SMO at 0-007,
SMT at 0-014, SM2 at 0-82, SM3 at 0-9, the TTCS at
4 °C, the THCS at —-0-011/week, the heat stress param-
eter threshold (TTHS) at 46 °C, the heat stress accumu-
[ation rate (THHS) at 0-9/week, the SMWS at 0-9 and
the HWS at 0-024/week. The fitted parameters were
then used to project the date palm’s potential distribu-
tion in Saudi Arabia under two future climate scenarios
in 2050 and 2100. The data sets were output from
CLIMEX and imported into geographic information
system software (ArcGIS Software Version 10-2) for
further processing and mapping. All locations were
classified into two classes of suitability for date palm
using El values. Locations with El =0 were classified
as unsuitable while El >0 were classified as suitable.

Non-climatic parameters
Soil taxonomy

To define the current extent of date palm cultivation in
Saudi Arabia, Landsat satellite images with 30 m
spatial resolution were used. The general soil map of
Saudi Arabia (1 : 4 000 000) obtained from the Ministry
of Agriculture, which represents soil taxonomy, was
used to extract all soil types that are suitable for
date palm cultivation by overlaying the date palm
observation layer onto the soil map. The results
identified 9 out of 12 suitable soil types, namely:
Calciorthids, Camborthids, Gypsiorthids-Calciorthids,
Haplaquepts-Eutrochrepts, Torriorthents, Salorthids,
Torrifluvents-Torripsamments-Calciorthids, ~ Torriorth-
ents-Calciorthids and Torripsamments-Torriorthents.
The details of all the soil types can be found in Soil
Survey Staff (2010).

Soil texture

The soil texture map of Saudi Arabia (1 :4 000 000)
was obtained from the Ministry of Agriculture. To
determine which soil textures are suitable for date
palm growth and cultivation, the locations of date
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palm observations were considered, and the date
palm occurrences were overlaid onto the soil texture
map. The results revealed that the soil textures suitable
for date palm cultivation in Saudi Arabia are sand;
sandy loam comprising 60% sand, 10% clay and
30% silt; loam soil comprising 40% sand, 40% silt
and 20% clay; and clay loam comprising 40% sand,
30% silt and 30% clay. This is supported by the fact
that date palm is not sensitive to soil types and can
grow in a range of diverse types of soil from sand,
sandy loam and clays to heavy alluvial soils (Morton
& Dowling 1987; Lim 2012).

Soil salinity

Date palm is considered to have the highest salt toler-
ance of all fruit crops: some date palm varieties can
adapt to levels of soil salinity up to 12-8 dS/m
(Ramoliya & Pandey 2003) while others can tolerate
much higher levels, up to 34 dS/m (Abbas et al.
2015). Nevertheless, excessive salt can cause signifi-
cant reductions in the growth, yield and fruit quality
of date palm (Erskine et al. 2004). Ayers & Westcot
(1985) reported that the minimum electrical conduct-
ivity (EC) to have maximum vyield for date palm is
4-0 dS/m, while the plant produced no vyield at the
EC of 32 dS/m. Additionally, a study conducted by
Alrasbi et al. (2010) indicated that decreases of 53,
48, 39 and 46% occurred in date palm trunk height,
number of fronds, leaf length and trunk girth, respect-
ively, at an EC of 18 dS/m. Thus, it is clear that date
palm plants will be affected negatively when soil sal-
inity extends beyond its tolerance potential. In the
current study, a soil salinity map of Saudi Arabia
obtained from the Harmonized World Soil Database
(HWSD) was used to extract all soil salinity levels suit-
able for date palm. Thus, areas with soil salinity of 4—
16 dS/m were considered as suitable while areas with
soil salinity >16 dS/m were considered unsuitable.

Land use

The most suitable land uses were targeted based on
the current land use map of the country, obtained
from the Food & Agriculture Organization (FAO)
geo-network, and the current distribution of date
palm. Agricultural land including cropland, sparsely
vegetated areas, irrigated lands and managed bare
area were considered suitable for date palm cultiva-
tion. The remaining land use types, such as urban
areas, mountains, wetland, road and commercial
sites were considered unsuitable land use types.
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Landform

Date palm is characterized by a deep root system that
reaches horizontally up to 25 m away from the trunk,
and vertically more than 6 m deep, which helps to
hold down the soil and take up water and nutrients
stored deep underground (Zaid & Arias Jiménez
2002). In the current study, based on the current land-
form map of the country, obtained from the Ministry of
Agriculture, and the current distribution of date palm,
attempts were made to find possible land forms that
enable date palm to establish its deep network of
roots. Thus, pediplain, gypseous pediplain, degraded
pediplain, sand sheet, sand dunes, alluvial fans, allu-
vial plain and wadi were identified as potentially suit-
able for date palm growth and its root establishment
and distribution.

Slope

The Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) digital elevation
model of Saudi Arabia at 30 m spatial resolution,
obtained from the King Abdul-Aziz City of Science
and Technology in Saudi Arabia, was used to generate
a slope surface map. By considering the location of
each date palm farm, 0-90 of the locations were
found on slopes <7°. These areas were considered
as suitable for date palm growth while areas with
slopes >7° were considered unsuitable. This is sup-
ported by the fact that steeply sloped areas will
affect date palm growth by affecting run-off, insola-
tion, temperature, moisture and depth of the soil.
The steeper the slope, the greater the run-off and soil
erosion. Further, the intensity of insolation, tempera-
ture, moisture of the soil surface and depth of soil
varies with increasing slope (Dash 2001).
Additionally, various studies report that lands with
slopes >10° are unsuitable for a date palm plantation
(Salah et al. 2001; Chao & Krueger 2007; Jain 2011).
Subsequently, the classified slope data in raster
format were converted to polygon shape files and
queries were designed using attributes and date
palm locations to extract those areas demonstrating
suitable slope.

Refining the CLIMEX outputs

CLIMEX outputs from both the CS and MR GCMs for
2050 and 2100 were overlaid on the location of
areas comprising suitable soil taxonomy, soil texture,
soil salinity, land use, landform and slope for the
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whole country. Locations that satisfied the condition
of El >0 and all the above environmental conditions
were selected and extracted, using ArcGIS software,
as areas suitable for date palm cultivation, while
areas with El = 0 were classified as unsuitable.

Climate sensitivity analysis

Sensitivity analysis is an effective tool to identify the
input parameters that are most influential to model
predictions. The latest version of CLIMEX software
(Version 5) has a newly developed climate sensitivity
analysis function. This function adjusts the fitted par-
ameter values upward and then downward by a
certain amount, then the impact on the species
range and a set of selected state variables is deter-
mined. Most of the variables (e.g. Tl change, CS
change and HS change) describe the mean sum
square change of the index value (e.g. El) at all given
locations and are included in the sensitivity analysis.
CLIMEX presents the results of the sensitivity analysis
to users in a table that shows all the parameters, the
amount by which they have been adjusted on both
sides, and the effect of this adjustment on those par-
ticular variables. Parameters found to have significant
influence on model results when they are adjusted are
those that are considered sensitive.

In the current study, by using the newly developed
function, a sensitivity analysis was performed to quan-
tify the response of date palm to the 14 parameters
used in the model. From the baseline model, different
incremental models were developed to reflect the pos-
sible range of these variables that might occur in Saudi
Arabia. During this procedure, only one parameter
was adjusted at a time, while all other parameters
were held constant as in the baseline model.

RESULTS
Current climate

The current and potential distribution of P. dactylifera
in Saudi Arabia is shown in Fig. 1. The map illustrates
that current distribution is consistent with the El values
of the CLIMEX model. The modelled result indicated
that the majority (0-95) of the P. dactylifera records
fall within the highly suitable category, which con-
firms that the selected values for the different para-
meters in CLIMEX were optimum. Further, the
CLIMEX projection shows only 1-95 million ha in
the northern and north-western parts of the country
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as having marginal climatic conditions with El
values between 1 and 10.

Non-climate parameters

Table 1 shows the suitable and unsuitable areas for
date palm cultivation in Saudi Arabia based on non-
climatic parameters. Considering the suitability of
soil taxonomy in Saudi Arabia, results showed that
approximately 0-75 of the area is suitable for date
palm cultivation. Only portions of the western part
of the country are unsuitable in terms of soil tax-
onomy. Additionally, a large area of approximately
167-40 million ha is suitable for date palm cultivation
in terms of soil texture and spans the country, and only
approximately 0-22 of the area was defined as unsuit-
able. Furthermore, the current results highlight that
portions of eastern, western and northern Saudi
Arabia have soils with salinities >16 dS/m, which indi-
cates that the soil in these parts is unsuitable for date
palm growth. The area of suitable land use indicates
that the majority of the northern, eastern and southern
sectors of Saudi Arabia have suitable land use classes
that are conducive to date palm growth. Only some
areas in the western part of the country are not suit-
able. The results identified approximately 125-59
million ha in Saudi Arabia with suitable landforms
that are conducive for date palm growth. Suitable
landform areas were mainly located in the southern
to the north-eastern part, while those areas in the
western region do not meet the landform date palm
cultivation requirements. Moreover, almost the
whole country has a suitable slope, which is <7°,
excluding only the mountainous regions.

Future climate projections based on climate

The modelling results of the CS and MR GCMs under
the A2 emission scenario forecasting the optimal dis-
tribution of P. dactylifera for 2050 and 2100 are illu-
strated in Fig. 2. A quick comparison of the
modelled maps for 2050 and the current time shows
that there are no significant differences between the
currently suitable areas for date palm cultivation and
the result of CS and MR GCMs for 2050 is based on
climate alone. Both models agree that almost 0-95 of
Saudi Arabia will remain climatically suitable for
date palm cultivation by 2050. However, both CS
and MR GCMs project that large parts (0-70-0-75) of
Saudi Arabia will become climatically unsuitable for
date palm cultivation by 2100. The results of the CS
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Table 1. Suitable and unsuitable area for P. dactylifera cultivation in Saudi Arabia based on non-climatic

parameters (colour online)

Suitable area

Unsuitable area

Non-climatic parameters (million ha) (%) (million ha) (%) Location
Soil taxonomy 162-:27 0-75 52:73 0-25
Soil texture 167-40 0-78 47-60 0-22
Soil salinity 153-57 0-71 61-43 0-29
Land use 172-82 0-80 42-18 0-20
Landform 12559 0-58 89-41 0-42
Slope 170-93 0-80 4407 0-21

P. dactylifera, Phoenix dactylifera.
W Suitable. [1 Unsuitable

GCM indicate that the total area conducive for date
palm cultivation will decline to approximately 62-05
million ha by 2100 (Table 2). The same trend is also
observed using MR GCM, which estimates a reduction
of suitable areas to 79-16 million ha by 2100 (Table 2).

Refined result

The potential distribution of date palm generated
using both climate and non-climatic data with CS
and MR GCMs demonstrates a general reduction of
suitable area (Fig. 2). Based on climate alone, the
output of the CS and MR GCM s predicts that almost
0-95 of Saudi Arabia is projected to remain suitable
for date palm growth by 2050. However, only 0-75
of this area is suitable for growth of date palm after
considering non-climatic parameters. The refined CS
and MR results show that approximately 80-17 and
80-46 million ha, respectively, will be highly
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conducive for this species to grow by 2050
(Table 2). By 2100, the situation is markedly less
favourable when refining the CS and MR GCMs
using the six non-climatic parameters. The refined
results indicate that only approximately 0-15 of
Saudi Arabia will be highly suitable for date palm cul-
tivation by 2100. Changes in heat stress from current
time to 2100 are shown in Fig. 3. Figure 4 indicates
the extent of agreement in the CLIMEX projection of
suitable areas for P. dactylifera under CS and MR
GCMs running with the A2 emission scenario for
2050 and 2100.

Sensitivity to model parameters

Table 3 shows that SM1, TTCS and SMWS are the
most sensitive parameters influencing the modelled
distributions of date palm in Saudi Arabia. Increasing
the SM1, TTCS and SMWS to 0-0014%, 5 °C and 1,
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respectively, led to the most profound effects on El
values. The El change values were maximized by
changing SM1, TTCS and SMWS parameters, to
13-97, 1113 and 8% respectively. However,
changes in SMO, DV1 and HWS resulted in lower
changes in El. An adjustment in these parameters
had only moderate effects on the El value changes.
With changes to SMO, DV1 and HWS, El values
changed by 5-06, 4-:02 and 3-64%, respectively. In
other words, suitable areas for date palm cultivation
changed less rapidly with SMO, DV1 and HWS adjust-
ments from the baseline model. Additionally, altera-
tions to the other parameters SM2, SM3, DVO, DV2,
DV3, THCS and TTHS had little effect on the El
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value, whereas changes in THHS had no effect on
the El value (Table 3).

DISCUSSION

A niche model was developed using CLIMEX species
distribution modelling to estimate date palm potential
distribution under current and future climate scen-
arios. The results showed that under the current
climate, large parts of Saudi Arabia are highly condu-
cive to date palm growth and cultivation, and this
agrees well with the observed distribution. The
major reason for this highly suitable climate is
because there are no heat, wet, cold or dry stressors
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Table 2. Results of CS and MR GCMs and the refined
outputs using all suitable non-climate parameters for
P. dactylifera cultivation for 2050 and 2100

CS + Suitable MR + Suitable
CS MR non-climate non-climate
(million  (million parameters parameters
Years ha) ha) (million ha) (million ha)
2050 177-04 178-19  80-17 80-46
2100 62-05 79-16 17-95 22:77

CS, CSIRO-Mk3-0; MR, MIROC-H; P. dactylifera, Phoenix
dactylifera.

in this region under the current climate. In addition,
sensitivity analysis results revealed that P. dactylifera
distribution is highly sensitive to changes in SM1,
TTCS and SMWS parameters, and moderately sensi-
tive to changes in SMO, DV1 and HWS parameters.
These results contrasted with those of Shabani &
Kumar (2014), who conducted a sensitivity analysis
of CLIMEX parameters based on the Taguchi method
of modelling the potential distribution of date palm
in Iran and found that the distribution of date palm
was highly sensitive to changes in DV3, DV3, SM2
and SM3, and slightly sensitive to changes in SM1,
SMO and SMWS parameters. These considerable dif-
ferences between the current results and those of
Shabani & Kumar (2014) are probably attributed to
the different sensitivity analysis methods used.
Generally, climate change negatively affects plant
growth and development via an increase of abiotic
stresses (i.e., heat, cold, drought and wet). It has
been reported that when global average temperature
increases by >3-5 °C, a significant extinction of plant
species is expected due to lethal heat stress (IPCC
2007). Extensive agricultural production losses have
been attributed to disturbances in growth due to
climate change-associated heat stress (Kotak et al.
2007). For example, it has been shown that exposure
of Coffea arabica to changes in heat stress affects its
growth and yield and raises the stachyose and raffin-
ose levels during abiotic stress events (Drinnan &
Menzel 1995). Similarly, Shabani et al. (2014c)
found that there will be a substantial reduction in suit-
able areas for date palm cultivation in central Iran as a
consequence of increased heat stress by 2100. In the
current study, when climate alone is considered, the
projection showed that 0-70 of the current date palm
cultivation area is located in the central and south-
western parts of Saudi Arabia. These areas will

https://doi.org/10.1017/50021859617000260 Published online by Cambridge University Press

remain climatically suitable for date palm cultivation
since both GCMs indicate that date palms will not
suffer from any dry, wet or cold stress by 2050.
However, both MR and CS GCMs projected that the
majority of the central regions will become unsuitable
by 2100 as a result of a significant increase in heat
stress. These changes will impose serious restrictions
on date palm growth and development and eventually
have a negative impact on society. Heat stress, similar
to other abiotic stress, imposes adverse effects on dif-
ferent physiological processes of date palm such as
germination, growth, development, reproduction and
yield. At high temperatures, date palm seeds will still
germinate but at a lower rate. However, when seed-
lings develop and are exposed to excessive heat,
they may experience heat shock (El Hadrami et al.
2011). Additionally, excessive heat over an extended
period and during stages of fruit development can
influence the quality of date palm (Jarvis et al. 2016).
In areas where date palm thrives, high temperatures
are responsible for an increase in soil evaporation
and transpiration of the plant, which consequently
induces low plant-water potentials and high transpir-
ation rates (EI Hadrami et al. 2011). Heat stress can
also cause injuries to the cell wall that can lead to a
collapse of cellular organization (Schlesinger 1990).
These injuries eventually result in starvation, produc-
tion of toxic compounds, reduction in ion flux, an
increase of reactive oxygen species and inhibition of
plant growth (Wahid et al. 2007).

Climate has long been considered the main deter-
minant of species distribution (Woodward 1987).
Nevertheless, different factors unrelated to climate
(e.g. topography, land uses, soil types) often play a
vital role in determining the patterns of species distri-
bution. For example, species might be missing from
sites within their climatic boundaries due to inappro-
priate resources under suitable climatic conditions
(Araljo & Pearson 2005). Therefore, pure climate
models are likely to provide incomplete predictions
when species move from equilibrium with climate
owing to a suite of non-climatic factors (Luoto et al.
2006). Modelling performance might be considerably
improved by combining abiotic factors in the models,
as this allows for the identification of regions with suit-
able climate but unsuitable local environmental con-
ditions to achieve more realistic estimates of
distribution changes (Alahuhta et al. 2011; Shabani
etal. 2014b). In respect of slope, for date palm, irriga-
tion should be applied in a controlled manner in order
to provide an optimum situation for crop transpiration,
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and for this, flat land or areas with slopes <7° would
be appropriate for date palm cultivation (Kassem
2007). Furthermore, it has been documented that
slope greatly impacts plant root systems (Caviezel
et al. 2014) at the expense of depth (Khuder et al.
2006). For young date plantlets, root depth can vary
from 25 to 50 cm and the radius from 10 to 30 cm,
depending on the size of the plant, and this means
that irrigation water must be applied within these
boundaries to enable the plant roots to reach it
(Manickavasagan et al. 2012). However, it is import-
ant to apply water in such a way that it does not
reach the deeper soil levels in order to ensure proper
root development of date palms (Zaid & Arias
Jiménez 2002). Thus, considering the effects of non-
climatic parameters in potential date palm distribu-
tion, taking into account slopes where tree roots
have a greater positive impact on slope stability
should not be neglected, as the slope influences
spatial root distribution and areas suitable for date
palm establishment (Vergani et al. 2014; Rogers &
Benfey 2015). In line with such expectations, the
CLIMEX results were refined in the current study
using six non-climatic parameters including soil salin-
ity, soil taxonomy, soil texture, land use, landform and
slope. The suitable areas where date palm could be
established by 2050 were constrained by non-climatic
factors, as the realized distribution of date palm is sub-
stantially smaller than the climate envelope projected
by both MR and CS GCMs for 2050. For example,
both models show that 177-:04 and 178-18 million
ha may become conducive by 2050 considering cli-
matic factors alone, while 97 million ha of these pro-
jections are not actually valid due to the unsuitability
of soil salinity, soil taxonomy, soil texture, land use,
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landform or slope variables. Further, both models indi-
cate only 0-35 of areas located from 25 to 35° N and
35 to 45° E are going to be suitable for date palm cul-
tivation by 2100 based on both climate change and
suitability of the six non-climatic factors. Similarly,
for the same year, both models showed that the
south-western region, which is projected to be suit-
able based only on climate, it is not a practical place
for date palm cultivation because of the unsuitability
of soil salinity, soil taxonomy, soil texture, land use,
landform and slope.

Areas projected to be climatically suitable for date
palm cultivation by the pure climate models of both
MR and CS GCMs for 2100 were much higher than
those projected based on non-climatic parameters. It
was not surprising that models showed differences
between pure climate and non-climatic variables.
Including non-climatic variables improved model
accuracy compared with the pure climate models.
These findings are supported by others who found
that the inclusion of non-climatic variables increases
the prediction accuracy of bioclimatic models (e.g.
Sormunen et al. 2011; Hyvonen et al. 2012; Taylor
et al. 2012a; Shabani et al. 2014b). Accordingly,
based on the current and previous studies, it is clear
that climate is not the sole determinant of establish-
ment (Sutherst & Maywald 1985) and other factors
can play a major role in determining species distribu-
tion and dynamics of distribution changes.

Both models are relatively consistent in the projec-
tions of suitable areas for date palm cultivation and
showed a similar trend. However, variations
between the results of the CS and MR GCMs can be
observed in Fig. 2 and Table 1. For example, areas
projected to be climatically suitable for date palm
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cultivation by MR were somewhat larger compared
with the CS GCM. These differences in projected
areas conducive to date palm are due to differences
between the two models in their temperature and rain-
fall predictions. The CS model predicts an increase in
temperature of 2:11 °C, while the MR model assumes
that temperature will rise by approximately 4-31 °C by
2100 (Kriticos et al. 2012). These two models also dif-
fered in rainfall pattern predictions: the CS model pre-
dicts a 14% reduction in future mean annual rainfall,
while the MR model predicts only a 1% drop
(Kriticos et al. 2012). To decrease the uncertainty of
projections and satisfy the non-climatic parameters,
once the two modelled outputs were refined using
non-climatic parameters, intersection techniques
were utilized to extract areas in common between
both GCM projections. The modelling output led to
better agreement between CS and MR GCMs in pro-
jections of suitable areas for date palm. Both MR
and CS GCMs project that 80-17 million ha of Saudi
Arabia will be climatically suitable for date palm cul-
tivation by 2050. Additionally, analysis from both
GCMs showed that only 17-86 million ha of the
study area would be suitable for date palm cultivation
by 2100. This result confirms that the inclusion of non-
climatic variables increases the prediction accuracy of
bioclimatic models.

Overall, there will be less area conducive for date
palm cultivation in Saudi Arabia by 2100 as a result
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of heat stress. The country will be unable to cultivate
this cash crop at the same level in the future as it has
previously, which will lead to significant economic
decline. For example, it was reported that the quantity
of date palm exports from Saudi Arabia was 77-8 thou-
sand tonnes (valued at US$86.3 million) in 2011 (FAO
2013). Hence, if date production falls by a large per-
centage in the future, then Saudi Arabia may
become a net importer rather than a net exporter.
Thus, the findings reported in the current study can
be considered a useful starting point to provide some
advanced warning of this situation so that the govern-
ment and agricultural organizations can prepare man-
agement strategies for this situation, and even more
importantly become aware of any potential adverse
effects on the agricultural sector.

It should be noted that although the current study
showed that large areas of Saudi Arabia are climatic-
ally suitable for date palm cultivation, and date palm
is able to survive under arid climate, it does require
sufficient water of acceptable quality to reach its
potential vyield. Besides, date palm production is
labour intensive and requires workers with sufficient
experience; therefore, operating costs are relatively
high. This means that the lack of water resources in
Saudi Arabia as a result of climate change coupled
with the shortage of skilled labourers is the most sig-
nificant cost and obstacle to expanding date palm cul-
tivation in the future. Furthermore, limitation of arable
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Table 3. Sensitivity analysis of CLIMEX parameters of P. dactylifera model as change of El
Parameter Code Low Default High Run El change
Limiting low moisture SMO 0 0-007 0-013 1 5-06
Lower optimal moisture SM1 0-007 0-014 0-113 2 13-97
Upper optimal moisture SM2 0-71 0-82 0-9 3 1-28
Limiting high moisture SM3 0-81 0-9 1 4 117
Limiting low temperature DVO 13 14 15 5 1-12
Lower optimal temperature DV1 19 20 21 6 4-02
Upper optimal temperature DV2 38 39 40 7 0-7
Limiting high temperature DV3 45 46 47 8 0-23
Cold stress temperature threshold TTCS 3 4 5 9 11-13
Cold stress temperature rate THCS —0-012 —0-011 —0-008 10 1-97
Heat stress temperature threshold TTHS 45 46 47 11 1-01
Heat stress temperature rate THHS 0-72 0-9 1 12 0
Wet stress threshold SMWS 0-81 0-9 1 13 7:94
Wet stress rate HWS 0-0176 0-024 0-0264 14 3-64

El, eco-climatic index; P. dactylifera, Phoenix dactylifera.

lands is another key factor in the expansion of date
plantation in Saudi Arabia, which will limit future
date palm distribution. In addition, the regional com-
parative advantage between crops is another factor
to consider (Alabdulkader et al. 2012). Therefore,
the results of the present study could be an initial
step and an economical integrated assessment
should be undertaken to prioritize which areas will
cost less. In other words, an economic feasibility
must be estimated based on the assumption that the
decision to plant date palms by landholders is moti-
vated by a desire to maximize their return to land.

CONCLUSIONS

This research developed potential distribution models
for current and future date palm cultivation in Saudi
Arabia. The results from both GCMs showed a signifi-
cant reduction in climatic suitability for date palm cul-
tivation in Saudi Arabia. The MR projected a larger
area as unsuitable for date palm cultivation in 2100
compared with CS. The inclusion of six non-climatic
parameters, soil taxonomy, soil texture, soil salinity,
landform, land use and slope resulted in more realistic
estimates of the distribution models. The sensitivity
analysis indicated that SM1, TTCS and SMWS para-
meters were the most sensitive parameters among
the other investigated parameters in terms of suitable
area for date palm cultivation in this region. The
current results suggest that the CLIMEX model can
provide a wuseful first-filter estimate for the
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identification of potential distributional changes of
date palm at regional scales. Such modelling is
useful for planning long-term strategies and reducing
economic effects in areas that might be adversely
impacted and for preparing to take advantage of
new opportunities in areas that might be positively
impacted. This type of long-term planning is mainly
applicable to date palm production, as this species
needs a prolonged period to establish and become
productive.

REFERENCES

ABBAS, M. F., Jasim, A. M. & SHareer, H.J. (2015). Role of
sulphur in salinity tolerance of date palm (Phoenix dacty-
lifera L.) offshoots cvs. Berhi and Sayer. International
Journal of Agricultural and Food Science 5, 92-97.

AL-SENAIDY, A. M. & IsmAEL, M. A. (2011). Purification and
characterization of membrane-bound peroxidase from
date palm leaves (Phoenix dactylifera L.). Saudi Journal
of Biological Sciences 18, 293-298.

ALABDULKADER, A. M., AL-Amoup, A.l. & Awap, F.S. (2012).
Optimization of the cropping pattern in Saudi Arabia
using a mathematical programming sector model.
Agricultural Economics (Zemédélskda Ekonomika) 58,
56-60.

ALABDULKADER, A. M., AL-Amoup, A.l. & Awap, F.S. (2016).
Adaptation of the agricultural sector to the effects of
climate change in arid regions: competitive advantage
date palm cropping patterns under water scarcity condi-
tions. Journal of Water and Climate Change 7, 514-525.

ALAHUHTA, ., HEINO, . & LuoTto, M. (2011). Climate change
and the future distributions of aquatic macrophytes
across boreal catchments. Journal of Biogeography 38,
383-393.


https://doi.org/10.1017/S0021859617000260

1216 A. Allbed, L. Kumar and F. Shabani

ALED, S. M., AL-KHAYRI, J. M. & AL-BAHRANY, A. M. (2015).
Date palm status and perspective in Saudi Arabia. In
Date Palm Genetic Resources and Utilization: Volume
2: Asia and Europe (Eds J. M. Al-Khayri, S. M. Jain & D.
V. Johnson), pp. 49-95. Dordrecht, the Netherlands:
Springer.

AUARYIAN, R., KUMAR, L. & TAYLOR, S. (2016). Modelling the
current and potential future distributions of the sunn pest
Eurygaster integriceps (Hemiptera: Scutelleridae) using
CLIMEX. Pest Management Science 72, 1989-2000.

ALrRASBI, S.A.R., HussaiNn, N. & ScHmeisky, H. (2010).
Evaluation of the growth of date palm seedlings irrigated
with saline water in the Sultanate of Oman. Acta
Horticulturae 882, 233-246.

ArAUIO, M.B. & Pearson, R.G. (2005). Equilibrium of
species’ distributions with climate. Ecography 28, 693—
695.

Avers, R.S. & Westcot, D. W. (1985). Water Quality for
Agriculture. Rome, ltaly: FAO.

BeaumonT, L. ., HucHEs, L. & PitmaN, A.J. (2008). Why is the
choice of future climate scenarios for species distribution
modelling important? Ecology Letters 11, 1135-1146.

BokHary, H.A. (2010). Seed-borne fungi of date-palm,
Phoenix dactylifera L. from Saudi Arabia. Saudi Journal
of Biological Sciences 17, 327-329.

Caviezel, C., HUNZIKER, M., SCHAFFNER, M. & KUHRN, N. J. (2014).
Soil-vegetation interaction on slopes with bush encroach-
ment in the central Alps — adapting slope stability mea-
surements to shifting process domains. Earth Surface
Processes and Landforms 39, 509-521.

CHao, C. T. & KRUEGER, R. R. (2007). The date palm (Phoenix
dactylifera L.): overview of biology, uses, and cultivation.
HortScience 42, 1077-1082.

CHENG, J.-F., WaN, F.-H. & Guo, J.-Y. (2006). Potential distri-
bution of  Ffrankliniella  occidentalis  (Pergande)
(Thysanoptera: Thripidae) in China by using combined
CLIMEX and GIS tools [)]. Scientia Agricultura Sinica 3,
013.

Darraoul, E. & Assiri, A. (2009). Response to Climate Change
in the Kingdom of Saudi Arabia. Internal Working Paper
FAO RNE. Cairo, Egypt: FAO.

DasH, M. C. (2001). Fundamentals of Ecology. New Delhi,
India: Tata McGraw-Hill Education.

DixoN, G.R. (2012). Climate change - impact on crop
growth and food production, and plant pathogens.
Canadian Journal of Plant Pathology 34, 362-379.

DRINNAN, J. E. & MenzeL, C. M. (1995). Temperature affects
vegetative growth and flowering of coffee (Coffea
arabica L.). Journal of Horticultural Science 70, 25-34.

EL Haprami, A., DaAYr, F. & EL Haprami, 1. (2011). In vitro
selection for abiotic stress in date palm. In Date Palm
Biotechnology (Eds S.M. Jain, J. M. Al-Khayri & D.V.
Johnson), pp. 237-252. Dordrecht, the Netherlands:
Springer.

ErskiNe, W., Moustara, A.T., OsmaN, A.E., LasHINE, Z.,
NpATIAN, A., BaDAWI, T. & Racy, S. M. (2004). Date palm
in the GCC countries of the Arabian Peninsula. In
Proceedings of the Regional Workshop on Date Palm
Development in the Arabian Peninsula Abu Dhabi, 29—
31 May 2004, UAE. Aleppo, Syria: ICARDA.

https://doi.org/10.1017/50021859617000260 Published online by Cambridge University Press

FAO (2013). FAOSTAT. Rome, ltaly: FAO. Available from:
http:/faostat.fao.org/site/342/default.aspx  (verified 24
March 2017).

Fietp, C. B., Barros, V., Stocker, T. F., QIN, D., Dokken, D. J.,
Esi, K. L., MASTRANDREA, M. D., MAcH, J. K., PLATTNER, G. K.,
ALLEN, S. K., TIGNOR, M. & MIDGLEY, P. M. (2012). Managing
the Risks of Extreme Events and Disasters to Advance
Climate Change Adaptation: A Special Report of
Working Groups | and Il of the Intergovernmental Panel
on Climate Change. New York: Cambridge University
Press.

Hampe, A. (2004). Bioclimate envelope models: what they
detect and what they hide. Clobal Ecology and
Biogeography 13, 469-471.

HassaN, S., BakHsH, K., GiLL, Z. A., Maqsool, A. & AHMED, W.
(2006). Economics of growing date palm in Punjab,
Pakistan. International Journal of Agriculture and Biology
8, 788-792.

Hyvonen, T., Luoto, M. & Uoria, P. (2012). Assessment of
weed establishment risk in a changing European
climate. Agricultural and Food Science 21, 348-360.

IPCC (2007). Climate change 2007: impacts, adaptation and
vulnerability. In Contribution of Working Group Il to the
Fourth Assessment Report of the Intergovernmental
Panel on Climate Change (Eds M.L. Parry, O.F.
Canziani, J.P. Palutikof, P.). Van Der Linden & C.E.
Hanson), pp. 976. Cambridge, UK: Cambridge
University Press.

JAIN, S. M. (2011). Prospects of in vitro conservation of date
palm genetic diversity for sustainable production.
Emirates Journal of Food and Agriculture 23, 110-119.

Jarvis, D.l.,, HobckiN, T., Brown, A.H.D., Tuxi, J.,
Norieca, . L., Smate, M. & Sthapr, B. (2016). Crop
Genetic Diversity in the Field and on the Farm:
Principles and Applications in Research Practices. New
Haven: Yale University Press.

Jones, P. G. & THorNTON, P. K. (2003). The potential impacts
of climate change on maize production in Africa and Latin
America in 2055. Global Environmental Change 13, 51—
59.

Kassem, M. (2007). Water requirements and crop coefficient
of date palm trees Sukariah CV. Misr Journal of
Agricultural Engineering 24, 339-359.

KHuper, H., DaNjON, F., Stokes, A. & Fourcaup, T. (2006).
Growth response and root architecture of black locust
seedlings growing on slopes and subjected to mechanical
perturbation. In  Proceedings of the 5th Plant
Biomechanics Conference-Stockholm, August 28 -
September 1 2006 (Ed. L. Salmén), pp. 299-303.
Stockholm, Sweden: STFI-Packforsk AB.

Kotak, S., LARKINDALE, J., Leg, U., voN KoskuLL-DoRrING, P.,
VIERLNG, E. & ScHArr, K.-D. (2007). Complexity of the
heat stress response in plants. Current Opinion in Plant
Biology 10, 310-316.

Krimicos, D.J., Yonow, T. & McFapyeN, R.E. (2005). The
potential distribution of Chromolaena odorata (Siam
weed) in relation to climate. Weed Research 45, 246-254.

Kriticos, D. J., WEeBBER, B. L., LEricHE, A., OTA, N., MACADAM, 1.,
BatHols, J. & Scortr, J. K. (2012). CliMond: global high-
resolution historical and future scenario climate surfaces


http://faostat.fao.org/site/342/default.aspx
http://faostat.fao.org/site/342/default.aspx
https://doi.org/10.1017/S0021859617000260

for bioclimatic modelling. Methods in Ecology and
Evolution 3, 53-64.

Lim, T.K. (2012). Edible Medicinal and Non-Medicinal
Plants. Dordrecht, the Netherlands: Springer.

Luoto, M., HEkKINEN, R. K., PoYRy, J. & SaArINEN, K. (2006).
Determinants of the biogeographical distribution of
butterflies in boreal regions. Journal of Biogeography 33,
1764-1778.

MANICKAVASAGAN, A., MOHAMED Essa, M. & SUKUMAR, E. (2012).
Dates: Production, Processing, Food, and Medicinal
Values. Boca Raton, FL: CRC Press.

Mikki, M. S. (1998). Present status and future prospects of
dates and dates palm industries in Saudi Arabia. In
Proceedings of the First International Conference on the
Date Palm (Eds M. Afifi & A. Al-Badawy), pp. 469-507.
Al-Ain, UAE: United Arab Emirates University.

MorToN, J.F. & DowtnNg, C.F. (1987). Fruits of Warm
Climates. Miami, FL: J.F. Morton.

Nakicenovic, N., Atcamo, J., Dawvis, G., DE VRiEs, B.,
FENHANN, J., GAFFIN, S., GReGORY, K., GRUBLER, A., JuNG, T.
Y., Kram, T., LA Roverg, E.L., MicHaELs, L., Mori, S.,
Morita, T., Peprer, W., PitcHER, H. M., Pricg, L., RiaHi, K.,
ROEHRL, A., ROGNER, H.-H., SANKOVSKI, A., SCHLESINGER, M.,
SHukLA, P., SmitH, S.J., SwarT, R., vaN RooleN, S.,
Victor, N. & Dabi, Z. (2000). Special Report on
Emissions Scenarios: A Special Report of Working Group
Il of the Intergovernmental Panel on Climate Change.
New York, US: Cambridge University Press.

Nazerl, M., Jusorr, K., Mapbani, N., MaHmuDp, A.R,,
BanmaN, A.R. & Kumar, L. (2012). Predictive modeling
and mapping of malayan sun bear (Helarctos malayanus)
distribution using maximum entropy. PLoS ONE 7,
e48104. doi:10.1371/journal.pone.0048104.

PorrriO, L.L., Harris, R.M.B., Lerroy, E.C., HucH, S.,
Goulp, S.F., Leg, G., Binporr, N. L. & MAckey, B. (2014).
Improving the use of species distribution models in con-
servation planning and management under climate
change. PLoS ONE 9, e113749. doi:10.1371/journal.
pone.0113749

RADINGER, J., WoLTER, C. & KaiL, J. (2015). Spatial scaling of
environmental  variables improves  species-habitat
models of fishes in a small, sand-bed lowland river.
PloS ONE 10, e0142813. doi:10.1371/journal.
pone.0142813

RAMIREZ-CABRAL, N. Y. Z., KUMAR, L. & TAYLOR, S. (2016). Crop
niche modeling projects major shifts in common bean
growing areas. Agricultural and Forest Meteorology
218-219, 102-113.

RamoLiva, P. ). & PAaNDEY, A. N. (2003). Soil salinity and water
status affect growth of Phoenix dactylifera seedlings. New
Zealand Journal of Crop and Horticultural Science 31,
345-353.

Roctrs, E. D. & Benrey, P. N. (2015). Regulation of plant root
system architecture: implications for crop advancement.
Current Opinion in Biotechnology 32, 93-98.

SALAH, A., VAN RaNsT, E. & HisHam, E. (2001). Land suitability
assessment for date palm cultivation in the Eastern Nile
Delta, Egypt using an automated land evaluation system
and GIS. In Proceedings of the Second International

https://doi.org/10.1017/50021859617000260 Published online by Cambridge University Press

Future distribution of date palm in Saudi Arabia

1217

Conference on Date Palms, Al-Ain, United Arab
Emirates, pp. 800-820. Al-Ain, UAE, UAE University.

SCHLESINGER, M. J. (1990). Heat shock proteins. The Journal of
Biological Chemistry 265, 12111-12114.

SHaBaNl, F. & Kumar, L. (2013). Risk levels of invasive
Fusarium oxysporum f. sp. in areas suitable for date
palm (Phoenix dactylifera) cultivation under various
climate change projections. PLoS ONE 8, e83404. doi:
10.1371/journal.pone.0083404

SHaBANI, F. & Kumar, L. (2014). Sensitivity analysis of CLIMEX
parameters in modeling potential distribution of Phoenix
dactylifera L. PLoS ONE 9, €94867. doi:10.1371/journal.
pone.0094867

SHABANI, F., KUMAR, L. & TAvLOR, S. (2012). Climate change
impacts on the future distribution of date palms: a model-
ing exercise using CLIMEX. PLoS ONE 7, e48021. doi:
10.1371/journal.pone.0048021

SHABANI, F., KUMAR, L. & EsmAEILI, A. (2014a). Future distribu-
tions of Fusarium oxysporum f. spp. in European, Middle
Eastern and North African agricultural regions under
climate change. Agriculture, Ecosystems & Environment
197, 96-105.

SHABANI, F., KUMAR, L. & TavLOR, S. (2014b). Projecting date
palm distribution in Iran under climate change using top-
ography, physicochemical soil properties, soil taxonomy,
land use, and climate data. Theoretical and Applied
Climatology 118, 553-567.

SHABANI, F., KUMAR, L. & TAYLOR, S. (2014c¢). Suitable regions
for date palm cultivation in Iran are predicted to increase
substantially under future climate change scenarios.
Journal of Agricultural Science, Cambridge 152, 543-557.

SHABANI, F., KUMAR, L. & AHmMADI, M. (2016). A comparison of
absolute performance of different correlative and mech-
anistic species distribution models in an independent
area. Ecology and Evolution 6, 5973-5986.

Sitva, D. P., ViLELA, B., DE Marco, P., Jr & Nemesio, A. (2014).
Using ecological niche models and niche analyses to
understand speciation patterns: the case of sister neotrop-
ical orchid bees. PLoS ONE 9, e113246. doi:10.1371/
journal.pone.0113246

Soil Survey Staff (2010). Keys to Soil Taxonomy (Eleventh
Edition). Washington, DC: USDA-NRCS.

SORMUNEN, H., VIRTANEN, R. & Luoto, M. (2011). Inclusion of
local environmental conditions alters high-latitude vege-
tation change predictions based on bioclimatic models.
Polar Biology 34, 883-897.

SuppiaH, R., Hennessy, K. J., WHeTToN, P. H., McInNes, K. L.,
MAcADAM, ., BaTHOLS, J. M., Ricketts, J. H. & Pace, C. M.
(2007). Australian climate change projections derived
from simulations performed for the IPCC 4th Assessment
Report. Australian Meteorological Magazine 56, 131-152.

SUTHERST, R. W. & MaywaLbp, G. (2005). A climate model of
the red imported fire ant, Solenopsis invicta Buren
(Hymenoptera: Formicidae): implications for invasion of
new regions, particularly Oceania. Environmental
Entomology 34, 317-335.

SUTHERST, R. W. & Maywatp, G.F. (1985). A computerised
system for matching climates in ecology. Agriculture,
Ecosystems & Environment 13, 281-299.


https://doi.org/10.1017/S0021859617000260

1218 A. Allbed, L. Kumar and F. Shabani

SutHErsT, R., Maywalb, G. & Kriticos, D. (2007). CLIMEX
version 3: User’s Guide. South Yarra, Australia: Hearne
Scientific Software.

TAYLOR, S., KUMAR, L. & Rep, N. (2012a). Impacts of climate
change and land-use on the potential distribution of an
invasive weed: a case study of lantana camara in
Australia. Weed Research 52, 391-401.

TAvior, S., KumAr, L., Rep, N. & Krimicos, D.). (2012b).
Climate change and the potential distribution of an inva-
sive shrub, Lantana camara L. PLoS ONE 7, e35565.
doi:10.1371/journal.pone.0035565

THUNG, M. & Rao, I. M. (1999). Integrated management of
abiotic stresses. In Common Bean Improvement in the
Twenty-First Century (Ed. S.P. Singh), pp. 331-370.
Developments in Plant Breeding vol. 7. Dordrecht, the
Netherlands: Springer.

VERGANI, C., ScHwarRz, M., CoHeN, D., THORMANN, J.]). &
Biscrert, G. B. (2014). Effects of root tensile force and
diameter distribution variability on root reinforcement in
the Swiss and ltalian Alps. Canadian Journal of Forest
Research 44, 1426-1440.

VINCENZI, S., ZuccHETTA, M., Franzol, P., PeLLizzato, M.,
Pranovi, F., DE Leo, G.A. & Torricell, P. (2011).
Application of a random forest algorithm to predict
spatial distribution of the potential yield of Ruditapes phi-
lippinarum in the Venice lagoon, ltaly. Ecological
Modelling 222, 1471-1478.

WaHID, A., GELaNI, S., AsHrRAF, M. & FooLap, M. R. (2007).
Heat tolerance in plants: an overview. Environmental
and Experimental Botany 61, 199-223.

https://doi.org/10.1017/50021859617000260 Published online by Cambridge University Press

WHARTON, T.N. & Kriticos, D.]J. (2004). The fundamental
and realized niche of the Monterey Pine aphid, Essigella
californica (Essig) (Hemiptera: Aphididae): implications
for managing softwood plantations in Australia. Diversity
and Distributions 10, 253-262.

WHEELER, T. & VON BraAUN, J. (2013). Climate change impacts
on global food security. Science 341, 508-513.

Woobwarp, F.l. (1987). Climate and Plant Distribution.
Cambridge, UK: Cambridge University Press.

Yu, B., Znu, T., BRESINGER, C. & Hai, N. M. (2010). Impacts of
Climate Change on Agriculture and Policy Options for
Adaptation: The Case of Vietnam. IFPRI Discussion
Paper 01015. Washington, DC: International Food
Policy Research Institute.

ZAD, A. & ARrias JimENez, E. ). (2002). Date Palm Cultivation.
FAO Plant Production and Protection Paper 156. Rome:
FAO Plant Production and Protection Division.

ZATAR, T.M. (2011). Second National Communication:
Kingdom of Saudi Arabia. A Report Prepared,
Coordinated by the Presidency of Meteorology and
Environment (PME), Riyadh, Saudi Arabia, and submitted
to the United Nations Framework Convention on Climate
Change [UNFCCC]. Bonn, Germany: UNFCCC.

ZHA, F. & ZHuAaNG, J. (2012). Agricultural impact of
climate change: a general equilibrium analysis
with special reference to Southeast Asia. In Climate
Change in Asia and the Pacific: How Can Countries
Adapt? (Eds V. Anbumozhi, M. Breiling, S. Pathmarajah
& V.R. Reddy), pp. 17-35. New Delhi, India: SAGE
Publications India Pvt Ltd.


https://doi.org/10.1017/S0021859617000260

	Climate change impacts on date palm cultivation in Saudi Arabia
	INTRODUCTION
	MATERIALS AND METHODS
	Current distribution of date palm (Phoenix dactylifera L.)
	CLIMEX software
	Climate data, global climate models and climate change scenarios
	Fitting CLIMEX parameters
	Non-climatic parameters
	Soil taxonomy
	Soil texture
	Soil salinity
	Land use
	Landform
	Slope

	Refining the CLIMEX outputs
	Climate sensitivity analysis

	RESULTS
	Current climate
	Non-climate parameters
	Future climate projections based on climate
	Refined result
	Sensitivity to model parameters

	DISCUSSION
	CONCLUSIONS
	References


