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ABSTRACT: Warming and drying in the eastern Mediterranean and the Middle East (EMME)
associated with climate change may have consequences for humans and ecosystems, including
agriculture. Agriculture can be directly affected through meteorological conditions that influence
crop growth and yield. Here we explored changes in the yield of durum (winter) wheat Triticum
tirgidum in the EMME region caused by projected changes in thermal and hydrological condi-
tions, employing the agro-ecological zones (AEZ) methodology. The climate input was obtained
from simulations by the PRECIS regional climate model over the EMME domain at 25 km resolu-
tion, driven by a range of IPCC emissions scenarios for the 21st century. For the crop yield calcu-
lation, we used 2 steps of the biomass calculation from the AEZ methodology by calculating crop
yield potentials with regard to temperature, solar radiation and evapotranspiration regimes. Our
results showed that for the recent past, the highest wheat yields are found in the Fertile Crescent
and the coastal areas of eastern Mediterranean Europe. The former region is projected to be neg-
atively affected by the additional heat due to climate warming, while in the latter region yield
gains may be expected. Our implementation of the AEZ methodology can be based on a range of
climate data and can be applied to a number of crops, contributing to yield studies relevant for
regional assessments of food security.
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1. INTRODUCTION veld et al. 2012). One of the sectors that could be

adversely impacted is agriculture, and the potential

The region of the eastern Mediterranean and the
Middle East (EMME) is home to more than 350 mil-
lion people in an area with a 2000 km radius, includ-
ing large sea and desert areas. After many years of
industrialization, rapid population growth and exten-
sive land use changes that have shaped the region, it
has additionally become a global climate change ‘hot
spot’; trends in climate conditions, documented by
observations in the EMME, indicate a strong temper-
ature increase and precipitation decrease during the
last decades of the 20th century (Tanarhte et al.
2012). This warming and drying is projected to inten-
sify in the 21st century and may have major conse-
quences for society and natural ecosystems (Lelie-
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implications for food security may be critical for this
region with increasing population, limited adaptive
capacity (determined by economic resources, tech-
nology, information and skills, infrastructure, institu-
tions, and equity; see e.g. Grasso & Feola 2012) and
geopolitical sensitivities.

The EMME encompasses sub-regions that are very
suitable for agriculture. Current climate conditions in
the region allow for a large variety of crops, including
C3 and C4 cereals, legumes and root crops (Leff et al.
2004, Lelieveld et al. 2012).

Wheat is among the 'big 3' cereal crops, with over
600 Mt harvested annually in the world (Shewry et
al. 2009). In 2009, 226 million ha were sown to wheat;
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yielding 685 Mt of grain from about 3 t ha™! (Asseng
et al. 2012; also see http://faostat.fao.org/). Wheatis a
cool-season crop originating in the Fertile Crescent
in the EMME while it is now widely spread around
the world. It can be grown in a range of climatic con-
ditions, from arctic and humid regions to tropical
highlands and from below sea level in the Dutch
Polders to 4500 m altitude. The growing conditions
are very diverse, not only because of the variable cli-
matic regions and altitudes, but also because of dif-
ferences in soil types and crop management.

Durum wheat Triticum tirgidum is regarded as one
of the oldest cultivars of winter wheat. Durum origi-
nates in the eastern Mediterranean and has been cul-
tivated in this region for the last 12 millennia (Key
2005). Whilst farming has spread globally, the durum
wheat grown in the Mediterranean basin is of pre-
mium quality and accounts for ~60% of the global
total production (Lidon et al. 2014). Products of
durum wheat are key components of the staple diet
in countries located in the Mediterranean basin. It is
usually processed into semolina, which is used to
make couscous, pasta, flat breads, bulgur and other
products. Durum is one of the highest-priced grains
traded on the world market, mostly as bread wheat
and pasta (ICARDA 2001). The main environmental
constraints limiting the production of durum wheat in
this region are drought and temperature extremes,
with productivity ranging from 0 to 6 t ha™! (Nachit &
Elouafi 2004). In relatively dry countries like Syria,
the average yield is about 2.7 to 3 t ha™! (which can
vary in the range of 1 to 7 t ha™! in some locations;
ICARDA 2001).

Weather variations and climate variability have an
impact on crop yields (Ciais et al. 2005, lizumi et al.
2014), while long-term climate change also affects
the quantity and quality of crop production through
processes driven by sunlight, temperature, water and
carbon dioxide levels (Olesen & Bindi 2002). Several
studies have projected crop yields under changing
mean and extreme climate conditions with a variety
of climate models, emission scenarios and crop simu-
lation models (e.g. Iglesias et al. 2000, Moriondo et al.
2011, Sen et al. 2012, Naresh Kumar et al. 2014, Van-
uytrecht et al. 2014). These particular studies pro-
jected crop yield vulnerability at the country level by
focusing on specific locations, representative of max-
imum production, and applying crop simulation
models with detailed soil and management data.

Assessments of climate change impacts on agricul-
ture and analysis of yield gap, (the difference be-
tween the potential yield of a crop and its actual pro-
duction), offer useful knowledge towards sustainable

intensification or/and diversification of agriculture
for the optimization of food supply, but require calcu-
lations over climatically homogeneous zones (Van
Ittersum et al. 2013, Van Wart et al. 2013). The Agri-
cultural Model Intercomparison and Improvement
Project seeks, among its several objectives, to de-
velop methods to allow site/point analyses to be
scaled up to larger regions (Rosenzweig et al. 2013).
Recently, Rosenzweig et al. (2014) presented the
results from 7 global gridded crop models (site-
based, ecosystem and agro-ecological zone models)
where crop yields of wheat were projected to in-
crease in south-east Europe and decrease in North
Africa and the Levant by the end of this century.

We focus on the EMME, a climate change hot spot
facing multiple challenges where wheat is an impor-
tant staple food, and follow a framework of the analy-
sis of large-scale shifts in cropping zones by imple-
menting the agro-ecological zones (AEZ) methodo-
logy developed by the Food and Agriculture Organi-
zation of the United Nations (FAO) and the Interna-
tional Institute for Applied Systems Analysis (IIASA)
(Fischer et al. 2002, Teixeira et al. 2013). It provides
a spatial inventory and database of land resources
and crop production potentials. This land resources
inventory is used for specified management condi-
tions and climate input, to assess the suitability of
crops and to quantify expected production of crop-
ping activities relevant in the specific agro-ecological
context.

Here we adopted the AEZ methodology and com-
bined it with projections, for the first time as far as we
know, from a regional climate model (RCM), the
Hadley Centre PRECIS RCM, to derive yield poten-
tials of winter wheat in the EMME region, spatially
gridded at a resolution of 25 x 25 km. For the winter
type of wheat that we address, we assumed a growth
cycle duration of 180 d (sowing date 1 November and
harvesting day 30 April). This crop calendar was
selected because in the EMME region, wheat is usu-
ally cultivated during this period of the year, the
beginning of which also coincides with the start of
the wet season (Sacks et al. 2010).

2. CLIMATE DATA

The biomass model used for calculation of potential
vield requires as climatic input mean temperature
and incoming shortwave solar radiation data. Mini-
mum and maximum daily temperature, mean daily
relative humidity and wind speed are needed for cal-
culations of the second step in this model, which
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results in water-limited yields. These are
obtained from simulations performed by
the PRECIS ('Providing REgional Cli-
mates for Impacts Studies') regional cli-

Table 1. Optimum and sub-optimum conditions for wheat Triticum tirgidum

(Fischer et al. 2012). La and Lb are lengths of the pre- and post-dormancy

period, respectively, L6a/b to L1a/b are temperature intervals (increasing/
decreasing trends) 5-10, 10-15, 15-20, 20-25, 25-30, >30°C

mate model, developed by the UK Met
Office Hadley Centre. This RCM uses

Sub-optimum conditions

Optimum conditions

the same formulation of the climate sys-
tem as its parent global model HadCM3
(Collins et al. 2006), which also provides
boundary conditions from simulations
driven by the ‘optimistic’ B2 scenario, the

L1=0

L6a < 0.667 x Lb
L2a+ L2b < 0.333xLb

L2b+ L3b+ L4b+ L5b< 0.5 x Lb
L3b+ L4b+ L5b + L6b > La

L6a<0.5xLb

L2a + L2b < 0.333xLb

L1=0

L2b+ L3b+ L4b+ L5b< 0.5 x Lb
L3b+ L4b+ L5b+ L6b> La

intermediate A1B scenario and the ‘pes-

simistic’ A2 scenario, based on the IPCC Special
Report on Emissions Scenarios (SRES) (Nakicenovic
et al. 2000).

PRECIS was applied from 1950-2099, forced by the
A1B scenario over a domain covering the EMME
region at a horizontal resolution of 0.22° (~25 km)
and 19 vertical levels. The domain boundaries are
22-44° N and 13-55° E. The results from the simula-
tion presented here have been evaluated extensively
and used in EMME climate change impact studies
and previous assessments (Chenoweth et al. 2011,
Lelieveld et al. 2012, Zittis et al. 2014). We also in-
cluded results from three 30 yr PRECIS simulations
driven by a slightly different global model HadCM3
version, i.e. 1 baseline simulation for 1961-1990 and
2 future simulations for 2071-2099 (for the B2 and A2
emission scenarios, see Zittis et al. 2015 for details).

The data used are daily time series generated by
the above simulations divided into 2 periods repre-
senting climate conditions of the 20th century past
and future, i.e. end of the 21st century. The baseline
(BL) period used as a reference is 1961-1990 and the
future period (P3) is 2071-2099.

3. METHODOLOGY

Calculations of potential yields of winter wheat are
made using the first step of the biomass and yield cal-
culation model of the global AEZ (GAEZ) methodo-
logy developed by FAO and ITASA (Fischer et al. 2002,
2012; see http://webarchive.iiasa.ac.at/Research/LUC/
GAEZv3.0/). It calculates the constraint-free crop
yields, which reflect yield potentials with regard to
temperature and radiation regimes prevailing in the
relevant grid cells and are based on the eco-
physiological model developed by Kassam (1977).

Firstly, a thermal suitability test is applied. This test
is performed using the temperature profile require-
ments (Table 1 for winter wheat), i.e. crop-specific
rules that take into account the crop growth cycle

duration in different classes of mean daily tempera-
tures. Temperature profiles are defined in terms of 9
classes of 'temperature ranges' (denoted by 'L(1-9)’
in Table Al in Appendix 1) for days with average
temperatures <-5°C, -5 to 0°C, ..., 25 to 30°C and
>30°C (at 5°C intervals) combined with the increas-
ing (denoted by ‘a’) and decreasing (denoted by 'b’)
temperature trends within the growth cycle.

The potential crop calendar of each grid box of the
domain is tested for the match of crop temperature
profile requirements and prevailing temperature
profiles. Temperature profile conditions are tested
against optimum and sub-optimum requirements of
winter wheat (Table 1; more detailed description in
Appendix 1). We identified the lowest and highest
temperatures, which can be characterized as lower
(5°C) and upper (30°C) thresholds for the cultivation
of winter wheat (L6, which corresponds to days with
mean temperature of 5-10°C and L1 = 0, i.e. no days
with average temperature above 30°C, as shown in
Table 1). The calculation presented here is under
rainfed conditions, because we consider only the
growth cycle (L) for this type of wheat. When the con-
ditions are satisfied, the grid box is considered suit-
able for cultivation of winter wheat; otherwise, the
grid boxes are marked as non-suitable.

The suitability test is applied to each grid box of
the domain for the 2 time periods in which the
climate data have been subdivided. Subsequent
potential yield calculations are made only for suit-
able grid boxes. The potential yield of the crop is
affected by the intensity of input and management
that is assumed to be applied. In the EMME region,
intermediate level of input is the most appropriate
choice. The farming system is partly market ori-
ented; thus, production for subsistence and com-
mercial sale is a management objective. Production
is based on improved varieties, on manual labour
based on hand tools and/or animal traction and
some mechanization. It is of medium intensity, with
some fertilizer application and chemical pest disease



132 Clim Res 69: 129-141, 2016

and weed control, adequate fallows and some con-
servation measures.

All equations of the biomass and yield calculation
model (AEZ methodology; Kassam 1977, Fischer et
al. 2012) are transferred into a script in R? program-
ming language (www.r-project.org/) in order to per-
form the calculations. A more detailed description is
presented in Appendix 2.

Potential yield (Y}) is estimated from net biomass
(Bp) (dry matter) using the equation:

Y,=H;x B, (1)

where H; is the harvest index, i.e. proportion of the
net biomass of a crop that is economically useful.

All crop-specific input parameters needed for cal-
culations are the following: N: normal growth cycle
duration (N = 180 d); LAL leaf area index (LAI = 4);
harvest index (H; = 0.35) (Fischer et al. 2012); L:
growth ratio of the maximum rate of gross biomass
production (byy) at actual LAI to by, at LAl =5 (L =
0.91) (Oldeman & Frére 1982). Following sensitivity
calculations in order to assess the relative contribu-
tion of temperature and solar radiation in the poten-
tial yield (Y,) estimation, we found that the effect of
temperature is 2 orders of magnitude larger than that
of solar radiation.

Under rainfed conditions, water stress is a very im-
portant limiting factor for the expected yields. Using
the second step of the biomass and yield calculation
model of the AEZ methodology (Fischer et al. 2002,
2012), a water-stress limiting factor (fc,) is calculated
next. First, water requirements for each grid cell are
calculated by taking into account the specific water
balance and actual evapotranspiration of each grid
box.

The total water requirement of a crop without any
water stress is assumed to be the crop-specific poten-
tial evapotranspiration (ET,). ET, is calculated in
proportion to reference potential evapotranspiration
(ET,) (calculated by the Penman-Monteith equation),

multiplied by crop and crop-stage specific parame-
ters 'kc'; these values of kcfor different stages of crop
development (shown in Fig. 1) are given as input
parameters.

Yield reduction in response to water deficits is cal-
culated as a function of the relationship between
actual crop evapotranspiration (LET, mm d~!) and
maximum crop evapotranspiration (XET,, mm d-}),
both accumulated within the 4 crop stages (details
can be found in Appendix 2). This water-stress yield-
reduction factor, derived for the 1961-1990 condi-
tions, is shown in Fig. 2. It is evident that the effect of
this factor is to reduce yields in most of the EMME
domain, especially the southern part, due to the dry
BL conditions.

Following the above mentioned calculation, the
water-stress yield-reduction factor (fc,) is then multi-
plied by the potential yield (Y,) obtained from Eq. (1)
to derive water-limited yield (Y,,) estimations as in
the following equation:

Y, =fe, x Y, 2)

4. RESULTS

Fields of mean temperature, incoming shortwave
radiation and evapotranspiration from PRECIS (for
the B2, A1B and A2 emissions scenarios) are distin-
guished in 2 time periods (BL = 1961-1990, P3 =
2071-2099) and used here to calculate the potential
yields of winter wheat in the EMME region.

Fig. 3 shows maps of changes in temperature simu-
lated for the end of the century and each emission
scenario, compared to the BL period. In all 3 scenar-
ios, the model projects an increase in temperature
between 2 and 6°C (P3 — BL) over the whole domain,
as also demonstrated in previous studies based on
the same climate projections (e.g. Lelieveld et al.
2012). The largest temperature increases tend to oc-

Winter wheat
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Fig. 1. Values of crop coefficients (kc) for winter wheat Triticum tirgidum developmental stages
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Fig. 2. Water-stress yield-reduction factor (fc,) calculated for
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cur over the main mountain ranges, which intensify
according to the emission scenario. Solar radiation
(Fig. 4) in the north-western part of the region shows
an increasing tendency in the future, unlike the
south-eastern part where it is decreasing. This spa-
tial variation is the result of changes in cloud cover
fraction (not shown), which are projected to reach
—0.10 for Italy, the Balkans, Anatolia and the Levant
(intensifying in the winter months), while they are
positive (but small in the absolute sense, less than
+0.05) in the southern and eastern parts of the
domain (and mainly during the autumn and spring
months).

The rate of water vapour lost through evapotran-
spiration in the future, as shown in Fig. 5, is about 1
to 2 mm d~!in the northern and/or mountainous (cov-
ered by vegetation) part of the EMME domain ac-
cording to the PRECIS simulation, while the values
for the southern, desert areas are negligible. The
projected changes in evapotranspiration are positive
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Fig. 3. November to April average temperature for the baseline (BL) period 1961-1990 for the A1B scenario and projected
change for the future period (2071-2099; P3) relative to the BL for the B2, A1B and A2 SRES scenarios
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Fig. 4. November to April average shortwave radiation (SWR) for the baseline (BL) period 1961-1990 and projected change for
the future period (2071-2099; P3) for B2, A1B and A2 SRES scenarios

in the northern and eastern parts of the domain and
negative in the southern and western parts, driven
by the differential warming (Fig. 3) as well as the
availability of moisture (controlled by winter rainfall,
see Fig. 3.2 in Zittis 2015).

Using the model fields of temperature and solar
radiation, the whole domain is tested for suitability to
grow winter wheat, i.e. if optimum and sub-optimum
conditions (as shown in Table 1) are satisfied. This is
done by testing whether temperature profile require-
ments and prevailing daily mean temperature re-
gimes match in each grid box. Note that grid cells
exceeding the lower and upper temperature thresh-
olds of 5 and 30°C, respectively, for the growth of
winter wheat (Table 1) are marked as non-suitable.
Only the subsequent suitable fields are then used for
the water-limited yield calculations, and the results
are shown in Fig. 6.

The values calculated for the BL period can be com-
pared with the literature and are within the indicated

limits of actual durum production; as mentioned in the
Introduction, the actual durum production in our area
of interest ranges from 0 to 6 t ha™! (Nachit & Elouafi
2004, Habash et al. 2009), and our calculations indi-
cate a range for the whole domain of 2000 to 6500 kg
ha! during the baseline period. Note also that despite
the somewhat different absolute values for the yield
between A1B and B2/A2 (due to non-identical climate
data, as mentioned before), the spatial distribution of
suitability among the 3 scenarios for the recent past is
consistent. For 1961-1990, only the Fertile Crescent,
the northern Arabian Peninsula and parts of Egypt
and Libya appear to be suitable, with over 5000 kg
ha™ potential yield, and the coastal areas below 40°
latitude with smaller yields between 3000 and
5000 kg ha~!. The continental areas in the Balkans,
Anatolia, Iran and the Caucasus do not appear suit-
able. In the future period, there is evidence of ex-
panding suitability in the northern part of the region
(mainland Italy, Greece, Anatolia, Azerbaijan, Turk-
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Fig. 5. November to April average actual evapotranspiration (ET,) for the baseline (BL) period 1961-1990 and projected
change for the future period (2071-2099; P3) for B2, A1B and A2 SRES scenarios

menistan, central Iran), reflecting the effects of the
projected temperatures exceeding the threshold of
around 5°C for the growth of wheat (as seen in Table 1
and in Fig. 2 of Luo 2011). Note that in the southern
part of the domain, the projected warming, although
less rapid than in the northern part (as seen in Fig. 3),
leads to average November—April temperatures near
30°C and to a reduction in the potential yield area, as
the temperature profile requirements are not met be-
cause the upper threshold of optimum conditions is
surpassed. The affected areas include northern Africa,
Sicily, Crete, Cyprus and parts of the Middle East,
which will become, according to the calculations, un-
suitable by the end of the century.

As mentioned in the Methodology section, water
stress is a very important limiting factor for the esti-
mated crop yield, cultivated under rainfed condi-
tions. Fig. 7 shows the water-stress yield-reduction
factor (fc,) (its implementation determines the water-
limited yield shown in Fig. 6) for the recent past and

the future for all 3 emissions scenarios. During the BL
period (1961-1990), the effect of the water require-
ment is to reduce the thermally-based potential yield
(values of fc, < 1) over almost all of the suitable areas
of the EMME domain, with the minor exceptions of
Greece and the western coastlines of Italy and
Turkey, where a slight enhancement is projected
(values of fc, greater than 1) according to the B2 and
A2 emission scenarios. For the future period (2071-
2099), the principal effect of water stress is to reduce
potential yields almost everywhere in the domain, as
moisture availability and evapotranspiration are
modelled to be lower.

We next present results for the yield of wheat aver-
aged by country. The total yield (under water-limited
conditions) for each country (and period) is calcu-
lated first and is then divided by the total number of
grid points for each country without considering
whether a grid point is suitable or not, to derive the
country average yield.
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Fig. 6. Water-limited yields (Y,,) of winter (durum) wheat Triticum tirgidum in the baseline (BL) period 1961-1990 and in
2071-2099, and projected change (AY,,) for the 3 emission scenarios (B2, A1B, A2). N.S.: areas not suitable for durum wheat
cultivation

Table 2 shows the actual yields for the period of
1961-1990 as provided by the FAO (for the countries
of the EMME region where these are available) as
well the derived water-limited yield for durum wheat
for the same BL period based on the intermediate
A1B scenario. An appropriate conversion factor of
0.875 for winter wheat (provided by GAEZ, 9.2
Model Documentation, Fischer et al. 2012) is applied
to the modelled yield estimations, to account for the
weight of the modelled product compared to the
weight given by FAOSTAT. Even though this factor is
applied, a strict comparison between the two, for
model evaluation purposes, is not appropriate since:
(1) the potential yield calculation assumes that the
whole area for each country is available, while the
actual yield is documented from the observed pro-
duction in the fields where it is cultivated; (2) the
actual yield numbers may include more types of
wheat (not specified in the FAOSTAT records), while

in the table we show only the results for durum
wheat as the most common type grown in the region;
(3) other factors that determine actual production,
such as management practices, are not varied (for
example we use a fixed crop calendar); (4) the RCM
data have not undergone bias correction (due to the
lack of long-term, daily observed data for all grid
points in the study domain, discussed by Tanarhte et
al. 2012). Nevertheless, we derive the difference
between the simulated and the actual yields, labelled
in the table as 'yield gap', which, according to the
above, predominantly depends on the modelled cli-
mate. This metric provides insight in the crop yield
‘climatic potential’ of the region also with regards to
the projected climate change, as detailed next.

From inspection of the values in Table 2, we see
which countries with favourable climate conditions
allow high potential yields, much larger than the ac-
tual production (i.e. with high yield gaps). Cyprus,
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Fig. 7. Water-stress yield-limiting factor fc, (calculated as water-limited yield / potential yield, Y,,/Y,) for the 3 emission sce-
narios (B2, A1B, A2) and the periods 1961-1990 and 2071-2099. N.S.: not suitable

Lebanon, Syria, Jordan and Iraq climatically have a
large potential for higher yields, which could be lim-
ited by the projected warming, as by the end of the
21st century, their potential yield is projected to de-
crease (with the exception of Lebanon and Syria). For

Table 2. Average yield per country in kg ha™! for the base-

line (BL) period 1961-1990: actual Y, BL (FAO), modelled

water-limited yield Y, BL (PRECIS) and their difference

YgapiBL. Also shown is the future period 2071-2099: mod-

elled change from 1961-1990 (AY,,). The PRECIS values are
based on the A1B emission scenario

Country Y, BL Y, BL Ygap_BL AY,,
Albania 2127 1030 -1097 908
Bulgaria 3293 0 -3293 775
Cyprus 1233 2825 1592 -2522
Egypt 3335 413 —2922 —-454
Greece 2152 1593 -559 1123
Iran 930 529 -401 691
Iraq 809 2409 1600 -1056
Israel 2004 2044 40 —2227
Italy 2500 952 -1548 502
Jordan 692 2447 1755 —743
Lebanon 1209 2632 1423 873
Libya 487 509 23 -582
S. Arabia 2403 1340 -1063 -1161
Syria 1039 2932 1893 60
Turkey 1564 565 -999 843

the other selected countries (Libya, Israel, Italy, Alba-
nia, Bulgaria, Greece, Turkey and Iran) the yield gap
is small or negative, indicating optimal production
(i.e. high exploitation under the respective climate
conditions) with little room for further growth, or per-
haps inability of the model climate and methodology
assumptions to capture the real conditions. Interest-
ingly, these countries may still have a margin for
higher production in the future, as the climate projec-
tions suggest gains in the potential yield. Egypt and
Saudi Arabia, which also have negative yield gaps
(mainly due to irrigation), may face pressures in the
achieved yields in the future due to negative changes
in potential yield as a result of climate change.

The model projections of water-limited vyield
change for 2071-2099 are also presented in Fig. 8, for
each country under the 3 emission scenarios. Cyprus,
Iraq, Libya and Saudi Arabia show negative changes
for all 3 scenarios, with the largest reductions simu-
lated under the high-emission scenario A2. Reduced
yields for the end of the century are also calculated
for Israel, Jordan and Lebanon with the B2 and A2
scenarios, but for the same countries, the moderate
A1B scenario indicates higher yields. Egypt and
Syria are also projected to have lower yields. The
northern part of the study domain, i.e. Albania, Bul-
garia, Greece, Iran and Turkey, is projected to have
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Fig. 8. Country average changes in water-limited yield (Y,,) of winter wheat Triticum tirgidum projected in 2071-2099 (P3)
compared to the baseline (BL) period 1961-1990 for the 3 emission scenarios (B2: green, A1B: blue, A2: red)

higher yields, especially under the A1B and A2 emis-
sion scenarios, where the increasing temperatures
bring winter average conditions above the lower cold
threshold, as mentioned in the discussion of Fig. 6.
On the other hand, it seems that although the B2 sce-
nario is the least severe of the 3 (i.e. with the smallest
projected warming), it still induces negative changes
to almost all countries in the southern part of the
study domain (with the warmest climatic BL). Even
the small projected warming in these countries shifts
the prevailing temperatures above the upper thresh-
old for optimum growth for winter wheat.

5. DISCUSSION AND CONCLUSIONS

In this study we project changes of potential crop
yields of wheat in the EMME region by taking into
account changes in temperature, incoming solar
radiation and evapotranspiration. Our work comple-
ments the GAEZ web portal (www.gaez.iiasa.ac.at/)
developed and maintained by FAO and IIASA, since
it allows the use of additional gridded climate data-
sets as input for the crop yield calculations, provided
here by simulations with the PRECIS RCM. The crop
studied in this paper is winter (durum) wheat, the
most important cereal for the region.

Considering the recent 20th century temperature
and solar radiation conditions simulated by PRECIS,
durum is indeed a high yielding (>4000 kg ha™!) and
widespread cultivar in the EMME region, particularly
favoured in the Fertile Crescent (from Iraq to Egypt)

and the coastal areas of eastern Mediterranean Eu-
rope. Future climate conditions, modelled on the
basis of 3 [PCC emission scenarios, will cause durum
wheat to become less suitable in Libya, Egypt, Saudi
Arabia and southern Iraq, as the additional projected
heat negatively affects the upper temperature thresh-
olds for optimum crop growth. On the other hand, the
future warming in the Balkans and Anatolia with
temperatures above the lower optimum thresholds
for durum results in higher potential yields.

An analysis of the area average per country reveals
that for durum wheat, the high potential for yield im-
provement (as suggested by our positive yield gap
estimates) in Cyprus, Israel, Lebanon, Syria, Jordan
and Iraq may be reduced by the end of the century
due to climate warming (even under the least intense
B2 emission scenario), while the low (or negative)
yield gap countries could experience increases in po-
tential yield, mainly under the A1B and A2 scenarios.

The implementation of the GAEZ methodology in
this paper lies, in terms of accuracy, in between sim-
ple linear relations of yield and temperature and the
more complex process-based crop models (Semenov
et al. 2012). The assumptions of the applied methodo-
logy as well as the specific climate model output may
also have affected the calculated yield gaps. Never-
theless, this AEZ approach applied here on RCM data
allows the straightforward input of any climate model
dataset and demonstrates its utility for regional as-
sessments of climate change impacts on crop yields
and food security. Our current analysis does not in-
clude the CO, fertilization (i.e. the direct effect on
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photosynthetic rates; for example, see Kimball et al. [] Habash DZ, Kehel Z, Nachit M (2009) Genomic approaches

2002, Sakurai et al. 2014) due to the uncertainties of
the actual effects (Ainsworth et al. 2008, Koehler et al.
2013). We have also relied on mean climatic condi-
tions; therefore, the potentially important role of cli-
mate extremes (Teixeira et al. 2013) is not taken into
account. These additional factors associated with cli-
mate change will be investigated in a follow-up
study, including investigation of adaptation options
by adjusting the growth cycle through changes in the
crop calendar (i.e. by altering sowing dates).
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Appendix 1. Temperature profiles and requirements

Temperature profiles are defined in terms of 9 classes of
‘temperature ranges’, listed in Table A1l for days with aver-
age (mean) temperature <-5°C to >30°C, at 5°C intervals,
in combination with distinguishing increasing and
decreasing temperature trends within the averaged 30 yr
period.

Table Al. Temperature profile classes

Average Growth cycle Temperature trend
temperature duration Increasing Decreasing
4 (d)

>30 L1 Lla Lib
30-25 L2 L2a L2b
25-20 L3 L3a L3b
20-15 L4 L4a L4b
15-10 L5 L5a L5b
10-5 L6 Lé6a L6b
5-0 L7 L7a L7b
0to-5 L8 L8a L8b
<-5 L9 L9a L9b

Temperature profiling is firstly performed on the prevail-
ing average temperature conditions of each grid box.
These prevailing temperature profile conditions are then
tested against the crop temperature requirements (found
in Table 1 of the main text) for matching.

Temperature profile requirements are crop-specific
rules that take into account the temperature profile classes
shown in Table Al. GAEZ has defined in detail the tem-
perature profile requirements for each crop; Table 1 shows
the corresponding requirements for winter wheat. These
are the 2 data sets for optimum and sub-optimum condi-
tions that are needed to be satisfied in order for a grid box
to be considered suitable for cultivation of winter wheat;
otherwise the grid boxes are marked as non-suitable.
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Appendix 2. Biomass and yield calculation

All equations of the biomass and yield calculation model
(AEZ methodology) (Kassam 1977, Fischer et al. 2012) are
described in detail in the following paragraphs.

The maximum rate of gross biomass production (byy) is
related to the maximum net rate of CO, exchange of leaves
(Pm), which is dependent on temperature, the photosyn-
thesis pathway of the crop and the level of atmospheric
CO, concentration.

bgm = Fx by + (1 - F) (A1)

where Fis the fraction of daytime during which the sky is
clouded and is related to the maximum active incoming
shortwave radiation on clear days (A, or photosynthetically
active radiation, PAR; de Wit 1965) and the incoming
shortwave radiation (SWR) which is provided by the PRE-
CIS RCM (units for both is [cal cm™ d~!]). by is the gross
dry matter production rate of a standard crop for a given
location and time of the year on a completely overcast day,
and b, is the gross dry matter production rate of a standard
crop for a given location and time of the year on a perfectly
clear day, both measured in kg ha™! d™! (de Wit 1965). A,,
by and b, are interpolated from Vega (2008).

The net biomass production B, for a crop of N days,
where half of the maximum rate of net biomass (dry mat-
ter) production is the seasonal average rate of net biomass
production, can be derived from:

_0.36by, xL

B, (A2)

—+0.25¢,
N

where by, is the maximum rate of gross biomass produc-
tion and is calculated by Eq. (A1), L is the growth ratio of
bgm at the actual leaf area index (LAI) to by, at an LAI of 5,
N is the duration of the normal growth cycle, and ¢ is the
maintenance respiration, dependent on both crop and
temperature.

Finally, potential yield (Y),) is estimated from net biomass
(By) using the equation:

Y,=H;x B, (A3)
where H;is the harvest index, i.e. the proportion of the net
biomass of a crop that is economically useful.

Yield reduction in response to water deficits is then cal-
culated as a function of the relationship between actual
crop evapotranspiration (XET, mm d~!) and maximum
crop evapotranspiration (£ET,, mm d!), both accumu-
lated within the 4 crop stages. Result of this calculation is a
water stress yield reduction factor (fc,), using the following
equations:

TCLE,,Ta
=1 °
ZITCLETm

fczT is the effect of overall deficit, k,0 is an average value of
the water stress coefficient for the overall crop growth
cycle, which expresses the sensitivity of specific crop to
water stress, ET, is the actual crop evapotranspiration, and
ET,, is the maximum crop evapotranspiration (mm d1).

A
4 TETa; )’
fe§® = H[1— ky; x[l— —JD (A5)

o TETm,

fc$S represents the weighted effect of crop-stage specific
water stress, k, is the crop-specific value of the water
stress coefficient for each crop development stage (j = 1-4;
initial, vegetative, reproductive, maturation). TET, and
TET,, are respectively total actual evapotranspiration and
total maximum crop evapotranspiration for days during
each crop growth stage. Aj are weighting coefficients, the
sum of which equals 1, and are taken as the relative length
of each crop development stage.

fc, = min(fc$S, fel) (A6)

fc] =1-k,0x| 1- (A4)

where fc, is the water-stress reduction factor.

Water-limited yield (Y,,) is then calculated as potential
yield (Y,) multiplied by the water-stress reduction factor
fc, by the following equation:

Y, = Y, x fc, (A7)
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