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INTRODUCTION :

It is clear that many nations are facing increasing problems with agriculture production as a result 
of climate change, with Palestine being no exception. Over the last several decades, there has been a sharp 
decrease in rainfall in the Middle East in general (Zhang et al., 2005), including Palestine in particular. 
Rainfall is not evenly distributed throughout the winter season in Palestine, but rather the vast majority 
comes duringshort and intense periods of time, which further exacerbates the problem of water availability 
for crop production. Additionally, marked increases in the number of droughts, particularly in the southern 

Abstract:

Over the last several decades, there has been a sharp decrease in rainfall in the 
Middle East in general, including Palestine in particular. Indeed, marked increases in 
the number of droughts, particularly in the southern and eastern slopes of the West-Bank 
have been noted. Unfortunately, there are projections of a further decline in rainfall in 
Palestine in the future, which is predicted to be particularly devastating to crop 
production, including native species. In this study, we sampled leaves of olive trees from 
11 different regions of Palestinethat vary in water availability. We conducted leaf stable 
carbon isotope analysis on these treesacross their native range in order to better 
understand the variation in physiological responses that include stomatal conductance 
and photosynthetic capacity that together determine ci/ca(inter-cellular leaf 
[CO ]/atmospheric [CO ]). The carbon isotope ratios of olive trees showed a range of 2 2

values that differed by approximately 6‰(ranging from -23.6 to -29.2‰). However, the 
correlation between carbon isotope ratios and precipitation did not reflect the expected 
trend for response to water availability, and may be due to strong adaptations for water-
use efficiency, as well as responses of leaves during formation to past years that differ 
from the collection year. In addition, the oldest tree (possibly greater than 3,000 years 
old) had carbon isotope ratio values that were different from all of the other younger 
trees. More specifically, this tree had an isotope value near -29.0%that likely reflects 
higher stomatal conductance and higher ci/ca values. This study provides a foundation 
for beginning to determinethe degree to which olive responds to water availability and 
may allow us to choose the most appropriate genetic sources for continued success of 
olive production in the face of a rapidly changing climate in Palestine.
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and eastern slopes of the West-Bank have been noted.
Reasons for the observed changes in regional rainfall are obviously complex, but are clearly 

linked to global and regional environmental changes, likely involving increasing CO  and 2

temperature(IPCC, 2007).Unfortunately, there are projections of a further decline in rainfall in the Middle 
East and Palestine in the future, which will be particularly devastating to crop production, including native 
species. According to a realistic emissions scenario for the region, the IPCC predicts that warming over the 

st21  century will be larger than global annual mean warming – ranging between 2.2-5.1ºC. Furthermore, 
annual precipitation rates are expected to decrease by 10% by 2020, and are expected to decline by 20% by 
2050 – with an increased risk of summer droughtsin the region (IPCC,2012).

Palestine has a great variety of landscapes with a diversified relief (Basheer-Salimia et al., 2012). 
It has a range of mountains forming a spine in the West Bank, varying between +1100 and -400 m in height. 
The mountainous areas serve as the main rainfall collection and replenishment zones for the underground 
water aquifers of the region (Lautzeand Kirshen, 2009; Feitelson et al.,2012). However, during the last few 
years, current extraction from groundwater is exceeding recharge and ground water levels are decreasing 
rapidly.The area is characterized by a high degree of aridity and pronounced rainfall variability across its 
territories and is therefore highly vulnerable to drought. As a result, this region willlikely experience 
declines in water availability atlarge population centers as well as declining crop production. The 
consequences of this decline in water availability is poorly understood, and therefore we strive to 
understand the effects of variation in water availability on olive tree physiology in Palestine, which 
involves both a native species and one that is critical for agriculture in Palestine.

The agricultural sector in Palestine accounts for 11-20% of the Palestinian economy, employing 
approximately 15% of the formal workforce and up to 39% of the informal workforce, and accounts for 
about 20% of exports (FAO, 2009). Because approximately 95% of Palestinian crops are dependent solely 
on local rainfall (irrigation is rarely available), and because crop production is of substantial economic and 
social importance in Palestine (PCBS, 2010), this situation poses an important challenge to the Palestinian 
community.

Among those crops, olive trees (OleaeuropeaL.) areconsidered to be the most important crop in 
Palestinian agriculture in terms of area covered, and withrespect to economic returns (Basheer-Salimia et 
al., 2009). Olive covers about 100,000 hectares distributed all over the West Bank and Gaza strip and it is 
distinguished as the major tree in rain fed areas, covering about 51% of the total cultivated area in the West 
Bank. In addition, this tree contributes to about 40% of total gross product of fruit production and 
compromisesmore than 20% of the overall national agricultural output (MOA, 2011). Additionally, the 
olive sector contributedapproximately 6.3% of the Palestinian GDP in 2011 and it plays a critical role in 
providing income to poor households and promotes food securityin the region (PCBS, 2011).Thus, it is 
absolutely critical that we have a full understanding of the effects of climate change on this critical tree 
species, as both a native species and a major agricultural resource.

The main goal of this study is to make progress in understanding the physiological responses of 
olive trees to variation in water availability using stable carbon isotopetechniques across olive trees in their 
native range. 

MATERIALS AND METHODS

Fully developed olive leaf samples (in full sun) from the middle region of the annual shoots were 
collected from trees in 11 different regions of Palestine (Table 1,Figure 1). Based on farmer knowledge, 
samples were collected from the most dominant cultivar known asRomithat belongs to the Roman Period 
(63 BC to 638 AC). The majority of the trees samples were between 1370 and 1950 years of age (although 
one sample which was collected from ArRjoom near Idnawas likely greater than 3,000 years old).

At the laboratories of Hebron University, leaves were oven-dried immediately after collection 
(70°C for at least 48 hr) and all leaves from within the same tree were combined and ground with liquid 
nitrogen to a fine powder for stable carbon isotope analysis.

Isotopemeasurements were performed at the Keck Paleo-environmental and Environmental 
13Stable Isotope Laboratory (KPESIL) at the University of Kansas, Lawrence, KS USA. ä C was measured 

on leaf tissue using an elemental analyzer (Costech 4010) coupled to a Thermo Finnigan MAT 253 IRMS 
13isotope mass spectrometer. ä C values were calculated using the following formula:

(ä = (R /R  – 1)*1000: sample standard

13 12where R is the ratio of C to C, using belemnite carbonate from the Pee Dee Formation, 
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Hemingway, SC (PDB) as the standard. Data were converted to 'per mil' (‰) notation by multiplying  ä 
values by 1000.

This technique is highly beneficial for understanding the stomatal regulation of plants over an 
integrated time scale encompassing a period over which plant tissue is produced (leaves in this case). 
Carbon isotopes are indicative of plant ci/ca (inter-cellular [CO ]/atmospheric [CO ]) ratios, which are 2 2

driven by stomatal regulation (usually the primary factor), as well as leaf photosynthetic capacity (Farquhar 
et al., 1989).

RESULTS AND DISCUSSION

Olive is one of the oldest known cultivated trees worldwide and the Mediterranean region is 
considered its center of origin. The archaeological findings demonstrate that the Syrian-Palestinian region 
was the center of origin of olive cultivation (Zohary and Hopf, 1994; Remesal-Rodriguez, 1996; Basheer-
Salimia, 2004). Among this entire history of major climate change, olive trees still survive and have high 
functioning, even under drought conditions. In fact, olive might achieve this result via various 
morphological and physiological mechanisms that reduce water loss under severe drought conditions 
(Ayerza and Sibbett, 2001; Bacelar et al., 2009; Boughalleb and Hajlaoui, 2011), while allowing for high 
water uptake and increased growth rates during periods when water is plentiful.

In this study, we make progress in understanding the physiological responses of olive trees to 
variation in water availabilityusing stable carbon isotope technique on these trees. Stable carbon isotope 
ratios of leaves are mainly driven by levels of stomatal conductance (the amount of opening of stomatal 
pores on the leaf surface), as well as effects from photosynthetic capacity that together determine 
ci/ca(inter-cellular leaf [CO ]/atmospheric [CO ]). In addition, this measurement allows for integration of 2 2

the regulation of stomata across the developmental timing of the tissue being measured. Such work will 
allow us to determine the degree to which olive responds to water availability and may allow us to choose 
the most appropriate genetic sources for continued success of olive production in the face of a rapidly 
changing climate in the region.

The carbon isotope ratios of olive trees collected from throughout different regions of Palestine 
(Table 1, Figure 1) showed a range of values (Table 2)that differed by approximately 6‰ and ranged from -
23.6 to -29.2‰. Olive in its native range is known to be a drought-tolerant species, and these relatively high 
(less negative) isotope values indicate that the species is indeed highly water-use efficient in general. We 
also found variation for carbon isotopes among regions with similar precipitation, particularly for mid-
level precipitation regions (Figure 2). This finding suggests that there is some level of variation in 
physiology that could be utilized for breeding purposes and for response to rapid climate change. At this 
stage of sampling, we find that approximately one-fourth of the variation in carbon isotope ratiosis 

2correlated with local levels of precipitation (Table 2,R  = 0.27; Figure 2). However, this is not in the 
direction that we would have predicted, since somewhat lower carbon isotope ratios (more negative) are 
occurring in drier regions, implying that stomatal conductance is higher in these drier regions (and this is 
counter-intuitive). We also did notobserve marked differences in C/N ratios among these trees frommore 
drier regions, and thus differences in photosynthetic capacity are not likely to be driving these responses, 
and therefore this offers no further explanation on the unexpected correlation between precipitation and 
carbon isotope ratios. This response may simply be because this species is highly drought-tolerant and 
water-use efficient and exhibits little response to differences in water availability. It is also possible that 
since olive leaves are long-lived (usually lived for 18 months), this response is reflecting earlier 
precipitation events that correspond with the timing of when leaves were formed, which may vary from 
more recent and long-term precipitation conditions.That is particularly possible since these trees depend on 
precipitation events, and rarely use groundwater sources since they have shallow roots(Therios, 2009), and 
are not irrigated. It is also important to point out that although we see a 6‰ range in carbon isotopes among 
all sampled trees, this was mainly driven by one outlier. Other trees (that are younger in age) occur within a 
more restricted range of physiological response, indicating that widespread sampling would be needed to 
enhance the degree of physiological variation for trees in the region.

We found that the oldest tree (possibly greater than 3,000 years old) hada carbon isotope ratio 
value that was different from all of the younger trees, possibly reflecting adaptations to a past climate that 
no longer exists in the region (this tree was not included in the graph shown in the manuscript since it is 
much older than the rest). More specifically, this tree (Olive-4) had an isotope value near -29.0‰ that likely 
reflects higher stomatal conductance and higher ci/ca values. This value was more negative than what 
would be predicted from water availability alone, and may therefore be reflective of adaptations to past 
conditions that may have been wetter. All trees used in this study would have evolved under periods of 
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lower atmospheric [CO ] during pre-industrial periods that differ from modern conditions (270-290 ppm in 2

the past versus 400 ppm today(Gerhart and Ward,2010).However, tree Olive-4 may have also been adapted 
to much earlier climate conditions, in addition to lower atmospheric [CO ] (including water availability). It 2

is also possible that the change in carbon isotopes represents a response of advanced age rather than an 
adaptation to previous environments (or possibly both).

In general, this study allows us to gain increased understanding of the level of variation in the 
physiological response of olive trees to regional differences in precipitation. We can also begin to use this 
data as a baseline for olive physiological functioning in the current climate in order to better understand 
how climate change is continuing to impact the physiology of this tree in the near future as climate change 
advances in Palestine.
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Figure 1.This map shows the sites of collection of olive from different 
regions of the West-Bank, Palestine (sites are shown in purple).
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Figure 2.Correlation between carbon isotope ratios and annual precipitation.Note that outlier 
Olive-4 (a very old tree) was not included in this correlation, although it is discussed in the text.

Table1.Elevation (m), rainfall in the 2011/2012 collection season,  andlong-term average rainfall 
(mm)forthe 11 collection sitesin Palestine. The percent rainfall of the 2011/2012 season versus the 

long-term average is shown in the % column.
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2011/2012 

# Collection Site 
Height 

(m) 
Rainfall 

mm 
Average 
Rainfall % 

Olive-1 Hebron - Univ. Campus  960 603 596 101 

Olive-2 Hebron - Univ. Campus  960 603 596 101 

Olive-3 Hebron - Univ. Campus  960 603 596 101 

Olive-4 ArRjoom - Idna 280 478 473 101 

Olive-5 
Jenin- Birqin-Near Kanan 
Comp. 255 500 515 97 

Olive-6 Jenin- Near the Center 155 454 468 97 

Olive-7 Samouh -Near the Center 725 406 420 97 

Olive-8 Samouh- border 700 406 420 97 

Olive-9 Idhna 490 478 473 101 

Olive-10 Yatta - Near the center 790 505 389 130 

Olive-11 Yatta 700 505 389 130 
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Table2.Carbon isotope values of olive leaves collected from the 11 sites across Palestine, as well as 
leaf %N, %C, and C/N ratios.
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Identifier 

ä13C 

VPDB %N %C C/N 

Olive-1 -23.55 2.23 47.9 21.5 

Olive-2 -24.35 1.41 38.7 27.5 

Olive-3 -25.17 1.82 44.4 24.5 

Olive-4 -29.28 1.49 38.6 25.9 

Olive-5 -25.90 1.06 28.8 27.1 

Olive-6 -25.98 1.30 30.1 23.1 

Olive-7 -25.61 1.68 38.4 22.8 

Olive-8 -25.21 1.12 33.4 29.9 

Olive-9 -24.34 2.08 47.5 22.9 

Olive-10 -24.16 1.98 47.7 24.1 

Olive-11 -24.07 1.30 43.8 33.8 
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