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Dendrochronology is a valuable tool for the study of past climate and increases
our knowledge of climate variability beyond the short period covered by
instrumental data. Two annual tree-ring width chronologies were developed
for northern Jordan (Pinus halepensis and Quercus aegilops), one chronology for
Carmel Mountain, Israel (Pinus halepensis), and one chronology for southern
Jordan (Juniperus phoenicia). The results of our study show that the northern
site chronologies are significantly correlated, but the northern and southern
sites are not. A relatively high correlation was shown between October-April
precipitation and a Pinus halepensis chronology, and between October—-May
precipitation and Quercus aegilops, both in the north. October—-May precipita-
tion was reconstructed for the time span AD 1600 to 1995 from the Juniperus
phoenicia tree-ring chronology. The longest reconstructed drought, defined as
consecutive years below a threshold of 80% of the 1946-1995 mean observed
October—-May precipitation, was 4 years, compared with 3 years for the
1946-95 instrumental data.
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Introduction

The discipline of dendrochronology, that is development and use of time-series by
means of annual growth rings of trees, comprises a set of techniques by which the annual
growth layers of trees may be assigned to a definite calendar year. The history of changes
in the trees’ environment may be reconstructed using various properties of tree rings.
Tree-ring properties include width, cell size, wood density, trace element composition,
and radioactive and stable isotope ratios. External environmental variables affect
the physiological processes that control tree growth. The annual radial growth increment
produces a permanent record of these effects. Since climate is the primary limiting
factor to growth in the arid and semi-arid Near East countries, the sequence of narrow
and wide rings in the tree-ring chronologies is a proxy record of year-to-year fluctuations
in climate.

Dendrochronology was developed in North America in the early years of this century
by the late Professor Andrew E. Douglass, founder of the Laboratory of Tree-Ring
Research (LTRR) at the University of Arizona. Douglass performed most of his tree-
ring investigations in the dryland regions of the south-western United States, where
moisture is limiting and tree growth is related more to the quantity of moisture available
than to competition from other trees. Tree ring width can thus be used as a proxy record
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of precipitation. Since Douglass’ research, these techniques have been used in many
parts of the world to produce useful environmental information.

Tree-ring series can be used to reconstruct past variations in precipitation, temper-
ature, soil moisture, river flow, the frequency of extreme droughts, forest fires, major
forest pest outbreaks, and other variables over time spans of several centuries to,
occasionally, millennia. What can be reconstructed depends on which factors limit tree
growth. Many of these are relevant to the concerns of Near Eastern countries such as
Jordan. Such data provide a standard against which to check the applicability of ideas
and models to the natural conditions found in the region. Such observations can
constitute a source of information for a better understanding of how the environment
varied in the past, and hence how it might vary in the future.

Relatively few dendrochronological studies have been performed in the Near East.
Bannister (1970) attempted systematic tree-ring dating of Near East archaeological
sites. Since Bannister’s investigations, various dendrochronological studies in the Near
East have been performed. Some have used tree ring data to develop paleoclimate
records (Liphschitz & Waisel, 1967; Shanan et al., 1967; Chalabi & Serre-Bachet, 1981,
Munaut, 1982; Parsapajouh et al., 1986; Chalabi & Martini, 1989). Other studies have
used tree-ring series to date archeological sites (Kuniholm & Striker, 1987; Kuniholm,
1990, 1994; Lev-Yadun, 1992). Another category of studies examined the cycle of
cambial activity in a given tree species to determine which species exhibit annual growth
rings (Liphschitz et al., 1981, 1984, 1985; Liphschitz & Lev-Yadun, 1986; Fahn et al.,
1986).

Touchan et al. (1999) developed the first dendroclimatic reconstruction in the Near
East for southern Jordan, a 396-year long preliminary reconstruction of winter precipita-
tion based on two tree-ring width chronologies of Juniperus phoenicia. Some reconstruc-
tions are available for other parts of the Mediterranean region (e.g. Meko, 1985;
Stockton, 1985; Chbouki, 1992), but their distance and the large spatial variability of
climate in the region precludes their use for inferring climatic variations in Jordan.

This paper describes the development of tree-ring chronologies of Aleppo pine (Pinus
halepensis) from northern Jordan and western Israel, Quercus aegilops from northern
Jordan, and Juniperus phoenicia from southern Jordan. The inter-correlation of the
different chronologies will be examined, as well as the effect of climate on tree
ring growth. This paper will also discuss the use of the Juniperus phoenicia chronologies
to develop the first precipitation reconstruction in the Near East derived from tree rings.

Study area

Six tree-ring sites were sampled (Fig. 1). Three of the sites are in northern Jordan in the
Bani Kenana and Dibeen regions (Table 1). The two sites in Bani Kenana are Wadi
Al-Muntamera and Heraj Al-ourthan. Another site is Carmel Mountain in western
Israel. Two sites (Dana Reserve and Tor-Al Iraq) in southern Jordan were also sampled.
Elevation of the sampled sites ranges between 400-1300 m a.s.l.

The soils at the sampled sites in Jordan are generally calcareous with reasonably good
nutrient levels, but suffer from a deficiency of nitrogen and phosphorus and
occasionally iron and manganese. The organic content is less than 1%. The texture is
heavy loam to clayey with high water-holding capacity. Areas with deep soils have high
fertility. Gravel content increases with slope. In the southern sites on steep slopes the soil
is eroded, with sheet, rill, and gully erosion clearly visible (FAO, 1995). The soil
characteristics in Carmel Mountain are similar to northern Jordan.

The climate of the study areas is Mediterranean semi-arid with sub-humid cold
winters. Areas above 1000 m elevation have snowfall every year, and a meter of snow has
been reported to cover some areas and last for more than 1 month (Bensada, 1985).
Precipitation occurs only during the fall, winter, and spring (October—May), with a dry
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Figure 1. Locations of tree-ring sites () and the five weather stations (A) where 1, 2, 3, 4, and
5 represent Kufr Saum, Kitta, Tafile, Dana, and Shaubak, respectively.

summer (Fig. 2). Mean annual precipitation ranges from 270 mm in southern Jordan to
700 mm in northern Jordan and at Carmel Mountain.

Mean annual temperature ranges from 12-:4°C in southern Jordan, where the meteoro-
logical stations are at a high elevation, to 21°C in northern Jordan. August is the hottest
month with average mean daily temperatures of 21 to 25°C. January is the coldest month
with average mean daily temperatures of 4 to 9°C. The highest mean maximum
temperatures occur in August with values between 32-5 to 34°C; the lowest minimum
recorded temperature is — 14° in southern Jordan, and — 5°C in northern Jordan and
Carmel Mountain. The number of days with below freezing temperatures in this region
varies between 75 days in Shaubak (southern Jordan) and 4-3 days in Irbid (northern
Jordan).

The dominant trees at the sampled sites are as follows: deciduous forests (Quercus
aegilops) in Bani Kenana to coniferous forest (Pinus halepensis) in Dibeen,
Juniperus phoenicia in southern Jordan, and Pinus halepensis at Carmel Mountain. The
Dibeen sites consist of a pure stand of Pinus halepensis and a mixed stand of Pinus
halepensis and Quercus coccifera. The site in southern Jordan varies from pure stands of
Juniperus phoenicia to areas mixed with Pistacia atlantica and Quercus calliprinos. The
overstory at Carmel Mountain varies from pure stands of Pinus halepensis to areas mixed
with Quercus calliprinos and Pistacia palestina.
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Figure 2. Climagram for Shaubak, southern Jordan, AD 1965-1995. () = Precipitation,
(——) = temperature (from Touchan et al., 1999).

Materials and methods

During 1995 to 1997 samples for four chronologies were collected from the six sites
(Table 1). Increment borers (inside diameter of 4-3 mm) were used to sample the
Aleppo pine trees. Full cross-sections of oak and juniper were cut with a chainsaw. In the
laboratory, samples were fine-sanded to give a highly polished surface, making the
annual rings easily visible under a dissecting microscope, and cross-dated using standard
dendrochronological techniques (Stokes & Smiley, 1968). Cross-dating involved the
identification of common patterns of inter-annual variation in the width and other
features of growth layers to such a degree that each growth layer may be confidently
assigned to a specific calendar year. Cross-dating ensures that each growth layer on
every sample is assigned to an exact calendar year. Great difficulty was found in
cross-dating some of the juniper samples due to the high incidence of locally absent
rings (approximately 0-71%) and intra-annual boundaries (false rings) in some
of the samples. Fisher (1994) reported that Juniperus excelsa from Oman has a similarly
high proportion of locally absent and false rings. Visual cross-dating and computer
based quality control showed such strong similarities between Wadi Al-Muntamera and
Heraj Al-ourthan from Bani Kenana, northern Jordan, that these oak data were com-
bined into a single chronology. Dana Reserve and Tor-Al Iraq juniper sites from
southern Jordan showed equally strong cross-dating characteristics and were also com-
bined into a single chronology.

The width of each annual ring on the cores and cross-sections was measured to the
nearest 0-01 mm. The long-term trend was removed from each time series of ring width
measurements by fitting a curve and calculating an index defined as the actual ring width
for each year divided by the curve-fit value. This is a standard technique used by
dendrochronologists to remove non-climatic age and size trend, and the effects of
stand dynamics (Cook & Kairiukstis, 1990). The first de-trending used either a modi-
fied negative exponential curve or regression line. In the case of pine from northern
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Jordan, it was necessary to carry out a second de-trending, and a more flexible fit of
curve to data was achieved by using a cubic smoothing spline designed to remove
variability on time scales of 60 years and longer. Each ring-width series of oak in
northern Jordan was de-trended by using a spline designed to remove variability at wave
lengths two-thirds the length of the series or longer. The Aleppo pine ring width
measurements in Carmel Mountain were de-trended by fitting a modified negative
exponential curve or a regression line. Each time-series of ring measurements for the
Juniperus phoenicia was de-trended by fitting a cubic smoothing spline designed to
remove variability on time scales of 200 years and longer. The level of correlation
between ring-width index values for adjacent years is higher than would be expected on
the basis of inter-annual correlations in climate. This effect may be described as
‘non-climatic persistence’. This is removed from the tree ring data by a technique known
as ‘prewhitening’ (Cook, 1985). These ‘prewhitened’ time-series were then combined
into a single chronology by a technique known as ‘biweight robust estimate of the mean’
designed to reduce the influence of isolated outlier values (Cook, 1985). The various
standardization methods were designed to deal with the specific effects of tree age,
tree size, and stand interaction found at each site.

Subsample signal strength (SSS) was used to assess the adequacy of replication in the
early years of the chronology (Wigley et al., 1984) (Table 2). The SSS is computed from
data on sample size and between-tree correlations. It is a guide to assessing the likely loss
of reconstruction accuracy that occurs when a chronology made up of a few series is
used to reconstruct past climate with a transfer function derived from a chronology with
a greater number of series (Wigley et al., 1984).

Two meteorological stations with precipitation records were selected near the sampled
tree-ring sites in northern Jordan (Fig. 1). Kufr Saum station was near the Quercus
aegilops site in Bani Kenana, and Kitta was near the Pinus halepensis site in Dibeen. The
Pinus halepensis site in Carmel Mountain, western Israel, was not tested with climate
data. Here, the stations surrounding the site all revealed records with missing data and
short series. In southern Jordan, the average of three weather stations (Tafile, Dana, and
Shaubak) was used because the inter-station correlation of October—May precipitation
for the period from 1946 to 1995 exceeds 0-90, N = 50, p <0-0001, indicating a strong
regional climate signal.

Results and discussion
Relationship between chronologies

The average correlation coefficient between trees for each site demonstrates a mod-
erate common growth signal among trees. A comparison between the four chronologies
is shown in Fig. 3. The correlation between Dibeen and Carmel Mountain, approxim-
ately 110 km west, isr = 0-53, N = 70, p < 0-01. There was also a significant correlation
between Dibeen, Carmel Mountain, and Bani Kenana. However, the correlation be-
tween Dibeen and Bani Kenana (r = 0-46, N = 70, p < 0.01) is higher than the correla-
tion between Bani Kenana and Carmel Mountain (r = 0-35, N = 70, p < 0-01), which
suggests that the factor that could account for the high correlation in tree growth over
such a broad region is climate. It is difficult to conceive of any other factor that could
influence tree growth in such a coherent manner.

Tree-ring growth and climate

Climatic influence on the growth of trees has been the major focus of this work in Jordan.
Correlations between the tree-ring chronologies of northern and southern Jordan and
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Figure 3. The relationship between Pinus halepensis in Carmel Mountain (- - - -), Quercus aegilops
in Bani Kenana ( ), and Pinus halepensis in Dibeen (———).

precipitation data from weather stations close to the sites were calculated (Fig. 4). A high
correlation (r = 0-75, N = 53, p < 0-0001) was found between October-April precipi-
tation and the Pinus halepensis chronology of northern Jordan (Fig. 4). The correlation
between October—May precipitation and the Q. aegilops chronology was r = 0-71,
N =53, p < 0-0001. These results demonstrate the strong relationship between tree
growth and precipitation. There is great promise for reconstructing past climate in the
northern region if old trees (200-300 years) can be found. At this time, the northern
chronologies are too short to use to reconstruct past climate variation. However,
Touchan et al. (1999) were able to develop the first dendroclimatic reconstruction
in the Near East region using Juniperus phoenicia in southern Jordan (Fig. 5). They
reconstructed October—May precipitation from the Juniperus phoenicia tree-ring chrono-
logy in southern Jordan to gain a long-term (AD 1600-1995) perspective on runs of
consecutive dry years and on time series fluctuations in precipitation averaged over
several years. The reconstruction equation, derived by regression of log-transformed
precipitation on tree-ring indices, explains 44% of the variance of observed precipita-
tion. Cross-validation using the PRESS procedure (Weisberg, 1985) indicated that
the model performs well in estimating precipitation data not used to fit the model
(RIZJrediclion of 041)

As shown in Fig. 5, juniper tree growth responded extremely poorly to the two wet
years of 1964 and 1965. In December 1963 a single storm accounted for 62% (352 mm)
of the total (567 mm) October—May rainfall. In January 1965, another storm produced
66% (350 mm) of the total annual rainfall (527 mm). Large surface runoff from
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Figure 4. The relationship between tree-ring growth and precipitation in northern Jordan. (a)
The relationship between Pinus halepensis tree-ring index ( ) and October—April precipita-
tion (----) for Kitta station (R =0-75, N = 53, p < 0-0001), and (b) the relationship between
Quercus aegilops tree-ring index ( ) and October—May precipitation (- - - -) for Kufr Saum
station (R = 0-71, N = 53, p < 0-0001). All series are normalized.

these two events likely resulted in little increase in the soil moisture available for tree
growth. An alternative model was tested by treating the years 1964 and 1965 as outliers
and omitting them from development of the regression equation. Doing so raises
theadjusted R* to 0.58 (58% of variance explained). However, the years 1964 and 1965
were included in the calibration of the reconstruction model because the possibility that
similar events have happened in the past cannot be discounted.

The short-term drought properties in this series were summarized by runs analysis
(Sadeghipour and Dracup, 1985). An arbitrary threshold of 217-4 mm was used to
define a ‘drought year’ (Fig. 6). This threshold is 80% of the 1946-1995 mean observed
October—May precipitation. By this method of tabulation, the long-term reconstruction
(AD 1600-1995) contains 93 drought years with an average interval between droughts
of 4-2 years and a maximum interval of 16 years (1664-1680). Fifty-five drought events
had a duration of 1 year, seven a duration of 2 years, four a duration of 3 years, and three
a duration of 4 years.

Touchan et al. (1999) found that in their Monte Carlo analysis designed to account
for uncertainty in their reconstruction, drought periods of longer than 5 years are
unlikely to happen in southern Jordan, and that the maximum severity of 3-year drought
is considerably greater in a long-term context than suggested by the short instrumental
records.
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Figure 5. Comparison between actual ( ) and estimated (- - - ) October-May precipitation
for southern Jordan from AD 1946-1995. Calibration R? is 0-44, the corresponding value for
cross-validation is 0-41 (from Touchan et al., 1999).

Conclusion

Dendrochronology is a valuable tool with which to study past climate variability.
Understanding the effects of this variability is important for the management of
water, agriculture, and other resources because it will help to implement low-
risk, long-term plans to achieve conservation and sustainable use of water and
other natural resources. The results indicate that precipitation reconstructions, such as
the one presented in this paper, provide important information for natural resource
management.

This work showed that there was a significant correlation between the Dibeen, Carmel
Mountain, and Bani Kenana sites. The only factor that could account for the high
correlation in tree growth over such a broad region is climate. The tree-ring growth
of the northern sites and the southern sites did not show any correlation. This lack of
correlation is probably due to the differences in climate between northern and
southern Jordan, or perhaps other site-specific factors such as species response to the
climatic condition, topography, soil depth, and slope. The study demonstrates a
strong relationship between tree growth and precipitation. The calibration and verifica-
tion statistics for the tree-ring reconstruction of southern Jordan are moderate for
dendroclimatological studies of arid and semi-arid conifers. The reconstruction indi-
cates that the longest period of continuous reconstructed drought during the past 400
years is 4 years. However, 4-year droughts occurred only three times during the four
centuries.
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Figure 6. Time-series plot of reconstructed October-May precipitation, AD 1600-1995.
The horizontal line is an arbitrary drought threshold of 217-4 mm (from Touchan et al.,
1999).

More sampling is needed from northern Jordan to increase the length of the chronolo-
gies in order to be able to reconstruct past climate. More samples are also needed from
southern Jordan in order to increase the length and the reconstruction accuracy.
Additional sampling from neighboring countries such as Syria, Lebanon, and Turkey is
needed to gain a better understanding of past climate variation in the whole region. We
intend to address the aforementioned needs in future research.
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