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Abstract—The “C/'*C and "0/"O ratios of stem cellulose of Tamarix jordanis (a tree common in
wadis of arid regions) increased with decreasing relative humidity (RH) in individual trees growing
along a climatic gradient in Israel. The response to RH observed in the 6'*O of the wood cellulose was
strongly similar to that observed in leaf water over a diurnal cycle. Most of the data for §'°C and all of
the data for 6O could be fitted to two independent linear equations that, combined, allowed the
reconstruction of RH and the 6'*O of source water from the isotopic composition of ancient T. jordanis
wood previously reported from the ancient fortress of Masada. Since the Roman period, RH at Masada
decreased by about 17%, while the 6'®O value of local groundwater remained similar to present-day
values, suggesting that changing atmospheric circulation has played a role in climate change in the

Middle East over the past two millennia.
1. INTRODUCTION

The lack of reliable proxy climate indicators in arid regions
results in considerable uncertainty regarding climate changes
and their possible influence on major historical events (Issar.
1992). In a previous study we compared the 6"*C and 6'*O
values (where 6 = [(Runmpie/ Rugnawa) — 1110°. R is ®*0/'0
or "C/"*C. and the standard is SMOW for '*O and PDB for
"C) in cellulose from ancient and modern Tamarix jordanis
from the area of Masada, Israel. to assess possible climate
changes between the time of the Roman siege of the fortress.
AD 70-73 and the present ( Yakir et al.. 1994). Depleted '*C
and 'O contents of ancient 7. jordanis cellulose indicated.
qualitatively, a more humid climate for the region, based
on a limited comparison with modern trees growing under
different conditions. We attributed higher ¢'°C values for
cellulose of modern 7. jordanis at Masada, in spite of de-
creased 6'°C of atmospheric CO, due to fossil-fuel emis-
sions, to stronger moisture stress under present climatic con-
ditions, and higher 'O values to increased evaporative en-
richment of leaf water in the absence of significant changes
in source water isotopic composition. We have now extended
and confirmed the results of that study by quantitatively
calibrating isotopic variations in 7. jordanis against climatic
variables.

Isotopic studies of water uptake in 7. jordanis have dem-
onstrated that the dual root system ot this tree provides the
plant with both shallow soil water when available, and
groundwater from considerable depths, i.e.. down to 16 m
(Waisel. 1972: Adar et al.. 1994). Significantly, the long-
term reliance on groundwater may prevent short-term varia-
tions in source water ¢ 'O, In the leaves, the 6 'O value of
leat water. and consequently of the cellulose ( Epstein et al..
1977: Yakir. 1992). is strongly influenced by changes in
relative humidity. Notably however. T. jordanis excretes salt
crystals on its leaves. forming a highly hygroscopic coating.
modifying leat surface humidity and reducing evapotranspi-
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ration (Waisel, 1991). Such adaptations may help to explain
the markedly lower 'O enrichment of leaf water observed
in T. jordanis as compared to other plants growing in its
vicinity (Gat et al., 1993) and the subdued humidity-depen-
dent response that we document in the present study. The
6 "C value of plant matter is also influenced by environmen-
tal parameters, such as the concentration and é*C of atmo-
spheric CO», moisture availability, and other environmental
stresses. Stress affects the plant 6 *C value via its effects on
stomatal conductance and the internal concentration of CO,
in the leaves (Francey and Farquhar, 1982).

Israel, located at a climatic transition zone, provides con-
trasting climatic conditions from the temperate north to the
extreme deserts of the Jordan Rift Valley. T. jordanis can
be found throughout the region, yet due to the relatively
small distances involved, living under circumstances that
minimize variations in the isotopic composition of ground-
water and the concentration and isotopic composition of at-
mospheric CO,. This allows the examination of possible
correlations between variations in 6"°C and 60 of plant
cellulose and local climatic variables such as RH, tempera-
ture, and precipitation.

2. MATERIALS AND METHODS

Samples were obtained in August 1992 from mature trees of Ta-
marix jordanis growing individually or in small groups in relatively
undisturbed natural settings (see below). All trees were healthy,
with no sign of leaf damage that might indicate exposure to air
pollution, which may affect the carbon isotope composition of leaves
and wood (Martin et al., 1988). Cuttings were taken from branches
on the outside of the crown at about breast height. Samples 2-3 cm
in diameter and 15-20 cm in length were sealed immediately in
high-density polyethylene bags and returned to the laboratory. Water
was extracted from the samples by vacuum distillation and growth
rings formed during the previous year (1991-92) were removed
from the dried wood for cellulose preparation (Sternberg, 1989).
Carbon and oxygen isotope ratios were measured on CO, produced
from the purified cellulose by combustion (for carbon; Boutton,
1991) or by pyrolysis (for oxygen; Sternberg, 9. The §"0
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values of water were determined by equilibration with CO, (Epstein
and Mayeda, 1953). All isotope measurements were carried out on
a Finnigan MAT 251 mass spectrometer with analytical precision
of +0.1%¢ and +0.3%c for 6"°C and 6 %0, respectively.

Sampling of stem and leaf water during a complete diurnal cycle
was undertaken at Retamim (group B, below) during December
1992. Samples of the needle-like. leaf-bearing twigs were obtained
from an individual tree of 7. jordanis at 1-3 h-intervals, immediately
sealed in plastic bags and refrigerated until further analysis. Three
samples of atmospheric vapour were also obtained during the diurnal
cycle by cryogenic trapping from a stream of air. Relative humidity
and air temperature were recorded at the time of sampling.

3. CLIMATIC AND PHYSICAL SETTING

Nine trees representative of four major ecoclimatic regions in
Israel were sampled: (a) the temperate conditions of northern Israel,
including the Mediterranean coast and Galilee: (b) the semi-arid
central Israel including the Judean hills and northern Negev; (c) the
arid region of the Dead Sea. and (d) the extremely arid southern
Jordan Rift Valley (see Fig. 1). Mean daytime relative humidity
and air temperature, as well as total precipitation for August 1991

through July 1992 were obtained from the National Meteorological
Services (Table 1). The four geographical groups span a broad
range of relative humidities declining progressively from A to D.
Temperature and precipitation exhibited less systematic variations.

Trees in groups A, B, and C were all growing in sandy soil distant
from springs or other shallow sources of water. Such trees were not
found in region D. The trees from Yotvata and Nahal Raham sub-
sisted on shallow groundwater, apparently originating from recharge
from neighboring higher altitude regions ( A. Issar, pers. commun.),
which is often isotopically depleted in '*O.

4. RESULTS AND DISCUSSION
4.1. The *C Record

The "*C values of stem cellulose (&'°Csc) were generally
higher at lower humidities in going from region A to D
(Table 1). Moreover, high linear inverse correlation was
observed between 6'°C and RH for regions A to C (Fig. 2).
The deviation of the data from region D from the apparent
linear relationship is likely to be associated with the more
plentiful water availability (see above). This notion was
reinforced by the very depleted 6'*C value (6"°C = —28%o)
recorded for stem cellulose in a continuously irrigated 7.
Jjordanis tree that was sampled within the city of Eilat (region
D). A regression analysis of the linear relationships between
6'*C values and RH for regions A to C led to the following
best-fit line:

§"Csc = —0.23RH — 12.23  (r* = 0.96). (1)

The isotopic response described by Eqn. 1 is consistent
with the accepted model for *C discrimination associated
with CO, uptake in photosynthesis (Farquhar et al., 1982).
This model indicates that *C discrimination is influenced by
the ratio of CO, concentration inside the leaf and in the
atmosphere (c;/c,) according to

613Cplam = 6|3Czum — €y (eb - ea)(ci/ca)9 (2)

where ¢, and e, are fixed fractionations associated with the
diffusion of CO, through the stomata into the leaf and the
biochemical fixation of CO,, respectively, and 6 °C,q, is the
6"*C value of atmospheric CO, (assumed to be constant over
Israel at about —8%c). Since a decrease in RH at constant
leaf temperature is generally associated with a decrease in
stomatal conductance and a consequent increase in c¢;/c,
(Aphalo and Jarvis, 1991; Mott and Parkhurst, 1991), more
positive 6"°C values can be predicted under drier ambient
conditions. Interestingly, the evidence for a differing re-
sponse in the well-watered trees from region D would seem
to support the hypothesis of Mott and Parkhurst (1991) that
two interdependent processes are involved in the response
of stomata to RH.

No clear relationships were observed between 6 °C values
and other climatic parameters such as mean air temperature
or total precipitation.

4.2. The ®*O Record

The 6'%0 values of stem water obtained from each tree
(Table 1) were assumed to represent the mean 6 30 value of
the source water used by the plant (Ehleringer and Dawson,
1992). Variations in these 6 '®0 values among locations were
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Table 1. Meteorological and isotopic data for the locations and trees used in this study.
Geographical locations of the sampling sites are indicated in Fig. 1. Meteorological data were
obtained from the National Meteorological Services for regional stations. Data for relative
humidity (RH) and temperature (T) are mean daytime values (based on measurements at 08:00,
14:00, and 20:00), and for precipitation (P) are annual totals for August 1991 through July 1992.
The *0/'O ratios (expressed as 8" Ogyow) for stem cellulose (cell.), stem water and the difference
between them (A) are indicated together with the ’C/”C ratio (expressed as 8" Cqpg) for pooled

samples from individual trees,
B Ok N — 5°C %o

Site Group RH(%) T(C) P (mm) Cell Water A Cell.
Kinneret A 67 18.9 906 314 -33 34.7 -28.1
Israel Valley A 67 18.9 906 312 -4.5 35.7 -27.8
Retamim B 60 17.0 166 323 -39 36.2 -25.7
Avdat B 60 17.0 166 334 -3.0 36.4 -26.4
Mizpe Ramon B 60 17.0 166 322 -2.5 347 -25.4
Kidron C 47 22.7 189 33.1 -55 38.6 -23.0
Navit C 47 227 189 332 -5.5 38.7 -23.5
Yotvata D 35 22.1 20 322 -74 39.6 <243
Nahal Raham D 35 22.1 20 344 -4.4 38.8 -25.0

used to normalize the results for cellulose to the same source
water signature. Thus, the difference in § O values between
leaf cellulose and site-specific stem water allowed us to sepa-
rate the effects of ambient conditions from those associated
with isotopic source effects.

Similar to the observations reported for §'°C, the nor-
malized 6'®0 values of stem cellulose (expressed as
A"0gcsw ) increased with decreasing RH in going from re-
gion A to D. This linear relationship (for all trees) could be
described by the best-fit line

A]805c.5w = —0.14RH + 4438 (rl = 086) (3)

Evidently, and as already noted before ( Yakir et al., 1994),
stem cellulose of 7. jordanis preserves a humidity-dependent
isotopic signal. This effect is based on the influence of RH
on the "0 values of leaf water that, in turn, influence the
6'30 values of the carbohydrates formed in the leaves during
photosynthesis and, at least partially, preserved during later
steps of cellulose deposition (see Yakir, 1992).

Leaf water samples, which continuously change their iso-
topic composition, could not be simultaneously obtained
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FiG. 2. Relative humidity vs. 6 °C for cellulose of Tamarix jor-
danis (data from Table 1).

from all trees. Instead, the response of leaf water 6'°0 to
RH was assessed by following diurnal variations in these
two parameters at one location ( Table 2). As expected, the
6'%0 value of leaf water was inversely correlated with RH,
increasing from a minimum at night to a maximum around
the time of minimum daily RH. This behaviour is predicted
by the generally accepted Craig and Gordon (1965) model
that estimates the steady-state &'30 value of a well-mixed
water body undergoing evaporation. The humidity response
of the tamarix leaves was, however, less steep than predicted
by the model (Fig. 3). This is possibly due to the special
adaptations in this plant (see Introduction), or to the hetero-
geneous nature of leaf water (e.g., Leaney et al., 1985;
Walker et al., 1989; Yakir et al., 1990). Aspects of the
evaporative-enrichment response of water in leaves of vari-
ous plants were recently reviewed in some detail by Buhay
et al. (1996). Most significantly, however, the slope of the
best-fit line for the actual RH response of leaf water was
similar to that obtained for cellulose from regions A to D
(Egn. 3, Fig. 3):

TaBLE 2. Diurnal variations in relative humidity (RH) and
the 6'*0 values of leaf water (§'*O.w) in an individual tree of
T. jordanis grown at Retamim (see Fig. 1) and in the 6'*0 value
of atmospheric moisture (§'*0,,,,). Stem water composition was
—4.3%c.

Time of day RH (%) T(°C) 8"0 (%) "0, (%)
14:30 58 13.5 8.1

17:00 60 11.5 9.1

19:30 80 7.0 54

22:30 85 5.0 3.7

04:45 83 3.0 4.0

07:00 86 3.0 2.1

08:30 20 8.0 36

10:30 65 12.5 59

13:00 60 14.3 7.7

12:00-18:00 -10.5
20:00-23:00 -10.5
07:00-11:00 -11.1
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Fig. 3. Relative humidity vs. normalized leat water and stem
cellulose oxygen isotope composition of Tamarix jordanis. The
dashed line represents the expected Craig evaporative-enrichment
response of leaf water (e.g.. see Buhay et al., 1996). See text for
discussion (data from Tables 1 and 2).

AP0 wsw = —0.19RH + 23.38 (r’ = 0.88). (4)

where A0y sw Tepresents the difference in ¢6'*O values
between leaf and stem water. These relationships are consis-
tent with simple empirical models assumed in previous stud-
ies (e.g.. Epstein et al.. 1977: Burk and Stuiver, 1981; Ed-
wards et al.. 1985: Edwards and Fritz, 1986). Thus, the
variations in §'*0 values of stem cellulose observed among
locations seem to be in agreement with the idea that humidity
effects on leaf water are recorded and preserved in the plant
cellulose. These results, however, are inconsistent with the
hypothesis of complete reequilibration between stem cellu-
lose and stem water during cellulose deposition ( DeNiro and
Cooper, 1989).

4.3. Implications for Paleoclimate Reconstruction

Previous results demonstrated that ¢'*C and 6 '*O in stem
cellulose of Tamarix jordanis can provide an indicator for
RH in arid regions where such indicators are almost nonexis-
tent ( Yakir et al.. 1994). The results presented here further
suggest that such indicators can potentially be quantitatively
calibrated. Moreover. the combination of 6 '°C and 6 '*O anal-
yses may help overcome one of the major limitations in
using oxygen (and hydrogen) isotopic records. That is, our
inability to separate the primary signals inherited from the
isotopic composition of precipitation. which is related to
large-scale atmospheric circulation (Gat. 1980), from the
secondary signals dependent on Jocal ambient conditions
(White et al.. 1993).

To a first approximation. Eqn. 1 could be used to make
an independent estimate of changes in mean RH ('RH)
from the 6'"*C for cellulose of ancient T. jordanis, provided
we can account for possible variations over time in the con-
centration and ¢"’C values of atmospheric CO,. The com-
puted value of “RH can be used in Eqn. 3. together with
measured values of the 4'°O of cellulose to solve for the
6'"0 value of source water:

60w = 0"0sc + 0.14"RH — 44.38 (r* = 0.83). (5)

Assuming that in T. jordanis, 6 '*Osy represents the §'°0
value of groundwater (see Introduction), variations in this
record can indicate regional-scale changes in temperature
(Epstein et al., 1977; Epstein and Krishnamurthy, 1990) or
in general circulation (Leguy et al., 1983).

We have attempted to apply the above approach to the
data obtained at Masada ( Yakir et al.,, 1994). As expected,
a mean cellulose §'*C value of —22.8%0 (n = 9) obtained
for the modern Masada samples yielded a relative humidity
estimate of 46%, consistent with the actual recorded mean
value of 48% for relative humidity at this location. A mean
"0 value of 32.3%c obtained for the same cellulose samples
is also in harmony with this relative humidity and the mea-
sured 6 '®Qgw of about —5.5%¢ (see Kidron in Table 1 for a
site near Masada).

As mentioned above, assessment of the palechumidity
based on the §'*C values of 2000 year old wood cellulose
requires consideration of recent changes in the concentration
and 6'*C of atmospheric CO,. As already discussed ( Yakir
et al., 1994), changes in CO, concentration likely had little
influence on the cellulose 6'*C. An estimate of the decrease
in the 6"°C of atmospheric CO, over the past 2000 years
was obtained from published records (Friedli et al., 1986),
and for the purpose of the present discussion, a decrease of
1.5%¢ in the 6"*C value of atmospheric CO, was assumed.
Following the correction of the mean & *C value of —25.7%0
(n = 6) for the ancient wood cellulose from Masada for this
effect, Eqn. 1 yields the Roman-period RH = 65%, about
17% higher than the present-day value of this extremely arid
desert region.

Applying this estimated paleohumidity to Eqn. 5 together
with the mean & '*O value of 30.3%¢ for the ancient Masada
cellulose yields 8'®Ogy, of about —5%e, not very different
from the present-day value. This supports the conclusions
made by Yakir et al. (1994 ), and is consistent with indepen-
dent evidence, from land snail carbonate ( Goodfriend, 1991)
and cave deposits (Bar-Matthews et al., 1995), that indicate
a lack of change in the §'*O of precipitation over the last
two millennia. The apparent similarity in the isotopic compo-
sition of precipitation, in spite of the significant difference in
relative humidity, and historical accounts suggesting greater
precipitation and cooler temperatures during the Roman pe-
riod (Flavius, 1959), suggest that this millennial-scale cli-
mate change in the region was controlled by a shift in atmo-
spheric circulation, perhaps reflecting greater monsoonal in-
fluence during this past humid episode (Gat and Magaritz,
1980).

More research is clearly needed to establish reliable isoto-
pic calibration curves for paleohumidity. Nevertheless, the
potential of an approach based on a single, well-character-
ized plant species and the combined "*C-'*0 analysis for
quantitative reconstruction of paleoclimate and the isotopic
composition of precipitation in arid regions is demonstrated.

Acknowledgments—This research was funded by the Germany-Israel
Foundation. Special thanks are offered to Joel Gat for his enthusiastic
help in the field and many fruitful discussions. His incisive comments
and those of an anonymous reviewer greatly improved the manu-
script.

Edirorial handling: G. Faure



Oxygen and carbon isotopes in a desert tree 3309

REFERENCES

Adar E. M., Gev L. Lipp J., Yakir D., Gat J.. and Cohen Y. (1994)
Utilization of oxygen-18 and deuterium in stem flow for the identi-
fication of transpiration sources: soil water versus ground water
in sand dune terrain. Proc. First Int. Svmp. Application Tracers
in Arid Zone Hydrology, 22-26.

Aphalo P. J. and Jarvis P. G. (1991) Do stomata respond to relative
humidity? Plant Cell Environ. 14, 127-132.

Bar-Matthews M., Ayalon A., Matthews A., Sass E., and Kaufman
A. (1995) Stable isotope study of the active water-carbonate sys-
tem in a karstic Mediterranean cave: implications for paleoclimate
research in semi-arid regions. International Union for Quaternary
Research XIV International Congress, 3—10 August 1995, Berlin,
Terra Nostra 2195, 21.

Boutton T. W. (1991 Stable carbon isotope ratios of natural materi-
als: I Sample preparation and mass spectrometric analysis. In
Carbon Isotope Techniques (ed. D. C. Colemann and B. Fry).
pp. 155-171. Acad. Press.

Buhay W. M., Edwards T. W. D., and Aravena R. ( 1996) Evaluating
kinetic fractionation factors used for ecological and paleoclimatic
reconstructions from oxygen and hydrogen isotope ratios in plant
water and cellulose. Geochim. Cosmochim. Acta 60, 2209-2218.

Burk R. L. and Stuiver M. (1981) Oxygen isotope ratios in trees
reflect mean annual temperature. Science 211, 1417-1419.

Craig H. and Gordon L. 1. (1965) Deuterium and oxygen-18 varia-
tions in the ocean and marine atmosphere. In Stable Isotopes in
Oceanographic Studies and Paleotemperatures (ed. E. Tongi-
orgi), pp. 9-130. Lab. Geologia Nucleare.

DeNiro M. J. and Cooper L. W. (1989) Post-photosynthetic modifi-
cation of the oxygen isotope ratios of carbohydrates in the potato:
implications for paleoclimatic reconstruction based upon isotopic
analysis of wood cellulose. Geochim. Cosmochim. Acta 53, 2573~
2580.

Edwards T. W. D. and Fritz P. (1986) Assessing meteoric water
composition and relative humidity from '*O and “H in wood cellu-
lose: paleoclimatic implications for southern Ontario, Canada.
Appl. Geochem. 1, T15-723.

Edwards T. W. D., Aravena R. O.. Fritz P.. and Morgan A. V.
(1985) Interpreting paleoclimate from 'O and *H in plant cellu-
lose: comparison with evidence from fossil insects and relict per-
mafrost in southwestern Ontario. Canadian J. Earth Sci. 22, 1720—
1726.

Ehleringer J. R. and Dawson T. E. (1992) Water uptake by plants:
perspectives from stable isotope composition. Plant Cell Environ.
15, 1073-1082.

Epstein S. and Krishnamurthy R. V. (1990) Environmental informa-
tion in the isotopic record in trees. Phil. Trans. Roy. Soc. London
A330, 427-439.

Epstein S. and Mayeda T. ( 1953) Variation of '*O content of waters
from natural sources. Geochim. Cosmochim. Acta 4, 213224,
Epstein S.. Thompson P.. and Yapp C. J. (1977) Oxygen and hydro-
gen isotope ratios in plant cellulose. Science 198, 1209-1215.
Farquhar G. D., O’Leary M. H.. and Berry J. A. (1982) On the
relationship between carbon isotope discrimination and the inter-
cellular carbon dioxide concentration of leaves. Austral. J. Plant
Physiol. 9, 121-137.

Flavius J. (1959) The Jewish Wars. Viking Penguin.

Francey R. J. and Farquhar G. D. (1982) An explanation of the
*C/'*C variations in tree rings. Nature 297, 28-31.

Friedli H.. Lotscher H., Oeschger H., Siegenthaler U., and Stauffer
B. (1986) Ice core record of the '*C/'*C ratio of atmospheric CO,
in the past two centuries. Nature 324, 237-238.

Gat J. R. (1980) The isotopes of hydrogen and oxygen in precipita-
tion. In Handbook of Environmental Isotope Geochemistry I (ed.
P. Fritz and J.-C. Fontes), pp. 21-47. Elsevier.

Gat J. R. and Magaritz M. (1980) Climatic variations in the eastern
Mediterranean Sea area. Narurwissenschaften 67, 80—87.

Gat J. R., Yakir D., Fritz P., Trimborn P., and Lipp J. (1993) Is
there a climate signal in the isotopic composition of cellulose
from desert plants? Proc. Int. Symp. Applications of Isotope Tech-
niques in Studying Past and Current Environmental Changes in
the Hydrosphere and the Atmosphere, IAEA, Vienna, 19-23 April
1993, 547-548.

Goodfriend G. A. (1991) Holocene trends in '*O in land snail shells
from the Negev Desert and their implications for changes in rain-
fall source area. Quatern. Res. 35, 417-426.

Issar A. (1992) Water shall flow from the rock. Springer-Verlag.

Leaney F. W., Osmond C. B., Allison G. B., and Ziegler H. (1985)
Hydrogen isotope composition of leaf water in C3 and C4 plants:
its relationship to the hydrogen isotope composition of dry matter.
Planta 164, 215-220.

Leguy C., Rindsberger M., Zangwil A., Issar A., and Gat J. R.
(1983) The relation between the '*O and deuterium contents of
rain water in the Negev Desert and air mass trajectories. [sotope
Geosci. 1, 205-218.

Martin B., Bytnerowicz A.. and Thorstenson Y. R. (1988) Effects
of air pollutants on the composition of stable carbon isotopes,
6"°C, of leaves and wood, and on leaf injury. Plant Physiol. 88,
218-223.

Mott K. A. and Parkhurst D. F. (1991 ) Stomatal responses to humid-
ity in air and helox. Plant Cell Environ. 14, 509-515.

Sternberg L. S. L. {1989) Oxygen and hydrogen isotope measure-
ments in plant cellulose analysis. In Plant Fibers. Modern Methods
of Plant Analysis V 10 (ed. H. F. Linokens and J. F. Jackson),
pp- 89-99. Springer-Verlag.

Waisel Y. (1972) Biology of Halophytes. Acad. Press.

Waisel Y. (1991) The glands of Tamarix aphylla: a system for salt
recretion or for carbon concentration? Physiol. Plant. 83, 506—
510.

Walker C. D., Leaney F. W., Dighton J. C., and Allison G. B. (1989)
The influence of transpiration on the equilibration of leaf water
with atmospheric water vapour. Plant Cell Environ. 12,221-234.

White J. W. C., Lawrence J. R., and Broecker W. (1993) Modeling
and interpreting D/H ratios in tree rings: a test case of white pine
in the northeastern United States. Geochim. Cosmochim. Acta 58,
851-862.

Yakir D. (1992) Variations in the natural abundance of oxygen-18
and deuterium in plant carbohydrates. Plant Cell Environ. 15,
1005-1020.

Yakir D., Gat ., Issar A., Adar E., Trimborn P., and Lipp J. (1994)
"*C and "0 of wood from the Roman siege rampart in Masada
(AD 70-73): Evidence for a less arid climate for the region.
Geochim. Cosmochim. Acta 58, 3535-3539.

Yakir D., DeNiro M. J,, and Gat J. R. (1990) Natural deuterium
and oxygen-18 enrichment in leaf water of cotton plants grown
under wet and dry conditions: evidence for water compartmenta-
tion and its dynamics. Plant Cell Environ. 13, 49-56.



