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Abstract-Four trees from San Dimas, the Santa Monica Mountains and the White Mountains of Cali- 
fornia, and Sinai Peninsula are studied for carbon isotope ratios. These trees grew in arid environments 
where vegetation is sparse and canopy effect is minimized. The 6°C time series obtained from wood 
segments of these trees contain high-frequency variations and a long-term decreasing trend. The high- 
frequency signals can he effectively explained by the variations of precipitation. The low-frequency trend 
cannot be accounted for only by the S “C variation of atmospheric COz. The CO* concentration in the 
atmosphere also attributed to the progressive depletion in the 13C contents of these trees. These results 
indicate a possibility of using 6 “C of plants as a proxy indicator of the concentration of atmospheric COz, 
provided that the 6°C value of the open atmosphere can be constrained independently. Plant water-use 
efficiency is not a simple function of the CO2 concentration of the atmosphere. It can increase, remain 
constant, or decrease with an increase of the atmospheric CO2 concentration. 

INTRODUCTION 

The carbon isotopic fractionation associated with the carbon 
fixation of plants was expressed elegantly by Farquhar et al. 
( 1982). For C3 plants, the carbon isotopic ratio in plant 
leaves, 6 ‘3Cp’sn,, is dependent on the carbon isotopic ratio of 
CO* in the ambient air, 6”Cti,, and the ratio of CO2 concen- 
tration in the intercellular space of leaves, ci, to that in the 
atmosphere, c,, as: 

6’3C *lan, = 6”C& - a - (b - a)c’/c., 

where 6 13C is defined as 

(1) 

( r3C/‘2C )samp’e 
('3c,'2c),,,, - 1 x looo. 

> 

The parameter a is the fractionation caused by diffusion of 
CO* from the atmosphere into the intercellular space of 
leaves, b is the fractionation caused by isotopic discrimination 
of RuBP carboxylase against ‘3COz. This simple relationship 
has been used in a variety of applications to the study of plant 
physiology (O’Leary, 1988; Farquhar et al., 1989a,b; Ehler- 
inger, 1989; Keeley, 1989; Guy et al., 1989), climate change 
(Farquhar et al., 1989b; Deleens et al., 1985), and evolution 
of atmospheric CO*. 

The term 613Cti, on the right side of Eqn. 1 suggests the 
possibility of using the carbon isotope ratios in plants to re- 
construct the history of the 6°C variations in atmospheric 
CO*. Since different sources and sinks of atmospheric CO2 
have distinct isotopic values, the knowledge of the 613C val- 
ues of the atmosphere can contribute to the understanding of 
the global carbon cycle (Siegenthaler and Joos, 1992). 

Attempt to obtain a record of ‘3C/‘2C variations in atmo- 
spheric CO* using carbon isotopes in tree rings have been 
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made by a number of authors (Leavitt and Long, 1983, 1989; 
Stuiver et al., 1984; Krishnamurthy and Epstein, 1990, Ep- 
stein and Krishnamurthy, 1990). The technique is encouraged 
by the observations of a decrease in the 613C values of tree 
rings over the time period from 1800 to the present. This trend 
correlates with the increase of the CO2 concentration in the 
atmosphere and roughly parallels the 613C variations of the 
atmospheric CO* measured directly from atmospheric sam- 
ples (Keeling et al., 1989) and from air bubbles in ice cores 
(Freidli et al., 1986). However, the observations are not al- 
ways consistent from tree to tree. 

Factors that affect the 6°C values of tree rings fall into two 
categories, the climate parameters and the atmosphere param- 
eters. It has been observed that the “C/“C ratios of tree rings 
correlate with precipitation, humidity, temperature, and light 
intensity (see review paper by Farquhar et al., 1989a). These 
factors result in a physiological adjustment of the c’/c. ratio 
and possibly of the value of b in Eqn. 1, and usually cause 
high-frequency variations in the 6°C time series of tree rings 
(see the following results) unless a long-term climate trend 
OCCWS. 

The most important atmospheric parameter is 613Cai,. CO2 
from two major sources is commonly used by plants, CO* of 
the open atmosphere with the 613C value of - -7 to -8%0, 
and COr recycled or respired by plants and the soil which is 
much more depleted in 13C (- -20%0, Keeling, 1958; Park 
and Epstein, 1960). Therefore, 6 13Csi, can be affected by the 
6 “C value of the open atmosphere, 6 13Cat,,,, the density and 
photosynthetic/respiratory activity of the vegetation, the wind 
velocity, and the growing stage of a plant (juvenile effect). 
Assimilation of recycled CO2 is often referred to as canopy 
effect, and it can cause both short- and long-term variations 
in a 6 13C record of tree rings. The effect of wind speed and 
turbulence are likely to vary seasonally or even daily. Pho- 
tosynthetic and respiratory activity of a given vegetation is 
likely to vary with climate, variations of which can be either 
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short- or long-term. Another example of a long-term trend in 
6 ‘“C of tree rings caused by the respired CO2 is the juvenile 
effect. Young trees growing under the canopy utilize more 
respired CO*, and, therefore, the 613C values increase with 
age during the earliest 20-50 years. 

In this article, we discuss the 6°C records of four trees 
collected from arid environments, in which the canopy effect 
is minimized due to sparseness of nearby vegetation. In such 
environments, the growth rate of a tree is usually limited by 
availability of moisture, which is indicated by correlations 
between ring width and precipitation. We will first show that 
the high-frequency variations in the 6 13C values of these trees 
can often be effectively explained by the changes in the 
amount of precipitation. The low-frequency variations (or the 
trends) are mostly related to the changes in the atmosphere 
conditions, such as the concentration and 613C value of CO* 
in the open atmosphere. Our goal is to obtain the best esti- 
mates of the long-term trend from these trees, which is nec- 
essary to see how the trend is related to the atmospheric pa- 
rameters. To do this, we used curve fitting to account for both 
high- and low-frequency signals simultaneously. The time- 

dependent terms in the fitted curves are taken as long-term 

trends of the 6 “C time series. 

ANALYTICAL TECHNIQUE 

One radial segment of wood is taken from each tree. The bristle- 
cone pine wood was dated by the Tree-Ring Laboratory of the Uni- 
versity of Arizona. Other trees are dated by counting annual growth 
rings under a microscope. Wood samples are further segmented into 
annual or 5-year sections, ground, and cellulose is extracted from the 
ground wood. Since these samples were to be measured for both 
carbon and hydrogen isotopes, cellulose was nitrated into cellulose 
nitrate using the standard technique (Epstein et al., 1976, 1977; 
DeNiro, 1981). Cellulose nitrate is oxidized into Hz0 and CO2 by 
combustion with CuO at 650°C. The “C/‘*C ratios are determined 
with a mass spectrometer and expressed as 6 “C values with respect 
to PDB. The analytical uncertainty is <O.I%o ( la). 

RESULTS 

San Dimas Experimental Forest, California, USA 

The San Dimas Experimental Forest (SDEF), located in 
the San Gabriel Mountains northeast of Los Angeles, is a field 
laboratory for studies in the ecology of chaparral and related 
ecosystems. Meteorological data are available in various lo- 
cations in the forest, which was our main consideration for 
selecting the site. A disc of a Coulter pine (Pinus coulteri), 
which covers the time span of 1946-1992, was collected at 
Tanbark Flats (34”12’N, 117”45’W, elevation: 2800 m), 
within 20 m of a meteorological station. This is a fast-growing 
tree, which allowed isotopic analyses of annual rings. 

The SDEF has a Mediterranean-type climate, with mild 
winters and summer droughts. Most of the precipitation falls 
from December to March. The total annual precipitation 
ranges from 256 to 1595 mm with an average of 658 mm 
(1946-1992). The average annual evaporation potential on 
the forest is 1630 mm (Dunn et al., 1988). Due to the arid 
conditions, the growth rate of this tree is determined predom- 
inantly by moisture. Since most of the precipitation falls from 
December to March, we define the hydrological year N to be 

from October of N - 1 to September of N. Cross correlations 
between detrended ring-width and total precipitation of the 
hydrological year (Fig. 1) show that a significant correlation 
occurs only when these two variables are in phase (Lag 0). 
This indicates that the growth rate of the tree is determined 
by the amount of precipitation during the rainy season im- 
mediately prior to the growing season. Thus, a given tree ring 
in this tree carries little information for the hydrological con- 
ditions of any previous years (Lag < 0). 

The 613C record of the SDEF tree is plotted as a function 
of time in Fig. 2 (the solid line). The time series contains a 
decreasing trend on which high-frequency variations are su- 
perimposed. 

Trees respond to moisture stress by adjusting the stomatal 
resistance. This results in a change of the intercellular CO2 
concentration, 4, and hence a change in the 613C value of 
plants according to Eqn. 1. As a result, a correlation between 
6 ‘3Cplan, and precipitation often occurs in plants from arid en- 
vironments. After the trend of the 6’3Cplan, time series is re- 
moved, 613C residuals are systematically related to the total 
annual precipitation (Fig. 3). The scattered plot in Fig. 3 in- 
dicates that the dependency of 6”C,,,, on the precipitation 
may not be linear, it seem to be more sensitive (steeper slope) 
when the water stress is high and more or less constant when 
plenty of moisture is available. We note that this observation 
cannot be generalized. As will be noted later, the relation be- 
tween the 6 ‘3Cplant and precipitation may depend on a number 
of factors including the climate, the hydrological conditions 
and the living habits of a tree. There is no significant corre- 
lation between the 613C of this tree and instrumental temper- 
ature. 

Our main interest is to quantify the long-term trend and to 
relate this trend to the evolution of atmospheric CO*. To ob- 
tain the best estimate for the trend, both long- and short-term 
variations are considered and modelled simultaneously. We 
assume that, for this tree, the total variation of the 6’3Cplanf 
can be explained by two exponential terms, one dealing with 
the low-frequency signal (the trend) which is a function of 
time and the other accounts for the high-frequency signal in- 
troduced by the interannual variations of precipitation. The 
equation to be fitted has the following form: 

6°C ,,ranr = A,, f A, exp(Az(Year - 1940)) 

+ A3 exp(AZ), (3) 

where P is precipitation, and A0 through A4 are constants to 
be determined by regression. The number 1940 in Eqn. 3 is 
introduced only for numerical convenience. The best fit given 
by Eqn. 4 is highly significant (p-value < 0.0001). and the 
modelled and observed b’3CP,, are plotted as a function of 
time in Fig. 2. 

6°C gIlIll = -21.4 - 1.04 exp(O.O21(Year - 1940)) 

+ 2.25 exp( -0.04P). (4) 

Cheeseboro Canyon, Santa Monica Mountains, California 
(SMM), USA 

The climate pattern of this area is similar to that of SDEF 
except it is drier due to its relatively low elevation. There is 
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FIG. 1. Correlations between ring-width and precipitation at SDEF. (a) A comparison of time series of ring-width and total 
hydrological-year precipitation (see text for tbe definitions of the hydrological year. (b) Cross correlations between ring width 
and precipitation. The dotted lines are the significant levels at Q = 0.01. Significant correlation only occurs at Lag = 0. 

no meteorological station in the immediate vicinity of the tree, 
but there are a number of stations within 35 km from the site. 
None of these stations, except the Los Angeles Weather Sta- 
tion (LAWS), has continuous records longer than fifty years. 
However, comparisons of the climate records among these 
stations show coherent variations both in temperature and pre- 
cipitation, despite the fact that local climate variations are 
rather complicated in the greater Los Angeles area. The longer 
time series of the LAWS is used for our discussion. The mean 
annual temperature recorded at this station is 17.8”C, and the 
total annual precipitation is 376 mm ( 1880- 1992). 

The valley oak (Quercus lobara) is one of few native tree 
species at Cheeseboro Canyon. The oak trees contribute to 
savanna vegetation and appear scattered over the grassland. 
Denser clusters of trees are usually found near the bottom of 
the canyon where supplies of ground water may help them to 
survive the summer drought. A disc of tree stem was collected 
from a valley oak at the southern end of Cheeseboro Canyon 
(34”9’N, 118”44’W, elevation: 350 m). This tree lived from 
1775 to 1990, and at the time of its collection it appeared as 
a single tree with the nearest trees being at least 100 feet away. 

The cross-correlation between the ring width and the an- 
nual total precipitation (from October 1 to September 30) 
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FIG. 2. The 6°C time series of the Coulter pine at SDEF. The 
crosses connected by a solid line are the observations, and the dashed 
line is the model calculations using Eqn. 4. 
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FIG. 3. Scatter plot of the 613C residuals of SDEF pine after an 
exponential trend is removed as a function of precipitation. 

shows (Fig. 4) that, unlike the SDEF tree, the growth rate is 
not only determined by the amount of precipitation of the 
rainy season immediately prior to the growing season, but also 
significantly affected by precipitation of the previous two 
years. This reflects the fact that valley oaks inhabit areas near 
the supply of ground water which contains a longer hydro- 
logic memory. 

To simplify the mathematical treatment, we assume that the 
growth rate responds on a linear combination of the total pre- 
cipitation for the past three years. That is, 

RW. = X, P. + X,P._, + X3Pn_2, (5) 

where RW. is the detrended ring width for the year n, P,, 

P,_, , and Pn_2 are the total precipitation for the hydrological 
year n, n - 1 and n - 2, and X,-X, are constants to be 
determined. The multiple regression yielded the following re- 
sult: 

RW. = (3.OP. + 1.6Pn_, + 1.8Pw4) X 10-3. (6) 

The regression is highly significant (p-value < 0.0001) and 
can explain 8 1% of the total variation in the ring-width data. 
A three year running average of both measured and modelled 
ring width values vs. time are plotted in Fig. 5. 

The 613C and 6D values (defined as parts per thousand 
difference in D/H ratios between a sample and the Standard 
Mean Ocean Water) of the tree rings were determined for 
five-year segments and the results are shown in Fig. 6a,b. 
Similar to the case of SDEF, the 613C curve contains a trend 
and high-frequency fluctuations. The trend has a shape of an 
exponential function with a rapid decrease in the 6 13C values 
for the most recent fifty years and much smaller change when 
going further back in time. After a second order trend of both 
6D and S “C is removed, leaving only the high-frequency sig- 
nals, a significant correlation is found between the two vari- 
ables (r’ = 0.53, n = 43). Significant correlations also exist 
between either variable and the five-year ring-width, indicat- 
ing that precipitation is the common independent variable for 
the high-frequency variations of all three of these variables. 
The correlation between Kr and precipitation is likely due to 
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FIG. 4. Cross-cotrelations between ring-width and precipitation for 
the valley oak at SMM. The dotted lines are the significant levels at 
a = 0.01. Significant correlation only occurs at Lag = 0, -1, and 
-2, indicating the precipitation of a given year can affect the rate of 
tree growth for three years. 

the humidity-dependent enrichment of deuterium in leaf water 
during plant transpiration (e.g., Epstein et al., 1977; Burk and 
Stuiver, 1981; Edwards and Fritz, 1986; Buhay et al., 1991). 
We point out, however, that the correlation of high-frequency 
signals between 6D and 613C is not commonly observed. In 
our experience with about twenty trees, 6D-613C correlation 
occurred for only two cases, this tree and the tree of Sinai (to 
be discussed later). In both locations, the climate is warm 
and dry. 

The precipitation data are not available before 1880; there- 
fore, we used ring-widths as a proxy to model the 6°C record. 
A linear relationship between 6°C and the ring-width is as- 
sumed and the curve to be fitted is expressed by the following 
equation: 

6°C p,sn, = Ao + A,RW 

+ A2 exp(A3(MidYear - 1770)), (7) 

where RW is the detrended total ring width (mm) of the five- 

FIG. 5. Measured (solid line) and modelled (dashed line) ring-width 
time series for the SMM oak. Both time series am smoothed by a 3- 
year running average. 
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FIG. 6. The 6D and 613C time series of the SMM oak. A significant 
correlation exists between the high-frequency variations of the 6D 
and b”C values. The modelled values (dashed line in (b)) are given 
by Eqn. 8. The question mark in (b) indicates the outlier removed 
from the model fitting. 

year wood segment, and Midyear is the middle year of the 
segment. One outlier, which corresponds to the exceptionally 
large value of ring-width for the time interval between 1885 
and 1889, was removed from the model calculations. Figure 
5 shows that the growth rate for this time period was much 
higher than the amount of precipitation can account for, and 
it must reflect other unusual climatic or environmental con- 
ditions. The outcome of the curve fitting is given by 

61% plant = -22.2 - 7.5 x IO-‘RW 

- 9 X lo-’ exp(2.6 X lo-’ (Midyear - 1770)). (8) 

The modelled results (Fig. 6b), though statistically significant 
(p-values < O.OOOl), are less impressive than those for the 
previous tree. There are two reasons. First, the ring-width was 
used as a proxy of precipitation, which added an extra layer 
of complication and uncertainty. Second, five-year intervals 
rather than annual rings were analyzed. If one or two rings in 
a wood segment are particularly wide, they can dominant the 
overall analysis. 

The White Mountains, California, USA 

The 6 13C records of two old trees, one from the White 
Mountains of California and the other from Sinai Peninsula 

were published by Epstein and Krishnamurthy ( 1990). Based 
on the striking similarities in the general trend between the 
two time series, they concluded that both trees had recorded 
the 6 13C values of atmospheric C02. In this and the next sec- 
tion, we reexamine these two trees in some detail using the 
same method developed for the analyses of the two previous 
cases. 

The wood section of the White Mountains was cut from a 
bristlecone pine (Pinus longaevu) collected from the Ancient 
Bristlecone Pine Forest (37’26’N, 118”1O’W, elevation: 
-3000 m). Temperature and precipitation were recorded at 
two weather stations, White Mountain I (-3095 m) and 
White Mountain II (-3800 m). Between 1956 and 1977, the 
mean annual temperature and the total annual precipitation 
were recorded to be 0.9”C and 327 mm at White Mountain I, 
and - 1.7”C and 456 mm at White Mountain II (Powell and 
Kleiforth, 1991). These readings reflect the general distribu- 
tion of temperature and precipitation as a function of eleva- 
tion. The location of the tree is closer to White Mountain I, 
and it may receive slightly less than 330 mm of precipitation 
because of its lower elevation. 

The cold and dry weather of the White Mountains gives 
rise to woodland vegetation type rather than a dense forest. 
The bristlecone pines are commonly distributed in the sub- 
alpine from 3050 to 3550 m (Elliott-Fisk and Peterson, 
1991). Around the lower treeline, the ring-width was found 
to be particularly sensitive to precipitation, which is typical 
of trees near the arid lower forest border (LaMarche, 1974). 

Although a significant correlation exists between 5-year 
ring-width and 613C of tree rings (both are detrended) (r2 
= 0.34 for n = 90), the correlation improves considerably 
between the smoothed versions (fifteen-year running average, 
Fig. 7) ( r2 = 0.54 for n = 88). This implies that 513C of tree 
rings for this tree responds to climate more strongly in a time- 
scale of one or two decades. The cold and dry climate and the 
adverse growing conditions in the White Mountains may be 
the main reasons for this. Bristlecone pine stems are often 
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FIG. 7. A comparison of time series of the 5-year ring-width and 
6°C for the bristlecone pine. Both time series have been detrended 
with a second order polynomial function and then smoothed using a 
l5-year running average. 
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FIG. 8. The measured (solid line) and modelled (dashed line) 6% 
time series for the bristlecone pine. The measured data have been 
smoothed using a U-year running average, and the modelled values 
are calculated using Eqn. 10. 

irregular in shape, a growing feature similar to asymmetrical 
growth (Ramesh et al., 1985) may cause inter-ring variations 
in ring-width irrelevant to the short-term climate conditions. 

In modelling the 613C record of the tree, a second-order 
polynomial trend is assumed, the ring width is used as a proxy 
indicator of precipitation, and a linear function (suggested by 
a scattered plot) between the ring width and 6 13C is assumed. 
To effectively account for the climate signal, the modelling is 
done on the smoothed time sequence (fifteen-year running 
average) of the 6i3C values as expressed below: 

(613C plant * ) = A,, + A, Midyear 

+ A2 Midyear’ + A,RW,, (9) 

where the subscript s stands for smoothed and d for detrended. 
The modelled results (p-values C 0.001) are given in Eqn. 
10, and a comparison of these results with the observations is 
shown in Fig. 8. 

(6”C,,,& = -66.3 + 5.4 X lo-* Midyear 

- 1.6 x lo-’ Midyear’ - 0.33RW,. (10) 

The reason for the discrepancy between the modelled and 
measured 6 “C time series during the late 1700s to early 1800s 
is not clear. It seems to indicate the existence of a nonmoisture 
dependent signal during this period. The SD record of this tree 
(Epstein and Yapp, 1976) does not provide any evidence for 
temperature dependency. 

Sinai Peninsula, Egypt 

The Sinai tree is a juniper (Juniperusphoenica) collected 
at Gebel Halal, North Sinai (30”40’N, 34”OO’E, Elevation: 
890 m). In Sinai, Juniperus phoenica is one of the very few 
tree species that has distinct growth rings. The present pat- 
tern of the distribution of this species is of a relic nature and 
they mostly grow along wadi beds. The annual total precip- 
itation is about 100 mm, and the radial growth of Juniperus 
phoenica is shown to be controlled more by water availa- 

bility than by any other climatic factor (Waisel and Liphs- 
chitz, 1968). 

The ring-width measurements are not available for this 
tree. In the case of SMM valley oak, we showed that in an 
arid environment, the high-frequency variations of 6D and 
6°C of a tree correlate with each other, and both variables 
are related to precipitation. For the Sinai juniper, a signifi- 
cant correlation is also found between the SD (Fig. 9a) and 
the 6 “C (Fig. 9b, the solid line) records (r = 0.48 and n = 
86) after second-order polynomial trends are removed from 
both time series. Such high-frequency correlation between 
6D and 6 13C indicates that both variables respond to climate. 
As mentioned before, the relationship between the 6D and 
moisture stress is most likely introduced by humidity-de- 
pendent fractionation of leaf waters during transpiration. In 
absence of a more appropriate indicator for precipitation, we 
use the 6D values to remove some of the high-frequency 
variations due to climate, and assume a linear relationship 
between 6°C and 6D. If the trend of the 613C is to be fitted 
with a second polynomial function of time, the model to be 
used here is identical to Eqn. 9 except the variable RW,, is 
replaced by 6D, as follows: 

6’3C pl_,t = A0 + A, Midyear 

+ A2 Midyear’ + A36Ddr (11) 
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FIG. 9. The bD and PC time series of the juniper tree of Sinai. A 
significant correlation exists between the high-frequency variations 
of the 6D and 613C values. The modelled values (dashed line in (b)) 
are given by Eqn. 12. 
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where SDd is the residual of 6D after a second polynomial 
trend is removed, and Aa through AJ are the constants to be 
determined. 

The best fit is given by Eqn. 12 (P-value < 0.0001 ), and 
a comparison between measured and modelled 613C values is 
shown in Fig. 9b. 

6°C plant = -49.8 + 3.7 X lo-* Midyear + 1.1 

x 10m5 Midyear’ + 2.9 X 10-?iDd. (12) 

DISCUSSION 

A common feature of the four trees we studied is that they 
all contain a trend and high-frequency variations. These high- 
frequency variations are predominantly controlled by precip- 
itation, which argues that the contribution of respired CO:! is 
not important for these arid environments. Therefore, when 
we discuss the long-term trends of these records in this sec- 
tion, we will not consider the variations that might be caused 
by the canopy effect (e.g., Juvenile effect). 

We will also assume that the long-term trends seen for these 
trees do not contain climate signal, namely signal of temper- 
ature and precipitation. We provide three arguments to justify 
this assumption. ( 1) In the case of SDEF, neither temperature 
and precipitation contain a long-term trend. This argues that 
the 613C trend of this tree is not related to climate. (2) The 
precipitation time series from 1880 to 1992 at Los Angeles 
does not contain a trend, and therefore, the 6°C trend in SMM 
tree for this time period is unrelated to precipitation. (3) Al- 
though temperature dependency has been reported in a num- 
ber of studies (Wilson and Grinsted, 1977; Freyer and Belacy, 
1983; Quiver and Braziunas, 1987; Lipp et al., 1991), no 
significant correlation between 613C and temperature exists 
for high-frequency variations in the case of SDEF and SMM. 
Therefore, we argue that such correlation would not exist for 
low-frequency variations either. 

The modelled trends of the 6°C values of the four trees are 
compared in Fig. 10. The curves are defined by the time- 
dependent terms in Eqns. 4,8, 10, and 12, and the constants 
A0 are selected such that the 6 i3C values equal zero at year 
1800 for the three long time-series. For the youngest tree 
SDEF, the constant A0 is chosen such that the 6°C value of 
the oldest ring ( 1946) equals the 613C value of SMM at 1946. 

Direct measurements of the 6 13&,,, is available for 1956, 
1957 (Keeling, 1958,196l; Keeling et al., 1989) and between 
1978 and 1988 (Keeling et al., 1989). The 613C values of 
CO, separated from air bubbles in ice samples provide a 
6 ‘3C,lm record between 1744 and 1953 (Friedli et al., 1986). 
These data are plotted in Fig. 10 in a relative scale in which 
the air analysis of 1956 equals -0.97%0, the average value of 
the four tree-ring curves at 1956. In the following discussions, 
6°C pi.,,nI and 6’3C,, are referred to in the relative scale in 
Fig. 10. 

Between 1740 and 1988, the 6°C curves of tree rings show 
a decreasing trend similar to that of 6”C, in shape, but at a 
faster rate. For example, from 1956 to 1988, the change in 
6°C of atmospheric CO* is -0.83%0, equivalent to a rate of 
-0.26%0 per decade. For the same time period, the change in 
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FIG. 10. The trends of the four studied trees. The triangles are the 
direct measurements of the atmospheric samples, and crosses are the 
measurements of air bubbles in ice. cores. A relative 6’% scale is 
chosen to forced the three long series to pass through zero at 1800. 
For the youngest tree SDEF, the additive constant is determined such 
that the 6°C value of the oldest ring (1946) equals the 613C values 
of SMM at 1946. The atmospheric measurements are plotted in a 
relative scale in which the air analysis of 1956 equals -0.97%0, the 
average value of the four tree-ring curves at 1956. 

6’3C pi=, , is - 1.4%0 for both the Coulter pine of SDEF and the 
valley oak of SMM. The rate of this change hence is -0.44%0 
per decade. This leaves about -0.57%0 change of 6’3Cpu,,, 
unaccounted for by the change of 6 13Ca,,,, . 

It has been shown that C3 plants, growing over a range of 
CO* concentrations characteristic of Last Glacial Maximum 
to present atmosphere, tend to conserve ci/c. ratios (Polley et 
al., 1993). This may be accomplished by coordination of sto- 
matal and mesophyll functions (Wong et al., 1979) and/or 
by adjusting the stomatal densities (Woodward, 1987; Van 
de Water et al., 1994). A slight increase (0.03) in cr/c. at COZ 
concentrations from 200 to 350 pmol mol-’ has been reported 
for wheat plants (Polley et al., 1993). A greater increase of 
0.09 has been reported for limber pine for change in atmo- 
spheric conditions between glacial to Holocene (Van de Wa- 
ter et al., 1994). According to Eqn. 1, every 1%0 decrease in 
6”C,,, should correspond to an increase of 0.05 in the ci/c, 
ratio, implying that 6 “C of plants can be a sensitive indicator 
of the change of q/c,. To see if the COr concentration is 
related to the unexplained depletion in the trend of 6’3Cpu,,l, 
the difference between 6 13C of tree rings and S 13&,,, is plotted 
as a function of COZ concentration (Keeling et al., 1989) (Fig. 
11). The average values for all overlapping tree-ring curves 
at any given time are used to calculate the differences. A 
highly significant linear relationship (r* = 0.95) is shown in 
Fig. 11, which gives a slope of about -O.O2%o/ppm. In other 
words, between 1740 and 1988, 6’3Cplmt decreased by 0.2%0, 
and hence, q/c, increased by approximately 0.01 for every 10 
ppm increase in the concentration of atmospheric CO*. This 
sensitivity is in good agreement with that observed by Van 
de Water et al. (1994) for limber pine between 18,000 and 
11,000 years ago. 

The results of this study demonstrate that in the interpre- 
tation of the low-frequency trends of 6’3C,, both variations 
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FIG. 11. Plot of the differences between the averaged 6”Cpur and 
#‘C.,,. For a given year for which both 6’3C.tm and [CO,] are avail- 
able, the 6’rC run, value is the arithmetic mean of the tree-ring curves 
in Fig. 10 for that year. 

of 6’3c.1, and c. have to be considered. However, if the 
6 ‘%& values can be constrained (for example, by using C4 
plants (Marino and McElroy, 1991; Van de Water et al., 
1994)), the 613Cplant may become a potential proxy indicator 
for the CO2 concentration in the atmosphere. 

We do not know whether various species would respond to 
the CO2 concentration to a different degree. These four trees, 
although all adjusted to the change of the CO, concentration 
in the same direction, may have responded with different sen- 
sitivity. The current dataset is not appropriate to provide a 
quantitative evaluation for the effect of species; therefore, 
only the averaged sensitivity is given. It is also possible that 
the effect of species has resulted in some of the earlier obser- 
vations where the change in the 6°C of plants more or less 
matches the decrease in the 6 13C of atmospheric CO* (Stuiver 
et al., 1984; Leavitt and Long, 1989). 

Water-use efficiency, W, of C3 species is defined by Far- 
quhar et al. ( 1989) as the ratio of the net carbon fixed to the 
total water cost, 

w = Cat1 - Sica)(l - A) 
1.6v(l + &) ’ 

(12) 

where & is the proportion of the fixed carbon that is lost (e.g., 
by respiration), & is the unproductive water loss as a pro- 
portion of productive water loss, and u is water vapor pressure 
difference between the intercellular spaces and the atmo- 
sphere. If we allow c. and S/c* to vary while holding other 
variables constant, we have 

dWIW = dc,lc. - 
d(cJc.) 

(1 - Ci/Ca) ’ 
(13) 

The relative change of water-use efficiency is a function of 
the relative change of c. and ci/ca. For a given change in c., 
the actual response of W depends on the sign and the mag- 
nitude of d(cJc,), as well as the magnitude of ci/c.. For 
plants whose q/c, ratios decrease or stay constant with an 
increasing concentration of atmospheric COz, the water-use 
efficiency increases. In this study, on the other hand, d( ci/c.) 

has the same sign as dc., and therefore, the sign of d W/W 
depends on the relative magnitude of the two terms in 
Eqn. 13. 

Using the value 0.01110 ppm for d( cJc.)Ic., the possible 
sign of dWIW as a function of c, can be illustrated in Fig. 
12. For C3 plants, the reported ratios of ci/c. vary between 
0.60-0.85 (Farquharet al., 1989a; Polley et al., 1993). Two 
curves (dotted lines) of d(cilc,)l( 1 - CiIca) are calculated 
as a function of c., assuming that the cilc. ratio equals to 
0.65 and 0.70, respectively, when c, equals 280 ppm. The 
ratio of dc,lc, is calculated for 10 ppm increases in c,, and 
is plotted as the solid line in Fig. 12. When dc,lc, > d(cil 
c,)l( 1 - ci/c.), the water-use efficiency increases with c.. 
This occurs before the dotted line crosses the solid line. In 
other words, for low concentrations of atmospheric COr. the 
water-use efficiency tends to increase with increasing c.. 
This has two implications. ( 1) Other things being equal, 
plant water-use efficiency increases more at high altitudes 
where the atmospheric CO* concentrations are low because 
of low air pressures. Although an increase of water-use ef- 
ficiency does not always result in an increase in biomass, it 
is likely that, in an arid area where water availability is one 
of the limitations for plant growth, the biomass has increased 
with an increase of water-use efficiency. Growth increases 
of conifer stands have been found for trees at high altitudes 
near the upper treeline, while absent for trees of low altitudes 
(LaMarche et al., 1984; Graybill and Idso, 1993). The sce- 

nario illustrated by Fig. 12 provides one possible explana- 
tion for these observations. (2) At least for some plants, 
water-use efficiency may have increased during the first cen- 
tury after the industrial revolution, but the trend might be 
reversed in the recent century. This implication may be. im- 
portant for the evaluation of the terrestrial biosphere as a 
sink of atmospheric CO*. 

CONCLUSION 

We have studied carbon isotopes of four trees from arid 
environments. The rate of tree growth in these environments 
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FIG. 12. Values of dcJc, (the solid line) and d(c,/cJ/( 1 - q/c.) 
(the dotted lines) plotted as a function of c, . The calculations of dc,/ 
c. are done using 10 ppm as dc., and d(cJc.)/( 1 - cJc,) are calculated 
assuming a d(cJc.)/c. value of 0.01110 ppm. The plant water-use 
efficiency increases for the range of c, where the solid line sits above 
the dotted line. 
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is usually limited by precipitation. Depending upon the hy- 
drological conditions and the living habits of a tree species, 
the precipitation of a given year can affect the rate of growth 
for one to three years. Because the vegetation is sparse in an 
arid area, the canopy effect on the 613C values of tree rings is 
minimized. The high-frequency variations of the 613C in tree 
rings can be directly related to the amount of precipitation. 

The long-term trends of the 5 “C values in the studied trees 
contain information about atmospheric C02. For the past 250 
years, the exponential decrease in the S13C values of atmo- 
spheric CO* is not sufficient to account for the overall de- 
crease of the 613C values in the trees. For the four trees we 
studied, the response of the 6 13C values of tree-rings to the 
concentration of CO* is -O.O2%0lppm COr. 

The plant water-use efficiency is a complicated function of 
the CO* concentration in the atmosphere. For plants that main- 
tain a constant ratio of ci/c. or whose ci/ca ratios decrease 
with increasing COz concentration, the water-use efficiency 
increases. If the Ci/C. ratio of a plant increase with CO2 con- 
centration, the water-use efficiency tends to increase when the 
COZ concentration of the atmosphere is relatively low. An 
increase in biomass may be expected with an increase in wa- 
ter-use efficiency in an arid environment where water avail- 
ability limits the plant growth. 
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