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ABSTRACT: The 6180 values of daytime total leaf water and leaf cellulose In yellow-poplar Lirioden- 
dron tulipifera (L.) (Magnoliaceae) were elevated approximately 2%0 when exposed to ambient + 
300 pm01 mol-' CO2 in outdoor open-top chambers relative to ambient CO2 concentrations. In growth 
chambers, 6180 values of total leaf water during the light cycle were also ennched in a drought- 
stressed, 700 pm01 mol-' CO2 atmosphere treatment with lmited changes in humid~ty. In both experi- 
ments, no significant differences were observed among treatments in SD values of leaf water in ambi- 
ent or elevated CO2. Simultaneous isotopic measurements made of Quercus alba (L.), also growing in 
the same open-top chambers, did not show any significant difference among treatments in either 6180 
or SD values in leaf water for ambient, ambient + 150 or ambient + 300 pm01 mol-' CO2 treatments. Dif- 
ferences between the species that may be important to this variable response include apparent longer 
water-turnover times in L. tulipifera that were inferred from stomata1 conductance and leaf water con- 
tent measurements. The increases in S1'O values of leaf water in L. tulipifera without parallel increases 
in SD values indicate that elevated CO2 treatments can affect the kinetics of leaf water evapotrans- 
piration, for which H:80 evaporation is more sensitive than DHI60. The apparent long-term incorpo- 
ration of this increase in SI80 values of daytime total leaf water into leaf cellulose of L. tuliplfera may 
introduce a new compllcatlon into the use of stable isotopes ot toss~llzed plant f~bers  as paleoclimat~c 
indicators because of the long-term var~a t~on  In atmospheric CO2 content. 
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INTRODUCTION 

The isotopic fractionation of water by plants during 
transpiration was among the first biological isotopic 
effects observed (Washburn & Smith 1934). This 
increase in the concentration of the rarer, stable iso- 
topes of deuterium (D) and "0 in leaf water is impor- 
tant to climate change analyses because of the grow- 
ing efforts to use stable oxygen and hydrogen isotopes 
of plant organic matter as proxy paleoclimatic indica- 
tors (Edwards et al. 1985, Luckman et al. 1985, Ramesh 
et al. 1986, 1989, Edwards & Fritz 1988, Van Gee1 & 

Middledorf 1988, Betancourt et al. 1990, Epstein & 

Krishnamurthy 1990, Lipp et al. 1991, Swart 1992, 
MacDonald et al. 1993). In addition it has been sug- 
gested that the isotopic content of leaf water modifies 
the stable isotope composition of continental water 

vapor and subsequent precipitation (Bariac 1988, 
Bariac et al. 1990, 1991) and that leaf water oxygen iso- 
tope content specifically influences the oxygen isotope 
content of atmospheric carbon dioxide (Francey & Tans 
1987, Yakir et al. 1989, Berry 1992, Farquhar et al. 
1993) and atmospheric oxygen (Dongmann et al. 1972, 
Sowers et al. 1991 and references therein). Conse- 
quently the processes influencing the stable isotope 
composition of leaf water may be important for under- 
standing global water, carbon dioxide and oxygen 
cycles. 

Although it has been shown that the oxygen isotopic 
content of atmospheric carbon dioxide has little direct 
influence on the oxygen isotopic composition of either 
leaf water or cellulose (DeNiro & Epstein 1979), 
increasing atmospheric carbon dioxide concentrations 
may have significant indirect effects on heavy stable 
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lsotope enrichmen.t in leaf water. This would result 
from expected decreases in transpiration and i.ncreases 
in water use efficiency by plants as CO2 levels increase 
(Eamus & Jarvis 1989). Despite speculation that there 
will be no significant change in deuterium content of 
leaf water as CO, levels increase (Epstein & Krishna- 
murthy 1990), this issue has been only peripherally 
studied so far (Yakir & DeNiro 1990). 

The processes leading to concentration of the heavy 
isotopes IRO and D in leaf water are similar in many 
respects to evaporation that alters the isotopic compo- 
sition of terrestrial surface waters, but surface water 
evaporation models do not predict accurately isotopic 
enrichment for either 180 or D in leaf water (Farris & 
Strain 1978, Leaney et al. 1985, Bariac et al. 1987, 
Flanagan et al. 1991a, b. Walker & Lance 1991). This is 
a consequence of at least 2 elements of evaporation 
from plants that prevent simple application of hydro- 
logical models of evaporation, and both of these factors 
may be influenced by increased CO2 concentrations. 
First, unlike evaporating surface water, the total water 
pool within plants is thought to be compartmentalized, 
and consists of relatively unfractionated vascular water 
as well as water influenced by transpiration (Lesaint et 
al. 1974, F e r h ~  et al. 1983, Leaney et al. 1985, Yakir et 
al. 1989, Flanagan et al. 1991a). Second, the kinetic 
isotopic fractionation controlling the irreversible loss of 
water from sites of evaporation in the leaf and through 
the boundary layer surrounding the leaf is highly vari- 
able spatially and temporally. Increased CO2 concen- 
trations could change proportions of water subject to 
evapotranspiration, and through decreased stomatal 
conductance, increase the effective kinetic path con- 
trolling irreversible loss of water from sites of evapora- 
tion in the leaf. Lower stomatal densities with increas- 
ing CO, concentrations might also lead to the same 
general result. 

Both water compartmentalization and kinetic iso- 
topic fractionation potentially influence total leaf con- 
centrations of H,'*O and DH160. Meteoric water taken 
up by plants is derived from precipitation condensed 
under isotopic exchange conditions that approach 
equilibrium, and most terrestrial precipitation clusters 
along a ].east square fit line described by the equation 
SD = 8S1'0 + 10%0 (Craig 1961), where FIRO or &D = 

. - 
[(R,,,,,I,./KsMox,,) - l ]  X 1000 per mil; R is '"0/ '"0 or D/H; 
and SMOW is Standard Mean Ocean Water (Gonfi- 
antini 1961) (distributed by the International Atomic 
Energy Agency). 

Total leaf wdter includes an uncertain fracti.on of this 
meteoric water as well as other waters that have been 
subject to evapotranspiration under non-equilibrium 
conditions. During evapotransp~ration, kinetic pro- 
cesses are also significant. The eddy and molecular dif- 
fusion coefficients affecting evaporative enrichment of 

water mixtures containing DH1"O are m a l l  relative to 
equilibrium controlled enrichment of deuterium. By 
contrast heavy isotope enrichment of H2'0 is more 
sensitive to kinetic processes (Gat 1971). As a result, in 
plant waters subject to transpiration, the rat10 of H2'0 
to DH'% increases and the slope m, in the relationship 
FD = mS1'O + h, declines from the 8 of meteoric water 
to slopes ranging from 1.3 to 4.9 (Bricout et al. 1972, 
Lesaint et al. 1974, Allison et  al. 1985, Sternberg et al. 
1986, Cooper & DeNiro 1989, Cooper et al. 1991). 
There is disagreement over the relative importance of 
kinetic isotopic fractionation and water compartmen- 
talization in total heavy isotopic enrichment. For exam- 
ple, it has been estimated that the fraction of wheat 
leaf water subject to heavy isotope enrichment can be 
as low as 40 to 60 %, depending upon stress treatment 
(Walker et al. 1989). Although mixing of isotopically 
unfractlonated waters with plant water subject to 
evapotranspiration could result in significant modifica- 
tion of coefficients in the relationship SD = rnF180 + b 
for total leaf water, these estimates of isotopically frac- 
tionated water have been criticized as unreasonably 
low (Flanagan et al. 1991b). This criticism is based 
upon the structural volume of leaf vascular tissue 
carrying presumably isotopically unfractionated water 
(-5 %). Nevertheless, as pointed out previously, heavy 
isotopic enrichment in leaf water still cannot be satis- 
factorily explained by our current estimates of the 
magnitude of kinetic processes either. 

Therefore, in planning our studies of the response of 
leaf water heavy isotope enrichment to elevated carbon 
dioxide, we anticipated that controlled experiments 
could provide information for applications of stable iso- 
tope methodologies in paleoclimatology and biogeo- 
chemical cycling, as well as the more basic plant physi- 
ological questions associated with fractionation of the 
isotopes of hydrogen and oxygen during transpiration. 

Following completion of these measurements, we 
analyzed a subset of leaf cellulose samples to see if the 
short-term patterns of leaf water heavy isotope enrich- 
ment patterm we observed influenced the oxygen 
isotope composition of leaf cellulose synthesized over 
the growing season. This work was pursued because 
initial results indicated that in some circumstances, 
oxygen isotope ratios in leaf water were affected by 
CO2 concentrations. These findings, whlle useful tor 
plant physiol.og~cal studies, are most directly important 
for interpretation of stable oxygen isotope variability in 
preserved plant materials such as cellulose. 

METHODS 

Growth chamber experiment. Twelve dormant 
Liriodendron tulipifera (L.) seedlings (yellow-poplar, 
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family: Magnoliaceae, approximately 15 cm height) 
were planted in pots (15 cm diameter by 18 cm) 2 mo 
before the experimental sampling. After buds opened, 
the seedlings were placed on 23 March 1990 in 2 sepa- 
rate, temperature- and humidity-controlled growth 
chambers, one chamber with ambient and the other 
flushed continually with 700 pm01 mol-' concentra- 
tions of CO2. A 12 h photoperiod was used during each 
24 h period; photosynthetic photon flux density at the 
top of the plant canopy was 675 pm01 m-2 S-'. A 
drought treatment was initiated on half of the 
seedlings in each chamber on 23 April 1990; after this 
date, they were not watered, while the wet treatment 
plants were watered 3 times per week. The water used 
for irrigation was from a homogeneous source and had 
the following isotopic composition: 6D = -40%0 and 
6180 = -8.?%0, which is within the observed range of 
local meteoric groundwater (Dreier et al. 1989, Sheve- 
nell 1993, L. W. Cooper unpubl. data). 

Leaves were sampled over a 24 h period 8 times, 
including day and night cycles on 3-4 May 1990. Each 
sample consisted of 1, 2, or most commonly 3 leaves 
(-5 g fresh weight) from separate seedlings. 

Open-top field chamber experiment. The saplings 
we used for both ambient and elevated CO2 treatments 
were being grown directly in the ground as part of a 
longer-term study of productivity and compensatory 
responses of Liriodendron tulipifera and white oak 
Quercus alba L. to elevated CO2 (Norby et al. 1992, 
Gunderson et al. 1993). Our sampling was accom- 
plished on 30-31 August 1990, towards the end of the 
second growing season in which the trees had been 
exposed day and night during the growing season to 
3 CO2 concentrations: ambient (354.5 pm01 mol-l), 
ambient + 150 (502.9 pm01 mol-l), and ambient + 300 
(655.6 pm01 mol-l). The trees, germinated from seed 
under the experimental CO2 levels, were growing in 
soil within open-top chambers, exposed to essentially 
the same ambient light, temperature, humidity, precip- 
itation, and soil conditions, with no fertilizer or supple- 
mental water. The open-top chambers used were 3 m 
diameter aluminum-framed cylinders, covered with 
PVC film (Rogers et al. 1983). Axial fans (560 W) pro- 
vided a flow rate of 70 m3 min-', or 4 complete air 
changes per minute. The CO2 concentration in each 
chamber was monitored continuously (AR-8000 multi- 
station; Anarad, Inc., Santa Barbara, CA, USA) using a 
non-dispersive infrared gas analyzer, with micro- 
processor controlled signal processing and data stor- 
age. Calibration of the gas analyzer was accomplished 
as described in Gunderson et al. (1993). 

Leaves were sampled over a 24 h period 7 times, 
from 09:OO h local time on 30 August 1990 to 09:OO h 
the following morning, with 2 or 3 leaves (-5 g fresh 
weight) selected for each isotopic analysis. Each sepa- 

rate, fully expanded leaf was selected from a separate 
tree growing in each treatment. For the Lirioden- 
dron tulipifera saplings, leaves selected were from 
branches, 5 or 6 leaves from the meristem, so all of the 
leaves sampled were mature and approximatc?ly the 
same physiological age. For Quercus alba saplings, 
which produce leaves in recurrent flushes, only new 
flushes of leaves of similar age were sampled. 

Sample treatment. For each leaf sampled for leaf 
water isotopic content, in both experiments, leaf fresh 
weight and leaf area were measured quickly using an 
electronic balance and area meter (LI-3100 Area 
Meter; Li-Cor, Inc.). Leaves were then sealed within 
25 mm 0.d. test tubes with a rubber septum wrapped in 
Parafilm"' and frozen prior to cryogenic distillation 
(Cooper & DeNiro 1989). Following cryogenic distilla- 
tion of leaf water for isotopic analyses, dry weights of 
leaves were determined. A soil-saturating rainfall 
(16 mm) fell on the evening of 29 August, and served 
as a likely partial or predominant source water for the 
leaves sampled. This rainfall had an isotopic composi- 
tion of -15%0 (6D) and -3.9%0 (6180), which is some- 
what more enriched than average local groundwater 
(6D ca -30%0 and 6180 ca-7%0; Dreier et al. 1989, 
Shevenell 1993, L. W. Cooper unpubl. data). 

Physiological measurements. Concurrent environ- 
mental and physiological measurements in both exper- 
iments included photosynthetic photon flux density, 
leaf and air temperature, relative humidity, transpira- 
tion rate, and stomata1 conductance using a steady- 
state porometer (L1 1600, Li-Cor, Inc.). 

Isotopic analyses. Leaf water oxygen isotope ratios 
were determined by equilibrating 0.5 to 1.0 m1 of cryo- 
genically distilled plant water sanlples with approxi- 
mately 300 pm01 CO2 for 48 h, purifying the equili- 
brated CO, cryogenically, analyzing the CO2 mass 
spectrometrically, and using mass balance considera- 
tions to calculate the original oxygen isotope composi- 
tion of the sampled water (Epstein & Mayeda 1953). 
Hydrogen isotope ratios were determined using 2 
methods: for the growth chamber studies, by passing 
approximately 10 p1 of water over uranium metal 
heated to 70O0C, which released hydrogen gas that 
was collected with a uranium hydride pump 
(Bigeleisen et al. 1953, Friedrnan & Hardcastle 1970); 
for the open-top chamber studies, by reacting 3 p1 of 
water with zinc alloy (source: Geochemistry Laborato- 
ries, Indiana University) loaded within a sealed mani- 
fold under an argon atmosphere. These water samples 
were reacted in a sealed Pyrex tube at 500 'C for 0.5 h, 
followed directly by mass spectrometric measurement 
of the hydrogen gas generated. Collections for isotopic 
analyses were also made of water vapor in both the 
growth chamber and open-top chamber experiments 
within 1 cm of leaf surfaces using a molecular sieve 
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m ambient - wet 
+ 700 ppm - wet 

amb~ent - dry 
Q 700 ppm - dry 

+zs - and HCl. CO was converted to CO2 by high voltage 
t20 - discharge and HCl was removed by reaction with iso- 

qulnoline, followed by mass spectrometric measure- 
ment of the purified CO2 (Epstein et al. 1977). 

Precisions (+SD), based upon repeated mass spec- 
trometric deterrninations of secondary water standards 
analyzed concurrently with the samples, were found to 
be +0.1%0 for leaf water 6180 values and +2% for FD 
values determined using the uranium method and 
+.l %O for samples determined using the zinc method. 

0 5 10 15 20 I Precision for the the cellulose 6180 values, based upon 
concurrent pyrolysis of a secondary cellulose standard, 
was found to be +0.3%. Our laboratory utilizes a 
Fisons Instruments/VG SIRA Series I1 dual inlet, triple 
beam collector mass spectrometer. Laboratory gas 
samples calibrated to SMOW were used as reference 
gases. 

Ume (hours) 

I dark cycle 

Fig. 1. Liriodendron tulipifera. Stable isotope composition of 
leaf water of growth chamber-grown samples, 4-5 May 1990, 
under wet and dry conditions and ambient and 700 pm01 

mol-' CO2 

pump activated by liquid nitrogen (Cooper et al. 1991). 
Corrections to 6180 values were made for the small vol- 
umes of water analyzed (100 pl), by using matched- 
volume machine standards (Cooper et al. 1991). 

Following completion of the analyses of the leaf 
water samples, we chose to assay a subset of dried leaf 
samples for organic 1 8 0  content to see if 
short-term "0 enrichment patterns ob- 
served over the diurnal period of the 
experiments were integrated lnto the 
F180 values of leaf cellulose synthesized 
over the growing season. The leaves of 
Liriodendron tulipifera saplings (ambient 
and + 3 0 0  pm01 mol-l treatment) collected 
7 times over the 24 h period of 30-31  

August 1990 were used as independent 

RESULTS 

Growth chamber experiment 

Isotopic measurements. Leaf water of Liriodendron 
tulipifera seedlings showed diurnal enrichment in both 
''0 and D (Fig. 1).  Heavy isotope enrichment was 
greatest for ''0 and D in the drought-stressed, 
7 0 0  pm01 mol-' treatments, although it should be 
noted that FD values were only slightly higher than in 
the 2 well-watered treatments and the 6180 values of 
leaf water in the drought-stressed treatment were ini- 
tially higher than all other treatments as the experi- 
ment started. 

Physiological measurements. Leaf conductance was 
lower in the droughted seedlings, especially in ele- 
vated CO2 (Fig. 2). This trend was reflected in the in- 
tegrated whole-plant water use over the course of the 
experiment (Table 1). Leaf water content did not differ 

Table 1 Liriodendron tulipifera. Water use characteristics of seedlings in 
growth chambers. Leaf conductance data are means ( r  SD) of measurements 
plotted in Fig. 2. Whole-plant water use data are means (* SD) of 3 plants per 
treatment over a 24 h period. Leaf water content data are means (+SD) of 

8 leaf collections over the 24 h experiment 

Treatment Leaf Whole-plant Leaf water 
conductance water use content 

(cm S-') (g m-2) (g H 2 0  g- '  dry wt) 

samples of leaf organic matter. Leaf tissue 
without major veins was used. Cellulose 
was extracted using a sodium chlorite- 

Well-watered 
Ambient CO2 0.39 + 0 18 7 8 2 r  118 2.53 r 0.51 
Elevated CO7 0.45 r 0.10 767 + 66 3.16 r 1.26 

acetic acid oxidation procedure (Wise 
1944).  Vacuum-dried samples were then 

Droughted 
Ambient CO, 

pyrolized in the presence of mercuric Elevated CO; 0.20 + 0.09 395 r 88 3.07 r 1.08 
chloride at 5 2 0  "C for 5 h to form CO, CO,, 
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Liriodendron 
m amblent - wet tulipifera + 700 ppm - wet 

ambient - dry 
O 700 ppm - dry 

dark cycle 
0.0 . 

0 5 10 15 20 25 

time (hours) 

Fig. 2. Liriodendron tulipifera. Leaf conductances for growth 
chamber-grown samples, 4-5 May 1990, under wet and dry 

conditions and ambient and 700 pm01 mol-l CO2 

significantly between treatments (Table l), implying a 
longer average residence time for water in the 
droughted, CO2-enriched seedlings. There were no 
differences in leaf water potential, measured with a 
Schollander pressure chamber (data not shown). Phys- 
ical conditions during the experiment are outlined in 
Table 2. 

Open-top field chamber experiment 

Water isotopic measurements. Leaf water of Lirio- 
dendron tulipifera saplings showed strong diurnal 
enrichment in both 180 and D (Fig. 3). Enrichment of 
'$0 in the ambient + 300 pm01 mol-' treatment was 
consistently higher than other treatments, although 
there was no consistent pattern for 6D values of leaf 
water among the 3 treatments. Patterns of leaf water 
heavy isotope enrichment in Quercus alba resembled 
patterns in L. tulipifera, including the extent of daily 

change in isotopic composition, as well as the actual 
isotopic composition measured (Fig. 4) ,  but no treat- 
ment resulted in consistently greater heavy isotope 
enrichment. 

Cellulose isotopic measurements. Cellulose ex- 
tracted from the dried leaves of Liriodendron tulipifera 
(+ 300 pm01 mol-I treatment) collected 7 times over the 
24 h period of 30-31 August 1990 had 6180 values sig- 
nificantly higher than cellulose extracted from the cor- 
responding 7 ambient samples (Table 3; l-tailed t-test; 
p < 0.01). Mean F180 values were 2%0 enriched in the 
ambient + 300 pm01 mol-' treatment (6"O = +27.5%0) 
relative to the ambient treatment (6180 = +25.5 XO), 
which was similar to the mid-day short-term difference 
we observed in leaf water isotopic content between the 
2 treatments. 

Physiological measurements. Leaf conductance 
declined with increasing CO2 concentration in both 
species (Fig. 5). Leaf water content was lower in Quer- 
c u s  alba than in Liriodendron tulipifera and tended to 
decrease with increasing CO2 concentration in both 
species (Table 4) .  However, water content declined 
proportionally less than conductance, and assuming 
that transpiration was proportional to conductance, 
this indicates that the average residence time of leaf 
water was longer in L. tulipifera than in Q. alba, and 
longer in elevated CO2 than in ambient CO2 treat- 

Table 2. Growth chamber physical conditions during experi- 
ment, 4-5 May 1990 

Light cycle air temperature range 
(observed in both chambers) 24.0-266°C I 
Light cycle leaf temperature range 
(observed in both chambers) 25.0-27.4 "C I 
Night cycle air temperature range 
(observed in both chambers) 16.2-17.6"C 

Night cycle leaf temperature range 
(observed in both chambers) 16.1-17.7 'C  

Light cycle relative hurnihty range 
(observed in both chambers) 80-90 % 

Night cycle relative humidity 
(observed in both chambers) 86-96 % 

Day air vapor 6 values, ambient, -83 %O (6D) 
3:45 to 5:45 h after experiment start -14.4%0 (6"o) 

Day air vapor 6 values, 700 pm01 
-67 l b o  (6D) 

COz mol-l, ?:40 to 9:00 h after 
- 1 1.3 1in (6180) 

experiment start 

Nlght au  vapor 6 values, ambient, 
-86% (&D) 

22 00 to 23:OO h after experlrnent 
-10.6% (6180) 

start 

N~ght  air vapor 6 values, 
-80% (6D) 

700 pm01 CO2 mol-l. 20:OO to 
-14.9:L (6180) 

22.00 h after expen ment start 
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Liriodendron tulipifera 

+12.0 
Liriodendron tulipifera 

ambient 

8 ambient + 300 ,moVmol 

0900 1400 1900 2400 0500 1000 

Time of day, August 30 to 31,1990 

Fig. 3. Liriodendron tulipifera. Stable isotope composition of 
leaf water of samples, 30-31 August 1990, grown in the 
ground within open-top chambers under ambient, ambient + 

150 and ambient + 300 pm01 mol-' CO2 

Table 3. Liriodendron tulipifera. SL80 values (%o) of cellulose 
extracted from de-veined leaves (ambient CO2 and ambient + 
300 ].lmol mol-l CO2 treatments) used for leaf water isotopic 

measurements, open-top experiment, 30-31 August 1990 

Ambient CO2 + 300 pm01 moi-! 
treatment treatment 

+26.83 +25.76 
+26.11 +27.76 
+23.64 +28.84 
+25.22 +28.82 
+26.53 t25.47 
t24.07 t27.59 
t26.27 t27.92 

mean * SD: +25.5 * 1.3 +27.5 k 1.3 

ments. Leaf water potential (pre-dawn and midday) 
did not differ significantly between species (not 
shown). Physical conditions during the experiment are 
outlined in Table 5. 

DISCUSSION 

Plant physiological responses to increased CO2 con- 
centration are a complex of direct, indirect, and inter- 
acting effects. A separate study of the growth response 
of the Liriodendron tulipifera saplings used in our 
open-top chamber experiment has shown that despite 

+l0 

Ouercus alba 

-10 - 

0900 1400 1900 2400 0500 1000 

Time of day, August 30 to 31,1990 

Fig. 4.  Quercus alba. Stable Isotope composition of leaf water 
of samples, 30-31 August 1990, grown in the ground 
within open-top chambers under ambient, ambient + 150 and 

ambient + 300 pm01 mol-' CO2 
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+ ambient 

+ ambient + l50 pnol/rnol 
Q ambient + 300 pnollrnol 

5 Table 5. Open-top chamber physical conditions during exper- 

4 
Quercus alba 

Liriodendron tulipifera 

Time of day, August 30 to 31, 1990 

iment, 30-31 August 1990 

Air temperature range 21.4-35.8"C 
(observed in all 3 chambers) 

Leaf temperature range 
(observed in all 3 chambers) 

21 5-35.6"C 

Relatlve hum~dity range 53-92% 
(observed In all 3 chambers) 

Day a ~ r  vapor 6 value -64?m (&D) 
(10:30 to 13.30 in ambient chamber) - 1 1 . 6 ? ~  (S180) 

Night air vapor 6 value -85% (6D) 
(23:OO to 0530  in ambient chamber) -9.2% (6180) 

a sustained increase in leaf-level photosynthesis in the 
elevated CO2 treatments, whole plant carbon storage 
did not increase significantly (Norby et al. 1992). 
Instead, a relative decrease in leaf production was 
balanced by increased carbon allocation to fine root 
production. 

The patterns of leaf-water heavy-isotope enrich- 
ment we observed in response to elevated CO2 also 
appear to share this complexity. No significant differ- 
ences in heavy-isotope enrichment patterns in open- 
top chamber Quercus alba were observed regardless 
of CO2 concentration. By contrast, for Liriodendron 
tulipifera in both open-top and drought-stressed 
chamber experiments, 180 content of leaf water was 
elevated. The increase in both deuterium and '$0 en- 
richment in the drought stressed treatment in the 
chamber experiment is not surprising, but the differ- 
ence in 6180 values (but not 6D values) in the outdoor 
open-top chambers exposed to identical physical con- 
ditions cannot be explained by different levels of 
drought stress. The most likely explanation for this 

Fig. 5. Liriodendron tulipifera and Quercus alba. Leaf conduc- 
tances of samples, 30-31 August 1990, grown in the ground effect is an  increase in overall kinetic isotopic frac- 

within open-top chambers under ambient, ambient + 150 and tionation effects caused by greater stomata1 resis- 
ambient + 300 pm01 mol-' CO2 tance to water loss from sites of evaporation within 

the leaf into the atmosphere as CO2 con- 
centration increased. As discussed in the - -  ~ ~ 

Table 4.  Linodendron tulipifera and Quercus alba. Water use characteristics introduction, "0 enrichment is more 
of saplings growing within open-top field chambers. Leaf conductance data 
are the means (?SDI of measurements of 3 leaves Der treatment. Leaf water sensitive to this effect than deuterium. Of 

, . 
content data was measured at 7 times during the 24 h experiment course at some high concentration of 

I I CO2, 6D values should also increase in 
Species c02 Leaf Leaf water 

enrichment conductance content 
(pm01 mol-') (cm S-') (g H 2 0  g-l dry wt) 

Q. alba Ambient 2.15 * 1.02 1.18 i 0.11 l would be an  increase in the proportion 

+ 150 1.60 & 0.84 1.17 i 0.06 of stomata1 resistance relative to total re- 

response to these changes, although only 
the additional 180 enrichment was ap- 
parent in the open-top chamber experi- 

L. tulipifera Ambient 2.52 * 1-10 2.11 i 0.18 
+ 150 2.22 * 0.96 2.07 i 0.17 
+ 300 1.49 + 0.86 3.16 i 1.26 

ment. Another alternate, but not neces- 
sarily mutually exclusive way of 
describing this physiological change 

+ 300 1.23 t 0.64 1.02 i 0.08 sistance. This effect is consistent with 
our measurements of leaf conductance in 
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L. tulipifera, which declined with increasing CO2 con- 
centrations. 

Following these observations of increases in 6180 
values in leaf water, we also observed significantly 
higher Si80 values of leaf cellulose for Liriodendron 
tulipifera leaves subjected to the ambient + 300 pm01 
mol-l treatment (Table 3) .  These results may have 
implications for paleoclimatic studies using the stable 
hydrogen and oxygen isotope compositions of cellu- 
lose or other preserved plant materials. In particular it 
appears that the oxygen isotope composition of leaf 
water and any organic material synthesized in relation 
to it can have an elevated heavy isotope composition in 
CO2-enriched atmospheres as an  indirect effect of 
altered stomatal conductance and transpiration. Mod- 
els indicate that atmospheric carbon dioxide levels 
have varied greatly over geological time, with an order 
of magnitude greater concentration present during the 
early Paleozoic (Berner 1990). More relevant for most 
applications of the stable hydrogen and oxygen isotope 
composition of organic matter is that no stable isotope 
measurements of leaf water have been made using 
plants grown exposed to CO2 concentrations as low as 
those associated with the last glacial maximum (180 to 
200 pm01 mol-l). 6180 values of fossil wood cellulose 
from southern Ontario, Canada, may have decreased 
as much as 10%, over the past 11 000 yr, as a result of 
increases in average humidity, although this decrease 
has likely been partly offset by increases in the 1 8 0  

content of meteoric water (Edwards & Fritz 1986). 6 i 8 0  
variability in cellulose of a smaller magnitude has also 
been observed for cellulose extracted from peat (Bren- 
nikmeijer et al. 1982). The decrease in fossil wood 
cellulose 6180 values during a period of increasing CO2 
concentration shows a trend opposite to what we 
observed for the isotopic composition of leaf water of L. 
tulipifera for the +300 pm01 mol-' treatment (higher 
6180 values assoc~ated with h~ghest  CO2 treatment). 
This indicates that any effect from CO2 increases on 
heavy isotope enrichment due to changes in stomatal 
conductance may be smaller than other changes 
caused by humidity and other climatic factors. Simi- 
larly, the effects of CO2 concentration on leaf conduc- 
tance are smaller than seasonal variation in conduc- 
tance (Gunderson et  al. 1993). However, the increase 
in humjdity over tlme inferred from the Ontario wood 
samples could be an underestimate ~f the effects 
observed in our experiment are significant relative to 
all other factors influencing the oxygen isotope compo- 
sitlon of cellulose. Although data on natural variations 
in oxygen isotope composition of organic matter are 
not extensive, the importance of relative humidity rel- 
ative to CO2 concentration is also suggested by the 
work of Sternberg et al. (1989), who observed lower, 
rather than higher, leaf cellulose 6180 values in a trop- 

ical forest understory, where CO2 concentrations and 
humidity are both higher than in the canopy. Here, as 
in the fossil cellul.ose samples, it appears that any 
heavy isotope enrichment due to higher CO2 concen- 
trations is counteracted and possibly masked by 
humidity effects. 

Although the heavy enrichment patterns in leaf 
water may have implications for paleoclimatic studies, 
it is not clear why the leaf water of Liriodendron tulip- 
ifera showed an apparently kinetically driven response 
to increasing CO2 concentrations while Quercus alba 
did not. Leaf water content of L. tulipifera was signifi- 
cantly higher than in Q. alba (Table 4), while typical 
leaf conductances were somewhat lower for Q. alba 
than for L. tulipifera (Table 4, Fig. 5). This suggests that 
water turnover time was longer in L, tulipifera and 
longer at higher CO2 concentrations. Longer water 
turnover time would lead to less dilution of heavy iso- 
tope-enriched leaf water by soil water sources, but this 
would affect both SD and 6180 values, so this lowered 
dilution was not apparently significant in our experi- 
ment. Consistent with physical models of water evapo- 
ration (e.g. Craig & Gordon 1965, Dongmann et al. 
1974), the range of heavy-isotope 6D and SI80 values 
observed in each species were similar. For example, SD 
values of Q. alba (regardless of treatment) ranged from 
-10 to +9%0. By comparison, SD values of L. tulipifera 
ranged from -9 to +14%o. The difference between spe- 
cies in 6180 value ranges was even closer to analytical 
error: -0.8 to +9.7Yw for Q. alba and -0.8 to +10.0%0 for 
L. tulipifera (Fig. 6). It is possible, however, that a 
longer water turnover time, when combined with low- 
ered leaf conductance at higher CO2 concentrations, 
could lead to proportionally greater ''0 enrichment 
relative to deuterium, as H280 remained within the 
leaf over a longer period, while proportionally more 
DH20 evaporated. The apparent longer residence time 
for water within L. tulipifera leaves in the ambient + 
300 pm01 mol-l treatment could therefore lead to such 
a kinetic isotopic fractionation effect that would not be 
apparent during the shorter turnover period in Q. alba. 
Our observations of similar magnitudes and absolute 
degrees of heavy isotope enr~chment in leaves with 
different water content do not support our use of the 
explanation that significantly different volumes of 
water are su.bject to heavy isotope enrichment in the 2 
different species studied (Leaney et al. 1985, Walker et 
al. 1989). 

Although there were statistically significant differ- 
ences in 1 5 ~ ~ 0  values of Liriodendron tulipifera leaf 
cellulose between ambient and ambient + 300 pm01 
mol-' treatments (Table 3) ,  internal variability was 
high within sample groups. This suggests that the oxy- 
gen isotope composition of cellulose could be depen- 
dent upon the fine-scale isotopic content of leaf water 
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Fig. 6 Linodendron tulipifera and Quercus alha 6180 and 6D 
values of leaf waters for all samples grown in the ground 
wlthin open-top chambers, 30-31 August 1990, together with 
isotopic composition of 16 mm rain, 29 August 1990. Meteoric 
water line corresponds to 6D = 86180 +10%0, described by 
Craig (1961). Individual regression lines for L. tulipifera: 
ambient CO2: 6D = 2.196180 - 5.64, r2 = 0.91, n = 7; ambient + 
150 pm01 mol-' CO2: 6D = 2.206180 - 4.71, r2 = 0.97, n = 7; 
ambient + 300 pm01 mol-' CO2: 6D = 1.946180 - 7.96, r2 = 0.90, 
n = 7. For Q. alba: ambient CO2: &D = 1.616180 - 6.46, rZ = 
0.86, n = 7; ambient + 150 ].lmol mol-' CO2. 6D = 1 . 6 0 6 ~ ~ 0  - 
5.37, r2 = 0.82, n = 7; ambient + 300 pm01 mol-' CO,: 6D = 

1.446180 - 6.82, r2 = 0.89, n = 7 

at the site of ceLlulose synthesis, a concept that has 
been advanced elsewhere (DeNiro & Cooper 1989). 

While the more widely recognized factors of humid- 
ity, temperature, soil water, and water vapor clearly 
are the most important in governing the stable oxygen 
and hydrogen isotope composition of leaf water and 
cellulose, this work demonstrates that significant 

changes in the oxygen isotope composition of Lirioden- 
dron tulipifera can be solely attributed to doubling of 
the current ambient CO2 concentration. It is possible 
that at sonle point, increases in CO2 concentration 
would also affect the deuterium content of leaf water 
independent of such water stress induced increases 
observed in the chamber experiment This work indi- 
cates, as has been indicated by previous studies, that 
caution should be exercised in interpreting paleo- 
climate through empirical use of proxy stable isotope 
indicators, such as preserved cellulose, until the factors 
influencing interspecific stable isotope variation in leaf 
water and cellulose are better understood. 

Acknowledgn~ents. We thank Dr Corina Solis for assistance 
with both the hydrogen and oxygen isotope measurements. 
We also appreciate constructive reviews by Drs D. Yakir, H. 
Forstel, and a third anonymous reviewer. Funding was pro- 
vided by the Oak Ridge National Laboratory Exploratory 
Studles Program and the Carbon Dioxide Research Program, 
Office of Health and Environmental Research, U.S.  Depart- 
ment of Energy. Oak Ridge National Laboratory IS managed 
for the U.S. Department of Energy by Martin Marietta Energy 
Systems, Inc., under contract DE-AC05-840R21400. Environ- 
mental Sciences Division Publication No. 4197 

LITERATURE CITED 

Allison, G. B., Gat, .I. R., Leaney, F. W. J .  (1985). The relation- 
ship between deuterium and oxygen-18 delta values in 
leaf water. Chem. Geol. 58: 145-156 

Banac, T (1988). La transpiration des plantes terrestres et les 
isotopiques des eatix n;turcllcs. Ball. Scc. gee! Prance 8, 
t.lV- 187-192 

Bariac, T., Deleens, E., Gerbaud, A., Andre, M-, Mariotti, A. 
(1991). La composition isotopique ("0, 2H) de la vapeur 
d'eau transpiree: etude en conditions asservies. Geochim. 
cosmochim. Acta 55: 3391-3402 

Bariac, T., Jusserand, C., Mariotti, A. (1990). Evolution spatio- 
temporelle de la composition isotopique de l'eau dans le 
continuum sol-plante-atmosphere. Geochim. cosmochim. 
Acta 54: 413-424 

Banac, T., Klamecki, A., Jusserand, C., Letolle, R. (1987). Evo- 
lution de la composition isotopique de l'eau dans le con- 
tinuum sol-plante-atmosphere. Catena 14: 55-72 

Berner. R. A. (1990). Atmospheric carbon dloxide levels over 
Phanerozoic time. Science 249: 1382-1386 

Berry, J. A. (1992). Biosphere, atmosphere, ocean inter- 
actions: a plant physiologist's perspective. In: Falkowsh, 
P. G., Woodhead, A. D. (eds.) Primary productivity and 
biogeochemical cycles in the sea. Plenum Press, New 
York, p. 441-454 

Betancourt, J. L., Van Devender, T R., Martin, P. S. (1990). 
Packrat middens. The last 40,000 years of biotic change. 
University of Arizona Press, Tucson 

Bigeleisen, J., Pearlinan, M. L., Rosser, H C (1953). Conver- 
slon of hydrogenic material for isotopic analysis. Anal. 
Chem. 24. 1356-1357 

Brennlkmeijer, C. A. M,, Geel, B. v., Mook, W. G. (1982). Vari- 
ations in the D/H and '80 / '60  ratios in cellulose extracted 
from a peat bog core. Earth Planet. Sci. Lett. 61: 283-290 

Bricout, J., Fontes, J.-C., Merlivat, L. (1972). Sur la composi- 



10 Clim. Res. 4: 1-11, 1994 

tion en isotopes stables de I'eau des jus d'oranges. C. r. 
Acad. Sci., Paris 274: 1803-1806 

Cooper, L. W., DeNiro, M J .  (1989). Covariance of oxygen 
and hydrogen isotopic compositions in plant water: spe- 
cies effects. Ecology 70: 1619-1628 

Cooper, L. W., DeNiro, M. J., Keeley, J. E. (1991). The rela- 
tionship between stable oxygen and hydrogen isotope 
ratios of water in astomatal plants. In- Taylor, H. P,, O'Neil, 
J. R., Kaplan, I. R. (eds.) Stable Isotope geochemistry: a 
tribute to Samuel Epstein. The Geochemical Society, San 
Antonio, TX, p. 247-255 

Craig, H. (1961). Isotopic variations in meteoric waters. 
Science 133. 1702-1703 

Craig. H., Gordon, L. 1. (1965). Deuterium and oxygen-18 
variations in the ocean and marine atmosphere. Spoleto 
meeting on nuclear geology, stable isotopes in oceanogra- 
phy studies and paleo tem.perature Lab. di Geologia, Pisa, 
p. 9-130 

DeNiro, M. J., Cooper, L. W. (1989). Post-photosynthetic mod- 
ification of oxygen isotope ratios of carbohydrates in the 
potato: implications for paleoclimatic reconstruction based 
upon isotopic analysis of wood cellulose. Geochlm. cosmo- 
chim. Acta 53: 2573-2580 

DeNiro, M. J., Epstein, S. (1979). Relationship between the 
oxygen isotope ratios of terrestrial plant cellulose, carbon 
&oxide and water. Science 204: 51-53 

Dongmann, G., Forstel, H., Wagener, K. (1972). 180-rich oxy- 
gen from land photosynthesis. Nature New Biol. 240: 
127-128 

Dongmann, G.,  Niirnberg, H. W., Forstel, H., Wagener, K. 
(1974). On the enrichment of H2I80 in the leaves of tran- 
spiring trees. Radiat. environ. Biophys. 11: 41-52 

Dreier, R. B., Toran, L. E. (1989). Hydrogeology of Melton Val- 
ley determined from hydraulic head measuring station 
data. Report ORNL/TM-1126, Environmental Sciences 
Division, Oak Ridge National Laboratory, Oak Ridge, TN 

Eamus, D., Jarvis, P. G. (1989). The direct effects of increase 
in the global atmospheric CO2 concentration on natural 
and commercial temperate trees and forests. Adv. ecol. 
Res. 19: 1-55 

Edwards, T. W. D., Aravena, R. 0.. Fritz, P,, Morgan, A. V 
(1985). Interpreting paleoclimate from "0 and 2~ in plant 
cellulose: comparison with evidence from fossil insects 
and relict permafrost in southwestern Ontario. Can. J 
Earth Sci. 22: 1720-1726 

Edwards, T. W. D., Fritz, P. (1986). Assessing meteoric water 
composition and relative humidity from ''0 and 'H in 
wood cellulose: paleoclimatic implications for southern 
Ontario, Canada. Appl. Geochem. 1. 715-723 

Epstein, S., Krishnamurthy, R. V. (1990). Environmental infor- 
mation in the isotopic record in trees. Phil. Trans. R. Soc. 
Lond. A 330: 427-439 

Epstein, S., Mayeda, T (1953). Variation of 1 8 0  content of 
water from natural sources. Geochim. cosmochim. Acta 
42: 213-224 

Epstein, S., Thompson, P., Yapp, C. J. (1977). Oxygen and 
hydrogen isotopic ratios in plant cellulose. Science 218: 
1209-1215 

Farquhar, G D., Lloyd, J ,  Taylor, J A.,  Flanagan, L. B ,  
Syvertsen, J. P.. Hubick, K. T., Wong, S. C.. Ehleringer, 
J. R. (1993). Vegetation effects on the isotope composition 
of oxygen in atmospheric COz. Nature 363: 439-443 

Farris, F., Strain, B. R. (1978). The effects of water-stress on 
leaf H ~ ' O  enrichment. Radiat. environ. B~ophys. 15. 
167-202 

Ferhi, A., Bariac, T., Letolle. R. (1983). '80/160 ratios in leaf 
water and cellulose of aquatic and terrestrial plants. In: 

Palaeoclimates and palaeowaters: a collection of environ- 
mental isotope studies. International Atomic Energy 
Agency, Vienna. p. 85-99 

Flalldydn, L. B . ,  Ba~n,  J .  P., Ehleringer, J R (1991a). Stable 
oxygen and h\drogen isotope composition of leaf water in 
C3 and C, plant species under field conditions. Oecologia 
88: 394-400 

Flanagan, L. B., Comstock, J P., Ehleringer, J. R .  (1991b). 
Comparison of modeled and observed environmental 
influences on the stable oxygen and hydrogen isotope 
composition of leaf water in Phaseolus vulgaris L. Plant 
Physiol. 96: 588-596 

Francey, R. J., Tans, P. P. (1987). Latitudinal variation In oxy- 
gen-18 of atmospheric CO2. Nature 327: 495-497 

Friedman, I., Hardcastle, K. (1970). A new technique for 
pumping hydrogen gas. Geochim. cosmochim. Acta 34: 
125-126 

Gat, J .  (1971). Comments on the stable isotope method in 
regional groundwater investigation. Water Resour. Res. 7: 
980-993 

Gonfiantini, R. (1961). Standards for stable isotope measure- 
ments in natural compounds. Nature 271: 1833-1 834 

Gunderson, C. A.. Norby, R. J., Wullschleger, S. D. (1993). 
Foliar gas exchange responses of two deciduous hard- 
woods during three years of growth in elevated COz: no 
loss of photosynthetic enhancement. Plant Cell Environ. 
16. 797-807 

Leaney, F. W., Osmond, C. B., Allison, G.  B., 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 

Lesaint, C., Merlivat, L., Bricout, J . ,  Fontes, J.-C.,  Gautheret, 
R. (1974). Sur la composition en isotopes stables de l'eau 
de la tomate et du mals. C. r. Acad. Sci., Paris 278: 
2925-2930 

Lipp, J.,  Trimborn, P., Fritz, P ,  Moser, H . ,  Becker, B., Frenzel, 
B. (1991). Stable isotopes in tree ring cellulose and climatic 
change. Tellus 43B: 322-330 

Luckman, B. H., Hamilton, J. P., Jozsa, L. A., Gray, J (1985). 
Proxy climatic data from tree rings at Lake Louise, 
Alberta: a prellrninary report. Geogr phys. quatern. 39: 
127-140 

MacDonald, G. M-, Edwards, T W. D., Moser, K. A., Pienitz, 
R.. Smol, J .  P. (1993). Rapid response of treeline vegetation 
and lakes to past climate warming. Nature 361. 243-246 

Norby, R. J., Gunderson, C. A., Wullschleger, S. D.. O'Neill, 
E. G., McCracken, M. K. (1992). Productivity and compen- 
satory responses of yellow-poplar trees in elevated CO2. 
Nature 357: 322-324 

Ramesh, R. ,  Bhattacharya, S. K. ,  Goplan, K .  (1986). Stable iso- 
tope systematics in tree cellulose as palaeoclimatic indica- 
tors: a review. J .  geol. Soc. India 27: 154-167 

Ramesh, R., Bhattacharya, S. K., Pant, G. B. (1989). Climatic 
significance of 6D variations in a tropical tree species from 
India. Nature 337. 149-150 

Rogers, H. H., Heck, W. W., Heagle, A. S. (1983). A field tech- 
nique for the study of plant responses to elevated carbon 
dioxide concentrations. J. Air Pollut. Cont. Ass. 33: 42-44 

Shevenell, L. (1993). Chemlcal charactenstics of waters in 
karst formations at the Oak Ridge Y-12 Plant. Report 
Y/'TS-1001, Oak Ridge Y-l2 Plant, Oak Ridge, TN 

Sowers, T., Bender, M., Raynaud, D.. Korotkevich, Y S., 
Orchardo, J (1991). The 6I8O of atmospheric O2 from air 
inclusions in the Vostok ice core: tirmng of CO2 and ice 
volume changes during the penultimate deglaciation. 
Paleoceanography 6: 679-696 

Sternberg, L .  d S L.,  DeNiro, M.  J . ,  Johnson, H. B (1986). 



Cooper & Norby- CO2 enrichment and "0 content in trees 11 

Oxygen and hydrogen isotope ratios of water from photo- 
synthetic tissues of CAM and C3 plants. Plant Physiol. 82: 
428-431 

Sternberg, L. d .  S. L . ,  Mulkey. S. S.. Wright, S. J .  (1989). Oxy- 
gen isotope ratio stratification in a tropical moist forest. 
Oecologia 81: 51-56 

Swart, P. K. (1992). Continental isotopic indicators of climate 
studied. EOS Trans. Am. geophys. Union 73: 122-123 

Van Geel. B., Middledorf, A. A. (1988). Vegetational history of 
Carbury Bog (C. Kildare. Ireland) during the last 850 years 
and a test of the temperature indicator value of 2H/'H 
measurements of peat samples in relation to historical 
sources and meteorological data. New Phytol. 109: 
377-392 

Walker, C.  D., Lance, R. C. M.  (1991). The fractionation of 
2H and ''0 in leaf water of barley. Aust. J. Plant Physiol. 

Editor: V Meentemeyer, Athens, Georgia, USA 

18: 411-425 
Walker, C. D.,  Leaney, F. W.. Dighton, J .  C ,  Allison, G.  B. 

(1989). The influence of transpiration on the equilibration 
of leaf water with atmospheric water vapour. Plant Cell 
Env~ron. 12: 221-234 

Washburn, E. W., Smith, E. R. (1934). The isotopic fractiona- 
tion of water by physiological processes. Science 79: 
188-189 

Wise, L. E. (1944). Wood chemistry. Reinhold, New York 
Yakir, D., DeNiro, M. J. (1990). Oxygen and hydrogen isotope 

fractionation during cellulose metabolism in Lernna gibba 
L. Plant Physiol. 93: 325-332 

Yakir, D., DeNiro, M. J., Rundel, P. W. (1989). Isotopic 
inhomogeneity of leaf water: evidence and implications 
for the use of isotopic signals transduced by plants. Geo- 
chim. cosmochim. Acta 53: 2769-2773 

Manuscript first received: May 16, 1993 
Revised version accepted: November 16, 1993 




