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Abstract—A mechanistic model is presented to quantify both the physical and biochemical fractionation
events associated with hydrogen and oxygen isotope ratios in tree-ring cellulose. The model predicts the
isotope ratios of tree-rings, incorporating both humidity and source water environmental information.
Components of the model include (1) hydrogen and oxygen isotope effects associated with leaf water
enrichment; (2) incorporation of leaf water isotope ratio values into photosynthetic carbohydrates along with
the biochemical fractionation associated with autotrophic synthesis; (3) transport of exported carbohydrates
(such as sucrose) from leaves to developing xylem in shoots and stems where cellulose is formed; (4) a partial
exchange of oxygen and hydrogen isotopes in carbohydrates with xylem sap water during conversion into
cellulose; and (5) a biochemical fractionation associated with cellulose synthesis. A modified version of the
Craig—Gordon model for evaporative enrichment adequately described leafdaserd 5*%0 values. The

leaf water model was robust over a wide range of leaf waters for both controlled experiments and field studies,
far exceeding the range of values to be expected under natural conditions. The isotopic composition of
cellulose was modeled using heterotrophic and autotrophic fractionation factors from the literature as well as
the experimentally derived proportions of H and O that undergo exchange with xylem water during cellulose
synthesis in xylem cells of tree-rings. The fraction of H and O from carbohydrates that exchange with xylem
sap water was estimated to be 0.36 and 0.42, respectively. The proportions were based on controlled,
long-term greenhouse experiments and field studies where the variations 3D thed §*°0 of tree-ring
cellulose were measured under different source water isotopic compositions. The model prediction that
tree-ring cellulose contains information on environmental water source and atmospheric vapor pressure deficit
(related to relative humidity) was tested under both field and greenhouse conditions. This model was compared
to existing models to explain cellulose isotope ratios under a wide range of source water and humidity
conditions. Predictions from our model were consistent with observations, whereas other models showed large
discrepancies as soon as the isotope ratios of source water and atmospheric water deviated from each other.
Our model resolves the apparently conflicting and disparate interpretations of several previous cellulose stable
isotope ratio studies.Copyright © 1999 Elsevier Science Ltd

1. INTRODUCTION contend that humidity information is recorded in tree-ring

The isotope ratios of meteoric water have been used exten-C(_alllJlose (Yapp and Epstein, 1982; Edwe_trds and .sz’ 1986;
sively to reconstruct past climates and in particular, past tem- Llpp.ef[ aI.,. 1993), wh_ereas other studies find ng evidence for a
peratures from both polar ice cores (Becker et al., 1991; Ep- hum'fj'.ty signal (DeNlro and Cooper, 1989; White gt al.,, 1994;
stein, 1995) and the annual rings of long-lived trees (Schieg, Terwilliger and_DeNlro, 1995). The strong correlation between
1974; Gray and Thompson, 1976; Epstein and Yapp, 1977; Source water isotope ratio and temperature has lead many
Edwards et al., 1985; Lipp et al., 1991; Feng and Epstein, investigators to suggest tree-rings as a recorder of environmen-
1994). Although tree-ring records do not go as far back as ice tal temperature (Gray and Thompson, 1976; Epstein and Yapp,
cores, they contain precisely dated, high-resolution information 1977; Yapp and Epstein, 1982; Feng and Epstein, 1994). Be-
for up to several thousand years (Fritts, 1976; Fritts and Swet- cause stable isotopes are faithful recorders of fractionation
nam, 1989; Switsur and Waterhouse, 1998). Tree-rings may events associated with both physical and biochemical pro-
also contain additional intraseasonal information not found in cesses, the question then becomes, how can interpretation of
the precipitation records of ice cores related to biological these apparently disparate results be reconciled?
processes that respond to local environmental variation. How-  Most isotopic studies have concluded that tree-rings record
ever, there has been substantial controversy over exactly whatenvironmental information. Generally these studies have used
biological and environmental information is recorded in the correlations of the measured or assumed plant water source and
isotopic composition of tree-ring cellulose (e.g., DeNiro and |ocal weather records with the isotopic composition of cellulose
Cooper, 1990; Edwards, 1990). For example, some studiesin the corresponding xylem cells in annual growth rings. Typ-
ically leaf water and other isotopic parameters (atmosphere and
*Author to whom correspondence should be addressed (rodenj@ Souree wgter) havg not begn simultaneouisly measyred, bec_ause
sou.edu). P 1@ the tree-ring materials available were generally dried tree-ring

*Present addressDepartment of Biology, Southern Oregon Univer-  Slabs. Interpretation of such data is potentially biased by the
sity, Ashland, OR 97520, USA. assumptions made and the choice of environmental information
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to be included in the analysis. Climatic reconstruction from concerns regarding experiment length, because of the history of
tree-rings have relied on correlations between the isotopic possibly different storage sources that would contribute to the
composition of tree-ring records and known temperature vari- small amounts of biomass formed in the experiments or be-
ation (Schiegl, 1974; Gray and Thompson, 1976; Epstein and cause of the possibility that in developing, nonsuberized stem
Krishnamurthy, 1990), where it is assumed that precipitation is and tuber tissues, evaporative enrichment could occur in the
the source water for the tree and the stable isotopes of precip-xylem water (Dawson and Ehleringer, 1993). White et al.
itation vary with condensation temperature (Dansgaard, 1964). (1994) modeled tree-ring hydrogen isotope ratios based on
A hidden assumption in all of these studies is that the isotope several years of field observations of tree-rings and where
ratios of precipitation reflect average climatic temperatures and essential factors influencing the leaf water isotope ratio had
not differences in the proportions of moisture derived from been monitored. Given the range of source water and humidity
winter (cold) versus summer (warm) precipitation events. A isotope values in that study, White et al. (1994) were not able
number of studies have compared the isotopic composition of to distinguish between a model in which humidity effects were
tree-ring cellulose and meteoric source water, often yielding incorporated into cellulose versus a model in which there was
regressions with slopes very close to 1.0 (Epstein and Yapp, complete reequilibration with source water before cellulose
1977; Burk and Stuiver, 1981; Yapp and Epstein, 1982; Law- formation. Perhaps the most mechanistic and appropriate study
rence and White, 1984; White et al., 1994). However, tree-rings to date was conducted by Yakir and DeNiro (1990), who
are not likely to be a direct recorder of the isotopic composition studied leaf cellulose ihemna gibba.., a water fern, under a

of precipitation as there are many steps along the path from range of source water values. Unfortunately, stem cellulose is
meteoric source water to cellulose. not formed inLemnaand therefore, a direct comparison in

Although there is no fractionation against hydrogen or oxy- which sugars are exported from the leaf was not possible.
gen isotopes during water uptake by the roots (White et al., A mechanistic, plant physiologic understanding of how in-
1985; Ehleringer and Dawson, 1992; Dawson, 1993, although formation from the hydrogen and oxygen isotopes of water are
mangrove trees growing in salt water were an exception, Lin incorporated into tree-ring cellulose is needed to resolve this
and Sternberg, 1993), water in the leaves is isotopically en- issue. If there is incomplete exchange between substrate mol-
riched due to evaporation (Craig and Gordon, 1965; Flanagan ecules and medium water at the time of cellulose synthesis in
et al., 1991b; Yakir, 1992). We know that isotopes from the xylem cells of tree-rings, then the model must explain the
enriched leaf water pool are then incorporated into organic commonly observed 1:1 relationship between the isotopic com-
compounds through biochemical processes that also involve position of source water and tree-ring cellulose. However, if
fractionation against heavy isotopes (Sternberg, 1989; Luo and there is complete exchange at the time of cellulose synthesis in
Sternberg, 1992; Yakir, 1992; Farquhar et al., 1998). The xylem cells of tree-rings, then the model must explain the
questions then become “when these carbohydrates are thencommonly observed correlations between xylem cellulose iso-
transported from the leaf to the site of cellulose synthesis in the topic composition and humidity. Furthermore, the model must
stem, are there further fractionation events?” and “is isotopic account for potential variations in the isotopic composition of
exchange with xylem water possible?” The tortuous path from cellulose formed in leaves, shoots, and roots. Last, the model
precipitation to tree-ring cellulose suggests that correlation must account for isotope effects across a broad range of cli-
studies may not be sufficient to answer some of these naggingmatic conditions, including growth regimes where the isotopic
questions regarding the information contained within the tree- composition of water in the soil and in the atmosphere are not
ring and that experimental approaches are needed. in equilibrium with each other.

Unfortunately, no single experimental study other than Ro-  Here we present the model and experimental results that
den and Ehleringer (1999a) (to be discussed later) has ad-allow a direct comparison between predicted and measured
dressed both exchange processes associated with hydrogen andalues of both leaf water and cellulose for both oxygen and
oxygen isotope ratios in tree-ring cellulose. Previous short-term hydrogen isotope ratios in tree-rings.
experimental studies that addressed the mechanisms by which

hydrogen or oxygen isotopes of water were incorporated into 2. THE MODEL
cellulose have limited applications to tree-rings for a variety of
reasons. DeNiro and Cooper (1989) using potato and Terwill-  Our model is based on the premise that (1) the hydrogen and

iger and DeNiro (1995) using avocado concluded that at the oxygen atoms incorporated into organic molecules during pho-
time of cellulose synthesis there is a reequilibration with the tosynthesis take on an isotopic signature related to that of leaf
medium (xylem) water, eliminating the effects of previous water and that (2) a fraction of those atoms later exchange with
fractionation events and making the isotopic composition of medium water during cellulose synthesis, regardless of whether
cellulose directly related to that of source water. However, that cellulose synthesis occurs in leaves, stems, or roots. Al-
cellulose synthesis in both developing potato shoots and avo- though parts of this model have been described before by other
cado seedling shoots may differ from that which takes place in researchers, a complete picture, aspects of the potential bio-
the cambium of a tree due to differences in the substrate chemical exchange, and a mechanistic explanation have been
(storage organic molecules) leading up to the sugar, which is lacking. In addition, no previous modeling effort has linked
then transported to the developing xylem cell. Both potato and both hydrogen and oxygen isotope ratios into a single model.
avocado systems use substantial amounts of stored carbon Our modelling effort has two major components: (1) a leaf
sources, which may have differeBD and 6*°0 values than water model that uses environmental parameters to predict the
currently produced substrates being transported from the leaf. extent of evaporative enrichment for a given input of source
In addition, in short-term experiments (weeks), there are also water and atmospheric vapor and (2) a biochemical model that



Model for hydrogen and oxygen isotope ratios in tree-ring cellulose 23

e
7
7
e
e
d Bsp
2 sucrose
7
7
7
7
\ sucrose _ -
~ in phloem e
~ e 26} hexose-P
\ b
- g
W~ HH
cellulose
= B

~ EHH

S~ €0 triose-P

1 1 1 ~
Lol Bun o
xylem water Ve (o ~
ree ™~ —
ng) ~
Ca"’b/um\ ~
-
ﬁh/oe,77 ~—

Fig. 1. A diagram of the isotopic fractionation events occurring between precipitation input and tree-ring cellulose.

predicts cellulose isotopic composition based on the extent of and the surrounding medium water, and on biochemical frac-
isotopic exchange between organic components in the stepstionation events associated with cellulose synthesis (Fig. 1).

leading to cellulose synthesis as well as incorporating known  Throughout this article we use conventional “delta” notation,
autotrophic and heterotrophic fractionation factors. where the isotopic composition of a material relative to that of

The hydrogen atoms of cellulose are typically thought of as a standard on a per mil deviation basis is given by,
originating from the water taken up by tree roots (Fig. 1).
Although both water and carbon dioxide provide oxygen atoms 5= ( Rsample _ 1) .1000
. . IR = ; (1)
in plant carbohydrate metabolism, the oxygen originating in
CO, exchanges completely with water before carbohydrate
synzthesis (DgNiro anclio Eps¥ein, 1979). Thus, éeand 818(y) wheres is the is_otope ratio 3D f‘?’ hydrogen and§180.for
values carried through the process of cellulose production @Y9en) and R is the molar ratio of heavy to light isotope
might be thought of as representing, to a first approximation, forms. The standard for both hydroggn and oxygen is standard
the integrated water uptake patterns of the root system. How- mean ocean water (SMOW; Appendix 1).
ever, it is not so straightforward, as there are numerous points
along the pathway between water uptake through the root and2.1. Leaf Water Enrichment
cellulose formation into a tree-ring where the hydrogen and
oxygen isotopic composition of either water or organic mole-
cules may be altered.

We expect that water within leaves is isotopically enriched in
hydrogen and oxygen, primarily as a consequence of evapora-
tion. As shown in Figure 1, this enriched isotopic signal is
incorporated into initial photosynthetic products. Further bio-
chemical fractionation involving hydrogen and oxygen in e—e e—e e
leaves also occurs during sugar synthesis. At this point, the R, = a*[akax<—> + akbRWX<—> + Ra<—)],
photosynthetic sugar product can either be exported to other & &
parts of a plant, normally as sucrose in most plants, or stored
temporarily within the chloroplast as starch. We assume that where subscripts wl, a, i, s, and wx refer to leaf water, bulk air,
there is no net fractionation associated with starch formation intercellular air spaces, leaf surface, and xylem water (same as
and subsequent degradation, as all of the starch/sugar producsource water), respectively. The fractionation factors differ
substrates are consumed. When the sucrose is broken dowrdepending on whether hydrogen or oxygen isotopes are being
within a developing cell to form cellulose, isotopic exchange modeled, but the same general model applies for both species.
can occur. We predict that the extent of that isotopic exchange o* is the liquid—vapor equilibrium fractionation factor and
depends on the fraction of the sugars that breaks down into varies with temperature according to the equations of Majoube
triose phosphates before becoming synthesized into cellulose,(1971) for both H/D and®0/*20, «, is the kinetic fractionation
equilibrium isotope exchange between these organic moleculesassociated with diffusion in air (H/B= 1.025 and*®0/*%0 =

Rstandarcl

A model for the evaporative enrichment for bodb and
580 of open water surfaces was developed by Craig and
Gordon (1965). Flanagan et al. (1991b, see also Farquhar et al.,
1989) expanded the Craig—Gordon model to include leaf
boundary layer considerations and diffusion through stomata,
making it more appropriate for modeling leaf water:
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1.0285), anda,, is the kinetic fractionation associated with
diffusion through the boundary layer and is calculated by
increasinge, to the 2/3 power (H/D= 1.017 and*®0/*°0 =
1.0189).

The environmental factors influencing leaf water isotope
composition are thé values of the water taken up by the roots,
as well as théD and ™20 of atmospheric vapor and the vapor
pressures of the intercellular air spaces of the lef ttee leaf
surface (g, and the bulk air (§. In only one aspect of the leaf
water calculations do leaf physiologic characteristics come into
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for all the heterogeneity in the leaf. Farquhar and Lloyd (1993)
have developed an equation to account for leaf heterogeneity
that describes the convection of xylem water that is opposed by
back diffusion of the isotopically enriched water from the site
of evaporation (the Riet effect). The Pdet correction re-
quires knowledge of the effective mixing length, which, in
practice, is estimated empirically from the discrepancies be-
tween the Craig—Gordon model and measured bulk leaf water
measurements. In addition, some researchers have found that
including leaf morphologic and physiologic characteristics can

consideration. This is in the calculation of the vapor pressure at enhance predictions of the isotopic composition of leaf water

the leaf surface, gwhich is estimated using stomatal conduc
tance and transpiration rate as in Ball (1987),

_ Oow W — E(1 — wi/2)
e = Osw — E/2 '

(3)

where w; is the mole fraction of water vapor at the leaf surface,
w; is the mole fraction of intercellular water vapor,,gis
stomatal conductance to water vapor, E is transpiration rate. w
is multiplied by atmospheric pressure to obtajnEhis equa

tion was used as an approximation to the mathematically cor-

(Buhay et al., 1996; Wang et al., 1998). However, some het-
erogeneity may still be unaccounted for due to patchy stomatal
conductances (Mott, 1995), which is difficult to model. Be-
cause of the many and potentially interacting effects described
previously, we choose to bundle them all together into empir-
ical equations (Flanagan, 1993) that correct bulk leaf water
measurements. Throughout this article we use the term leaf
water to indicate the site of evaporatiad,(), which is what is
needed for cellulose modelling, and the term bulk leaf water for
measurements derived from whole leaf extractions of water.
Two points need to be considered with respect to possible

rect termary corrections introduced by Caemmerer and Farquharyo hemical fractionation in the steps leading to cellulose syn-

(1981) due to the lack of field data on intercellular C€on

centrations. Sensitivity analysis shows that Eqn. 2 is not sen-

sitive to changes ineOnly very large (order of magnitude)
differences in the estimation of stomatal conductance or tran-
spiration rate will effect théD and§*®0 estimations from Eqn.

2, and then by only a few %eo.

Egn. 2 predicts théD and §'%0 values of water at the site
of evaporation, which we assume to be equivalent to the iso-
topic composition of water at the site of carbohydrate metab-
olism (the chloroplast). The proximity of the chloroplast to the

air—water interface and the results of Flanagan et al. (1994) lend

support to this assumption (although Yakir et al., 1993, have

thesis. First, what are the fractionation factors? Second, what
fraction of the atoms in an organic molecule is subject to
exchange with the local medium water during synthesis?

2.2. Biochemical Fractionation Factors

Photosynthesis strongly influences 2 values of organic
matter. Within the chloroplast, photosynthetic electron trans-
port discriminates against D and forms a pool of available
reductant that is depleted in the heavy isotope (negdiive
values) (Estep and Hoering, 1981), due primarily to a reduced
dissociation of DHO as compared to,® (Luo et al., 1991).

shown contrasting results). The Craig-Gordon model contains g,4ars produced during photosynthesis within the chloroplast

a number of assumptions that may not be strictly valid for

leaves such as isotopic steady state, constant water volume, an

isotopic homogeneity (Flanagan, 1993; Yakir, 1998). Many
studies (Allison et al., 1985; Leaney et al., 1985; Flanagan et
al., 1991a; Flanagan and Ehleringer, 1991; Wang and Yakir,
1995) have found that the Craig—Gordon model predicted

are lighter than the surrounding leaf water (which is already
nriched relative to soil water as presented in Egn. 2). Yakir
and DeNiro (1990) calculated that the hydrogen isotope frac-
tionation factor associated with autotrophic carbohydrate me-
tabolism €,,) was —171%.. Estep and Hoering (1981) esti
mated a slightly different value for autotrophic fractionation

greater isotopic enrichment than was observed in bulk leaf (—100 to —120%s) for microalgae. In contrast to the negative

water. Thus, a correction is needed when testing the model o ngical fractionation associated with autotrophic metabo-
against bulk leaf water measurements to account for the many jism “the hydrogen isotope fractionation associated with het-

possible factors that could influence bulk leaf water,

SDpyi = 8Dy + f; + 8Dy (1 — 1)), 4)

(5)

where f is the proportion of the bulk leaf water subjected to

evaporative enrichment and the subscript bulk, wl and wx
refers to bulk leaf water, leaf water at the site of evaporation
(Egn. 2) and xylem water, respectively. Spatial heterogeneity in
8D and 880 values of water within a leaf have been observed
in leaves (Yakir et al., 1989; Luo and Sternberg, 1992; Wang
and Yakir, 1995). Although this heterogeneity may be ac-
counted for by anatomic studies that calculate the proportion of
the overall volume occupied by large veins (Flanagan et al.,

Slsobulk = alsowl -fi + 6mowx (A1),

erotrophic carbohydrate metabolisra,,,, is +158%. for
Lemna(Yakir and DeNiro, 1990). Luo and Sternberg (1992)
reported nearly identicad,,,, values (+144 to +166%.) for
Hordeum, Triticumand Ricinus

The oxygen isotope ratio values within biochemical compo-
nents of a plant are far less variable than @@ values
(Sternberg, 1989; Yakir, 1992). Although oxygen could poten-
tially come from sources other than water, DeNiro and Epstein
(1979) showed that oxygen in GQindergoes complete ex
change with water before fixation in organic compounds. The
880 values of leaf cellulose are27%o elevated above leaf
water (Sternberg, 1989; Yakir and DeNiro, 1990). The mech-
anism for the 27%. enrichment is the carbonyl-water interac-
tion during biosynthesis (Sternberg and DeNiro, 1983). Be-

1991b), these measurements are laborious and may not accountause the fractionation factor is the same for autotrophic and
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heterotrophic fractionation of oxygen, there is no need to dis- explain the commonly observed correlations of meteoric water
tinguish between the twee§ = +27%o). source and tree-ring cellulose seen by many studies. This
Yakir and DeNiro (1990) showed that postphotosynthetic proposed model also predicts théid , should vary with hu

metabolism affected théD value of cellulose and observed midity as has been seen from late-wood studies cited previ-
that about 50% of the carbon-bound hydrogen in leaf cellulose ously. If the isotopic values of atmospheric water and source
was exchanged with hydrogen in water during cellulose syn- water are in near equilibrium with each other, it is very difficult
thesis. Although carbon-bound hydrogens in organic matter do to distinguish between a model with complete isotopic ex-
not exchange with their environment (Epstein et al.,, 1976), change during cellulose synthesis (in which case the humidity
there are numerous opportunities to do so during many biosyn- signal is lost) from our model in which there is only partial
thetic reactions, such as those involving NADP, isomerases, isotopic exchange during cellulose synthesis (in which case the
reductases, kinases and carboxylases (Luo and Sternberg, 199lhumidity signal is at least partially retained).

1992; Yakir, 1992). In a similar fashion to cellulose, the sucrose exported from
the leaf through the phloena,)) may also exchange with leaf
2.3. Isotopic Exchange During Cellulose Synthesis water;
After the original incorporation of a leaf water and autotro- ~ 8Dg, = fiy * (6Dyy + &) + (L — f) - (8D + &pa), 9)

phic fractionation into photosynthetic sugars, a second set of

fractionation can occur if there is a reequilibrium exchange 8Os, = fo* (8% + &0) + (1 — fo) - (60, + £0).  (10)
between the carbohydrate and local medium water (leaf water

in the case of leaf cellulose, or xylem water in the case of 3. METHODS AND MATERIALS

tree-ring xylem cellulose synthesis). Sternberg et al. (1986),

Yakir and DeNiro (1990), and Luo and Sternberg (1992) pro- All results presented were compiled from three separate long-term

d that th | tial isotopi h duri field or greenhouse experiments (Roden and Ehleringer, 1999a, 1999b,
pose at there was only a partial Isotopic exchange during 1999c). The data are brought together here to provide an evaluation of

cellulose synthesis. Their general models for #eand 5*°0 the model based on different experimental designs (i.e., controlled
values of heterotrophically produced leaf cellulose versus the environments versus field-based experiments). Thus, full details of the
respective’D and§*80 values of source water were of the form ~ experimental design and methodology are not presented here.
Three tree species were used for the long-term observations. All
S =f-(5, +e)+(L—f-8.. 6 were either saplings (2 m tall) obtained from nurseries (controlled
¢ (@B +2) + ) * Bron-exchangeabie (6) experiments) or young<(10 cm diameter) trees growing immediately

where the subscripts ¢, w, and nonexchangeable indicaébthe adjacent to a_river (field experiment_s). The species i_n the studies were
P g alder @Alnus incana or A. rubra), birch Betula occidentalls and

1 . .
and 50 values of synth§S|zed cellulose, medium water, "‘:md cottonwood Populus fremontjior P. angustifolig. In the controlled
nonexchangeable stable isotopes of the substrate, respectivelyexperiments, plants were grown in hydroponic solutions (Roden and
€ is the isotope fractionation factor for the enzyme-mediated Ehleringer, 1999a, 1999b) with different but constant source water
exchange or addition of either hydrogen or oxygen, and f is the isotopic compositions. The field sites (coastal Oregon, central Arizona,

roportion of the carbon-bound hvdrogen or oxvaen that un- and northern Utah riparian zones) were chosen for their variation in
prop ydrog Y9 river water isotopic composition and variation in relative humidity

dergoe§ exchange with medium water. ngir and DeNiro (roden and Ehleringer, 1999c). The gas exchange measurements are
(1990) investigated the water fetremnagrowing under het- described in detail in Roden and Ehleringer (1999b).
erotrophic conditions in the dark (sucrose fed). They reported  Source water used by the tree was obtained from either sampling the

that f ~ 35% for both oxygen and nonexchangeable hydrogen hydroponic tank water (greenhouse studies) or cutting suberized stems
in leaf cellulose (field studies) and extracting water cryogenically as in Ehleringer and

. ) . . . Osmond (1989). Leaf water was also extracted cryogenically from
The isotopic composition of cellulose is predicted to be a ypper canopy leaves under both field and greenhouse observations.
function of both the isotope ratio of the substrate sucrose and of Atmospheric water vapor was sampled by drawing air through an

the medium water within the cell, which could be a leaf cell, a ethanol/dry ice trap. The current year’s tree-ring was cut from either

root cell, or a stem xylem cell as part of a tree-ring. Tree-ring harvested stems or from increment cores. Temperature and humidity
measurements were made at the time of leaf water sampling.

cellulose isotope ratiodD., and §'°0,,) is then calculated as; Field studies were conducted in Arizona, Oregon, and Utah, where
alders, birch, and cottonwood occur naturally along stream banks. The
D¢y = fiy+ (8Dux + &) + (L — ) - (8Dwi + &4a), field studies relied on less intensive measurements than the greenhouse
(7) conditions Roden and Ehleringer (1999c). Air temperature, humidity,
atmospheric water vapor, source water, and leaf water were collected
8180, = fo* (880, + g0) + (1 — fo) * (80, + o), monthly throughout the growing season. Transpiration rates, stomatal

and leaf boundary layer conductance were not measured in the field and

greenhouse estimates were used in the modeling exercise. However, a
where f, and f, refer to the fraction of carbon-bound hydro  sensitivity analysis showed that even an order of magnitude change in
gen and oxygen, respectively, that undergoes exchange withtranspiration rate, stomatal conductance, or boundary layer conduc-

medium water and the subscript wl indicates the leaf water [2nce would affect estimates of leaf wabi) values by only 2 to 3%o.

. . . . . Thus, we believed that using greenhouse gas exchange values for the
value at the site of sucrose synthesis and is obtained from eitherq|q simulations was acceptable.
the leaf water model (Eqn. 2) or from bulk leaf water measure-  Samples were prepared for mass spectrometric analysis by one of
ments that have been corrected for the proportion of tissues thatseveral methods. Th&D values of water samples were obtained by
were not exposed to evaporative enrichment (Eqns. 4 and 5). reduction with zinc (Coleman et al., 1982), but modified so that the

. i . . . reaction occurred at 420°C. TIa&®0 values of water were obtained by
This model predicts that given the opposite signs;g{ and equilibration with CQ (Socki et al. 1992). For the on-line gas-ex

€nn Xylem cellulose isotope ratio valuesC,) should ap change measurements, we further reduced the volumes described in
proach xylem water value$D,,,). This similarity alone may Socki et al. (1992) to accommodate the small water volume (typically
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Fig. 2. The relationship between t6&0 of modeled and measured  leaf water. Variations in leaf water were generated in a gas exchange
leaf water. Variations in leaf water were generated in a gas exchange cuvette through altering input vapéb, source watesD, as well as
cuvette through altering input vapét®0, source watef'®0, as well vapor pressure deficits and flow rates. The line represents a 1:1 rela-
as vapor pressure deficits and flow rates. The line represents a 1:1tionship. From Roden and Ehleringer (1999b).
relationship. From Roden and Ehleringer (1999b).

_ _ Gordon model (1965) predicted somewhat greater isotopic en-
40 to 60pL). The 5O of cellulose from tree-rings was obtained by  richment than was actually observed in leaves. These small

on-line pyrolysis (Saurer et al., 1998) afcellulose derived using the . - . . .
methods described by Leavitt and Danzer (1992). bevalues of discrepancies in earlier studies may have been due in part to

cellulose from tree-rings was obtained by first combusting nitrated insuffi(_:iently ‘_”‘Ccounting for the contribution of unfractionated
a-cellulose in the presence of cupric oxide to obtain water. Hydrogen water in leaf tissues (recall Eqns. 4 and 5) or an atmosphere that
gas was then produced from the water of combustion using the was sufficiently dynamic that there was not isotopic equilib-

Coleman et al. (_1982) methods referyed to earl_ier. All samples were rium between the leaf and the atmosphere. In our measure-
analyzed on a Finnigan MAT delta S isotope ratio mass spectrometer.

Typical overall precision was 1% for 8D values and+0.2%. for 80 ments, the portion of unfractionated watey) (fas 10%, which
values. is slightly lower than the 13 to 33% values reported in other
Data are presented as plots of the modeled versus measured isotopicstudies (Allison et al., 1985; Leaney et al., 1985; Flanagan et
compositions Ias cgmpﬁred to a 1:1 line. Datal;elafltingdwater sdourcesc,jaL, 1991b). One potential difference is that in our study, all
environmental, and other measurements can be found in Roden an P p
Ehleringer (1999a, 1999b, 1999¢). The on-line gas exchange Systemmeasurements were collec_ted under equmbnur_n _condltlons.
continuously recorded all the parameters needed for the leaf water 1hUS, there was no correlation between the deviations of pre-
model, including temperature, humidity, stomatal conductance, and dicted and observed leaf water isotope values and flux rates
transpiration rate. The gas exchange system allowed testing of the (transpiration), although transpiration rates were much lower in

model over a wide range of leaf waters400%o. for 6D and 40%. for our tree species than in the species reported by Flanagan et al
8'0) and had the benefit of allowing the leaf to reach steady-state (an P P P y 9 '

important assumption in the model) after a minimufSoh under (1991b). Th_e fparameter was empirically de_termined andis an
constant environmental conditions. attempt to incorporate all the factors that influence bulk leaf
water isotopic heterogeneity (compartmentatioigl&eeffect,
4. RESULTS AND DISCUSSION patchy stomata etc.) for the species tested. Thalfie of 10%

gave excellent agreement for both species over an extended
range of leaf water isotopic composition. Thus, it may be
A modified version of the Craig—Gordon model for evapo- possible to determine the Yalue using detailed microenviren
rative enrichment that includes boundary layer considerations mental and gas exchange measurements as well as the isotopic
(Flanagan et al., 1991b) clearly predicted measured leaf water composition of bulk leaf water for species with similar leaf
isotope ratio values across a wide range of controlled environ- morphologies, and use that value as a reasonable correction
mental conditions for all tree species (Figs. 2 and 3). Irrespec- over a wide range of bulk leaf water observations.
tive of water source value or humidity characteristics, there was  There may be some question as to whether or not the mod-
a strong fit of the data to the modified Craig—Gordon model ified Craig—Gordon model completely explained the leaf water
over a 400%o variation idD values and a nearly 40%o variation ~ observations at the most positié® values (Fig. 3), because
in 80 values. Other studies (Allison et al., 1985; Leaney et there is a potential slight deviation from the 1:1 line. Experi-
al., 1985; Flanagan et al., 1991a; Flanagan and Ehleringer, mentally, the highly positive values of leaf watéD were
1991; Wang and Yakir, 1995) have found that the Craig and generated as a consequence of both artificially enriched water

4.1. Evaluation of Leaf Water Component of Model
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40 : : - . waters. If the interpretation of leaf waters (and ultimately of
difference between atmospheric water vapor cellulose values) are to become more common in environmen-
and source water 80 ——s 750, tal studies, then it is essential to know more about the short-
term variations and the long-term relationships between isoto-
. pic composition of atmospheric water vapor and soil water in
terrestrial ecosystems.

+25%0

4.2. Greenhouse and Field Evaluations of Biochemical
Fractionation and Reequilibration Components of
the Model

4 The model predicts that sugars formed as a result of photo-
synthesis in leaves will be exported to the developing tree-ring
with an isotope ratio that incorporates the enriched leaf water
L isotope ratio values, in addition to any hydrogen and oxygen
-120 | source water = -125%o h biochemical fractionation factors that occur during synthesis.
: : b : : We did not measure the biochemical fractionation factors di-
0 20 40 60 80 100 rectly in this study, but used values from the literature. Au-
Relative humidity (%) totrophic processes have been recognized as exhibiting high,
but consistent fractionation factors. In our model, we used a
Fig. 4. Sensitivity analysis of the leaf water model to variations in hydrogen isotope biological fractionation factor for autotrophic
atmospheric vapo8D and relative humidity. carbohydrate metabolism af,, = —171%o, which is from
Yakir and DeNiro (1990). Although this value gave reasonable
predictions more work is needed to determine potential vari-
sources and cuvette water vapor inputs. Some small deviationsability in €, for different species. In our model, we used an
between the modeled and measured leaf water isotope ratiosoxygen isotope biological fractionation factor for autotrophic
appear at the highly enriched end of the data set and may be duecarbohydrate metabolism @f, = +27%.. The value of this
to the sensitivity of the leaf water model to both absolute fractionation factor is derived from Sternberg and DeNiro
humidity and atmospheric water vapdb and §*0 values. (1983) and has been confirmed by other studies as well. Thus,
Figure 4 presents results of the model calculations, showing the nonexchangeable H and O atoms in sucrésgg (eaving
that the leaf water model is very sensitive to humidity, which the leaf and being transported in the phloem to the developing
will become obvious when the differences between water tree-ring xylem cells are predicted to be depleted-tlj71%o
source and atmospheric vap8id are large. The slope of the and enriched by 27%. as compared to leaf wa@y,)( for
line is —0.44 when the difference between source and atmo- hydrogen and oxygen isotope ratios, respectively.
sphere is—25%. (Fig. 4), implying that an error in humidity A second set of fractionation events is predicted to occur
measurement of 10% will cause an error in modeled leaf water when the sucrose is eventually converted to cellulose in the
8D of 4.4%.. However, the error would be 9.5%. and 5.6%. for developing tree-ring xylem cells. Irrespective of the isotopic
leaves exposed to a difference ©f75%. and+75%o., respec- exchange between the organic molecules and the xylem water,
tively. Some of the differences between modeled and measuredthere will be a second set of biochemical fractionation factors
leaf water for highly enriched leaves in Figure 3 may be related associated with the heterotrophic synthesis reactions. Yakir and
to small measurement errors in humidity, which are then com- DeNiro (1990) reported that the hydrogen isotope heterotrophic
pounded by the large differences between source water andfractionation factor was,,,, = +158%o, similar to the mean
atmospheric vapasD values (some differences were as high as multispecies value of-155%. derived from Luo and Sternberg
300%o). (1992). The near-equivalent magnitudes and opposite signs of
Figure 4 also reveals that the leaf water model is sensitive to €., ande,,, indicate that the hydrogen isotope ratio values of
measurements of atmospheric vapbr, and the sensitivity isa  tree-ring cellulosedD.,) might be expected to approach that of
function of humidity. At 90% relative humidity, a 10%. error in ~ xylem water ¢D,,,) as has been commonly observed by many
the measurement of atmospheric water vagidpwill cause an previous studies (Burk and Stuiver, 1981; Epstein and Yapp,
error in modeled leaf wate3D of 8.6%. but only an error of 1977; Yapp and Epstein, 1982; Lawrence and White, 1984;
2.9%0 at a humidity of 30%. This analysis confirms the con- White et al., 1994).
clusions of White et al. (1994) regarding the role of variations If the isotopic composition of stem cellulose is primarily
in atmospheriéD for the isotopic composition of cellulose and  affected by the isotopic composition of water at the site of
that previous studies using rough estimates of humidity or cellulose synthesis and not by fractionation processes in the
atmospheric vapo8D may be in error. Care must be taken to leaf as has been claimed by DeNiro and Cooper (1989) and
ensure that both humidity and atmospheric vagidrand 80 later by Terwilliger and DeNiro (1995), then the isotopic com-
values are measured as accurately as possible and that seenposition of tree-ring cellulose should be similar to that of
ingly small variations in these parameters can have profound source water plus biochemical fractionation factors. That is to
leaf water effects. The monitoring of atmospheric water vapor say, both f, and f5 should be equal to 1.0 if these previous
isotope ratios is uncommon relative to the more frequent mea- models were correct. However, our long-term greenhouse ob-
surements of the isotopic composition of ground and surface servations are not consistent with And f5 equal to 1.0 (Figs.

Modeled leaf water, 3D (%o)
5
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100 : : : : storage compounds. They observed that (1aifid f were of
f.=0.36 roughly similar magnitude and (2) that both, And f5 ex
B change coefficients were much less than 1. When cellulose was
50 - derived from starch, Luo and Sternberg (1992) observed that
b fu =~ fo =~ 0.34. When cellulose was derived from lipidg, £
fo ~ 0.67 (Luo and Sternberg, 1992). Cellulose synthesis from
starch as a starting point is much more biochemically similar to
synthesis from sucrose as a starting point. Thus, it is reassuring
that the exchange coefficients(and f,) observed by Luo and
Sternberg agree well with our long-term observations. Both
results support the prediction that there is an incomplete isoto-
pic exchange between organic molecules and the medium water
L during cellulose synthesis.
-100 | 1 For plants grown in the greenhouse hydroponics study (Figs.
»@ o Low humidity GH 5 and 6), theésD and8*0 of the most enriched cellulose at both
e High humidity GH low and high humidities were grown with identical water
-150 L : — ' sources £180%o, 6D and +10%., 5*%0). Yet plants in these
-150  -100 -50 0 50 100 experiments did not exhibit identicaD and §%0 values for
Modeled cellulose, 8D (%) cellulose. That is, under the most enriched water sources, the
observed hydrogen isotope ratios for low-humidity and high-
Fig. 5. The relationship between t1® of modeled and measured  humidity treatments were-63%o. and+19%. (Fig. 5), respec-

tree-ring cellulose. Variations in tree-ring cellulose were generated by tively. None of these organic isotope ratio values approached
altering source watedD in a hydroponic system in a controlled

greenhouse environment at either high or low relative humidity. Values the.source ther values of175%. (Fig. 5) for. the mOSF
are means and standard deviations. The line represents a 1:1 relation€nriched experimental treatments. If reequilibration of the iso-
ship. From Roden and Ehleringer (1999a). topes in the organic molecule with xylem water at the time of
cellulose synthesis were to have occurred, then clearly the
cellulose in the tree-rings would be much different than ob-
5 and 6). Instead we calculated best-fit values,pifid f, as served. In addition, the differences between higtt@%) and
0.36 and 0.42, respectively. These long-term tree-ring synthesis|ow (~40%) humidities demonstrated that a humidity signal
observations are more consistent with the results of short-term \yas retained in the tree-ring cellulose, a conclusion that differs
studies of germinating seeds by Luo and Sternberg (1992) from the one of DeNiro and Cooper (1989) and Terwilliger and
where cellulose synthesis originated from different organic peNiro (1995). White et al. (1994) pointed out that their field
data did not allow a satisfactory evaluation of whether or not a
humidity signal was retained in tree-ring cellulose. The exper-
T ; imental design of our greenhouse hydroponics study (Roden
fo =042 and Ehleringer, 1999a) provides the best opportunity to deter-
mine whether or not a humidity signal is retained in cellulose,
because (1) plants were grown under two contrasting humidity
conditions for an entire growing season and (2) plants grown
35 L | under different water sources were exposed to a constant at-
mosphere where the isotopic composition of water vapor was in
equilibrium with only one of the six possible water sources. In
30 [ ] contrast to previous shorter term studies, these growth regime
differences were maintained for an entire growing season, long
enough to produce a tree-ring. In those experimental treat-
25 b 4 ments, when atmospheric vapdd values were similar to that
of the source wate8D (as it was in the most depleted treat-
ments in Fig. 5, source water —120%., water vapor=
20 | - 1 —150%0), then the celluloséD value (115 to —120%o)
o Low humidity GH L o )
: e High humidity GH appear to_ be similar to source water values{ indicating a _1.1
relationship between source water and tree-ring cellulose sim-
ilar to what has been observed in other studies (Yapp and
Epstein, 1982). Differences between source water and cellulose
Modeled cellulose, 580 (%) 8D values would only become evident when large differences
existed in either relative humidity or in the isotopic composi-
Fig. 6. The relationship between th¥%0 of modeled and measured  tion of atmospheric vapor and source water, both of which are

tree-ring cellulose. Variations in tree-ring cellulose were generated by essential to create substantial variations in leaf water isotope
altering source watef*®0 in a hydroponic system in a controlled values

greenhouse environment at either high or low relative humidity. Values .
are means and standard deviations. The line represents a 1:1 relation- | he model was then used to evaluate leaf water and tree-ring

ship. From Roden and Ehleringer (1999a). isotope ratios of trees grown under field situations. Despite the

Measured cellulose, 8D (%o)
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Fig. 9. The relationship between tht?O of modeled and measured
tree-ring cellulose for field grown riparian zone trees. Variations in
tree-ring cellulose were due to different stream wai@rvalues and
temperature and humidity differences between sites. Values are means
and standard deviations. The line represents a 1:1 relationship. The
gray band represents the predictions of the model using the measured
range of leaf water values rather than the average leaf water value for
a sampling date. From Roden and Ehleringer (1999c).
absence of precise gas exchange data and discontinuity of

environmental data, the predicté® and §*°0 values for leaf
waters agreed well with observed values (Figs. 7 and 8). The Measurements of gas exchange parameters. The cellulose mod-
increased scatter in the data as compared to the laboratory€!ing was based on field observations of leaf water. Two

experiments is likely a result of estimations rather than direct Modeling efforts were considered: (1) initially using the cellu-
lose model to determine the best-fi§ &nd f, values to obtain

the closest agreement between field cellulose observations and
5 r ‘ . . . model predictions; and (2) secondarily constraining the cellu-
lose model to use only thegfand f, values that had been
° derived from the greenhouse experiments. For oxygen isotope
o0 [ e J ratios in cellulose, there was a very strong agreement between
[ the best-fit £ value from field observations and well-controlled
I greenhouse experiments. Both observations predicted that f
15 | e values should be 0.42. For the field observations, it is important
I to recognize that the leaf water values associated with cellulose
. synthesis may not have been exactly the same as those values
10 ... ° o . collected at midday on a particular day of the month. Therefore,
° our modeling analyses considered the range of possible predic-
tions based on the range of leaf waters observed rather than the
° average leaf water observed. The range of predicted cellulose
% isotope ratios is depicted in Figure 9 as the gray band. For
L4 hydrogen isotopes in field cellulose samples, the bestfit f
(Y value was 0.31 (Fig. 10), which is slightly lower than had been
observed in the greenhouse experiment (0.36). When we con-
5 N L L L strain the model to use only the greenhouse obseryedlue
-5 0 5 10 15 20 25 of 0.36, the relationship between the model predictions and
18 field observations is shown by the right-hand edge of the gray
Modeled leaf water, § “O (%o) band in Figure 10. The left-hand edge of this gray band corre-
sponds to the lower range of possible values, based on known

: JeR cc and. field variations in leaf water values as previously described. It
leaf water for field grown riparian zone trees. Variations in leaf water

were due to different stream wat8t®0 values and temperature and IS lm'p.ortant to're.cogn.lze that the mo_del is inherently more
humidity differences between sites. The line represents a 1:1 relation- S€Nsitive to variations in,fvalues than in £ values, because
ship. From Roden and Ehleringer (1999c). for oxygen the heterotrophic and autotrophic fractionation fac-

Fig. 7. The relationship between tlé® of modeled and measured
leaf water for field grown riparian zone trees. Variations in leaf water
were due to different stream watéb values and temperature and
humidity differences between sites. The line represents a 1:1 relation-
ship. From Roden and Ehleringer (1999c).

Measured leaf water, 880 (%o)

Fig. 8. The relationship between t6&0 of modeled and measured
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60 : : : . : cellulose synthesis. Our regression-based estimateg whlf
=0.31 ues are similar to those reported by Yakir and DeNiro (1990)
fu=0. and Luo and Sternberg (1991, 1992).
80 L J The value for f, was lower (0.36) thand;, but still consis
tent with the conclusions of Luo and Sternberg (1992) who
estimated from empiric relationships that $hould be similar
-100 | ] to fo. The biochemical basis for exchange of hydrogen is less
well documented than for oxygen; however, a similar analysis
| to Egn. 11 should be appropriate. Although the C-H hydrogen
_ is not exchangeable with medium water there are a number of
opportunities for exchange during metabolism (Yakir, 1992).
l However, the greatest potential for H exchange with medium
-140 | . water occurs during triose phosphate isomerization and inter-
conversion between the products fructose-6-P and glucose-6-P
where half of the carbon bound hydrogens of each hexose could
-160 | . be exchanged (Yakir, 1992). For sugars that do not enter into
- N the triose phosphate cycle, we estimate that 2 of 14 hydrogen in
180 140 120 100 80 60 sucrose (that eventually become C-H bonded in cellulose)
exchange with medium water if the isomerization between
Modeled cellulose, 8D (%.) glucose-6-P and fructose-6-P is rapid. If we assume 50%
] ) ) exchange for hexose phosphates that go through triose phos-
Fig. 10. The relationship between th® of modeled and measured )16 cycling (Yakir, 1992) and then insert these different
tree-ring cellulose for field grown riparian zone trees. Variations in . . .
tree-ring celulose were due to diferent stream wa@rvalues and parameters for hydrogen into Eqn. 2, we estimate 43% triose

temperature and humidity differences between sites. Values are meansphosphate cycling, which is close to the 38% estimated using
and standard deviations. The line represents a 1:1 relationship. The oxygen.

gray band r?prgse”ts tt|1e prfgiggonsdf_(f)r Ce_”u'losde ishom%e ratio;f if f  Alternatively, invoking a futile cycle to explain,fand f,
was constrained to a value of 0.36 and if we include the observed range
of leaf water values. From Roden and Ehleringer (1999c). values may not be necessary (L. S. L. Sternberg, personal

communication). If carbohydrates in general contain a similar
portion of exchangeable hydrogen and oxygen atoms, then
similar f,, and f5 values would be expected for starch, sucrose,
and cellulose. At present, we are unable to distinguish between
these two possible explanations fq And f,. More work is
needed to determine how much exchange occurs during sucrose
synthesis and whether the same atoms are exchangeable during
cellulose synthesis. In addition, estimates of triose phosphate
cycling in various tissues and metabolic pathways would en-
hance our ability to predict,fand f5 values for comparisons
with experimental findings.

-120 +

Measured cellulose, 8D (%.)

tors are identical, but they differ for hydrogen heterotrophic and
autotrophic fractionation. The predicted differences jnvAl-

ues may be real or associated with the lack of environmental
control in the field observations relative to the precise controls
under greenhouse conditions. What factors might be the basis
for possible variation in f values between greenhouse and
field observations?

4.3. Triose Phosphate Recycling

4.4. Current Model of Tree-ring Cellulose Is
The mechanistic basis for,fand f5 values is in the meta Fundamentally Different From Previous Models

bolic pathways leading to cellulose synthesis. Theoretically 2

of the 10 oxygens in each cellobiose unit repeated in a We compared the predictions from our model of tree-ring
cellulose molecule are expected to undergo exchange with cellulose isotope ratios with the most appropriate previous
medium water during synthesis from sucrose, leading to a models: DeNiro and Cooper (1989), White et al. (1994), and
potential f, value of 0.2 (Farquhar et al., 1998). However, if Terwilliger and DeNiro (1995, although Terwilliger and De-
a fraction of the hexose phosphates goes through the trioseNiro do not mathematically describe their model for stem
phosphate pathway, then 6 of 10 oxygen atoms become cellulose, we assume that due to the assertion of isotopic

exchangeable. That is, reequilibration with xylem water that a 1:1 relationship be-
tween source wateiD and tree-ring celluloséD is predicted.
fo=0.6-y+0.2, (11) All four models show similar predictions (a 1:1 relationship

between cellulose and source water isotopic composition) un-
wherey is the fraction of hexose phosphates that are broken der conditions where the difference between ébevalues of
down into triose phosphates before being incorporated into source water and atmospheric water vapor are small (Fig. 11).
cellulose. From results in Hill et al. (1995), Farquhar et al. However, when there is a departure in the isotope ratios of
(1998) calculated that40 to 50% of the sucrose was broken meteoric and atmospheric water, all four models predict differ-
down into triose phosphates before its incorporation into stem ent patterns (Fig. 12). Only our model correctly accounts for
cellulose. Our data would indicate that= 38%, which is the observed cellulose isotope ratios derived from the green-
indeed similar, and which may be viewed as ancillary evidence house hydroponics study (Roden and Ehleringer, 1999a) under
in support of similar £ values for xylem cells during tree-ring  a wide range of environmental conditions.



Model for hydrogen and oxygen isotope ratios in tree-ring cellulose 31

Roden et al. 1 (DeNiro and Cooper, 1989) _and _hydrogen (_Terwilliger and
. 999 DeNiro, 1995) such that fractionation events in the leaf have
""""" White et al. 1994 little or no effect on tree-ring cellulostD and§*%0 values. Yet

the results of these studies were inconsistent with Yakir and
. DeNiro (1990), although it might be argued that leaf cellulose
DeNiro 1995 was investigated in one study whereas stem cellulose was
] investigated in the other two. Still in an experimental design in
- which xylem water and atmospheric water vapor were in near
equilibrium to each other, the opposing signs and equivalent
magnitudes ok, and ey, could simply be masking some
of the fractionation events taking place in the leaf and
recorded in stem cellulose. Clearly, our results demonstrate
that tree-ring cellulose can contain information related to
atmospheric humidity and there is not complete exchange
with medium water at the time of cellulose synthesis. Our
model does agree with the predictions of Luo and Sternberg
(1992) that f, =~ fo and that f, =~ 0.34 for cellulose derived
7 from simple carbohydrates rather than lipids. We are also in
near agreement with leaf cellulose studies of water ferns by
. Yakir and DeNiro (1990).
-200 L ' L ' L There is also an equally strong literature showing it
’ values of tree-ring cellulose and relative humidity are linearly

200 correlated (Yapp and Epstein, 1982; Edwards et al., 1985; Lipp
et al., 1991). If we assume that leaf and air temperatures were
similar and that the meteoric and atmospheric waters were
- reasonably constant during the growing period, then Eqn. 2
predicts that a strong humidity signal exists, which should be
incorporated into photosynthetic products. Observations of
only a partial isotopic exchange during subsequent cellulose
formation within stem xylem provides the basis for previous
humidity—isotope correlations. It is the diminished range of
humidity values in some previous field studies that likely
explains why such correlations were not seen in some studies.
high humidity What we cannot explain is why previous laboratory studies by
K DeNiro and Cooper (1989) and Terwilliger and DeNiro (1995)
-200 & : . L . did not detect an influence of humidity on stem cellulose

-200 -100 O 100 200 isotope ratios.

— - — - - Terwilliger and

200

100 +

-100

T

100

Modeled cellulose, 8D (%o)

-100

e}
Source Water’ SD (A’°) 4.5. Does the Proposed Model Satisfactorily Account for

Previous Observations?
Fig. 11. Model comparisons for the estimatesédf in tree-ring
cellulose if the atmospheric vapdb was assumed to be in equilibrium We believe that the proposed model satisfactorily explains

with the water in each hydroponic tank (20% more negative than the apparent conflict observed in the correlations of many
source water). Relative humidity and other environmental parameters . B . .
were assumed to be identical to those measured or estimated in thepreVIous t'jee-nng. .SIUdI_es' Both rr_leteorlc Water source ?nd
greenhouse experimental system. atmospheric humidity signals are incorporated into tree-ring
cellulose. It is the limited range of humidity conditions and the
limited differences in the isotope ratios of source water and
Our model clarifies some of the seemingly competing obser- atmospheric water that lead to the mistaken expectation that a
vations in the literature. Pioneering studies by Yapp, Epstein, humidity signal is not recorded in stem cellulose. The proposed
and others (Epstein and Yapp, 1977; Burk and Stuiver, 1981; model predicts that leaf and stem cellulose values should be
Yapp and Epstein, 1982; Lawrence and White, 1984; White et different, because the source water pools are different. The
al., 1994) that suggested a 1:1 relationship betwsi2walues model also predicts that stem cellulose and root cellulose
of tree-ring cellulose and meteoric source water were correct in should have the same hydrogen and oxygen isotope ratios, as
pointing out the importance of meteoric water in contributing to the source of the carbohydrate substrate and the isotope ratios
cellulose formation, but these investigators were unaware of the of the medium water would be the same. Roden and Ehleringer
nearly offsetting hydrogen fractionation factoes,{ ande,,,,) (unpublished data) confirmed both predictions under laboratory
involved in autotrophic and heterotrophic carbohydrate reac- conditions.
tions. Later laboratory experimental studies of cellulose formed  Most studies that have focused on isotope—humidity signals
over a several-week period claimed that carbohydrates reequili- contained in tree-rings have restricted analyses to that portion
brate with medium water during cellulose synthesis for oxygen of the ring formed during the latter half of the growing season.
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Fig. 12. Model comparisons for the estimatesstf and 8'°0 in tree-ring cellulose for the environmental conditions
measured or estimated in the greenhouse experimental system. Data are the modeled versus the measured values within the
range of measured cellulose values from the greenhouse experiment. The fine dashed line represents the 1:1 relationship.

Often these studies observed no detectable patterns betweememerged. Therefore, tree-ring cellulose formed early in the year
cellulose isotope ratio and early season humidity conditions. It would not necessarily be expected to reflect source water and
is expected that early-season cellulose formation in tree-rings humidity conditions. In tree species with ring-porous xylem,
will often be dependent on carbohydrates formed during a such as oaks, these initial stem xylem cells are produced with
previous season, as photosynthetic rates are low or in somewater remaining in the stem after partial winter desiccation.
cases the stem xylem cells are produced before leaves havePhillips and Ehleringer (1995) have shown that this stem water
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can be very isotopically enriched by the end of the winter, &Dg,
differing by more than 45%. and 15%. fdiD,,, and §*20,,,
respectively, from the meteoric source water. During the grow- 6D,
ing seasong,,, values do not deviate from the meteoric water

line. Thus, hydrogen and oxygen isotope ratios of cellulose in éD,,,
early-season xylem of ring porous species should be interpreted

with caution, as both the medium water and the substrate may 6D,
be unrelated to either current meteoric source water or to
current humidity conditions. The model presented here can also §*°0,,,
help clarify relationships between tree-ring hydrogen and ox-

ygen isotope ratios and environmental parameters of interest to §*0,,
dendrologic or climate-reconstruction studies. However, be-

cause the isotope ratios of atmospheric water vapor can be6180Sp
influential in determining leaf water isotope ratios, assumptions

on the relationships between source water and atmosphericé*%0,,
water relationships should be clearly described. Where this

factor may be most important is in those situations where §%0,,,
precipitation falls primarily during the cooler winter months

and growth occurs during warmer and drier spring—summer 820,
months. Such environmental conditions characterize many of

the growth regimes of the conifers that have been used for e,
isotope ratios studies within North America. Although the
findings of this study complicates the straightforward interpre- e,
tation of thedD signals in tree-ring cellulose as reflecting only
precipitation inputs, it also means that those signals are richer eo

in information. Much of the variation around the 1:1 relation-

ship between source water and tree-ring cellulose in previous o*
studies (as much as 25 to 50%0.dD; Epstein and Yapp, 1977,

Yapp and Epstein 1982) may not simply represent noise but «,
rather additional environmental information such as humidity.

The results of experimental studies by Yakir and DeNiro «y,
(1990), Luo and Sternberg (1991, 1992), and Roden and
Ehleringer (1999a, 1999b, 1999c) suggest common mecha-f,
nisms influencing cellulose isotope ratios across a broad range
of species. As shown by our proposed model and supporting f
experimental studies, the conclusion of Terwilliger and DeNiro
(1995) that no universal formula exists linking source water
and cellulosedD values is unjustified. Indeed, the opposite
holds. There appears to be a predictable and common relation-fo
ship for plants in which the hydrogen and oxygen isotope ratios
of tree-ring cellulose record both source water and humidity
conditions.
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hydrogen isotope ratio of sugars transported in the
phloem (%., SMOW scale)

hydrogen isotope ratio of water in the leaves
(%0, SMOW scale)

hydrogen isotope ratio of atmospheric water vapor
(%0, SMOW scale)

hydrogen isotope ratio of water in the xylem of
tree-rings (%o, SMOW scale)

oxygen isotope ratio of bulk leaf water (%0, SMOW
scale)

oxygen isotope ratio of cellulose in tree-rings
(%0, SMOW scale)

oxygen isotope ratio of sugars transported in the
phloem (%0, SMOW scale)

oxygen isotope ratio of water in the leaves
(%0, SMOW scale)

oxygen isotope ratio of atmospheric water vapor
(%0, SMOW scale)

oxygen isotope ratio of water in the xylem of tree-
rings (%, SMOW scale)

fractionation for hydrogen in autotrophic metabo-
lism (dimensionless)

fractionation for hydrogen in heterotrophic metabo-
lism (dimensionless)

net biological fractionation for oxygen in going
from sugars to cellulose (dimensionless)

water liquid-vapor equilibrium isotope effect, differ-
ent for H and O (dimensionless)

isotope effect for water associated with diffusion in
air, different for H and O (dimensionless)

isotope effect for water associated with diffusion in
the boundary layer, different for H and O

proportion of bulk leaf water subjected to evapora-
tive enrichment (dimensionless)

proportion of carbohydratéD signal from leaf car-
bohydrate that exchanges with local water during
formation of tree-ring, leaf or root cellulose
(dimensionless)

proportion of carbohydraté*®0 signal from leaf
carbohydrate that exchanges with local water dur-
ing formation of tree-ring, leaf or root cellulose
(dimensionless)

vapor pressure in bulk air fe intercellular air
spaces (g, or leaf surface (& (kPa)

mole fraction of water vapor in bulk air () inter-
cellular air spaces (W or leaf surface (g (di-
mensionless)

stomatal conductance to water vapor (molfs %)

transpiration rate (mmol it s~ %)
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