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Abstract—Oxygen and hydrogen kinetic isotope enrichments occur in plant leaf water during evapo-
transpiration. Kinetic fractionation factors for '®O derived empirically from a variety of isotope studies
of plant water compare favourably with fractionation factors estimated from theoretical consideration of
leaf energy balance and boundary layer dynamics. Kinetic fractionation during evapotranspiration is
sensitive to the nature of the boundary layer, which is controlled by leaf size and morphology. Generally,
plants with small segmented leaves have a lower component of turbidity in the leaf boundary layer,
which results in higher Ck values, than do plants having large simple leaves and more turbulent boundary
layers.

Equivalent analysis of *H enrichment in plant leaf water reveals less consistent kinetic relations with
leaf size and morphology and an apparent temperature-dependent isotope effect acting in opposition to
evaporative enrichment. Accounting for this temperature-dependent isotope effect helps to (1) reconcile
the “Ck inconsistencies for different leaves and (2) explain a temperature effect in white pine which

White et al. (1994) attributed to variable biochemical fractionation during cellulose synthesis.
Improved characterization of kinetic effects during evapotranspiration has implications for isotopic
study of plant water use and for constraining interpretations of paleoclimate based on the isotopic

composition of plant tissues.

1. INTRODUCTION

Leaf water is isotopically enriched during transpiration of
vapour through leaf stomata (Gonfiantini et al., 1965; Wers-
haw et al., 1966; Dongmann et al., 1974; Epstein et al., 1977;
Farris and Strain, 1978; Forstel, 1978; Zundel et al., 1978;
DeNiro and Epstein, 1979; Fehri and Letolle, 1979). The
enrichment of **0 and *H in plant leaf water (1) is controlled
by atmospheric parameters such as relative humidity (%) and
the isotopic composition of atmospheric vapour (6a), and
by equilibrium (¢) and kinetic (Ck) enrichment factors that
are a function of the temperature and airflow dynamics in
the leaf boundary layer, respectively. Steady-state isotopic
enrichment of leaf water can be described by the equation

6l = (6a — 6s — Ck)h + (6s + € + Ck) (1)

(after Craig and Gordon, 1965).

In general, isotopic measurements of water extracted from
leaves approach but do not attain the limiting isotopic com-
position (41) predicted by Eqn. 1 (Forstel, 1978; Zundel et
al., 1978; White, 1983; Leaney et al., 1985; Allison et al.,
1985; Walker et al., 1989; Bariac et al., 1990; Walker and
Brunel, 1990; Yakir et al., 1990; Flanagan and Ehleringer,
1991a; Flanagan et al., 1991a,b; Walker and Lance, 1991,
Flanagan et al., 1993; Yakir et al., 1994). This overestimate
of leaf water isotopic composition results in an isotopic dis-
crepancy between modeled and observed leaf water isotopic
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values, denoted as f by White (1983). Several authors have
suggested that this discrepancy reflects dilution by nonen-
riched xylem water (Leaney et al., 1985; Allison et al., 1985;
White, 1983; Walker et al., 1989); however, others have
questioned this interpretation, given typical anatomical ratios
of xylem to total leaf water volume of about 0.05 (Parkhurst,
1982; Flanagan and Ehleringer, 1991b). Similarly, Bariac et
al. (1990) suggested that high f values may result from
overestimation of the fraction of total leaf water affected by
transpiration. Yakir et al. (1989, 1990) showed that meso-
phyll cell wall water was distinctly enriched relative to inner
cellular water, by using a stepwise pressure extraction tech-
nique. These authors concluded that the isotopic enrichment
of bulk leaf water was limited by the relatively slow rate of
exchange between enriched cell wall and cellular water. In
a subsequent study ( Yakir et al., 1994), estimates of chloro-
plast water §'®0 from one probing method (O,) were indis-
tinguishable from the bulk leaf water while the estimates
were enriched by 1-3%o for the second probing method
(COy).

More recently, several authors have suggested that enrich-
ment of water in leaves transpiring at a faster rate may be
limited by reduced back-diffusion of H,'*O and *HHO from
transpiration sites (White, 1989; Walker et al., 1989; Flana-
gan et al., 1991a,b). Farquhar and Lloyd (1993) derived an
empirical model that accounts for reduced back-diffusion by
estimating the effective path lengths of water between the
xylem and sites of transpiration in leaves.

Modeled leaf water isotopic accounts that result in overes-
timations could also be due to the kinetic enrichment factor
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used in Eqn. 1. In most cases kinetic enrichment of leaf
water is assumed to be maximal due to the transfer of water
vapour across leaf boundary layers primarily by molecular
diffusion, although a number of studies suggest that this is
not always the case (Zundel et al., 1978; Leaney et al.,
1985; Flanagan et al., 1991a,b; Cooper and DeNiro, 1989).
Flanagan et al. (1991b) included a kinetic fractionation fac-
tor in Eqn. 1 to account for turbulence in the leaf boundary
layer. Their addition of a turbulent kinetic factor, the value
of the molecular diffusion coefficient raised to the two-thirds
power, resulted in a significant lowering and, in some cases,
a total denouement of f. However, in other cases, aid of the
Farquhar and Lloyd (1993) model is required to account for
the whole discrepancy. In this way (a combined application
of these two models) most of the discrepancies between
modeled and measured leaf water isotopic compositions ( /)
can be totally resolved.

However, as suggested in Cooper et al. (1991), mass
transfer should occur through a diffusion series that incorpo-
rates molecular diffusion, from evaporating site to sub-sto-
matal cavity, from which vapour would proceed across a
leaf boundary layer with some component of turbulence.
This component of boundary layer turbulence may, in some
cases, differ from the value used by Flanagan et al. (1991b).
Variation in diffusion coefficients between 0.5 and 1 (Brut-
saert, 1965; Dongmann et al., 1974) can result in a broad
isotopic range for both "*Ck and 2Ck. Therefore, if the com-
ponent of turbulence referred to by Cooper et al. (1991) is
variable among boundary layers, then it is possible that f
could be similarly resolved with Ck values that differ among
leaves.

Kinetic effects should depend on the ratio of molecular
to turbulent transport within a boundary layer, expressed
by the diffusion coefficient (pM/pT). The degree that Ck
deviates from a molecular diffusive model is a function of
the turbulent component (pT) of the diffusion coefficient
such that '*Ck and *Ck are equivalent to 28.5(pM/pT) and
25.1(pM/pT), respectively (Merlivat and Coantic, 1975;
Merlivat, 1978; Merlivat and Jouzel, 1979; Gat, 1995).

Isolation of kinetic effects in leaf water for different plants
(from published studies) will help determine whether it is
beneficial to use different Ck values in Eqn. 1 for ecologic
and paleoclimatic reconstructions. This requires an accurate
account of the vapour concentration gradient within leaf
boundary layers, as well as the equilibrium isotopic effects
at the interfaces between the atmosphere, the leaf boundary
layer, and the leaf surface. For example, some discrepancy
could arise if atmospheric vapour is incorrectly assumed to
be in isotopic equilibrium with source water, which permits
simplification of Eqn. 1 in the absence of measured 6a. Re-
cent studies suggest that the temperature-dependent equilib-
rium fractionation factor (¢) does not always account for
the actual isotopic separation between the source water and
atmospheric vapour (Leaney et al., 1985; Allison et al., 1986;
Bariac et al., 1990; Flanagan and Ehleringer, 1991a; Flana-
gan et al., 1991a; Walker and Lance, 1991; Flanagan et
al., 1993). Figure la shows that, in most cases, measured
atmospheric vapour §'®0 values approximate the isotopic
separation predicted by the temperature-dependent equilib-
rium equation ( Majoube, 1971) to within 3%.. However, Fig.
1b shows that atmospheric vapour §°H values are commonly
enriched and do not approximate the predicted isotopic sepa-
ration. Isotopic exchange between atmospheric vapour and
leaf water in these cases would result in underestimation of
leaf water *H enrichment using Eqn. 1.

Another extraneous source of fwhich must be accounted
for is the underestimation of leaf temperatures (7'1) which, in
many cases, are greater than the atmospheric air temperatures
(Ta) surrounding the plants (Tibbals et al., 1964; and Gates
et al.,, 1968; Gates, 1980; Monteith and Unsworth, 1991).
Elevated leaf temperature increases the vapour concentration
gradient within leaf boundary layers which results in leaf
water that is more '*O and *H enriched than predicted by
Eqn. 1 (Farris and Strain, 1978). In such cases the difference
in the saturated vapour pressure (es) within the sub-stomatal
cavity and the atmosphere can be accounted for in Eqn.
1 by modifying the relative humidity (2’ = ((h(esTa))/
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FiG. 1. Temperature-dependent equilibrium fractionation ( €) vs. the actual measured Oaumasphere-source 180tOPIC separation

for oxygen (a) and hydrogen (b).



Kinetic isotope fractionation factors

2211

a b
18 + ~ 4 -+ * +H 18
17 +-4-+ e o+t 17
16 -+t et 16
15 +o-+- + & 15
14 +-#-+ o+t 14
13 + o+ -+ * + 13
12 * +-+-+ ¢ Ht 12
11 ++ -+ ¢ 11
10 +-+-~-+ * 10
9 + —+ —+ o 9
8 +o+—+ W 8
7 + -4o- + ~Ht+ 7
6 -+ -+ ~Ht- 6
5 +o+ -4 oH 5
4 +eo+-+ o~H 4
3 »-+- ¢ Ht 3
2 ® +-+-+ * H+ 2
B T AL o T B RN LA :
-10 0 10 20 30 -100 -50 0 50 100
8180 %o (smow) 82H %o (smow)

F1G. 2. Plots showing the relationship between oxygen (a) and hydrogen (b) 81 measured (Q) and 6] calculated
(] | | assuming turbulent ('*Ck = 14.0, Ck = 12.3%c), laminar (21.0, 18.5%c), and molecular (28.5, 25.1%¢) vapour
transport in leaf boundary layers. Sources for the data are as follows: line (1) White (1983), (2) and (3) Leaney et
al. (1985), and Allison et al. (1986), (4), (5) and (6) Bariac et al. (1990); (7) Walker and Brunel, (1990); (8)
and (9) Yakir et al.,, (1990), (10), (11), (12), and (13) Flanagan et al., (1991a), (14) and (15) Flanagan and
Ehleringer, (1991a,b); (16) Walker and Lance (1991); (17) and (18) Flanagan et al. (1993).

(esT1))). Elevated leaf temperatures will also decrease the
equilibrium fractionation at the leaf surface-boundary layer
interface. Reduced equilibrium fractionation at the interface
dampens O and *H enrichment in leaf water and can be
accounted for by adjusting € for the higher leaf temperatures
(e(T1)).

Equation 2, shown below, accounts for nonequilibrium
conditions between source water and atmospheric vapour
and differences between leaf and atmospheric temperature:

6l = [(ba — bs — Ck)((h(esTa))/(esT1))]

+ (8s — e(T1) + Ck). (2)
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Equation 2 can be used with data from published studies
to evaluate the range of kinetic effects observed in different
plants. These values can then be compared with kinetic ef-
fects calculated from leaf energy balance.

2. DISCUSSION AND RESULTS
2.1. Oxygen Isotopes in Leaf Water

Data from the studies listed in the Fig. 2 caption were
used to calculate the isotopic composition (61) of leaf water
assuming turbulent ('®Ck = 14.0%¢), laminar (21.0%c), and
molecular (28.5%o0) leaf boundary layer vapour transport
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Fi6. 3. Leaf characteristic dimension vs. (a) '®Ck and (b) ?Ck values inferred from Fig. 2. The vertical error bars
indicate the precision of the inferred Ck values in light of the uncertainties in the leaf water model parameters from

the published studies.
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FIG. 4. Inferred vs. calculated (a) '®Ck and (b) 2Ck values. Details of the inferred and calculated Ck values are
given in Appendixes 2 and 3, respectively. The horizontal error bars indicate the precision of the inferred Ck values
in light of the uncertainties in the leaf water model parameters from the published studies. The vertical error bars
reflect the range in calculated Ck values for longitudinal and cross leaf airflow over leaf surfaces from the published

studies.

conditions using Eqn. 2 (details of the calculations are given
in Appendix A). Measured 6l values from the studies fall
within the calculated range of él values in the majority of
the cases (Fig. 2a).

Figure 2a shows that, for the different plants used in the
studies, inferred '8Ck values vary about a mean value of 18.4
*+ 6.1%o. The scattering of the values about the mean can be
explained by differences in plant leaf size and morphology.
Figure 3a shows that a consistent relationship exists between
inferred '®Ck (see Appendix A for details) and the magnitude
of the plant leaf characteristic dimension.

Leaf size and morphology are species adaptations ( Tibbals
et al., 1964; Gates et al., 1968; Gates, 1980; Monteith and
Unsworth, 1991). A link between plant species and kinetic
fractionation of leaf water was previously considered by
Farquhar et al. (1989), who suggested that the kinetic frac-
tionation in leaf water is a function of vapour pressure deficit
(VPD) differences between the inner leaf (sub-stomatal cav-
ity) and the atmosphere. Transpiration rates, and conse-
quently VPD differences, vary between plants with different
leaf morphologies, which should affect Ck. A distiguishing
characteristic of plants that incorporates the effects associ-
ated with transpiration rate and VPD differences is Water-
Use Efficiency (WUE). Cooper and DeNiro (1989) pro-
posed that a link exists between the WUE of a plant and the
kinetic enrichment of ?H and '*O in the leaf water.

WUE of a plant can be defined in terms of a balance
between energy inputs (solar radiation and atmospheric tem-
perature) and outputs (re-radiation and sensible and latent
heat dissipation), which can be modified by external forces
such as airflow over leaves of different sizes and morpholog-
ies. Independent evaluation of '*Ck and *Ck for plant leaves
may be possible using a leaf energy balance approach similar

to the one used by Bariac et al. (1989) to estimate water
fluxes in field-grown plants.

Vapour transferring from a surface to the atmosphere dif-
fuses through an equivalent displacement boundary. Diffu-
sion coefficients for the vapour are intermediate between
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FiG. 5. A graphic representation of the theoretically calculated
'8Ck values vs. wind speed for a variety of trees representing the
common North American temperate environment species. Trees are
represented in the following sequence from 1-15: (Simple morphol-
ogy) Acer saccharum Marsh, Acer rubrum L., Fagus grandifolia
Ehrh., Quercus macrocarpa Michx., Populus balsamifera L., Salix
exigua Nutt., Ulmus americana L.; (Pinnate morphology) Fraxinus
americana L., Glenditsia triacanthos L., Juglans nigra L.; (Lobate
morphology) Quercus alba L.; and (Dissected morphology) Abies
cocolor Lindl., Picea pungens Engelm., Pinus resinosa Ait., Pinus
strobus L. Note, for pinnate leaf morphology, an increase in airflow
velocity has a positive effect on '*Ck values. This is a function of
the dramatic increase in hc for leaflets furthest from the leading edge
of airflow due to a significant reduction in airflow between leaflets
(Balding and Cunningham, 1976).
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FiG. 6. Leaf temperature vs. inferred (a) "Ck and (b) *Ck values. Note, the dashed line in b represents the
relationship between leaf temperature and biochemical fractionation determined by White et al. (1994) for a white
pine tree. Also note, the maximum temperature sensitivity of inferred *Ck is 0.1%0/°C and, therefore, the relationship
in (b) is not overly sensitive to errors in leaf temperature measurements on the order of +0.6 to 1.3°C (Flanagan et
al., 1991a). The horizontal error bars reflect uncertainties in leaf temperatures from the published studies. The vertical
error bars indicate the precision of the inferred Ck values in light of the uncertainties in the leaf water model parameters

from the published studies.

values for molecular and turbulent transport (Monteith,
1975; Nobel, 1981; Monteith and Unsworth, 1991). Fluid
movement over a surface, such as airflow over a plant leaf, is
generated by external forces (wind) and density differences
between the surface and the fluid due to a heat transfer flux.
Evaluating the relationship between the physical airflow and
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FiG. 7. Inferred *Ck values, corrected using a temperature-depen-
dent ez factor [where et = 1.3(T) — 43%o], vs. calculated 2Ck
values. The horizontal error bars indicate the precision of the inferred
*Ck values in light of the uncertainties in the leaf water model
parameters from the published studies. The vertical error bars reflect
the range in calculated Ck values for longitudinal and cross leaf
airflow over leaf surfaces from the published studies.

heat transfer properties through leaf boundary layers is com-
plicated by variations in leaf size, shape, orientation in air-
flow, air density, and leaf to air temperature flux (see Appen-
dix B).

Figure 4a demonstrates excellent agreement between in-
ferred and calculated '®Ck values for the series of studies
considered in Fig. 2, suggesting that kinetic effects for plants
can be reliably estimated based on leaf size and morphology
(see Appendix 3). Calculated values of **Ck for some tem-
perate tree species (averaged from botanical descriptions
Lauriault, 1989; Hosie, 1990) in an airflow range common
in the natural environment (20-500 cm s~'; Monteith and
Unsworth, 1991) are illustrated in Fig. 5.

2.2. Hydrogen Isotopes in Leaf Water

In contrast to the results for oxygen, the majority of mea-
sured 61 values for hydrogen do not fall within the range
of calculated 61 values shown in Fig. 2b. Consequently, a
relationship does not appear to exist between inferred *Ck
and leaf characteristic dimension (Fig. 3b), and calculated
Ck values are systematically offset from inferred *Ck values
(Fig. 4b). This suggests that “H enrichment in leaf water is
not readily predictable from leaf size and morphology.

However, Fig. 6b illustrates that a weak (but statistically
significant) correlation does exist between “Ck and leaf tem-
perature (¥* = 0.27). Interestingly, this relation is similar
in sense and magnitude to the temperature-dependent effect
in white pine noted by White et al. (1994), although they
attributed this effect to variable biochemical fractionation
occurring during cellulose synthesis. Their modeling of the
hydrogen isotopic link between tree source water and cellu-
lose assumed a fixed *Ck value of +21.0%o during leaf water
enrichment, and resulted in a residual apparent temperature
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effect of about +1.3%¢/°C in the presumed biochemical frac-
tionation. In fact, the observations of White et al. (1994)
can be reconciled readily with the results of the leaf water
studies (reviewed in this paper) by invoking a temperature-
dependent depletion of leaf water (et) acting in opposition
to the evaporative enrichment, described by

et = 1.3(T) — 43%c (3)

(T is temperature in degrees Celsius), in company with a
constant biochemical fractionation of about —50.0%o.

Correction of inferred *Ck values to account for et consid-
erably improves the agreement between inferred and calcu-
lated *Ck values, suggesting that kinetic effects for hydrogen
during evapotranspiration are reasonably predictable from
leaf size and morphology after all (Fig. 7).

Temperature-dependent depletion of 2H in leaf water rela-
tive to stem water perhaps reflects isotopic equilibration with
hydrogen in plant tissues, dissolved constituents of cell flu-
ids, or water in one or more of the reservoirs that contribute
to bulk leaf water. For example, an isotopic exchange may
occur during the Calvin cycle between carbon-bound hydro-
gens and water during tautomerism of dihydroxyacetone
phosphate between its keto and enol isomers (Robertson,
1995). This is likely to occur in plants where there is a
metabolic flux (catalysed by the enzyme PFK (PP;)) be-
tween hexose monophosphates and triose phosphates (Hill
et al., 1995). Therefore, it is possible that a temperature-
dependent isotope effect occurring in leaves at lower temper-
atures (preferential breaking of C-'H versus C-°H bonds) is
efficient to offset evapotranspirative enrichment for hy-
drogen.

3. CONCLUSIONS

These results have several implications for efforts to
model the isotopic composition of leaf water in transpiring
plants, and the application of such models to paleoclimatic
interpretation from plant matter. Modeling of leaf water iso-
topic enrichment can eventually be refined by accounting
for leaf morphology, as well as for temperature-dependent
hydrogen-isotope fractionations within leaves that is appar-
ently equivalent to the temperature effect documented in
white pine by White et al. (1994), and which seemingly
applies to a variety of other plant species also. Based on
these results, the biochemical fractionation between plant
water and cellulose for hydrogen in white pine is likely
independent of temperature, and has a value of about
—50.0%c¢, which is consistent with previous estimates of this
effect in trees (see White et al., 1994).

This analysis provides valuable confirmation that leaf wa-
ter isotopic composition can be predictably modeled for both
oxygen and hydrogen, and that existing models can be modi-
fied readily to improve the characterization of hydrogen iso-
tope relations between source water and cellulose. Thus the
model originally proposed by Yapp and Epstein (1982), and
subsequently used by Edwards and Fritz (1986), can be
expressed in the following modified form

(1000 + 62Hcellulose)/(]000 + 62Hwaler)

= Gyt —

ab.(a(.aer l)'ha (4)

where s = relative humidity, o, = biochemical, a. = equilib-
rium fractionation factors, and a,, = 1 + (*Ck — €t)/1000.
(Note: adjusting *Ck for the effects of et is one convenient
way to account for this temperature-dependent isotopic effect
that opposes the enrichment of leaf water as a result of
equilibrium and kinetic isotopic effects. It does not imply a
direct temperature-dependence of *Ck.)

Ample empirical evidence exists to show that strong hu-
midity-dependent oxygen isotope signals are preserved in
terrestrial plant cellulose (Burk and Stuvier, 1981; Edwards
et al., 1985; Ramesh et al., 1985, 1986; Edwards and Fritz,
1986; Buhay and Edwards, 1993). In light of the recent
observations by Hill et al. (1995), indicating that two-thirds
of triose phosphate oxygens (and possibly one-third of hy-
drogens) are exchanged in oak stem tissue, the preservation
of humidity-dependent signals in other terrestrial plant cellu-
lose suggests that the exchange can occur in the presence of
evapotranspiratively enriched plant water. In these cases the
enriched water would presumably act as a transport medium
for the triose phosphate intermediates en route in the phloem
to sites of cellulose synthesis.
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