
Summary Gas exchange was measured on a pruned Pinus
radiata D. Don hedge and on a long-branch P. radiata tree near
Hamilton, New Zealand, in spring 1993 when soil water con-
tent was close to field capacity. Foliage at the end of long
branches (9.0 m) showed a marked drop in net photosynthetic
rate and stomatal conductance as the saturation deficit in-
creased, whereas foliage on short branches (0.5 m) showed
little change. Mean foliage δ13C was −30.1‰ for short
branches and −26.3‰ for long branches.

Foliage δ13C was correlated with branch length in two ge-
netically improved P. radiata seedlots at four stocking densi-
ties. The multinodal seedlot had shorter branches and more
13C-depleted foliage compared with branches and foliage from
the long internode seedlot. There was a strong effect of stock-
ing density on carbon isotope composition in both seedlots. We
conclude that branch morphology affects foliage gas exchange
properties and foliage carbon isotope composition.

Keywords: branch morphology, hydraulic conductance, pro-
ductivity, stable carbon isotopes.

Introduction

Fractionation against the 13CO2 molecule occurs during photo-
synthetic assimilation of CO2 (Vogel 1980, O’Leary 1981).
The extent of discrimination is moderated by the ratio of
intercellular (Ci) to ambient (Ca) CO2 concentrations (Far-
quhar et al. 1982). This ratio, in turn, reflects a combination of
the rate at which CO2 diffuses into the leaf, which is controlled
by stomatal conductance (gs), and the net rate of CO2 assimi-
lation (A). Environmental and physiological factors that influ-
ence A and gs will be reflected in the isotopic composition
(δ13C) of plant tissue (Farquhar et al. 1989). Analysis of δ13C
variability in plant tissue therefore has the potential to reveal
information about physiological processes and environmental
conditions at the time the carbon was assimilated (Mazany et
al. 1980, Leavitt and Long 1991, Livingston and Spittlehouse
1993, McNulty and Swank 1995).

Interpreting stable carbon isotope data requires quantitative
knowledge of the extent to which environmental and physi-

ological factors contribute to total discrimination during pho-
tosynthetic assimilation. Waring and Silvester (1994) showed
that branch length and branch aspect could explain up to 6‰
of the variability in δ13C of Pinus radiata D. Don foliage.
Although artificial manipulation of branch length by pruning
produced evidence consistent with an increase in hydraulic
conductance, it is not known whether natural differences in
branch length would yield a similar result. Therefore, we
investigated the physiological effects of branch length by com-
paring δ13C of foliage from two genetically improved P. ra-
diata seedlots that had been selected on the basis of different
branching habits. Selection for long internodes tends to in-
crease average branch size (diameter and length), whereas
selection for a multinodal (short internode) branching habit
decreases average branch size (Carson and Inglis 1988). We
tested the hypothesis of Waring and Silvester (1994) that foli-
age from the multinodal seedlot would be more depleted in 13C
compared with foliage from the long internode seedlot.

Materials and methods

Short-branch hedge trees and long-branch trees

Gas exchange measurements and isotopic analysis were made
on a P. radiata hedge (pruned, 0.5-m branches) and on a
north-facing row of similarly aged, unpruned P. radiata trees
(9-m branches) near Hamilton, New Zealand. It was assumed
that pruning would not influence branch conductivity apart
from the effect on branch length. A portable, open-flow infra-
red gas analysis system (PP Systems, Herts, U.K.) was used to
measure gas exchange of current-year needles. Projected leaf
area was estimated by measuring the length and width of the
portion of the needles inside the leaf cuvette with digital
calipers (Mitutoyo Corp., Osaka, Japan).

During gas exchange measurements, the photosynthetic
photon flux density (PPFD) exceeded 1500 µmol m−2 s−1 and
the saturation deficit of the air reached 1.4 kPa. On the long-
branch tree, measurements were made on a north-facing, fully
exposed branch over the whole day. Measurements began on
the hedged trees at around midday after the foliage became
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exposed to direct sunlight. Because of the variability inherent
in making instantaneous gas exchange measurements, several
spot readings were taken from groups of similar needles over
several minutes, with the mean recorded as one data point. Net
assimilation rate (A), transpiration rate (E), stomatal conduc-
tance (gs) and Ci were calculated according to the equations of
von Caemmerer and Farquhar (1981).

Water potentials of needles similar to those used in the gas
exchange measurements were determined at intervals through-
out the day with a pressure chamber apparatus (Scholander et
al. 1965). Measurements were made within 1--2 min of needle
excision.

After gas exchange and water potential measurements were
made, the foliage samples were placed in paper bags, dried at
80 °C and analyzed for stable carbon isotope.

Long-internode and multinodal trees

A series of P. radiata growth trials were established in 1987 by
the New Zealand Forest Research Institute (NZFRI). The
NZFRI Silviculture/Breed Trial FR8, which is located in the
Tahorakuri forest, near Broadlands in the central North Island,
was planted with four genetically improved seedlots, including
one long-internode and one multinodal seedlot, in a random-
ized incomplete block design with final stocking densities of
100, 200, 400, 500 and 600 stems per hectare (stems ha−1). At
age 5 years, the trees were pruned to leave 4 m of crown, except
for trees in the plots stocked at 500 stems ha−1 which served as
unpruned controls.

Each plot, replicated twice, consists of 16--32 trees and each
plot is separated by at least two buffer rows. At age 6 years,
stem diameter at breast height (DBH, 1.4 m) was measured for
all trees and height measurements were made on 12 randomly
chosen trees per plot. Needles for δ13C analysis and nitrogen
content were collected from the 12 trees measured for height
in each plot. Thus, a random set of 12 trees across a range of
sizes in each plot constituted an experimental group with two
replicated plots for each seedlot and stocking density.

Needles were collected by means of extension clippers from
the distal end of the lowest, north-facing branch on each tree.
A northern aspect was chosen for maximum exposure to solar
irradiation because shading influences foliage δ13C (Ehlerin-
ger et al. 1986, Waring and Silvester 1994, Walcroft 1994).
Following collection, the needles were dried at 80 °C, ground
and analyzed by mass spectrometry for δ13C and nitrogen.

For each sample branch, the height of the branch tip (a), the
height at the branch connection to the main stem (b), and the
horizontal distance (x) from the branch tip to the main stem
were measured. Branch length (L) was calculated by the equa-
tion:

L2 = (a − b)2 + x2, (1)

where it was assumed that the branch was straight.

Analyses of stable carbon isotope and nitrogen content

Samples were dried at 80 °C, ground to a homogeneous pow-
der and then analyzed in a Europa Tracermass stable isotope

analyzer (Europa Scientific Ltd., Cheshire, U.K.) connected to
an automated elemental analyzer (Model NA 1500, Carlo Erba
Strumentazione, Milan, Italy). Carbon isotope analyses were
run against a CSIRO sucrose standard (δ13C = −10.8‰) and
sample δ13C was calculated relative to the Pee Dee Belemnite
standard.

Calculation of carbon isotope discrimination

Daily assimilation-weighted values of Ci were calculated fol-
lowing the method of Francey et al. (1985). We assumed that
net assimilation commenced at 0700 h (NZST) at the rate
obtained for the first measurement and thereafter continued at
that rate until a point in time halfway between the first and
second measurements, and so on for the remaining measure-
ments. Net assimilation was assumed to cease at 1900 h
(NZST). Total photosynthesis for a period was calculated as
the rate of photosynthesis for the period multiplied by the
amount of time at that rate, and total daily net carbon assimi-
lation was calculated as the sum of photosynthesis for all
periods. The average daily assimilation-weighted Ci/Ca ratio
was calculated as:

Ci/Ca

_____
 = (Ci/Ca)1(A1/AT) + (Ci/Ca)2(A2/AT) + …, (2)

where (Ci/Ca)1 is the Ci/Ca ratio measured during the first
period and A1/AT is the proportion of total daily photosynthesis
estimated to have occurred during the first period, (Ci/Ca)2 is
the Ci/Ca ratio measured during the second period and so on.

The isotopic composition (δ13Cp) of foliage on the long and
short branches was estimated by the model of Farquhar et al.
(1982):

δ13Cp = δ13Ca − a − (b − a)(Ci/Ca), (3)

where δ13Ca denotes the isotopic composition of source air
(assumed to be −8‰), a is the fractionation due to differential
diffusion in air of the two isotopes (theoretically determined as
4.4‰), and b is the fractionation that occurs during the car-
boxylation reaction (usually 27‰).

Results

Short-branch hedge trees and long-branch trees

Saturation deficit reached a maximum of 1.4 kPa by midafter-
noon on the day gas exchange was measured (Figure 1). As the
saturation deficit increased, gs of long-branch foliage was
reduced from 100 to 20 mmol m−2 s−1 by midafternoon and
was accompanied by a reduction in A from 8.5 to 3 µmol m−2

s−1 (Figure 2). In contrast, foliage on the short-branch hedge
had high gs (150--200 mmol m−2 s−1) and A (11--13 µmol m−2

s−1), both of which remained relatively constant over the after-
noon (Figure 2).

The differences in gs and A between short- and long-branch
foliage were reflected in differences in Ci. In long-branch
foliage, Ci declined from around 200 µmol mol−1 in the morn-
ing to around 120 µmol mol−1 by late afternoon, whereas it
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remained at around 215 µmol mol−1 throughout the afternoon
in short-branch foliage (Table 1). Transpiration rate followed a
similar pattern to gs being greater in short-branch foliage than
in long-branch foliage. Transpiration rate declined over the
afternoon in the long-branch foliage, whereas it remained
relatively constant in the short-branch foliage (Table 1).

Needle water potential in both the long- and short-branch
foliage followed a pattern of a morning maximum, a midday
minimum followed by an afternoon increase (Table 1). Abso-
lute water potential values were greater in short-branch foliage
than in long-branch foliage, and the difference in water poten-
tials between short- and long-branch foliage was highest at
midday (0.35 MPa) and least during the morning and afternoon
(around 0.2 MPa).

The carbon isotope composition of short-branch foliage was
3.8‰ more depleted in 13C than that of long-branch foliage
(Table 1). The average daily assimilation-weighted value of

Ci/Ca for long-branch foliage was 0.505, which corresponds to
a photosynthate δ13C of −23.8‰. For short-branch foliage, the
daily assimilation-weighted Ci/Ca was 0.631, which corre-
sponds to a photosynthate δ13C of −26.7‰, i.e., 2.9‰ more 13C
depleted than for long-branch foliage.

Long-internode and multinodal trees

The minimum difference in branch length between long-inter-
node and multinodal seedlots occurred at a stocking density of
200 stems ha−1 (0.20 m) and the maximum difference (0.81 m)
occurred at 400 stems ha−1 (Figure 3). Foliage from the mult-
inodal trees was significantly (P < 0.05) more 13C depleted
than foliage from the long-internode trees at all stocking rates
despite differences in branch length of less than 1 m between
seedlots (Figure 4). Maximum difference in isotopic composi-
tion occurred at a density of 400 stems ha−1 (0.6‰) and the

Figure 1. Variations in diurnal air temperature and atmospheric vapor
saturation deficit recorded at the hedge site on the day gas exchange
was measured.

Figure 2. Diurnal course of mean net photosynthetic rate (circles) and
stomatal conductance (triangles) in foliage from long- (closed sym-
bols) and short-branch (open symbols) Pinus radiata trees (bars indi-
cate standard deviation, n = 5).

Table 1. Mean (± standard deviation) of several physiological parameters as well as foliage carbon isotope composition measured in foliage from
short- and long-branch radiata pine trees. All differences between short- and long-branch trees were significant (P < 0.001, Student’s t-test).

Variable Time of day Short branch Long branch

Length (m) 0.5 9.0

Intercellular CO2 (µmol mol−1) Morning -- 205 (13.4)
(n = 3) Midday 216 (13.1) 162 (33.7)

Afternoon 215 (18.0) 120 (16.8)

Transpiration rate (µmol m−2 s−1) Morning -- 1.09 (0.22)
(n = 3) Midday 2.87 (0.30) 0.93 (0.22)

Afternoon 2.53 (0.25) 0.42 (0.10)

Needle water potential (MPa) Morning −0.92 (0.01) −1.15 (0.04)
(n = 3--11) Midday −1.45 (0.07) −1.81 (0.10)

Afternoon −1.43 (0.06) −1.60 (0.08)

Assimilation-weighted Ci/Ca
_____

0.631 0.505
Calculated δ13C (‰) −26.7 −23.8
Measured δ13C (‰) (n = 7--11) −30.1 (0.75) −26.3 (0.86)
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minimum difference occurred at 200 stems ha−1 density
(0.3‰).

Differences in branch length between the two seedlots were
correlated with differences in foliar δ13C at each stocking
density, indicating an effect of branch length on foliage physi-
ology and carbon isotope discrimination. An isotopic branch
length coefficient was calculated by dividing the difference in
foliage δ13C at each stocking density by the respective differ-
ence in branch length. Coefficients at each stocking density
varied between 0.75‰ m−1 at 200 stems ha−1 and 1.37‰ m−1

at 400 stems ha−1 (Table 2). The coefficient for the pruned
hedge trees and long-branch trees was 0.45‰ m−1 (Table 2)
(cf. Waring and Silvester 1994).

There was a negative logarithmic relationship between foli-
age δ13C and stocking density in both the long-internode (r2 =
0.95) and multinodal (r2 = 0.99) seedlots (Figure 4). Foliage
from trees of both seedlots planted at 600 stems ha−1 had an

isotopic composition almost 1‰ more 13C depleted than that
of foliage from trees of their respective seedlot planted at 100
stems ha−1. Foliar nitrogen concentration was not significantly
affected by branch length or stocking density (Figure 5).

Discussion

We observed an effect of branch length on needle physiology
and carbon isotope composition in P. radiata. Sprugel et al.
(1991) reviewed the extent to which differences in branch
characteristics influence subtending foliage and concluded
that branches are somewhat autonomous with respect to water,
despite continuity of the water column, because of a vascular
constriction at the branch--stem junction. Thus, differences in
branch conductivity (e.g., with branch length) will be reflected
in physiological differences in the foliage.

Variations in water potential and gs within tree crowns have
been described (Scholander 1965, Waring and Cleary 1967,
Hellkvist et al. 1974). Hinckley and Ritchie (1970) found
branches in the lower crown of a 8-m tall Abies amabilis
Dougl. ex J. Forbes. tree had water potentials up to 0.6 MPa

Figure 3. Mean length of the lowest north-facing branch from trees of
long-internode and multinodal Pinus radiata seedlots grown at various
stocking densities (bars indicate standard error, n = 24).

Figure 4. Mean δ13C of foliage from trees of long-internode and
multinodal Pinus radiata seedlots plotted on a linear scale against
stocking density on a logarithmic scale (bars indicate standard error,
n = 24).

Table 2. Isotopic branch length coefficients calculated for genetically
selected Pinus radiata trees differing in mean branch length and
foliage carbon isotope composition. Coefficients are also shown for
the branch length and isotopic differences between artificially pruned
hedge trees and unpruned trees.

Treatment Isotopic branch length coefficient
(‰ δ13C m−1)

Genetically selected trees
100 (stem ha−1) 0.78
200 (stem ha−1) 0.75
400 (stem ha−1) 1.37
600 (stem ha−1) 1.00

Artificially pruned trees
This study 0.45
Waring and Silvester (1994) 0.33

Figure 5. Average nitrogen concentration (expressed on a dry weight
basis) of foliage from long-internode and multinodal trees grown at
four stocking densities (bars indicate standard deviation).
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lower than branches near the top. This finding is not consistent
with the hydrostatic gradient but it is consistent with a branch
length effect, assuming branches in the lower crown are longer
than those near the top. We found that water potential in
long-branch foliage was lower than in short-branch foliage
(i.e., foliage on pruned branches) reflecting a lower conduc-
tance in long branches. Lower foliage water potential may
result in an enhanced stomatal sensitivity to saturation deficit,
and hence a lower average gs, which is apparent in the gas
exchange data. The reduction in Ci that accompanied the de-
cline in photosynthesis over the day (Figure 1, Table 1) may
reflect an increase in stomatal limitation of photosynthesis
(Farquhar and Sharkey 1982).

Different stomatal responses between long- and short-
branch foliage were also indicated by the daily assimilation-
weighted values of Ci/Ca and in the calculated δ13C values
(Table 1). The calculated δ13C values indicated that long-
branch foliage was 2.9‰ less 13C depleted than short-branch
foliage; however, the calculated δ13C values for long- and
short-branch foliage were 2.5 and 3.5‰ less 13C depleted than
the corresponding measured values. The discrepancy between
the calculated and measured δ13C values arises because we
estimated δ13C values from assimilation over 1 day only when
the combination of high irradiance and saturation deficit re-
sulted in a lower Ci and less 13C discrimination than the
growing season average. Measured δ13C values of whole-leaf
tissue represent the effect of average environmental conditions
on carbon assimilation over the life of the leaf.

Because the artificial pruning treatment may have con-
founded the effect of branch length on foliage physiology, we
examined the effects of a more natural variation in branch
length in genetically selected long-internode and multinodal
P. radiata trees. Mean branch length of the long-internode
seedlot was significantly greater than that of the multinodal
seedlot, and long-internode foliage was less 13C depleted than
multinodal foliage. The average isotopic branch length coeffi-
cient was about 1‰ m−1 (Table 2), which is higher than the
coefficients determined from measurements on hedge trees
and long-branch trees.

Several papers have described genetic differences in carbon
isotope discrimination among families or populations of an-
nual crop species (e.g., wheat, Condon et al. 1987; peanut,
Hubick et al. 1988; cowpea, Hall et al. 1990), and more
recently, genetic differences have been reported among popu-
lations of two conifer species (e.g., Pseudotsuga menziesii
(Mirb.) Franco, Zhang et al. 1993; Larix occidentalis Nutt.,
Zhang and Marshall 1994). Although many of these studies
show a correlation between carbon isotope discrimination and
water use efficiency, the physiological process underlying this
relationship was not identified. Geber and Dawson (1990)
correlated differences in gas exchange and isotopic discrimi-
nation with variation in leaf size and development in Poly-
gonum arenastrum Boreau. We postulate that the genetic
variation in δ13C results from a difference in branch length
influencing the physiological response of needles to the envi-
ronment.

The negative logarithmic relationship between foliage carb-

on isotope composition and stocking density in each seedlot
(Figure 4) may reflect the effect of an increase in leaf area
index on self-shading in the lower crown. The attenuation of
light through canopies due to absorption by foliage is generally
exponential and can be approximated by a modification of
Beer’s law (Nobel 1991):

J = Jo/ekF, (4)

where J is PPFD below the crown when LAI = F, Jo is PPFD
incident on the canopy, and k is the foliar absorption coeffi-
cient. An increase in LAI with stocking rate would result in an
exponential decrease in PPFD below the canopy. Photosynthe-
sis in the lower crown will therefore be reduced at higher
stocking rates resulting in an increase in Ci and greater 13C
discrimination.

It is possible that competition for water or nutrients may also
have affected 13C discrimination at different stocking densities.
Although published evidence suggests a strong positive rela-
tionship between leaf nitrogen content and δ13C, we found no
differences in foliar nitrogen concentrations between seedlots
and stocking rates that could explain the trend in δ13C with
stocking density. It is unlikely that competition for water
affected 13C discrimination at different stocking densities be-
cause soil water content would tend to be reduced at higher
stocking densities. A decline in soil water content would cause
reductions in leaf water potential and gs, leading to decreases
in Ci and 13C discrimination, and resulting in a positive rela-
tionship between δ13C and stocking rate. Because the observed
relationship was negative, we conclude that competition for
nitrogen or water was not a determining factor in the relation-
ship between stocking density and foliage δ13C.

Acknowledgments

This research was made possible by grants from the University of
Waikato Research Committee and the New Zealand Lottery Grants
Board. We acknowledge Tasman Forestry Ltd. for allowing access into
Silviculture/Breed Trial FR8 in the Tahorakuri forest and the Stand
Growth Modeling Cooperative for providing growth data from that
trial. The assistance of Catherine Beard, Duncan Miers, Margaret
Barbour and Judith Skinner in obtaining foliage samples from the
forest is gratefully acknowledged.

References

von Caemmerer, S. and G.D. Farquhar. 1981. Some relationships
between the biochemistry of photosynthesis and the gas exchange
of leaves. Planta 153:376--387.

Carson, M.J. and C.S. Inglis. 1988. Genotype and location effects on
internode length of Pinus radiata in New Zealand. N.Z. J. For. Sci.
18:267--279.

Condon, A.G., R.A. Richards and G.D. Farquhar. 1987. Carbon iso-
tope discrimination is positively correlated with grain yield and dry
matter production in field grown wheat. Crop Sci. 27:996--1001.

Ehleringer, J.R., C.B. Field, Z.-F. Lin and C.-Y. Kuo. 1986. Leaf
carbon isotope and mineral composition in subtropical plants along
an irradiance cline. Oecologia 70:520--526.

Farquhar, G.D. and T.D. Sharkey. 1982. Stomatal conductance and
photosynthesis. Annu. Rev. Plant Physiol. 33:317--345.

BRANCH LENGTH AND CARBON ISOTOPE DISCRIMINATION IN PINE 285



Farquhar, G.D., J.R. Ehleringer and K.T. Hubick. 1989. Carbon iso-
tope discrimination and photosynthesis. Annu. Rev. Plant Physiol.
Plant Mol. Biol. 40:503--537.

Farquhar, G.D., M.H. O’Leary and J.A. Berry. 1982. On the relation-
ship between carbon isotope discrimination and the intercellular
carbon dioxide concentration in leaves. Aust. J. Plant Physiol.
9:121--137.

Francey, R.J., R.M. Gifford, T.D. Sharkey and B. Weir. 1985. Physi-
ological influences on carbon isotope discrimination in houn pine
(Lagarostrobos franklinii). Oecologia 66:211--218.

Geber, M.A. and T.E. Dawson. 1990. Genetic variation and covaria-
tion between leaf gas exchange, morphology, and development in
Polygonum arenastrum, an annual plant. Oecologia 85:153--158.

Hall, A.E., R.G. Mutters, K.T. Hubick and G.D. Farquhar. 1990.
Genotypic differences in carbon isotope discrimination by cowpea
under wet and dry field conditions. Crop Sci. 30:300--305.

Hellkvist, J., G.P. Richards and P.G. Jarvis. 1974. Vertical gradients of
water potential and tissue water relations in Sitka spruce trees
measured with the pressure chamber. J. Appl. Ecol. 11:637--668.

Hinckley, T.M. and G.A. Ritchie. 1970. Withihn crown patterns of
transpiration, water stress and stomatal activity in Abies amabilis.
For. Sci. 16:490--492.

Hubick, K.T., R. Shorter and G.D. Farquhar. 1988. Heritability and
genotype × environment interactions of carbon isotope discrimina-
tion and transpiration efficiency in peanut (Arachis hypogaea L.).
Aust. J. Plant Physiol. 15:799--813.

Leavitt, S.W. and A. Long. 1991. Seasonal stable-carbon isotope
variability in tree rings: possible paleoenvironmental signals.
Chem. Geol. 87:59--70.

Livingston, N.J. and D.L. Spittlehouse 1993. Carbon isotope frac-
tionation in tree rings in relation to the growing season water
balance. In Stable Isotopes and Plant Carbon----Water Relations.
Eds. J.R. Ehleringer, A.E. Hall and G.D. Farquhar. Academic Press,
San Diego, pp 141--154.

McNulty, S.G. and W.T. Swank. 1995. Wood δ13C as a measure of
annual basal area growth and soil water stress in a Pinus strobus
forest. Ecology 76:1581--1586.

Mazany, T., J.C. Lerman and A. Long. 1980. Carbon-13 in tree-ring
cellulose as an indicator of past climates. Nature 287:432--435.

Nobel, P.S. 1991. Physicochemical and environmental plant physiol-
ogy. Academic Press, San Diego, 634 p.

O’Leary, M.H. 1981. Carbon isotope fractionation in plants. Phyto-
chemistry 20:553--567.

Scholander, P.F., H.T. Hammel, E.D. Bradstreet and E.A. Hemming-
son. 1965. Sap pressure in vascular plants. Science 148:339--346.

Sprugel, D.G., T.M. Hinckley and W. Schaap. 1991. The theory and
practice of branch autonomy. Annu. Rev. Ecol. Syst. 22:309--334.

Vogel, J.C. 1980. Fractionation of the carbon isotopes during photo-
synthesis. Springer-Verlag, Heidelberg, 29 p.

Walcroft, A.S. 1994. Aspects of stable carbon isotope variation in tree
foliage and wood. M.Sc. Thesis. Univ. of Waikato, Hamilton, New
Zealand, 182 p.

Waring, R.H. and B.D. Cleary. 1967. Plant moisture stress: evaluation
by pressure bomb. Science 155:1248--1254.

Waring, R.H. and W.B. Silvester. 1994. Variation in foliar δ13C values
within tree crowns of Pinus radiata. Tree Physiol. 14:1203--1213.

Zhang, J. and J.D. Marshall. 1994. Population differences in water-use
efficiency of well-watered and water-stressed western larch seed-
lings. Can. J. For. Res. 24:92--99.

Zhang, J., J.D. Marshall and B.C. Jaquish. 1993. Genetic differentia-
tion in carbon isotope discrimination and gas exchange in Pseudot-
suga menziesii. Oecologia 93:80--87.

286 WALCROFT, SILVESTER, GRACE, CARSON AND WARING


