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The carbon isotopic composition (δ13C) of plant material has been used
extensively as an indirect measure of carbon fixation per volume of water
used. More recently, the δ13C of phloem sap (δ13Cphl) has been used as a
surrogate measure of short-term, canopy scale δ13C. Using a combination of
δ13C physiological, structural and chemical indices from leaves and phloem
sap of Eucalyptus globulus at sites of contrasting water availability, we sought
to identify short-term, canopy scale resource limitations. Results illustrate that
δ13Cphl offers valid reflections of short-term, canopy scale values of leaf δ13C
and tree water status. Under conditions limited by water, leaf and phloem
sap photoassimilates differ in 13C abundance of a magnitude large enough to
significantly influence predictions of water use efficiency. This pattern was
not detected among trees with adequate water supply indicating fractionation
into heterotrophic tissues that may be sensitive to plant water status. Trees
employed a range of physiological, biochemical and structural adaptations to
acclimate to resource limitation that differed among sites providing a useful
context upon which to interpret patterns in δ13C. Our results highlight that
such easily characterized properties are ideal for use as minimally invasive
tools to monitor growth and resilience of plants to variations in resource
availability.

Introduction

Adjustments of plant processes to variation in resource
availability rely on short-term strategies to modulate
growth. For trees, these responses gain increased
importance across longer life cycles and tree scale
variation in resource availability. Short-term temporal
and spatial variations in canopy processes are difficult
to measure using traditional, leaf scale assessments of
plant nutritional and physiological status. Monitoring of
plant performance therefore requires the development

Abbreviations – GC, gas chromatography; MCW, methanol–chloroform–water; PAR, photosynthetically active radiation;
RWCs, relative water contents.

of tools that encompass quantitative, short-term spatially
integrated measures of plant function.

Investigations into short-term responses of Eucalyptus
globulus to the effects of resource limitation have largely
focused on the availability of water. Maintaining cell
water content within a narrow operational range is
essential for plant metabolism and survival (Galmes
et al. 2007), a concept reflected in observed structural,
chemical and physiological adaptations of Australian
native plants (see Williams and Woinarsky 1997).
Stomatal conductance and plant water relations are
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closely entwined (for review see Buckley 2005) allowing
broad categorizations of isohydric and anisohydric
behavior (Tardieu and Simonneau 1998). In the
genus Eucalyptus, both inter- and intra-specific species
variation in stomatal sensitivity has been characterized
(David et al. 1997, Hatton et al. 1998, White et al.
1999, White et al. 2000a, 2000b, Whitehead and Beadle
2004) correlating with a range of traits governing plant
water status. Changes in leaf osmotics, by both the
accumulation of solutes (Myers and Neales 1986, Myers
and Landsberg 1989, White et al. 2000b, Merchant and
Adams 2005, Merchant et al. 2006b) and changes in
leaf tissue elasticity (White et al. 2000b, Merchant et al.
2007, Callister et al. 2008) have been shown to have
significant influences on plant water relations. Although
the combination of trait responses to changes in resource
availability is undoubtedly complex, such information
assists our capacity to develop quantitative monitoring
tools for plant water status and growth.

Naturally occurring carbon isotope abundance (δ13C)
has been used extensively to study processes of plant
function at the scales of metabolites (Tcherkez et al.
2004, Tcherkez 2006), leaves (Evans et al. 1986,
Farquhar et al. 1989), plants (Fan and Blake 1997,
Gessler et al. 2007, Cernusak et al. 2009) and ecosys-
tems (West et al. 2006, Bowling et al. 2008). A range
of environmental conditions, most notably light, water,
temperature and humidity, influences fractionation of
carbon isotopes during assimilation. Further fractiona-
tion of carbon isotopes may occur during compound
synthesis, transport and plant respiratory processes (for
reviews see Hobbie and Werner 2004, Cernusak et al.
2009). For larger plants, understanding the processes
underpinning plant scale spatial and temporal variation
in carbon isotope abundance is crucial for their use
in systems biology. The analysis of δ13C began at the
leaf level (Farquhar et al. 1989) and has now grown
to encompass a range of tissue types including het-
erotrophic tissues (Keitel et al. 2003, Gessler et al. 2009).
As plants grow larger, carbon fixed in the leaves must
move greater distances (primarily through the phloem)
to be incorporated into structural material. Fractiona-
tion during this process is considered a major gap in
our understanding of plant scale distribution of carbon
isotope abundance (Cernusak et al. 2009).

Recent investigations into the properties of phloem
sap have fostered the development of spatially and tem-
porally integrated tools for the rapid assessment of tree
physiological status. We previously used seasonal vari-
ation in δ13C of phloem sap (δ13Cphl) as a surrogate
for water availability and shown both positive and neg-
ative relationships to growth and variation throughout
seasonal cycles (Merchant et al. 2010a, 2010b). Under

conditions of water limitation, δ13Cphl is negatively
related to growth, likely reflecting stomatal limitations
to CO2 diffusion. Conversely, under conditions of high
water availability, δ13Cphl is positively related to growth
suggesting non-stomatal limitations to carbon assim-
ilation. We have also shown that the carbohydrate
composition of phloem sap is an excellent predictor
of growth across sites of contrasting water availability
(Merchant et al. 2010b). Patterns in phloem chemistry
may offer additional surrogate measures of plant water
status as well as for the processes of carbon movement
out of leaf tissues.

Phloem sap collection is quick, eliminates the need
for tissue extraction, is cost effective, avoids analysis of
carbon involved in leaf metabolism and may spatially
integrate canopy level fractionation. Despite the promise
of improved predictions of whole tree physiological
function and the dynamic identity of resource limitation,
few studies have sought to investigate spatial variation
in δ13Cphl and how this reflects spatial variation in leaf
level δ13C. To investigate the suitability of phloem sap
as a short-term integrated measure of canopy processes,
we pursued two objectives: to determine the spatial
and short-term (daily) variation of 13C abundance and
concentration of primary metabolites obtained from
leaves and phloem tissues, and to assess their usefulness
as integrated reflections of plant function in the context
of short-term physiological, chemical and structural
responses during growth of E. globulus at sites of
contrasting resource limitations.

Materials and methods

Experimental design and site selection

Three plantations of E. globulus were chosen to represent
sites of contrasting water availability. Sites were located
along a rainfall gradient in south Western Australia near
the township of Albany (34.95◦S; 117.80◦E). Sites were
chosen from those used in a previous investigation
regarding carbon isotopic abundance in phloem sap
(Merchant et al. 2010b). Trees were not clonal but origi-
nated from parents within same provenance (geographic
origin). For this study, we chose two sites characterized
in that study that experienced contrasting water availabil-
ity (with one thought to be accessing a major supply of
groundwater) but existed in close proximity thus expe-
rience similar light and temperature regimes (sites A
and B). Groundwater access was determined indirectly
based on the patterns of δ13C obtained from phloem sap
becoming decoupled from seasonal variation (Merchant
et al. 2010b). A third site (site C), also used for the previ-
ous study was chosen at a lower rainfall approximately
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100 km east of these sites. Trees were planted at 3 × 5
spacing (approximately 650 stems per hectare). At each
site, five trees were identified for measurement as rep-
resentative of the modal distribution of tree sizes based
upon measurements of stem diameter at 1.3 m in height.

Environmental monitoring

Meteorological and edaphic variables were monitored at
each site for 5 days prior to the commencement of mea-
surements and 5 days post-measurement, using a HOBO
weather-station (Onset Computer Corp., Pocasset, MA).
Photosynthetically active radiation (PAR), air tempera-
ture (T, ◦C), relative humidity (RH), rainfall and wind
speed and direction were logged every 15 min. Stations
were positioned adjacent to the canopy so as to cap-
ture light and environmental conditions as experienced
by the upper canopy. Sampling times were coordinated
with relatively consistent daytime temperatures and neg-
ligible cloud cover for the previous 3 days. The 3-day
period was chosen according to previous findings on the
time offset for coupling environmental conditions and
phloem δ13C (Keitel et al. 2003, 2006, Cernusak et al.
2005, Merchant et al. 2010b).

Measures of tree water use

Tree water use was determined using the Heat Ratio
Method (HRM30, ICT International, Armidale, Australia)
as described in Burgess et al. (2001). Heat velocity
was recorded in conjunction with meteorological
information (every 15 min) and transformed to sap flux
density per unit sapwood area (Js ml cm−2 h−1) as per
Pfautsch et al. (2010). Data were summed per tree and
day before averaged for the period of 27 January 2008
to 3 February 2008. True zero flow measurements were
obtained by felling trees above sensor installations on 4
February 2008 and continued recording of data during
the following 2 days.

Leaf gas exchange

Stomatal conductance to water vapor for both the
upper and lower canopy positions was measured every
hour for 24 h using a hand-held leaf porometer (SC-
1, Decagon, Pullman, WA). Each measurement was
made on a separate young, fully expanded leaf located
on the northern aspect of the canopy. Following each
measurement, leaves were detached and stored in sealed
plastic bags prior to measurement of leaf water potential.

A vs ci curves and light-saturated rates of photosynthe-
sis (Asat400), stomatal conductance (gs400) and dark respi-
ration rate (Rd400) at [CO2] of 400 ppm were recorded for

leaves in the lower and upper canopy for each tree using
a portable infrared gas analyzer (LI-6400 with 6 cm2

chamber and LED light source, Li-Cor, Lincoln, NE). For
all measurements, airflow through the chamber was set at
500 μmol s−1 and vapor pressure deficit was set to track
ambient conditions. For A vs ci curves, leaves were equi-
librated to a PAR of 1500 μmol m−2 s−1. A vs ci curves
were generated in a stepwise fashion by lowering [CO2]
from 1500 to 0 μmol mol−1. Maximum rate of assimila-
tion (Amax) were taken to be the rate of assimilation at
PAR = 1500 μmol m−2 s−1. Estimates of Jmax and Vcmax

were made using the minimization routine in PHOTOSYN

ASSISTANT 1.1 to produce the best fit. For modeled values
of assimilation, rates of net assimilation were calculated
using the photosynthesis model of Farquhar et al. (1980)
combined with a model for CO2 diffusion into leaves
(von Caemmerer and Farquhar 1981) and constrained
with hourly values of PAR, stomatal conductance and air
temperature measured by the LI-COR 6400. Photosyn-
thetic parameters were adjusted for temperature using
response functions given by Bernacchi et al. (2001).

Leaf water relations

Leaf water relations were determined for leaves on a ter-
minal branch of each sample tree. At each site, leaf water
potential was measured pre-dawn (ψpdwn) and hourly for
a 24-h period using a Scholander-type pressure chamber
(PMS Corvallis, OR). Leaf relative water contents (RWCs)
were determined on five leaves from each tree. Each leaf
was weighed (fresh weight), then placed in deionized
water for 6 h to allow full hydration. Leaf samples were
then lightly blotted dry with tissue paper and re-weighed
(saturated weight), before drying at 60◦C for 48 h and
re-weighing (dry weight). Leaf osmotic potential at full
turgor (πft), leaf osmotic potential at turgor loss point
(πtlp) and leaf relative water content at turgor loss point
(RWCtlp) were determined using pressure volume anal-
ysis (Tyree and Hammel 1972, Tyree and Richter 1982,
Turner 1988). Sections of branch were cut under water
(while keeping leaves dry) and placed in the dark for
3 h at room temperature to re-saturate. Samples were
considered to have re-hydrated if their water potentials
exceeded −0.3 MPa. Maximum bulk elastic modulus (ε)
was calculated according to Turner (1988) as the slope of
the relationship between pressure potential and RWC in
the positive turgor range. Three pressure volume curves
were generated for each tree at each site.

Sample collection for chemical and
isotopic analysis

Leaf material was collected predawn and at 14:00 h
from each of the sites on the day of gas exchange
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measurements. Leaves were immediately microwaved
to impede metabolism as per Popp et al. (1996) and
then oven dried at 75◦C. Samples were then ground to a
powder and stored at −80◦C awaiting analysis.

Phloem sap was collected using a previously
described bleeding technique (Pate and Arthur 1998,
2000, Pate et al. 1998, Cernusak et al. 2003, 2005,
Merchant et al. 2010b). In brief, phloem sap was
collected using a single sided razor blade. An incision
of approximately 5–8 cm was made in the stem of
the tree. Samples were collected at three heights at
the end of stomatal conductance measurements (at the
same time porometry measurements were taken in the
upper and lower canopy levels). Samples were collected
in a clean, glass disposable pipette and bulked into a
single microtube for each tree height. Samples were
immediately transferred to 4◦C and frozen within 4 h.

Analysis of phloem sap and leaf extracts for
soluble carbohydrates

For carbohydrate analysis of leaves, soluble compounds
were extracted from approximately 40 mg of dried leaf
material with a methanol–chloroform–water (MCW)
solution as detailed in Merchant et al. (2006a). An
internal standard of 0.1% xylitol was introduced to the
water fraction of this MCW mix. Leaf extracts were
deionized by the addition of 300 μl of mixed bed resin
consisting of one part Dowex 1×8 (anion exchange,
Cl− form) and one part Dowex 50 W (cation exchange,
formate form). Samples were agitated for a period of 2 h
at room temperature. Following pulse centrifugation,
400 μl of the supernatant was transferred to a clean
micro-tube and stored at −80◦C. For carbohydrate
analysis of phloem sap, 5 μl was diluted with 700 μl
of deionized water and deionized using the method
described above.

Carbohydrates were separated and quantified using
gas chromatography (GC) according to Merchant et al.
(2006a). Sixty μl of deionized MCW extracts were
dried and resuspended in 400 μl anhydrous pyridine
to which 50 μl of trimethylchlorosilane (TMCS)/bis-
trimethylsilyl-trifluoroacetamide mix (1:10 v/v, Sigma
Aldrich, Sydney, Australia) was added. Samples were
incubated for 1 h at 75◦C and analyzed by GC within
24 h. GC analysis was performed using a Shimadzu
17A series gas chromatograph using a DB1 (30 m)
column. Split injection was made at 300◦C with an initial
oven temperature program of 60◦C for 2 min ramping
to 300◦C at 10 ◦C min−1 and maintained for 10 min.
Column flow rate was maintained at 1.5 ml min−1. Peak
integration was made using Class VP analysis software
(Shimadzu Corporation Limited, Columbia, MD, USA).

Carbon isotope analysis

For analysis of carbon isotope abundance in the soluble
extract of leaves (δ13Cleaf), 40 mg of ground leaf material
was weighed into a 2 ml micro-tube to which 1 ml of
hot, deionized water was added and incubated for 1 h
at 75◦C. Samples were centrifuged at 11 400 g for 3 min
and 800 μl of the supernatant transferred to a 2 ml micro-
tube to which 300 μl of mixed bed resin had been added.
Samples were deionized as described above then 200 μl
was progressively transferred into tin cups and dried at
45◦C then kept over desiccant awaiting analysis.

Samples were analyzed on an Isochrom mass spec-
trometer (Micromass, Manchester, UK) coupled to a
Carlo Erba elemental analyzer (CE Instruments, Milan,
Italy). Samples were dropped from an AS200 auto-
sampler and combusted by Dumas-combustion in a fur-
nace kept at 1060◦C. Carbon isotope ratios are expressed
in delta-notation, where δ13C = Rsample/Rstandard – 1, and
R is the ratio of 13C to 12C in a sample and standard
(VPDB), respectively. The precision for the standard
materials was between 0.06 and 0.11�.

Inorganic ion analysis

Major cations in leaf extracts were quantified by
inductively coupled plasma-optical photoemission spec-
troscopy (ICP-OES) as per Merchant et al. (2010a). In
brief, approximately 40 mg of ground dried leaves were
extracted into 1 ml of hot (80◦C) deionized water for 1 h
and agitated during this time. Samples were cooled and
then centrifuged at 11,400 g for 2 min. The supernatant
was then removed and placed into a 1.5 ml microtube.
250 μl of this extract was then taken and placed into
a 15 ml tube and diluted with 6 ml of deionized water
ready for analysis.

Calculations of osmotic potential

Molar concentrations of solutes in phloem sap were
converted to osmotic potential (π s) using the van’t Hoff
equation:

πs = −RTcs (1)

where R is the universal gas constant (8.3145 × 10−3

MPa L mol−1 K−1), T is the temperature (K) and cs (mol
L−1) is the concentration of osmotically active solutes in
the solution. Concentrations of leaf metabolites in leaf
water were calculated based on leaf water content (mea-
sured as described above under Leaf water relations).

Statistics

Significance of variation in measured parameters was
tested using analysis of variance (ANOVA) using STATISTICA
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Fig. 1. Modeled photosynthetic rate plotted against ambient PAR and stomatal conductance (gs) during a diurnal cycle for five Eucalyptus globulus
trees on sites of contrasting water availability. Each point is modeled from parameters derived from the average of A vs ci for five trees per site. A
single PAR measurement was made using a HOBO™ PAR sensor located adjacent to the plantation outside the effects of canopy shading. Stomatal
conductance was measured using a porometer and is expressed as the average gs of two measures of fully expanded sun leaves in the top of the
canopy.

analytical software (version 6, StatSoft, Tulsa, OK).
P values were calculated using Fisher’s least square
difference post hoc test.

Results

Assessment of resource limitation among sites

Assessments of resource limitation (light and water)
to carbon assimilation were made at sites A and B.
Adverse weather conditions (electrical storm) prevented
our assessment of canopy scale carbon assimilation rates
at site C. Modeled values for net assimilation at site A
were strongly influenced by diurnal patterns in PAR
(Fig. 1), increasing by up to 6 μmol m−2 s−1 over the
diurnal cycle. Modeled assimilation rates approached
measured light saturated rates in both canopy layers
at sites A and B (cf. Figs 1 and 2). Site B exhibited
significantly lower gs and Asat in both upper and
lower canopy leaves (Fig. 2). Modeled ci values did not
significantly differ between sites irrespective of canopy
position, ranging from 245 ± 9 and 286 ± 19 μmol
CO2 mol air−1 in the lower canopy and 287 ± 11
and 272 ± 12 in the upper canopy at sites A and B,
respectively. Differences in modeled assimilation rate
between canopy levels observed at site B were likely
influenced by lower stomatal conductance (Fig. 1) while
in contrast, little variation in assimilation was observed
between canopy levels at site A (Fig. 1). Leaf temperature
did not significantly influence modeled assimilation rates
(data not shown).

Tree water relations

Trees at site A used approximately 250% more water
per square centimeter of sapwood area than trees at

sites B and C (Fig. 4). Within the 8-day sample period,
Js ranged from 210 to 255 ml cm−2 day−1 at site A and
from 60–120 and 11–155 ml cm−2 day−1 at sites B and
C, respectively.

Trees at site A exhibited less negative values of
predawn water potential than those at sites B and C
(Table 1). Leaves at site A exhibited significantly higher
bulk elastic modulus (demonstrated by lower values of
ε) than leaves at sites B and C. This corresponded with
significantly lower values of RWCtlp for site A. Values
of πft and πtlp showed a consistent pattern of increased
values at site B and decreased values at site C compared
to site A, with only πft at site B being non-significant.

Leaf and phloem chemistry

For leaves at sites A and B, measured carbohydrate levels
reflected patterns in π determined by pressure volume
analysis at both πFT and πTLP. Total contributions of
measured osmolytes did not reflect that of π values
determined by pressure volume analysis due to the
overwhelming influence of cations on the calculated
contribution to cellular π . Despite higher levels of
carbohydrates, the contribution of measured solutes to
π was lower at site C owing to significantly lower
concentrations of both potassium and sodium. At each
site, between 40 and 51% of contributions to πft were
quantified. Most notably, significantly higher levels of
potassium (K+) were detected in leaves from site A
(Table 2).

Phloem sap contained both sucrose and raffinose
in concentrations of around 1000 and 300 mmol
l−1 respectively (Table 3). Sites B and C contained
significantly higher sucrose concentrations in phloem
sap than site A at 1.3 m and the top of the canopy. In
contrast, site C had significantly lower concentrations
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Fig. 2. Light saturated assimilation (Asat400, μmol CO2 m−2 s−1),
stomatal conductance (gs, mol H2O m−2 s−1) and dark respiration
(Rd400, μmol CO2 m−2 s−1) rates measured at 400 ppm atmospheric
CO2 concentration for Eucalyptus globulus trees growing on sites
of contrasting water availability. Dark and light bars represent
measurements taken from leaves in the upper canopy and lower
canopy respectively. Error bars represent standard errors of mean values.
Differences between sites with constant canopy position are displayed
and were determined using Fishers least square difference post hoc test.
Significant differences were also tested within canopy position using
Fisher’s least square difference post hoc test. Only Rd differed within
canopy positions at sites A and C (post hoc groupings not shown).

raffinose at all canopy heights. These concentrations
resulted in an increasing ratio of sucrose to raffinose
in the sequence A<B<C with site C consistently
significantly different from site A.

Leaf and phloem carbon isotope abundance

Leaf neutral fraction δ13C was generally more negative
in the lower canopy that in the top of the canopy (Fig. 3)
a trend not reflected in δ13Cphl. δ13Cphl differed between
all sites (Fig. 3, hatching) and did not significantly vary
with collection at different canopy heights (post hoc
groupings). Site A had the most negative values of δ13Cphl

followed by site C and site B.
δ13Cphl collected at sites B and C were significantly

enriched in 13C compared to leaf tissues. At site A,
δ13Cphl did not significantly differ from leaf δ13C.

δ13Cphl collected at 1.3 m stem height correlated
strongly with total sap flux density with the lowest values
of δ being collected at the site of lowest water limitation
(Fig. 4). δ13Cphl collected at 1.3 m height reflected total
sap flux density more strongly than any other carbon pool
collected from wither phloem or leaf soluble carbon at
any canopy height (Table 4).

Discussion

Resource limitation differed among sites

Patterns of photosynthesis, ψpdawn, gs and total daily
sap flux density suggest that the magnitude and nature
of resource limitation differed between sites. Large
differences among sites in total sap flux density likely
reflect significant differences in water availability, as
evidenced by lower pre-dawn water potentials at sites
B and C compared to site A. Trees at sites B and C
also exhibited lower values of gs, suggesting stomatal
limitation to CO2 diffusion is a major limitation to
carbon assimilation. Interestingly, reduced Asat values at
sites B and C suggest that photosynthetic capacity is also
reduced in trees growing under lower water availability,
which explains the similarity in modeled ci values
across all trees. Trees at site A, where the biochemical
limitation was thought to be strongest, exhibited
significantly higher rates of light saturated photosynthesis
(Fig. 2), which gave rise to larger increases in modeled
photosynthetic rates in response to diurnal changes in
PAR (Fig. 1). A limitation to photosynthesis by light
availability therefore is a prominent candidate to explain
previously obtained positive relationship between δ13C
and growth collected at the seasonal scale (Merchant
et al. 2010b).

Patterns in leaf water relation parameters

Maintenance of cell turgor over the diurnal cycle is
a significant pre-determinant to the continuation of
photosynthesis. Pressure volume curve analysis revealed
patterns in both chemical and structural responses
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Table 1. Predawn water potential (ψpredawn), osmotic potential at full turgor (πft), osmotic potential at leaf turgor loss point (πtlp), relative water
content at leaf turgor loss point (RWCtlp) and maximum bulk elastic modulus of leaf tissue (ε) as measured by pressure volume curve analysis on
5-year-old Eucalyptus globulus trees at sites of contrasting water availability. Average values were calculated from the measurement of five trees at
each site. Fully expanded leaves were sampled from the upper canopy. Post hoc groupings represent differences between carbon pools using Fishers
least squared difference post hoc test (p < 0.05). * denotes site with groundwater access.

Site
ψpredawn (MPa)

Ave ± SE

πft (MPa)
Ave ± SE

πtlp (MPa)
Ave ± SE

RWCtlp

Ave ± SE

ε (Mpa)
Ave ± SE

Site A (850 mm rainfall year−1)* −0.39 ± 0.03a −1.65 ± 0.02a 2.03 ± 0.07a 0.87 ± 0.02a 4.71 ± 1.25a

Site B (850 mm rainfall year−1) −0.86 ± 0.02b −1.93 ± 0.12a −2.39 ± 0.06b 0.95 ± 0.01b 12.62 ± 0.97b

Site C (650 mm rainfall year−1) −0.85 ± 0.06b −1.43 ± 0.05b −1.80 ± 0.08c 0.92 ± 0.03b 10.85 ± 2.85b

Table 2. Contributions to osmotic potential of major leaf solutes for Eucalyptus globulus trees at sites of contrasting water availability. Average
values were calculated from the measurement of five trees at each site. Fully expanded, illuminated leaves were collected from the upper canopy.
Post hoc groupings represent differences between carbon pools using Fishers least squared difference post hoc test (p < 0.05). * denotes site with
groundwater access.

Site Glucose (MPaFT) Fructose (MPaFT) Sucrose (MPaFT) K+ (MPaFT) Na+ (MPaFT) Total (MPaFT) % (MPaFT)

Site A (850 mm
rainfall
year−1)∗

−0.019 ± 0.003a −0.021 ± 0.004a −0.002 ± 0.000a −0.571 ± 0.031a −0.224 ± 0.017a −0.83 ± 0.029a 0.507 ± 0.019a

Site B (850 mm
rainfall
year−1)

−0.036 ± 0.003b −0.036 ± 0.004b −0.004 ± 0.001a −0.485 ± 0.086ab −0.249 ± 0.098a −0.809 ± 0.178a 0.407 ± 0.07a

Site C (650 mm
rainfall
year−1)

−0.053 ± 0.002c −0.064 ± 0.007c −0.003 ± 0.001c −0.431 ± 0.049b −0.176 ± 0.016a −0.728 ± 0.062b 0.514 ± 0.059a

to differences in water availability. The most notable
difference in leaf properties among sites was in maximum
bulk elastic modulus (ε), which was 2–3 times greater at
sites B and C than at site A. It seems unlikely that these
large differences in ε among sites can be attributed to
difficulty in measurement of ε due to tissue heterogeneity
and cellular structure (Tyree and Jarvis 1982) and leaf
mass per unit area (Galmes et al. 2007). Increased
elasticity (reduced elastic modulus) shifts the turgor loss

point to more negative water potentials, increasing the
resilience of turgor to reduced water supply. Large values
of ε are thought to increase stomatal sensitivity (White
et al. 2000b) although contradictory results (Galmes
et al. 2007) are often obtained. For eucalypts, several
authors have highlighted the importance of elastic
adjustment (reduced ε) in regulating turgor under water
stress, with comparatively small values of ε reported
across a range of species occupying drier environments

Table 3. Concentrations and contributions to osmotic potential of phloem sap sucrose and raffinose for Eucalyptus globulus trees at sites of
contrasting water availability. Values for the different sampling heights are the average of five trees. Post hoc groupings represent differences between
carbon pools using Fishers least squared difference post hoc test (p < 0.05). ∗ denotes site with groundwater access.

Sucrosephloem (mmol l−1)
Ave ± SE

Raffinosephloem (mmol l−1)
Ave ± SE

Site 1.3 m height Base canopy Top canopy 1.3 m height Base canopy Top canopy

Site A (850 mm rainfall year−1)∗ 819 ± 29a 754 ± 113a 844 ± 17a 328 ± 19a 259 ± 47a 338 ± 36a

Site B (850 mm rainfall year−1) 1091 ± 39b 1073 ± 49a 1095 ± 41b 317 ± 17a 285 ± 18a 300 ± 8a

Site C (650 mm rainfall year−1) 1083 ± 6b 1035 ± 30a 1050 ± 68b 222 ± 10b 175 ± 11b 218 ± 15b

Ratio (Sucrose:Raffinose)
Ave ± SE

Combined osmotic potential (MPa)
Ave ± SE

Site 1.3 m height Base canopy Top canopy 1.3 m height Base canopy Top canopy

Site A (850 mm rainfall year−1)∗ 2.49 ± 0.47a 2.90 ± 0.76a 2.49 ± 0.15a −2.57 ± −0.11a −2.27 ± −0.36a −2.65 ± −0.12a

Site B (850 mm rainfall year−1) 3.43 ± 0.73ab 3.76 ± 0.87a 3.65 ± 1.64ab −3.16 ± −0.13b −3.05 ± −0.15a −3.13 ± −0.11a

Site C (650 mm rainfall year−1) 4.87 ± 0.19b 5.91 ± 0.87b 4.81 ± 1.41b −2.93 ± −0.04b −2.71 ± −0.09a −2.85 ± −0.19a
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Fig. 3. Average δ13C of phloem sap and leaf soluble carbon obtained
from five Eucalyptus globulus trees grown on sites of contrasting water
availability. Post hoc groupings represent differences between carbon
pools within sites using Fishers least squared difference post hoc test.
Hatching represents post hoc groupings of δ13C of between sites within
each carbon pool.

(White et al. 2000b, Merchant et al. 2007) and in
response to water deficit and/or seasonal cycles (Prior
and Eamus 1999, Callister et al. 2008). Mitchell et al.
(2008) found increased ε during summer drought in
Eucalyptus salmonophloia and Eucalyptus albida (and
no change in E. capillosa subsp. capillosa). Here we
found higher ε (lower elasticity) for trees at the drier
sites (B and C), suggesting Eucalyptus globulus is more
akin to E. salmonophloia and E. albida, in that it

Fig. 4. δ13C of phloem sap obtained from Eucalyptus globulus trees
growing on sites of contrasting water availability plotted against average
daily sap flux density per cm2 of sapwood area. Phloem sap was obtained
at 1.3 m stem height. Average daily sap flux density was calculated from
flux density over the 5 days preceding sampling for measures of δ13C.

Table 4. Regression coefficients of δ13C and sap flux density (Js,
ml cm−2 day−1) by Eucalyptus globulus trees growing on sites of
contrasting water availability. Average daily Js was calculated from
sap flux density over the 5 days preceding sampling for measures of
δ13C. Leaves were sampled at predawn (06:00) and midday (14:00)
from both the base and the top of the canopy.

Js Average daily gs

Carbon pool Time Position r2 P r2 P

δ13Cphloem Midday 1.3m height 0.7243 <0.001 0.7859 <0.001

δ13Cphloem Midday Canopy base 0.6189 0.001 0.7403 0.001

δ13Cphloem Midday Canopy top 0.4913 0.001 0.4142 0.061

δ13Cleaf Midday Canopy base 0.2635 0.049 0.4512 0.033

δ13Cleaf Midday Canopy top 0.2715 0.059 0.1625 0.248

δ13Cleaf Predawn Canopy base 0.5198 0.003 0.0138 0.747

δ13Cleaf Predawn Canopy top 0.0722 0.379 0.0281 0.644

does not appear to maintain turgor via classical elastic
adjustment (reduced ε). For our study, trees with greater
sap flux density exhibited a characteristic of eucalypt
species growing in drier environments suggesting that
acclimative strategies work independently in response
to varying site conditions. One explanation might be
that trees at site A develop tissues with higher levels of
elasticity to buffer stomatal sensitivity against short term
changes in ψ experienced over the diurnal cycle.

Other options for turgor maintenance are osmotic
adjustment (enhanced π ) and avoidance of water loss,
i.e., reduced transpiration. At site B, πtlp was greater
and gs was lower than at the moister site A – suggesting
a degree of both osmotic adjustment and avoidance
strategies in site B. The results from site C were somewhat
paradoxical; however, πtlp was lower and gs was similar
compared to site A, suggesting no turgor-maintaining
adjustments at all at site C. A likely explanation is that
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VPD was quite low on the day that gs was measured at
site C, leading to high but non-representative values of gs.

Patterns in leaf and phloem chemistry

Variation in leaf osmotic potential obtained from
both pressure volume curves and leaf chemical
composition showed clear delineations between sites.
Total contributions of measured leaf osmotica of around
0.8 MPa fit well with overall measures of πft of
around 1.6–1.9 MPa. The largest influence on leaf
osmotic potential was that of potassium, contributing
up to 0.6 MPa in leaf water. Leaf metabolites showed
significant trends albeit at concentrations that had little
effect on overall osmotic potential. Despite previous
studies showing accumulation of sucrose in E. globulus
under conditions of water deficit (Merchant et al. 2006b),
leaf reducing sugars glucose and fructose significantly
differed between sites while leaf sucrose did not.
Adjustments in π of leaves via the accumulation of
metabolites are therefore not a primary mechanism for
osmotic responses of leaves to water availability in the
stands of E. globulus that we studied.

The most prevalent pattern in plant chemistry was
significant differences in phloem sugar composition
between sites. E. globulus is thought to employ a sym-
plastic mode of phloem loading on account of the high
prevalence of sucrose and raffinose found in phloem sap
(see Turgeon 1996). Changes in phloem osmotic poten-
tial have been suggested as a method of maintaining
water potential equilibrium with the xylem (Cernusak
et al. 2003). We have previously used measures of
phloem osmotic potential as surrogate measures of plant
growth (Tausz et al. 2008) and detected changes in
phloem composition according to landscape and sea-
sonal variation (Merchant et al. 2010b) as well as the
effects of artificially modified water availability (Mer-
chant et al. 2010a). In addition to bulk changes in solute
concentration attributable to source/sink relationships
and water status, changes in the ratio of sucrose to
raffinose will influence π independently attributable to
differences in molecular weight. For the trees studied
here, the approximate maximum change in sucrose from
800 to 1100 mmol l−1 corresponding with an approx-
imate change in raffinose from 300 to 200 mmol l−1

would impart a net change of −0.496 MPa – a signifi-
cant contribution considering their total contribution to
phloem sap π of around 3 MPa.

Canopy scale patterns in δ13C obtained from leaves
and phloem sap

Given consistent height and timing of collection, δ13Cleaf
did not delineate sites. We analyzed the neutral fraction

of leaf soluble carbon in comparison with phloem sap,
both of which largely consist of carbohydrates and
sugar alcohols. The enrichment of δ13Cleaf obtained from
leaves collected at the top of the canopy compared to
the base agrees with previous studies (Duursma and
Marshall 2006) and most likely reflects a combination
of both stomatal limitation in the upper canopy and
biochemical limitation in the lower canopy imposed by
lower light levels.

δ13Cphl did not reflect spatial variation in δ13Cleaf and
clearly delineated sites in agreement with measures of
ψ , gs and daily sap flux density. This result is likely to
be attributable to the measurement of recently fixed
photoassimilates independent of background carbon
involved in leaf metabolism and supports previous
isotopic patterns (Pate et al. 1998, Keitel et al. 2003,
Merchant et al. 2010b) obtained from a range of E.
globulus plantations of contrasting physiological status.
Most notably, at sites where water was limiting, δ13Cphl

was enriched compared to δ13Cleaf. Recent reviews
have highlighted a general enrichment of phloem sap
compared to leaf tissues (Hobbie and Werner 2004,
Badeck et al. 2005, Bowling et al. 2008, Cernusak
et al. 2009), and the downstream patterns in δ13C of
heterotrophic tissues (Bowling et al. 2008, Cernusak
et al. 2009). While the causal relationship for this
enrichment is unclear, our data suggest that the degree
of enrichment may be sensitive to plant physiological
status. Fractionation attributable to the transient storage
of carbon as starch (Gessler et al. 2007) and the
possibility of fractionation due to alternative loading
mechanisms concurrently at play (Voitsekhovskaja et al.
2009) may be sensitive to resource availability. Phloem
sap carbohydrate concentrations in E. globulus that are
sensitive to environmental conditions (Merchant et al.
2010b) and contain compound-specific differences in
13C abundance (Merchant et al. 2011) may serve to
explain some of the patterns observed in this study.
Concurrent investigations into short-term variation in
δ13C of leaf and phloem metabolites, the dynamics of
starch accumulation and degradation, and the inhibition
of apoplastic loading mechanisms are required to
determine causal relationships of changes in isotopic
abundance from leaf to phloem.

δ13Cphl did not vary with the height at which it was
collected suggesting negligible fractionation of carbon
isotopes during transport. Gessler et al. (2009) highlights
contradictory results for within-tree spatial variation of
δ13Cphl previously obtained from a range of species by
the same author (Gessler et al. 2004, 2007) that may
be influenced by seasonal cycles. The transient stor-
age of carbon as starch is one possible explanation
to the observed enrichment of carbon with increasing
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path length (Gessler et al. 2007), a process likely to be
influenced by physiological status. Although our results
suggest there is little 13C fractionation with increas-
ing path length during transport in the phloem, our
results may be influenced by high degrees of mixing and
throughput of carbon at the time of sample collection.
It is also not immediately clear why δ13Cphl collected
at 1.3 m height provided the strongest correlation with
total sap flux density. Previous investigations for both
E. globulus (Merchant et al. 2010b) and Fagus sylvatica
(Keitel et al. 2003) have shown that phloem sap col-
lections reflect environmental conditions experienced
approximately 2 days prior to collection. One hypothe-
sis may be that δ13Cphl obtained at 1.3 m avoids within
canopy redistribution of photoassimilates. Irrespective of
the causal relationship, δ13Cphl obtained at 1.3 m offers
improved predictions of plant physiological status than
any other carbon pool analyzed in this study. This result
highlights the usefulness of δ13Cphl as an indicator of
canopy scale processes.

The potential for rapid, time and canopy scale inte-
grated measures of plant function obtained by carbon
isotope and metabolite abundance in phloem sap offers
considerable advantages over more traditional measures
of leaf chemistry and physiology. At sites of contrast-
ing resource limitation, the abundance of metabolites
and carbon isotopes in phloem sap delineated each
site despite an absence of discernible patterns in leaf
tissues. Traditional assessments of plant physiological
status offered contrasting results, thus emphasizing the
need to consider functional traits independently. For
example, leaf ε likely plays a role in the regulation
of cell turgor but doubt remains over its interaction
with other leaf level processes. Providing integrative
assessments of plant health and characterizing physical,
chemical and structural traits underpinning acclimation
to site conditions will form the basis of monitoring and
plant improvement programs.
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