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tivity of the hydraulic pathway between the leaf and soil
(Tyree & Ewers 1991). Probably the most intensively
studied part of the plant vascular system is the stem,
perhaps because the physics of sap flow through stems is
relatively simple, approximated by treating the stem as a
collection of tubes (Shinozaki et al. 1964) or tapered tubes
(West et al. 1999). Plant stems not only carry the water
supply for transpiration but also provide physical support
for the foliage, and hence the size of a stem or branch deter-
mines the leaf area it can support.Traditionally, the amount
of leaf area attached to a branch was considered to be a
function of the mechanical properties of the branch and the
mass of the foliage (Niklas 1994), although more recently
the concept of leaf area being linked to the hydraulic con-
ductivity of the associated vascular tissue has been sup-
ported (Zimmermann 1978; 1983; Tyree et al. 1991; Pataki,
Oren & Phillips 1998).

Because the hydraulic conductivity of the pathway from
soil to leaves determines how much YL falls below the soil
water potential during evapotranspiration, it follows that
there should be a link between the hydraulic conductivity
of a plant and the transpirational demand of its foliage. Such
links have been demonstrated by differences in the vascu-
lar supply of water to sun and shade foliage of both indi-
vidual species (Maherali, DeLucia & Sipe 1997; Schultz &
Matthews 1993; 1997), and single trees (Cochard et al. 1997),
suggesting that factors such as light exposure and evapora-
tive demand interact with the stem hydraulic conductivity
per unit leaf area (KL) (Bond & Kavanagh 1999).This inter-
action has also been implicated in the broad trends of stom-
atal response to vapour pressure deficit (VPD) across the
range of vascular plants (Franks & Farquhar 1999). If the
transpirational demand and hydraulic supply of leaves cor-
relate, then the photosynthetic rate should also be reflected
in the hydraulic supply, as evaporative water loss and CO2

uptake follow the same pathway.
Given the importance of xylem hydraulic conductivity to

plant function, it is interesting that within the seed plants
there is a significant functional and morphological distinc-
tion between the wood structure of angiosperms and gym-
nosperms. In angiosperms, axial water flow in the xylem
mostly occurs through long, large diameter conduits called
vessels. The conduits in conifer xylem are much smaller in
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vessel-bearing and vessel-less angiosperms indicating a
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INTRODUCTION

Xylem hydraulic characteristics have, in recent years, been
shown to exert a strong influence over many aspects of the
form and function of plants. Transpiration rates of plants
ranging in size from small herbs to forest trees appear to
be limited by hydraulic constraints of the vascular tissue
(Andrade et al. 1998; Meinzer et al. 1999; Mencuccini &
Comstock 1999), and recently vascular systems have also
been implicated as the major force controlling allometric
scaling in the size, form and even population density of
woody plants (West, Brown & Enquist 1999). This control
comes about because water flow through higher plants gen-
erally obeys the Ohm’s law analogue (Van den Honert
1948) and hence the hydraulic properties of the vascular
system determine the relationship between transpiration
flux and leaf water potential (YL) by dictating the conduc-
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length and diameter making the specific hydraulic conduc-
tivity (Ksp; conductivity per sapwood area) of conifer wood
much lower than that of angiosperms (Tyree & Ewers 1991;
1996; Becker, Tyree & Tsuda 1999). The expected result of
this is that angiosperms should either be able to operate
with reduced xylem investment per unit leaf area (i.e. with
a lower sapwood to leaf area ratio; Huber value) or sustain
higher rates of transpiration than conifers with equivalent
Huber values and water potential gradients. It has also been
suggested that the higher conductivity of angiosperm xylem
gives them a competitive advantage during regeneration,
thus accounting for the relative success of angiosperms
compared with conifers in productive environments (Bond
1989). These hypotheses remain largely untested, although
some hydraulic conductivity measurements have found 
the KL of conifers to be within the range of associated
angiosperm taxa (Becker et al. 1999).

In this study, we examine the relationship between KL,
quantum yield of PSII electron transport (ØPSII), and leaf-
water potential (YL) in branches of angiosperm and conifer
species from tropical and sub-alpine rainforest communi-
ties in order to test for a correlation between foliar demand
and vascular supply of water. Although the conductivity of
individual stems is much higher than the conductivity of
whole plants, studies have shown a broad correlation
between the two (Tyree, Velez & Dalling 1998; Becker 
et al. 1999; Brodribb & Hill 2000), and hence we assume 
KL reflects whole-plant conductivity. A correlation 
between ØPSII and KL therefore would not only indicate co-
ordination between leaf demand for water and hydraulic
supply, but also provide a link between whole-plant, and
stem hydraulic conductivity, thus enabling stem hydraulics
to be used as a proxy for maximum transpiration and 
photosynthesis.

Quantification of the photosynthetic capacity of the leaf
area on a branch is extremely difficult, time consuming and
potentially inaccurate using conventional gas-exchange
(IRGA) equipment in the field, and for this reason chloro-
phyll fluorescence was employed to determine photosyn-
thetic potential. The use of fluorescence as a tool for
probing photosynthetic electron transport and carbon
assimilation in the light has been relatively limited in C3

plants due to uncertainty in the relationship between linear
electron transport and CO2 uptake (Genty, Briantais &
Baker 1989; Bilger, Schreiber & Buck 1996). This is mainly
because chlorophyll fluorescence provides information
about the reduction state of PSII and hence does not allow
discrimination between electrons used for carboxylation as
opposed to oxygenation of Ribulose 1,6 bi-phosphate, the
Mehler reaction, and non-assimilatory electron transport
routes (Edwards & Baker 1993; Cheeseman et al. 1997;
Fryer et al. 1998; Flexas et al. 1999). Despite this, good cor-
relations between CO2 assimilation measured by infra-red
gas analysis (IRGA) and that calculated by ØPSII have been
shown under a range of light, temperature and humidity
conditions in C3 species (He & Edwards 1996). Here we
have used chlorophyll fluorescence to provide relative
information about the ØPSII in species measured under very
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similar, non-limiting conditions of light, temperature, water
availability and CO2 concentration. Under these condi-
tions, it is likely that differences in photorespiration would
be small, and a previous study of a diverse group of conifers
using a similar fluorescence protocol showed a very good
correlation between maximum photosynthetic electron
transport rate and maximum CO2 assimilation (Brodribb &
Hill 1997). Relative quantum yields should also be closely
related to stomatal conductances and transpiration rates,
considering that the relationship between CO2 uptake and
stomatal conductance in C3 plants is effectively conserved
(Körner, Farquhar & Wong 1991).The two main advantages
of using fluorescence as a measure of photosynthesis are,
first, that the period required for individual leaf mea-
surements is very small, allowing a large number of mea-
surements to be made on each branch, and second 
that the equipment is highly portable, enabling measure-
ment of plants which are effectively inaccessible to IRGA
equipment.

The rainforest communities investigated were evergreen
mixed conifer-angiosperm forests in New Caledonia and
Tasmania (Australia).These sites were selected because the
coexistence of conifers and angiosperms at both locations
allowed us to test whether consistent differences were
evident between vessel-bearing angiosperms and vessel-
less conifers in the hydraulic supply of water to the leaf, YL,
and photosynthetic capacity. At least one species from the
vessel-less angiosperm family Winteraceae was present at
each location, enabling a comparison of the effect of vessels
both within the angiosperms and between angiosperms and
conifers.

MATERIALS AND METHODS

Study sites

Fieldwork was carried out in August 1999 in New Caledo-
nia and January 2000 in Tasmania.The New Caledonian site
was located on Mt. Dzumac (22°02¢ S latitude, 166°28¢ E
longitude) in mature mixed conifer-angiosperm rainforest
growing at an altitude of approximately 900 m on ultra-
mafic soil. This mountain experiences a high rainfall, the
majority of which falls in summer months, although winter
rainfall is also substantial. Climate data are limited for this
site with 2 years of annual rainfall totalling 1816 mm and
2742 mm, approximately half of this falling from Decem-
ber–March (Enright & Goldblum 1998). Mean monthly
temperatures fall in the range 14–22 °C (unpublished
results IRD). Twelve evergreen woody tree species were
measured including eight angiosperms: Ascarina rubicaulis
(Solms), Carpolepis laurophylla, Cunonia pterophylla
(Schlecte), Nemuaron vieillardii (Baillon) Baillon, Nothofa-
gus codonandra (Baill.) Van Steenis, Loxodiscus coriaceus
(Hook.f), Styphelia spp. and the vessel-less Zygogynum
baillonii Van Tieghem, and four conifer species: Acmopyle
pancheri (Brogn. & Gris) Pilger, Agathis lanceolata
Warburg, Falcatifolium taxoides (Brogn. & Gris) de
Laubenfels, and Retrophyllum comptonii C.N.Page.
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The Tasmanian part of this study was carried out at Mt.
Field (42°41¢ S, 146°35¢ E) in a dwarf sub-alpine mixed
conifer forest, growing at 1200 m in a humic soil. Rainfall
at Mt. Field is approximately 2200 mm, with no appreci-
able dry season, and mean monthly maximum tempera-
tures ranging from 14·5 °C in summer to 2·5 °C in winter.
Nine evergreen woody tree and shrub species were selected
including three conifers; Diselma archeri (Hook.f.),
Podocarpus lawrencei (Hook.f.) and Phyllocladus aspleni-
ifolius (Labill.) Rich ex Hook.f., and six angiosperms;
Nothofagus cunninghamii (Hook.) Oersted, Atherosperma
moschatum Labill., Richea scoparium Hook.f., Eucalyptus
coccifera Hook.f., Leptospermum rupestre Hook.f., and the
vessel-less Tasmannia lanceolata (Poiret) A.C.Smith.

In order to maximize the range of KL and ØPSII, we also
included two fast-growing pioneer species known to have
high KL (Brodribb & Hill, 2000). These were Eucalyptus
regnans F. Muell. and Toona australis (F. Muell.) Harms.
Five plants of each of these two species were grown in a
glasshouse under optimal conditions of light, temperature
and nutrition.

Stem hydraulic conductivity

Maximum vessel lengths in all species were measured by
cutting branches approximately 1 m from the most distal
apex and applying a small air pressure to the cut end of the
branch.The distal end of the branch was then trimmed back
until air bubbles were seen emerging from vessel ends. All
stems for hydraulic conductivity measurements were cut to
approximately the same length (0·2–0·3 m), which was 10%
larger than the largest vessel length measured.This ensured
no open vessels were present, and that variation in branch
length between species was small.

Sun-exposed branches were collected from four individ-
ual trees of each species and measured in the field. Lateral
branches were always used as these are more conservative
in their KL than leaders (Zimmermann 1983). Segments cut
from these laterals were chosen such that there were no
major branches along their length. Stem hydraulic conduc-
tivity (KH) was defined as the mass flow rate of water
through an excised stem segment per unit pressure gradi-
ent (kg s-1 MPa-1 m). We used a low-pressure steady-state
flow meter (SSFM) method, which uses the drop in pres-
sure across a tube of known conductance to measure the
flow rate into the stem segment, together with the pressure
at the stem fitting, to calculate KH; (Zwieniecki et al. 2000;
Feild & Holbrook, in press). This method was chosen over
traditional methods for measuring stem KH using an ana-
lytical balance because of the remoteness of the field sites.
Briefly, an elevated reservoir was used to drive water
through a 1·25 m long piece of capillary tubing (PEEK,
Upchurch Scientific, WA, USA) and the stem segment,
arranged in series. The reservoir water was filtered through
a 0·1 mm filter before reaching the stem. Two pressure
transducers (PX236, Omega Engineering Inc., Stamford,
CT, USA) were used to measure the pressure at each end
of the capillary tube, allowing both the pressure drop across
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the capillary tube and the delivery pressure to the stem
segment to be determined. The capillary tube could be
easily interchanged with PEEK capillary tubes of different
inner diameters (and lengths) to make it so that the con-
ductance of the tube was approximately equal to that of the
stem (Zwieniecki et al. 2000).The conductance of each tube
was determined in the laboratory by comparing the pres-
sure drop across the tube at a known temperature to the
outflow rate measured by an analytic balance (± 0·01 mg).
Four delivery pressures (0·0008, 0·0015, 0·0025, 0·0035 and
0·050 MPa) were used and a linear calibration equation
determined for each capillary tube (Zwieniecki et al. 2000).
Capillary tubes were calibrated before travel to the field
and then immediately upon return to check for drift. After
correcting for temperature, a 2% change was observed in
the calibration value over a 2 month period. Stems were
measured under delivery pressures ranging from 0·003 
to 0·01 MPa. In this range, mass flux is linearly related 
to applied pressure for stems (Sperry et al. 1988). Data 
were recorded when steady-state pressure readings were
achieved (typically 10 min) after connection to flowmeter
apparatus. During all measurements, stem temperature was
measured with a copper-constantan thermocouple (30
American wire gauge, Omega Engineering) so that the
effect of temperature on viscosity of water flux could be
removed by normalizing all measurements to 20 °C (Sperry
et al. 1988).

Branches were sampled at times when losses of hydraulic
conductivity due to embolisms were probably at a minimum
[i.e. early morning (0800–0930 h) on wet, cloudy days].
Sampled branches were cut in the field, triple bagged in
plastic and transported immediately to a laboratory in a tent.
Both ends of the stem segment were shaved with a fresh
razor blade before attachment to the SSFM. Sapwood-area
specific conductivity (Ksp;kg MPa-1 m-1 s-1) was determined
by dividing stem KH by the sapwood cross-section area.
Sapwood cross-section was measured with a micrometer
along the major and minor axes of the distal stem end and
the surface area contributed by the pith was subtracted
(Sperry et al. 1988). Leaf specific conductivity (KL; kg
MPa-1 m-1 s-1) was determined by dividing KH by the total
leaf area supported (i.e. distally) by that branch.After deter-
mination of KH, sapwood area of the distal part of the stem
was measured as was the leaf area distal to the stem segment.
In New Caledonia leaf, outlines were traced onto paper and
leaf area measured in the laboratory using a digital camera
(EDC-1000, Electrim Corp. Princeton, USA), while in Tas-
mania leaves were transported back to the laboratory in
plastic bags prior to leaf area determination.

Water potential

Leaf water potentials were measured only on New Cale-
donian species. An average YL was determined for each
species from four individuals measured during midday on
a single cloudless day. Leaves were cut from fully exposed
branches and immediately transferred to dark humid bags.
All leaf samples were collected within a 30 min period and
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measured over the following 30 min. Measurements of 
YL were carried out using a Scholander pressure bomb
attached to a high-pressure bicycle pump.

Chlorophyll fluorescence

The quantum yield of PSII electron transport (ØPSII) was
determined in the light using a PAM-2000 portable fluo-
rometer (Waltz, Effeltrich, Germany) operated in the field
according to Bilger et al. (1996). Preliminary measurements
made throughout the day indicated that ØPSII determined
at a PPFD of 1000 mmol m-2 s-1 peaked at around midday,
and there was no evidence of midday depression of ØPSII

(T. J. Brodribb, unpublished results). Therefore all mea-
surements were made within 60 min of midday on a single
cloudless day at both Mt Dzumac and Mt Field. Five mea-
surements of ØPSII were made on each of five representa-
tives of each species. We selected fully expanded leaves
from exposed, undamaged branches and ØPSII was deter-
mined by measuring the increase in chlorophyll fluores-
cence during the application of a single saturating flash of
light (Genty et al. 1989) to leaves illuminated by full sun.
Saturation pulses were applied for 0·8 s at an intensity of
3500 mmol m-2 s-1. In full sun, the PPFD on Mt. Dzumac
was 1700 mmol m-2 s-1 while on Mt. Field it was
1900 mmol m-2 s-1. Mean leaf temperatures in New Cale-
donia and Tasmania were similar and ranged between
23·2 °C and 20·1 °C respectively.

RESULTS

A large range of leaf-specific hydraulic conductivities 
was found in both New Caledonian and Tasmanian 
species, extending from a maximum of 2·94 ¥ 10-4 kg
s-1. MPa-1 m-1 in C. pterophylla to a minimum of 0·308 ¥
10-4 kg s-1 MPa-1 m-1 in P. aspleniifolius. The mean KL for
New Caledonian taxa (1·72 ¥ 10-4 kg s-1 MPa-1 m-1) was
slightly higher than for Tasmanian taxa (1·57 ¥ 10-4 kg s-1

MPa-1 m-1), although differences were not significant. A
correspondingly large range in ØPSII was observed, extend-
ing from 0·29 in C. pterophylla to an extremely low mean
of 0·04 in P. aspleniifolius. Full sun conditions decrease the
sensitivity of the fluorometer and this, combined with the
natural variability to produce standard errors of up to a
maximum of 25% of the mean (Fig. 1).

A strong linear correlation was observed between KL

and ØPSII (Fig. 2). The intercept of the regression was not
significantly different from zero indicating the relationship
between ØPSII and KL was probably proportional. Inde-
pendent (type II) regression analysis of Tasmanian and
New Caledonian data showed no significant differences 
in the slopes or intercepts, and hence data from both 
sites were pooled together. It is clear from Fig. 2 that con-
ifers produced lower KL and ØPSII than the associated
angiosperms at both sites, and this was confirmed by 
a T-test which was significant at the P < 0·001 level. A 
much weaker but still significant correlation (r = 0·492;
0·01 < P < 0·02) was observed between Ksp and ØPSII con-
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firming the expected result that ØPSII was better correlated
with conductivity per unit leaf area (Fig. 1).

Amongst the angiosperms from both New Caledonia and
Tasmania, the vessel-less taxa Z. baillonii and T. lanceolata
produced the lowest values of KL, with A. moschatum the
only other angiosperm producing comparably low KL and
ØPSII.

Simultaneous readings of YL made on New Caledonian
taxa illustrated that conifers produced lower water poten-
tials than associated angiosperms at midday under condi-
tions of full sun and high soil moisture (Fig. 3). The range
of mean YL exhibited by angiosperm taxa was - 0·67 to 
- 0·30 MPa while conifers fell in the range - 0·99 to 
- 0·69 MPa. There was a weak but significant correlation
between YL and KL (P < 0·05) although this correlation was
not significant if conifers were removed from the data.

Huber values (sapwood area per leaf area) showed more
variation between sites than within, with no significant dif-
ference between conifers and angiosperms either at Mt.
Dzumac or Mt. Field (Table 1; t-test).

DISCUSSION

The highly significant relationship between ØPSII in full sun
and KL shown here for a group of rainforest conifers and
angiosperms suggests a close link between the photosyn-
thetic capacity (and hence evapo-transpirational demand)
of foliage, and the hydraulic supply of water to the leaves.
Several studies have indicated that leaves respond to vas-
cular limitations during drought (Bond & Kavanagh 1999;
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Figure 1. Illustrates a weak linear correlation (r2 = 0·49)
between mean specific conductivity (KSP) of stem wood (n = 4)
from seven conifers (�) and 16 angiosperms (�) and mean ØPSII

(n = 5) measured in full sun. Standard error bars are shown for
both KSP and ØPSII.



Brodribb & Hill 1999; Kolb & Sperry 1999) primarily to
avoid cavitation of the xylem tissue. Figure 2, however, illus-
trates that the photosynthetic capacity of leaves under
optimal conditions is related to the hydraulic conductance
of the supporting xylem tissue. This relationship appears to
apply to all taxa investigated including conifers and both
vessel-less and vessel-bearing taxa from New Caledonia
and Tasmania. The correlation between hydraulic and leaf
photosynthetic data provides a connection between the
suite of traits linked by allometry, such as leaf length,
surface area, internode length and stem cross-sectional area
(Ackerly & Donoghue 1998; Brouat et al. 1998) and leaf
traits linked by physiology, such as leaf photosynthetic rate,
leaf nitrogen, specific leaf area and leaf life span (Ackerly
& Reich 1999). Currently these two constellations of char-
acters are considered to evolve independently, although the
data here suggest an interaction through KL.

By focussing on optimal conditions, the data here indi-
cate the potential to infer maximum leaf photosynthetic
rates from hydraulic data. Because ØPSII is effectively a
proxy for assimilation rate under uniform conditions of
light intensity and intercellular CO2 concentration (ci) (He
& Edwards 1996; Brodribb & Hill 1997 ), it is related to the
rate of evapo-transpiration by the leaf-to-air vapour-
pressure deficit. The importance of ci is that it dictates the
fraction of electrons from PSII being used for oxygenation
of RuBP as opposed to carboxylation (Muraoka et al. 2000).
Thus, it would be expected that a single model of ØPSII from
KL would only describe plants from conditions of similar
vapour-pressure deficit and ci (e.g. full sun exposure, unlim-
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ited water supply, and similar altitude). The effects of VPD
are potentially very significant because the water-use effi-
ciency of carbon assimilation is inversely proportional to
the VPD. Species growing under conditions of high VPD
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Figure 2. A strong correlation (r2 = 0·74) is
shown between mean leaf-area specific
conductivity (KL) of stems (n = 4) from seven
conifers (�) and 16 angiosperms (�) and
mean ØPSII (n = 5) measured in full sun. The
x-intercept of the regression is not significantly
different from zero suggesting a proportional
relationship. Two vessel-less species from the
family Winteraceae are arrowed.

Figure 3. A plot of mean leaf water potential (n = 4) versus
mean KL (n = 4) for three conifers (�) and eight angiosperms
(�) from New Caledonia. Although mean YL of the three
conifers was lower than the mean for angiosperms (t-test) these
was no significant correlation between KL and YL either within
groups or in the pooled data.



will therefore require more water to maintain similar rates
of CO2 uptake (and ØPSII) and may thus be expected to
develop higher values of KL than species growing at low
VPD. The other parameter likely to influence the ØPSII

versus KL function is temperature, through its effect on
fluid viscosity. A plant growing at 10 °C will have approxi-
mately 25% lower hydraulic conductance, and thus 25%
lower stomatal conductance than the same plant growing
at 20 °C all else being equal. Assuming good correlation
between stomatal conductance, photosynthetic rate and
ØPSII this should result in ØPSII being approximately 25%
lower at the lower temperature. Hence the slope of the
ØPSII versus KL function should be temperature dependent,
responding to the temperature of the whole hydraulic
pathway during measurement. Possibly this temperature
effect would be removed by measuring the rate of CO2

uptake rather than ØPSII. This is because higher tempera-
tures increase photorespiration by reducing CO2 specificity
of RubisCo (Brooks & Farquhar 1985) and changing the
solubility ratio of CO2 to O2 (Ku & Edwards 1977). Inter-
estingly, for a temperature increase of 10 °C to 20 °C the
relative magnitudes of the viscosity and photorespiratory
effects are similar (Brooks & Farquhar 1985; Ghashghaie
& Cornic 1994), but because they act in opposite directions
the relationship between CO2 uptake and KL may be tem-
perature independent.
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The mean temperature difference between the field sites
at Mt. Field and Mt. Dzumac is approximately 10 °C,
however, mean leaf temperatures during ØPSII determina-
tions were similar at both locations. This explains the very
similar slopes of KL versus ØPSII for plants from Mt. Field
compared with Mt. Dzumac (Fig. 2). The data here do
suggest that Mt. Field plants on average produced slightly
lower ØPSII than those from Mt. Dzumac with equivalent
KL, however, these differences were not significant due to
the considerable scatter in the data. A possible reason for
this slight difference could be that root temperatures at Mt.
Field were lower than at Mt. Dzumac, decreasing root con-
ductivity by viscosity effects.The fact that species from both
New Caledonia and Tasmania produced mean KL and ØPSII

which were related by very similar regressions, indicates
that other factors potentially affecting the relationship, such
as moisture availability in the soil, and the leaf to air VPD,
must be similar at both sites. This is supported by the
limited climatic data for these two mountains indicating
high rainfall and low VPD. Strong similarities are also
evident in the structure of plant communities (Gibson et al.
1995; Jaffré 1995) at both locations, suggesting that despite
their geographic separation these two locations provide
similar environments.

The linkage between hydraulic and photosynthetic
capacity demonstrated here under optimal conditions pre-
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Table 1. Mean ± SE (n = 4) leaf and sap-wood area specific stem hydraulic conductivity (kg s-1 MPa-1 m-1), PSII quantum yield at
midday (n = 5) and Huber value (sapwood area per unit leaf area; n = 4) for branches of 21 conifer and angiosperm species from New
Caledonia and Tasmania, as well as two glasshouse grown angiosperm species from mainland Australia

Species (Family) Ksp KL ¥ 104 ØPSII Hv ¥ 104

Mt. Dzumac (New Caledonia)
Acmopyle pancheri (Podocarpaceae) 0·33 ± 0·02 0·66 ± 0·13 0·102 ± 0·02 2·02 ± 0·20
Agathis lanceolata (Araucariaceae) 0·95 ± 0·20 1·76 ± 0·41 0·168 ± 0·02 2·60 ± 0·52
Falcatifolium taxoides (Podocarpaceae) 0·30 ± 0·05 0·76 ± 0·17 0·115 ± 0·03 2·70 ± 0·54
Retrophyllum comptonii (Podocarpaceae) 0·45 ± 0·04 1·51 ± 0·14 0·113 ± 0·02 3·50 ± 0·39
Ascarina rubicaulis (Chloroanthaceae) 1·08 ± 0·10 2·42 ± 0·43 0·164 ± 0·02 2·20 ± 0·20
Carpolepis laurophylla (Myrtaceae) 1·77 ± 0·75 2·52 ± 0·80 0·218 ± 0·01 0·62 ± 0·10
Cunonia pterophylla (Cunoniaceae) 1·03 ± 0·13 2·94 ± 0·49 0·288 ± 0·04 2·80 ± 0·19
Loxodiscus coreaceus (Sapindaceae) 0·40 ± 0·03 1·46 ± 0·12 0·172 ± 0·03 3·80 ± 0·46
Nemuaron vieillardii (Atherospermataceae) 1·21 ± 0·36 1·63 ± 0·13 0·121 ± 0·01 2·00 ± 0·27
Nothofagus codonandra (Nothofagaceae) 1·33 ± 0·41 2·07 ± 0·25 0·138 ± 0·03 2·10 ± 0·29
Styphelia sp. (Epacridaceae) 0·73 ± 0·17 1·61 ± 0·28 0·107 ± 0·03 2·30 ± 0·17
Zygogynum baillonii (Winteraceae) 0·43 ± 0·05 1·35 ± 0·15 0·088 ± 0·01 3·20 ± 0·44

Mt. Field (Tasmania)
Diselma archeri (Cupressaceae) 0·12 ± 0·01 1·71 ± 0·26 0·105 ± 0·01 13·80 ± 1·61
Phyllocladus aspleniifolius (Podocarpaceae) 0·11 ± 0·02 0·31 ± 0·05 0·039 ± 0·01 2·99 ± 0·99
Podocarpus lawrencei (Podocarpaceae) 0·15 ± 0·04 1·14 ± 0·20 0·093 ± 0·02 9·27 ± 2·42
Atherosperma moschatum (Atherospermataceae) 0·22 ± 0·03 0·77 ± 0·14 0·053 ± 0·01 3·47 ± 0·25
Eucalyptus coccifera (Myrtaceae) 0·76 ± 0·10 2·57 ± 0·17 0·147 ± 0·02 2·87 ± 0·33
Leptospermum rupestre (Myrtaceae) 0·19 ± 0·03 1·78 ± 0·30 0·099 ± 0·01 9·60 ± 0·84
Nothofagus cunninghamii (Nothofagaceae) 0·27 ± 0·02 2·03 ± 0·24 0·171 ± 0·02 7·53 ± 0·56
Richea scoparium (Epacridaceae) 0·13 ± 0·01 2·52 ± 0·24 0·220 ± 0·01 21·00 ± 2·37
Tasmannia lanceolata (Winteraceae) 0·08 ± 0·01 0·50 ± 0·04 0·042 ± 0·01 6·70 ± 0·71

Glasshouse
Eucalyptus regnans (Myrtaceae) 3·20 ± 0·47 2·65 ± 0·21 0·241 ± 0·02 0·65 ± 0·09
Toona australis (Meliaceae) 1·50 ± 0·23 1·78 ± 0·17 0·172 ± 0·01 0·87 ± 0·11



sumably occurs by coupling through YL. Essentially, a
greater hydraulic supply to leaves allows the leaf to realize
a higher stomatal conductance (for both water and carbon
dioxide) while maintaining YL roughly constant. It is prob-
able, however, that measurements made under stressful
conditions may not show such a correlation. The reason for
this is that the dynamics of changing photosynthetic yield,
hydraulic conductivity and YL during stress (particularly
water stress) will be species dependent (e.g. Brodribb
1996). As a result there may be a large range in the ratio of
photosynthetic yield to hydraulic conductivity in a single
community during stressful conditions such as drought.The
phenomenon of feed-forward stomatal response to atom-
ospheric and soil drought (Cowan 1977; Thomas & Eamus
1999) is an example of a condition where the co-ordination
of hydraulic conductivity, YL and photosynthesis breaks
down, and under these circumstances ØPSII would not cor-
relate with KL. Another problem with measuring under
stressful conditions is that the relationship between ØPSII

and CO2 assimilation deteriorates under conditions such as
low temperature (Fryer et al. 1998) and drought stress
(Krall & Edwards 1992) due to increased electron flow to
photorespiration and the Mehler reaction. Under such con-
ditions ØPSII will be poorly correlated with stomatal con-
ductance, and thus, probably, KL.

Although our measurements indicate that conifers and
vessel-less angiosperms produce lower mean KSP (Fig. 1)
and KL (Fig. 2) than associated angiosperms (as well as
lower YL in conifers; Fig. 3), the data also highlight the func-
tional overlap between these groups (Tyree & Ewers 1991;
Becker et al. 1999; Brodribb & Hill 2000). Evidence for this
functional overlap is seen in the significant convergence of
wood physiological characters in all plant groups including
conifers, vessel-less and vessel-bearing taxa investigated at
both Mt. Field and Mt. Dzumac. This is illustrated by the
fact that KSP in all plant groups were significantly lower at
Mt. Field than Mt. Dzumac (0·22 compared with 0·83 kg
s-1 MPa-1 m-1; Table 1) while KL values from both sites fell
into similar ranges. Morphological convergence has also
been shown between leaves of conifers investigated here
and broad-leaved angiosperms (Brodribb & Hill 1997) sug-
gesting that neither the presence nor absence of vessels is
strongly selected under the conditions present at Mt. Field
and Mt. Dzumac. It appears that under the stable, wet con-
ditions provided by both Mt. Field and Mt. Dzumac, con-
vergence over long periods has allowed coexistence of
diverse and ancient plant lineages.

Our results show a good correlation between relative
maximum demand for leaf water measured by ØPSII and
hydraulic supply of water to leaves (Fig. 1) in a diverse
range of plants from two similar rainforest communities.
This relationship illustrates an important link between 
leaf photosynthetic physiology and the characteristics of
hydraulic supply through the xylem, though further work is
needed to investigate the effects of water availability and
VPD on this hydraulic-photosynthetic correlation.We have
also shown that although the stem hydraulic conductivities
of conifers and vessel-less angiosperms are, on average,
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lower than that of associated vessel-bearing angiosperms,
considerable overlap exists, illustrating a degree of conver-
gence in wood conductivity between the associated species
at each site.

ACKNOWLEDGMENTS

The authors wish to thank Dr Greg Jordan for comments
on the manuscript, and Professor R. S. Hill and Dr N. M.
Holbrook for support. T.B. was funded from an ARC large
grant and T.S.F. from NSF dissertation improvement grant
IBN-9902239.

REFERENCES

Ackerly D.D. & Donoghue M.J. (1998) Leaf size, sapling allome-
try, and corner’s rules: Phylogeny and correlated evolution in
Maples. American Naturalist 152, 767–791.

Ackerly D.D. & Reich P.B. (1999) Convergence and correlations
among leaf size and function in seed plants: a comparative test
using independent contrasts. American Journal of Botany 89,
1272–1281.

Andrade J.L., Meinzer F.C., Goldstein G., Holbrook N.M.,
Cavelier J., Jackson P. & Silvera K. (1998) Regulation of water
flux through trunks, branches, and leaves in trees of a lowland
tropical forest. Oecologia 115, 463–471.

Becker P., Tyree M.T. & Tsuda M. (1999) Hydraulic conductances
of angiosperms versus conifers: similar transport sufficiency at
the whole-plant level. Tree Physiology. 19, 445–452.

Bilger W., Schreiber U. & Buck M. (1996) Determination of the
quantum efficiency of photosystem II and non-photochemical
quenching of chlorophyll fluorescence in the field. Oecologia
102, 425–432.

Bond W.J. (1989) The tortoise and the hare: ecology of angiosperm
dominance and gymnosperm persistence. Biological Journal of
the Linnean Society 36, 227–249.

Bond B.J. & Kavanagh K.L. (1999) Stomatal behaviour of four
woody species in relation to leaf-specific hydraulic conductance
and threshold water potential. Tree Physiology 19, 503–510.

Brodribb T. (1996) Dynamics of changing intercellular CO2 con-
centration (ci) during drought and determination of minimum
functional ci. Plant Physiology 111, 179–185.

Brodribb T. & Hill R.S. (1997) Light response characteristics of a
morphologically diverse group of Southern Hemisphere conifers
as measured by chlorophyll fluorescence. Oecologia 110, 10–17.

Brodribb T. & Hill R.S. (1999) The importance of xylem constraints
on the distribution of conifer species. New Phytologist 143,
356–372.

Brodribb T. & Hill R.S. (2000) Increases in water potential 
gradient reduce xylem conductivity in whole plants: evidence
from a low pressure conductivity method. Plant Physiology 123,
1021–1028.

Brooks A. & Farquhar G.D. (1985) Effect of temperature on the
CO2/O2 specificity of ribulose-1,5-bisphosphate carboxylase/
oxygenase and the rate of respiration in the light. Planta 165,
397–406.

Brouat C., Gibernau M.,Amsellem L. & McKey D. (1998) Corner’s
rules revisited: ontogenetic and interspecific patterns in leaf-
stem allometry. New Phytologist 139, 459–470.

Cheeseman J.M., Herendeen L.B., Cheeseman A.T. & Clough B.F.
(1997) Photosynthesis and photoprotection in mangroves under
field conditions. Plant, Cell and Environment 20, 579–588.

Cochard H., Peiffer M., LeGall K. & Granier A. (1997) Develop-
mental control of xylem hydraulic resistances and vulnerability

© 2000 Blackwell Science Ltd, Plant, Cell and Environment, 23, 1381–1388



to embolism in Fraxinus excelsior: impacts on water relations.
Journal of Experimental Botany 308, 655–663.

Cowan I.R. (1977) Stomatal behaviour and environment. Advances
in Botanical Research 4, 117–228.

Edwards G.E. & Baker N.R. (1993) Can CO2 assimilation in Maize
leaves be predicted accurately from chlorophyll fluorescence
analysis? Photosynthesis Research 37, 89–102.

Enright N.R. & Goldblum D. (1998) Stand structure of the emer-
gent conifer Agathis ovata in forest and maquis, Province Sud,
New Caledonia. Journal of Biogeography 25, 641–648.

Feild T.S. & Holbrook N.M. (2000) Xylem sapflow and stem
hydraulics of the vesselless angiosperm Drymis granadensis in a
Costa Rican elfin forest. Plant, Cell and Environment 23,
1067–1077.

Flexas J., Badger M., Chow W.S., Medrano H. & Osmond C.B.
(1999) Analysis of the relative increase in photosynthetic O2

uptake when photosynthesis in grapevine leaves is inhibited 
following low night temperatures and/or water stress. Plant
Physiology 121, 675–684.

Franks P.J. & Farquhar G.D. (1999) A relationship between humid-
ity response, growth form and photosynthetic operating point in
C3 plants. Plant, Cell and Environment 22, 1337–1349.

Fryer M.J., Andrews J.R., Oxborough K., Blowers D.A. & Baker
N.R. (1998) The relationship between CO2 assimilation, photo-
synthetic electron transport, and active O2 metabolism in leaves
of maize in the field during periods of low temperature. Plant
Physiology 116, 571–580.

Genty B., Briantais J. & Baker N.R. (1989) The relationship
between the quantum yield of photosynthetic electron transport
and quenching of chlorophyll fluorescence. Biochim Biophys
Acta 990, 87–92.

Ghashghaie J. & Cornic G. (1994) Effect of temperature on parti-
tioning of photosynthetic electron flow between CO2 assimila-
tion and O2 reduction and on the CO2/O2 specificity of RubisCo.
Journal of Plant Physiology 143, 643–650.

Gibson N., Barker P.C.J., Cullen P.J. & Shapcott A. (1995) Conifers
of southern Australia. In The Ecology of the Southern Conifers
(eds N.J. Enright & R.S. Hill), pp. 223–251. Melbourne Univer-
sity Press, Melbourne.

He D. & Edwards G.E. (1996) Evaluation of the potential to
measure photosynthetic rates in C3 plants by combining chloro-
phyll fluorescence and a stomatal conductance model. Plant, Cell
and Environment 19, 1272–1280.

Jaffré T. (1995) Distribution and ecology of the conifers of New
Caledonia. In The Ecology of the Southern Conifers (eds N.J.
Enright & R.S. Hill), pp. 171–196. Melbourne University Press,
Melbourne.

Kolb K.J. & Sperry J.S. (1999) Transport constraints on water use
by the Great Basin shrub, Artemisia tridentata. Plant, Cell and
Environment 22, 925–935.

Körner Ch, Farquhar G.D. & Wong S.C. (1991) Carbon isotope dis-
crimination by plants follows latitudinal and altitudinal trends.
Oecologia 88, 30–40.

Krall P.J. & Edwards G.E. (1992) Relationship between photosys-
tem II activity and CO2 fixation in leaves. Physiologia Plantarum
86, 180–187.

Ku S. & Edwards G.E. (1977) Oxygen inhibition of photosynthe-
sis. Plant Physiology 59, 986–990.

Maherali H., DeLucia E.H. & Sipe T. (1997) Hydraulic adjustment
of maple saplings to canopy gap formation. Oecologia 112,
472–480.

Meinzer F.C., Goldstein G., Franco A.C., Bustamante M., Igler E.,
Jackson P., Caldas L. & Rundel P.W. (1999) Atmospheric and

1388 T. J. Brodribb & T. S. Feild

hydraulic limitations on transpiration in Brazilian cerrado
woody species. Functional Ecology 13, 273–282.

Mencuccini M. & Comstock J. (1999) Variability in hydraulic archi-
tecture and gas exchange of common bean cultivars under well-
watered conditions: interactions with leaf size. Australian Journal
of Plant Physiology 26, 115–124.

Muraoka H., Tang Y., Terashima I., Koizumi H. & Washitani I.
(2000) Contributions of diffusional limitation, photoinhibition
and photorespiration to midday depression of photosynthesis in
Arisaema heterophyllum in natural high light. Plant, Cell and
Environment 23, 235–250.

Niklas K.J. (1994) Plant Allometry: The Scaling of Form and
Process. University of Chicago Press, Chicago.

Pataki D.E., Oren R. & Phillips N. (1998) Responses of sap flux
and stomatal conductance of Pinus taeda trees to stepwise reduc-
tions in leaf area. Journal of Experimental Botany 49, 871–878.

Schultz H.R. & Matthews M.A. (1993) Xylem development and
hydraulic conductance in sun and Shade shoots of grapevine –
evidence that low light uncouples water transport capacity from
leaf area. Planta 190, 393–406.

Schultz H.R. & Matthews M.A. (1997) High vapour pressure deficit
exacerbates xylem cavitation and photoinhibition in shade-
grown Piper auritum during prolonged sunflecks.1. Dynamics of
plant water relations. Oecologia 110, 312–319.

Shinozaki K., Yoda K., Hozumi K. & Kira T. (1964) A quantitative
analysis of plant form – The pipe model theory I. Japanese
Journal of Ecology 14, 97–105.

Sperry J.S., Donnelly J.R. & Tyree M.T. (1988) A method for mea-
suring hydraulic conductivity and embolism in xylem. Plant, Cell
and Environment 11, 35–40.

Thomas D.S. & Eamus D. (1999) The influence of predawn leaf
water potential on stomatal responses to atmospheric water
content at constant Ci and on stem hydraulic and foliar ABA
concentrations. Journal of Experimental Botany 50, 243–251.

Tyree M.T. & Ewers F.W. (1991) The hydraulic architecture of trees
and other woody plants. New Phytologist 119, 345–360.

Tyree M.T. & Ewers F.W. (1996) Hydraulic architecture of woody
tropical plants. In: Tropical Forest Ecophysiology (eds S.S.
Mulkey R.L. Chazdon & A.P. Smith), pp. 217–243. Chapman &
Hall, New York.

Tyree M.T., Snyderman D.A., Wilmot T.R. & Machado J. (1991)
Water relations and hydraulic architecture of a tropical tree.
Plant Physiology 96, 1105–1113.

Tyree M.T.,Velez V. & Dalling J.W. (1998) Growth dynamics of root
and shoot hydraulic conductance in seedlings of five neotropical
tree species: scaling to show possible adaptation to differing light
regimes. Oecologia 114, 293–298.

Van den Honert T.H. (1948) Water transport in plants as a cate-
nary process. Discussions of the Faraday Society 3, 146–153.

West G.B., Brown J.H. & Enquist B.J. (1999) A general model for
the structure and allometry of plant vascular systems. Nature 400,
664–667.

Zimmermann M.A. (1978) Hydraulic architecture of some diffuse-
porous trees. Canadian Journal of Botany 56, 2286–2295.

Zimmermann M.A. (1983) Xylem Structure and the Ascent of Sap.
Springer-Verlag. Berlin.

Zwieniecki M.A., Hutyra L., Thompson M.V. & Holebrook N.M.
(2000) Dynamic changes in petiole conductivity in red maple,
tulip tree, and northern foxgrape. Plant, Cell and Environment
23, 407–414.

Received 16 March 2000; received in revised form 29 July 2000;
accepted for publication 29 July 2000

© 2000 Blackwell Science Ltd, Plant, Cell and Environment, 23, 1381–1388


