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Summary

 

• To assess hydraulic architecture and limitations to water transport across whole
trees, we compared xylem anatomy, vulnerability to cavitation (

 

Ψ

 

50

 

) and specific
hydraulic conductivity (

 

K

 

s

 

) of stems, shallow roots and deep roots (from caves
to 20 m depth) for four species: 

 

Juniperus ashei

 

, 

 

Bumelia lanuginosa

 

, 

 

Quercus
fusiformis

 

 and 

 

Quercus sinuata

 

.
• Mean, maximum and hydraulically weighted (

 

D

 

h

 

) conduit diameters and 

 

K

 

s

 

 were
largest in deep roots, intermediate in shallow roots, and smallest in stems (

 

P <

 

 0.05
for each). Mean vessel diameters of deep roots were 2.1–4.2-fold greater than in
stems, and 

 

K

 

s

 

 was seven to 38 times larger in the deep roots.
•

 

Ψ

 

50

 

 also increased from stems to roots with depth, as much as 24-fold from stems
to deep roots in 

 

B. lanuginosa

 

. For all species together, 

 

Ψ

 

50

 

 was positively correlated
with both 

 

D

 

h

 

 and 

 

K

 

s

 

, suggesting a potential trade-off exists between conducting
efficiency and safety.
• The anatomical and hydraulic differences documented here suggest that the
structure of deep roots minimizes flow resistance and maximizes deep water uptake.
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Introduction

 

Stems and roots perform many functions critical to plant
growth and survival. In particular, water uptake and transport
through the xylem are essential for replacing water lost during
transpiration, preventing desiccation, and allowing continued
photosynthesis (Kramer & Boyer, 1995). Many studies have
examined water transport characteristics from the base to the
top of a tree (e.g. Zimmermann, 1983), yet half or more of
the flow path has remained unstudied in species and systems
where deep roots are prevalent (Stone & Kalisz, 1991;
Canadell 

 

et al

 

., 1996; Schenk & Jackson, 2002). Deep roots
can contribute substantially to water uptake in some systems,
accounting for > 75% of transpiration during the dry season
(Nepstad 

 

et al

 

., 1994). Despite the importance of deep
roots, there are many unanswered questions regarding their
structural and functional characteristics relative to the entire
water-flow path of trees ( Jackson, 1999).

Variations in xylem anatomy and hydraulic properties
occur at several levels: interspecific, intraspecific and intra-
plant (Zimmermann, 1983; Ewers, 1985; Tyree & Ewers,
1991; Sperry & Saliendra, 1994; Jackson 

 

et al

 

., 2000). At the
intraplant level, conduits in shallow roots are often wider than
those in stems of the same plant (Baas, 1982). Zimmermann
(1983) recognized this as one of the basic organizing prin-
ciples of tree hydraulic architecture. Variations in xylem
conduit diameter can radically affect the functions of different
portions of the conducting system because of the fourth-power
relationship between radius and flow through a capillary tube,
as described by the Hagen–Poiseuille law (Zimmermann,
1983; Tyree & Ewers, 1991). Thus for the same pressure
difference across a segment, even a small increase in mean
conduit diameter has exponential effects on specific hydraulic
conductivity (

 

K

 

s

 

). Consistent with these predictions, numerous
studies have shown that measured 

 

K

 

s

 

 is higher in shallow
roots than in stems (Alder 

 

et al

 

., 1996; Kavanaugh 

 

et al

 

., 1999;
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Martínez-Vilalta 

 

et al

 

., 2002). Interestingly, Pate 

 

et al

 

. (1995,
1998) reported that sinker roots of 

 

Banksia prionotes

 

 extend-
ing to 2 m deep exhibited larger-diameter xylem conduits,
greater conduit length, and higher area-specific hydraulic con-
ductivity than lateral roots of the same individuals. Except for
these two studies, we know of no data that relate xylem struc-
ture and function of deep roots to that of stems and shallow
roots and the consequences of such differences for whole-tree
water use.

Increased hydraulic efficiency of roots compared with
shoots apparently comes at the expense of increased cavitation
vulnerability. Vulnerability to drought-induced embolism
tends to be larger in roots than in stems of a given species
(Sperry & Saliendra, 1994; Sperry & Ikeda, 1997; Jackson

 

et al

 

., 2000; Martínez-Vilalta 

 

et al

 

., 2002). Within a plant,
wider vessels are also associated with higher vulnerabilities to
drought-induced embolism (Hargrave 

 

et al

 

., 1994; Sperry &
Saliendra, 1994), resulting in a trade-off between hydraulic
efficiency and the xylem tensions that can occur without
cavitation. This pattern in the hydraulic architecture of trees
is consistent with two aspects of water transport through the
plant: (i) water potentials (

 

Ψ

 

) become more negative, moving
from the base to the apex of the tree; and (ii) embolisms may
be more easily reversible in roots because of positive root pres-
sures (Tyree & Sperry, 1989). The second aspect may explain
why roots are not only more vulnerable to embolism, but also
appear to operate at xylem tensions closer to their cavitation
threshold than shoots (Tyree & Sperry, 1988; Alder 

 

et al

 

.,
1996). For this reason, roots may be the best place to look for
hydraulic differences within and among species, with differ-
ences potentially greater with depth.

Despite the importance of deep roots to overall plant water
supply in many systems, little 

 

in situ

 

 research has been con-
ducted because of the difficulty of accessing deep roots with-
out excavation and disturbance of the rooting zone. Jackson

 

et al

 

. (1999) recently used limestone caves in the Edward’s
Plateau region of central Texas to access deep roots 

 

in situ

 

 and
developed new molecular techniques to determine the iden-
tity of these roots to species or individual (Linder 

 

et al

 

., 2000;
Linder and co-workers, unpublished data). In the current
study we used these cave systems to evaluate structural and
functional differences among stems, shallow roots and deep
roots in four common tree species. We tested the hypothesis
that xylem conduit diameter, specific hydraulic conductivity
and vulnerability to cavitation across multiple tree species are
smallest in stems, intermediate in shallow roots, and largest in
deep roots.

 

Materials and Methods

 

Study area and plant material

 

Plant material was collected from the Edwards Plateau of
central Texas, a karst region with characteristically shallow

(frequently < 20 cm depth) soils on top of fractured
Cretaceous limestone (Elliot & Veni, 1994). Mean annual
precipitation in this region ranges from 600 mm in the west
to 800 mm in the east, and monthly mean temperature ranges
from 7.9

 

°

 

C in January to 27.4

 

°

 

C in July. The vegetation is
mainly savanna and woodland dominated by trees in the
genera 

 

Quercus

 

, 

 

Juniperus

 

, 

 

Ulmus

 

, 

 

Celtis

 

, 

 

Bumelia

 

 and, further
to the south and west, 

 

Prosopis

 

 (Auken 

 

et al

 

., 1980). We
sampled four woody species, two at Cotterell cave in Austin,
TX (30

 

°

 

22

 

′

 

 N, 97

 

°

 

45

 

′

 

 W) [

 

Juniperus ashei

 

 Buchh. and

 

Quercus sinuata

 

 (Torr.) C.H. Mull], and two from Powell’s
and Neel’s caves in Menard, TX (30

 

°

 

55

 

′

 

 N, 99

 

°

 

54

 

′

 

 W)
[

 

Quercus fusiformis

 

 Small and 

 

Bumelia lanuginosa

 

 (Michx.)
Pers.]. Powell’s and Neel’s caves are on adjacent properties and
are connected by a perennial subterranean stream 18–20 m
deep. All four study species persist on the shallow soils
overlying limestone bedrock throughout the Edward’s Plateau,
and are considered slow-growing and drought-tolerant (Auken

 

et al

 

., 1980).
For each species we sampled stems, shallow roots and deep

roots from adult trees. Samples for 

 

J. ashei

 

 and 

 

Q. sinuata

 

anatomy were collected in February, June and July 1999 (six
replicates per species and tissue), and those for hydraulic
measurements in June and July 1999 (four replicates per
species and tissue). The samples for 

 

B. lanuginosa

 

 and

 

Q. fusiformis

 

 anatomy and hydraulic measurements were
collected in March and June 2003. Deep roots were sampled
at a depth of approx. 7 m in Cotterell cave and 18–20 m in
Powell’s/Neel’s caves. The deep roots were either excavated
from soil on the cave floor/walls and along the banks of the
underground stream, or sampled while hanging aerially. All
deep roots were identified to species using sequence variation
within ribosomal DNA in the internal transcribed spacer
region ( Jackson 

 

et al

 

., 1999; Linder 

 

et al

 

., 2000). Shallow roots
were excavated from 5–10 cm deep in the soil.

 

Anatomical measurements and electron micrographs

 

We cut transverse sections (approx. 50 µm wide) of the
collected segments with a rotary microtome (Spencer 820
Microtome, American Optical Co., Buffalo, NY, USA). The
sections were stained with toluidine blue (0.5%) to increase
contrast and mounted in glycerol. Slides were then viewed
with a compound microscope (Zeiss Axioscop; Carl Zeiss,
Inc., Germany) attached to a computer and monochrome
video camera (MTI CCD-72; Dage MTI, MI, USA). The
magnification was 

 

×

 

25 for 

 

Quercus

 

 and 

 

B. lanuginosa

 

 sections,

 

×

 

100 for 

 

J. ashei

 

 roots, and 

 

×

 

200 for 

 

J. ashei

 

 stems. We used
the image analysis package 

 



 

 1 (ver. 4, Imaging Corpora-
tion, West Chester, PA, USA) to analyze the sections.

For each transverse section we measured two representative
sectors approx. 90

 

°

 

 apart, reaching from the vascular cam-
bium to the pith. For stems, vascular rays were used to estab-
lish the boundaries of each sector. Rays were not apparent in
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B. lanuginosa

 

 and oak roots, so arbitrary radial boundaries
through the midpoint of the axis were used. Unstained vessel
lumens were easily distinguished by color from the rest of the
tissue (blue stained). All vessels not filled with tyloses within
each sector were measured. To eliminate artifacts such as tra-
cheids in oaks, partially occluded vessels or gaps in the wood,
all conduits with an area or diameter smaller than a lower limit
were excluded. In each case these values were selected to max-
imize agreement between the visually identified vessels and
those selected by computer. The handful of functional vessels
or tracheids below the selected cut-off for each species would
have a negligible effect on the conductive capacity of the
xylem. For each selected vessel, the diameter (measured in two
directions), total area and perimeter were measured. The
number of vessels measured per section varied between 60 and
627. For each vessel diameter class, theoretical hydraulic
conductivity (

 

K

 

h

 

) was calculated using the Hagen–Poiseuille
law and the mean number of vessels within a given class
(Zimmermann, 1983; Tyree & Ewers, 1991). For these calcu-
lations we used average conduit diameters and set the viscosity
of xylem sap to 1.0 centipoise at room temperature (approx.
21

 

°

 

C). We then generated the cumulative theoretical 

 

K

 

h

 

curves by totaling the 

 

K

 

h

 

 of each successive diameter class,
moving from smallest to largest diameter classes.

For illustrative purposes one or two representative sections
of each species and tissue were observed with a Phillips XL30
environmental scanning electron microscope (ESEM; 

 

×

 

44 for
all the oak sections, 

 

×

 

200 for 

 

B. lanuginosa

 

 and 

 

×

 

352 for

 

J. ashei

 

), and photographed with a Polaroid CU-5 land cam-
era. The negatives were scanned (Hewlett Packard ScanJet 4c)
and stored in tif format.

 

Hydraulic measurements

 

We followed Sperry 

 

et al

 

. (1988) to measure hydraulic con-
ductivity. Briefly, segments of length 13–14 cm (

 

J. ashei ) or
80–150 cm (B. lanuginosa and Q. fusiformis) were re-cut
underwater, shaved at the ends with fresh razor blades, and
attached to a tubing manifold filled with filtered (0.2 µm)
HCl solution (pH ≈2) for J. ashei or with filtered ultrapure
water for B. lanuginosa and Q. fusiformis. Segment lengths
were larger than the longest vessel for each species. Segment
diameters for all stems and roots ranged only from 4.5 to
10 mm to control for size and age effects. To remove any air
emboli initially present in vessels, the segments were flushed
with solution at high pressure (110–120 kPa) for 30 min.
The initial maximum hydraulic conductivity ( ) was
then measured as the quotient of the mass flow rate of solu-
tion through the segment and the pressure gradient along it.
Hydraulic conductivity was measured continuously at 10 s
intervals, and calculated from a running mean of five
sequential readings. Two background measurements without
a pressure gradient were taken before and after the actual
measurement, and were used to correct for any water flow not

driven by the imposed pressure gradient (for example,
evaporation from the surface of the segment, or the balance
and uptake of water by living cells in the segment). The
pressure used during measurements was 4–10 kPa for stems
and 1–8 kPa for roots. Specific hydraulic conductivity (Ks)
was calculated as the quotient of   and the stele transverse
area (cross-sectional area without bark and cortex).

Vulnerability curves: centrifuge and air-injection 
methods

We measured vulnerability to cavitation in stems, shallow
roots and deep roots of each species using either the centrifuge
method (Pockman et al., 1995; Alder et al., 1997) or the
air-injection technique (Sperry & Saliendra, 1994). The
centrifuge method was used for J. ashei only because maximum
tracheid lengths are much shorter than the total segment
length (13–14 cm). Immediately after the initial conductivity
measurement, J. ashei segments were spun in a Sorvall RC-
5C centrifuge (DuPont Instruments, Wilmington, DE, USA)
with their ends immersed in water. Rotor design was as
described by Alder et al. (1997), except that three segments
could be spun at once. A standard segment length was used to
ensure the cut ends of the segment were immersed in the
water-filled Plexiglas reservoirs during spinning. Stems were
spun for 15 min at the target velocity equivalent to a given Ψ.
After spinning, segments were attached to the experimental
apparatus and hydraulic conductivity was measured. This
procedure was repeated with increasing centrifuge speeds,
resulting in treatment pressures at 1.5 MPa increments
until the segment lost > 99% of its initial conductivity, or
the maximum centrifuge speed was reached (21 000 r.p.m.,
−9.5 MPa).

The longer vessel lengths of B. lanuginosa and Q. fusiformis
required use of the air-injection technique to measure vulner-
ability to cavitation on much longer segments (Cochard et al.,
1992; Sperry & Saliendra, 1994). The centrifuge and air-
injection methods have repeatedly been compared and shown
to give similar results (Cochard et al., 1992; Sperry & Saliendra,
1994; Pockman et al., 1995). With this technique, a segment
was inserted inside a pressure chamber with both ends pro-
truding. Ends of the segment were attached to the hydraulic
measurement apparatus as described above, and maximum Ks
was measured after the segment was flushed with solution at
high pressure. Pressure was raised inside the chamber to a
designated value, depending on the tissue, and maintained at
that pressure for 15 min. After pressurization the segment
was allowed to equilibrate and Ks was measured again. This
process was repeated at progressively higher pressures (P ) to
generate a vulnerability curve for each segment. The percent-
age loss of conductivity (PLC) after each pressure application
was calculated relative to the maximum value of Ks:

PLC = 100 × [1 − (Ks ,P/max Ks )] Eqn 1

K h
max

K h
max
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Segments for Q. sinuata were not long enough to obtain
accurate estimates of Ks and vulnerability to cavitation, and
therefore are not presented.

Statistical analyses

Statistical analyses were performed using SAS ver. 8.0 (SAS
Institute Inc., Cary, NC, USA). Comparisons of parameters
between or within species were made with two-way 
testing for xylem sampling position (stem, shallow root, deep
root), species and xylem sampling position × species effects.
The distribution data for cumulative theoretical Kh were
analyzed using the Atchison log-ratio method (McElrone
et al., 2003). Data from the vulnerability curve were fitted to
the following function (Pammenter & Vander Willigen, 1998):

PLC = 100/{1 + e [a×(Ψ−b )]} Eqn 2

where a is related to the slope of the curve, and b determines
the position of the curve on the abscissa and gives the water
potential corresponding to PLC = 50 (Ψ50) for each curve.

Results

Xylem conduit diameters and distributions

Conduit diameter was significantly related to depth in all four
species studied (Figs 1, 2; P < 0.0001). In every case conduit
diameters were smallest in stems, intermediate in shallow
roots, and largest in deep roots. This trend was consistent for
all three conduit size parameters (Fig. 1a–c), for all growth
habits (evergreen vs deciduous), and for both the conifer
and the angiosperms (Figs 1, 2). Deep roots had mean vessel
diameters that were two and four times larger than in stems
for Q. fusiformis and J. ashei, respectively. Across species,
conduit diameters increased from the tracheid-bearing J. ashei
to the vessel-bearing angiosperms (B. lanuginosa, Q. fusiformis
and Q. sinuata), with oaks having the largest conduit diameters
(Figs 1, 2).

Conduit diameter distributions for all four species and all
three xylem sampling positions contained a small proportion of
large conduits (Fig. 3a–d), but these larger conduits accounted
for the bulk of water flow for all xylem sampling positions, as
illustrated by the sharp increases in cumulative theoretical Kh
at larger conduit classes (Fig. 3e–h). For example, only 24%
of the conduits in B. lanuginosa deep roots were ≥ 100 µm
(Fig. 3d), yet they accounted for 88% of the cumulative the-
oretical Kh (Fig. 3h). As sampling depth increased, the greater
proportion of large conduits in each distribution and the con-
current increased mean conduit diameter resulted in greater
flow capacity (Fig. 3e–h). This greater flow capacity is illus-
trated by the divergence of final cumulative theoretical Kh
between xylem sampling positions. The conduit diameter dis-
tributions and cumulative theoretical Kh varied significantly

Fig. 1 Xylem conduit diameters in deep roots, shallow roots and 
stems of four tree species from the Edward’s Plateau region of central 
Texas, USA: Juniperus ashei (Ja), Quercus fusiformis (Qf ), Quercus 
sinuata (Qs), and Bumelia lanuginosa (Bl). Conduits are tracheids for 
J. ashei and vessels for the other three species. Mean conduit diameter 
(a), maximum conduit diameter (b), and hydraulically weighted mean 
conduit diameter (c) data are presented as mean ± SE (n = 3–8). 
Hydraulically weighted mean conduit diameter weights the importance 
of the radii in proportion to the estimated hydraulic conductance of 
the conduits (Sperry et al., 1994). Deep roots were collected at 
approx. 7 m depth for J. ashei and Q. sinuata from Cotterell cave in 
Austin, TX and at 18–20 m depth for B. lanuginosa and Q. fusiformis 
from Powell’s and Neel’s caves in Menard, TX. ANOVA results: species 
effect, F = 30.14, P < 0.0001; xylem sampling position effect, 
F = 26.74, P < 0.0001; species × segment, F = 1.85, P = 0.114.
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Fig. 2 Scanning electron micrographs of stems (top row), shallow roots (middle row) and deep roots (bottom row) for four tree species from the Edward’s Plateau 
region of central Texas. Scale bars are different for each species: Juniperus ashei images were taken at the highest magnification so tracheids appear larger than 
vessels of other species. White bars represent 50 µm for J. ashei; 300 µm for Quercus sinuata and Quercus fusiformis; 200 µm for Bumelia lanuginosa.
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among species and between xylem from different positions in
a given species (P = 0.02 for all comparisons).

Specific hydraulic conductivity

Small increases in xylem conduit diameters can dramatically
increase hydraulic conductivity because flow rate in capillaries
is proportional to the fourth power of the capillary radius.
Consistent with this expected relationship, measured Ks increased
significantly with depth of the xylem sampling position and vessel
diameter in all four species (P < 0.0001; Fig. 4). Comparing stems
with deep roots, mean vessel diameters of deep roots in B. lanuginosa
and Q. fusiformis were 2.2 and 2.1 times larger, but their respective
K s values were 38 and 25 times larger (P < 0.05). Although mean
conduit diameters of deep roots in J. ashei were 4.2 times
larger than in stems, K s increased only sevenfold, probably
because the shorter conifer tracheids increased flow resistance.
K s also increased significantly across species from J. ashei
to B. lanuginosa to Q. fusiformis, a trend consistent with the
varying conduit size of these species (P < 0.0001; Fig. 4).

Vulnerability curves

The increased theoretical and measured Ks of xylem sampling
positions with depth corresponded with an increase in

vulnerability to cavitation in two of the three species (Fig. 5).
Within B. lanuginosa, the slopes of the curves (coefficient a)
were significantly different (P < 0.03), and Ψ50 (coefficient b)
was significantly different between plant segments within
both B. lanuginosa and J. ashei (P < 0.008). Ψ50 was 24 and
three times more negative in stems relative to deep roots for
B. lanuginosa and J. ashei, respectively. Quercus fusiformis,
however, showed no change in vulnerability to cavitation with
depth (P > 0.05 for slope and Ψ50), and all segments were very
susceptible to cavitation at low xylem tensions (Fig. 5, bottom
panel). Quercus fusiformis segments were tested using both air-
injection and centrifuge methods (data for centrifuge method
not shown), and results were similar for both techniques.

Vulnerability vs conducting efficiency

Data for two of the three species in which we measured
hydraulic parameters suggest that increased hydraulic efficiency
with increased vessel diameter is achieved at a price of increased
vulnerability to cavitation (Fig. 6a). Correlations of hydraulically
weighted conduit diameters (Dh) and Ψ50 are significant for
B. lanuginosa (P = 0.0002) and J. ashei (P = 0.004) (Fig. 6a),
while a significant correlation between Ks and Ψ50 exists for
B. lanuginosa only (P < 0.0001)(Fig. 6b). Both relationships
are nonsignificant for Q. fusiformis (P = 0.113) (Fig. 6a,b).

Fig. 3 Conduit diameter distributions (stacked 
panels a–d in left column) and cumulative 
percentage of total theoretical hydraulic 
conductivity (Kh) contributed by each conduit 
size class (stacked panels e–h in right column) 
for deep roots, shallow roots and stems of 
four species. Data from conduit diameter 
distributions were used to calculate cumulative 
theoretical Kh (µm4 centipoise−1) for each 
species using the Hagen–Poiseuille law 
(Zimmerman, 1983) (see Materials and 
Methods). Panels represent Juniperus ashei 
(a,e); Quercus fusiformis (b,f ); Quercus 
sinuata (c,g); Bumelia lanuginosa (d,h). 
Atchison log-ratio model results: species 
effect, F = 13.69, P < 0.0001; xylem 
sampling position effect, F = 4.29, P < 0.02; 
species × segment, F = 5.47, P < 0.0003.
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Discussion

Xylem structure and water transport

Resistance to water flow in the xylem is determined in part
by the diameter and length of conduits responsible for axial
water transport. The differences in conduit diameter that we
observed among stems, shallow roots and deep roots resulted
in dramatic changes in Ks (Fig. 4). Because flow in capillary
systems is proportional to the fourth power of conduit radius
(Zimmermann, 1983; Tyree & Ewers, 1991), increases in
overall conduit diameter, as observed here, result in nonlinear
increases in Ks. The large differences in Ks between stems,
shallow roots and deep roots are also likely influenced by
changes in conduit length. Conduit length is often positively
correlated with conduit diameter (Zimmermann & Jeje, 1981;
Zimmermann & Potter, 1982; Ewers et al., 1990). Although
we did not measure it, we would expect that conduit length
increases from stems to deep roots if the diameter–length
correlation holds for the species studied here. Such changes in
conduit length would contribute to the changes in conducting
efficiency by reducing the number of times water moving
between adjacent conduits must cross pit membranes, which

Fig. 4 Specific hydraulic conductivity 
measured on deep roots, shallow roots and 
stems for Bumelia lanuginosa (a), Quercus 
fusiformis (b) and Juniperus ashei (c). Note 
the y-axis scaling change for J. ashei. 
Measurements were made using the Sperry 
technique (Sperry et al., 1988). Data are 
mean ± SE. ANOVA results: species effect, 
F = 5.58, P < 0.0079; xylem sampling position 
effect, F = 9.90, P < 0.0004; 
species × segment, F = 2.19, P = 0.090.

Fig. 5 Vulnerability curves measured with the centrifuge method 
(Pockman et al., 1995) for Juniperus ashei and with the air-injection 
method for Bumelia lanuginosa and Quercus fusiformis (mean ± SE; 
n = 3–7). Note the different scales between panels. Vulnerability 
curves were fitted with the function from Pammenter & Vander 
Willigen (1998) as described in Materials and Methods. Coefficients 
a and b from Eqn 2 represent the slope of the curve and the water 
potential corresponding to 50% loss of conductivity (Ψ50), 
respectively. Mean coefficient a values (listed in order of stems, 
shallow roots and deep roots) are 0.46, 0.27, 0.65 for J. ashei; 1.08, 
1.02, 1.79 for B. lanuginosa; 4.27, 3.83, 2.41 for Q. fusiformis. 
Mean coefficient b values are −13.41, −12.95, −4.48 for J. ashei; 
−2.60, −0.73, −0.11 for B. lanuginosa; −0.50, −0.57, −0.43 for 
Q. fusiformis. ANOVA results for coefficient a: species effect, 
F = 33.31, P < 0.0001; xylem sampling position effect, F = 5.54, 
P < 0.0127; species × segment, F = 1.22, P > 0.05. ANOVA results for 
coefficient b: species effect, F = 37.03, P < 0.0001; xylem sampling 
position effect, F = 5.32, P < 0.0146; species × segment, F = 2.14, 
P > 0.05.
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are sites of high resistance to water flow (Zimmermann, 1983;
Hacke et al., 2004; Sperry & Hacke, 2004).

The large vertical changes in Ks that we observed should
reduce or eliminate the effect of the long path length from
deep roots on whole-plant hydraulic conductance. Water
absorbed by deep roots must travel a greater distance to reach
the canopy than water absorbed by shallow roots near the soil
surface. Although the difference in path length will depend on
the geometry of the root system, in the species studied here
the path length is roughly doubled for water uptake from deep
roots. If Ks remained constant from stems to deep roots, the
increase in path length alone would have large effects on flow
rate and xylem pressure that might limit leaf gas exchange.
The increase in conduit diameter and Ks that we observed
from stems to shallow roots to deep roots could overcome this
limitation by reducing the flow resistance in deep roots.
Sinker roots of B. prionotes extending to 2 m depth have been
shown to exhibit a similar pattern, with larger diameter xylem
conduits, greater conduit length, and higher area-specific
hydraulic conductivity than lateral roots of the same individ-
uals (Pate et al., 1995, 1998). Interestingly, these differences
were evident between deep roots 2 m below the root crown
and shallow roots 2 m laterally from the root crown (Pate
et al., 1995). The persistence of structural differences between
shallow and deep roots located the same distance from the
root crown suggests that their xylem structure was influenced
by differences in their orientation, either through internally
detected signals or in response to differences in the environ-
ment (e.g. increased resistance because of gravity with depth)
surrounding these roots. Our data cannot address this ques-
tion because our sampling of deep and shallow roots was not
structured to include constant path length in each category.

In most systems variation in temperature is greatest for
stems and least for deep roots. In our system, deep soil
temperature varies < 1°C from the monthly mean temperature
(20.3°C), and deep roots never freeze. Shallow soil is respon-
sive to seasonal changes in climate. Despite warm winter
temperatures ( January MAT is 7.9°C), shallow roots may
occasionally experience brief episodes of freezing and freezing-
induced xylem cavitation (Martínez-Vilalta & Pockman,
2002). Although larger xylem conduits are more vulnerable
to freezing-induced cavitation (Davis et al., 1999; Martínez-
Vilalta & Pockman, 2002), it is unclear whether differences in
freezing frequency could produce the gradient in conduit
diameters that we observed.

The increased conduit diameter and Ks that we observed
with depth are also important from the perspective of carbon
allocation. Xylem dominated by large conduits requires less
carbon than denser xylem with smaller diameter conduits
(Tyree et al., 1994). Moreover, the increased Ks in deep roots
means that, for a given driving force, they can carry the same
amount of water as a much larger shallow root or stem. How-
ever, radial hydraulic resistance limits water uptake by roots
more than axial transport because most water must cross cell

Fig. 6 Relationships between hydraulically weighted mean conduit 
diameter (Dh) and vulnerability to cavitation (Ψ50) (a), and between 
specific hydraulic conductivity (Ks) and Ψ50 (b) for Bumelia 
lanuginosa (Bl), Quercus fusiformis (Qf ) and Juniperus ashei (Ja). 
Relationships for all three species are included in each panel. Data 
within a species represent all values from deep roots, shallow roots 
and stems. Power functions and linear equations were used for 
regression analyses. Fitted lines represent significant regressions only; 
r and P values for all species are shown (*, significant regression).
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membranes at the Casparian band (Steudle, 2001). Increased
Ks of deep woody roots allows transport of water absorbed by
a very large network of fine roots without large additional
decreases in xylem water potential. In the underground
stream in Powell’s cave, a 1 cm diameter woody root of Bumelia
or Quercus can support a network of absorbing fine roots
that fills a volume roughly 5 m in length and 0.5 m in dia-
meter (A.J.M. and W.T.P., unpublished observations). Thus the
patterns that we have observed may reflect a balance between
allocation to absorbing roots and woody roots that maximizes
the water returned from the substantial carbon cost required
to reach 20 m below the surface.

Finally, the biomechanical demands placed on wood, like
wind loading and canopy support, may contribute to the ana-
tomical differences that we observed. In above-ground tissues,
wood density and hydraulic architecture have been shown
to vary with biomechanical demands (Gartner, 1991); less
dense, larger-diameter xylem is more efficient hydraulically
but weaker mechanically than xylem dominated by smaller
diameter conduits (Tyree et al., 1994). However, biomech-
anical stresses experienced by stems, such as vertical support of
the canopy, are unlikely to affect shallow and, especially, deep
roots because they exist in a matrix of supporting rocks and
soil. Therefore roots likely require less mechanical strength
than the canopy, and without this need for structural support
can construct xylem that is more efficient for water transport.

Vulnerability to cavitation

The increasing vulnerability to cavitation with depth observed
in B. lanuginosa and J. ashei indicates that deep roots are
potentially more limiting to water transport than shallow
roots or stems. How frequently deep roots approach the
pressures required to induce cavitation depends on the range
of environmental conditions that they experience. Even in the
absence of any flow through the plant, cavitation can occur as
plants equilibrate with drying soil (North & Nobel, 1991).
Deep roots like those in our cave systems frequently exist
in an environment with high water availability, or where
water content and the soil Ψ that determines plant Ψ change
relatively slowly. Thus, despite their increased vulnerability,
deep roots with access to relatively abundant water may be
unlikely to experience soil Ψ sufficient to induce cavitation.
Moreover, the presence of roots in these more slowly changing
environments allows deep-rooted species to maintain higher
Ψ than co-occurring, shallow-rooted species which exhibit Ψ
that more closely tracks the larger variations observed in
shallow soil (Pockman & Sperry, 2000).

Decreases in xylem pressure during transpiration can
also induce cavitation. During transpiration xylem pressure
decreases below soil Ψ in a manner determined by Ks and
flow rate. As a result, Ψ is highest in the soil and decreases
along the flow path to the point of evaporation in the leaves.
Although vulnerability to cavitation in B. lanuginosa and

J. ashei increased with depth (Fig. 5), xylem sampling posi-
tions at depth may not operate any closer to critically low
xylem tensions because xylem water potential in deep roots is
typically higher than in stems. The safety margin between
actual xylem pressure and the pressures required to induce
xylem cavitation at each position in the plant are determined
by the soil Ψ and the hydraulic conductance of the flow path
to the point of interest. Because Ks is also greater in deep roots,
any given flow rate will lead to a smaller decrease in xylem
pressure in deep roots than would occur in shallow roots or
stems. Thus the increased Ks associated with increased con-
duit diameter in deep roots may not necessarily come at a
price of increased embolism, especially as embolism in roots
may be easier to refill with positive root pressure (Alder et al.,
1996). Detailed evaluation of the behavior of deep roots
during water uptake requires consideration of the vertical
profiles of xylem hydraulic architecture, root-absorbing area,
soil Ψ and soil texture ( Jackson et al., 2000; Sperry et al.,
2002).

Despite dramatic anatomical changes with depth, we
found no difference in vulnerability to cavitation among
stems, shallow roots and deep roots of Q. fusiformis. Although
long vessels, such as those in Q. fusiformis, can interfere
with air-injection measurements of vulnerability to cavitation
(Martínez-Vilalta et al., 2002), we used segments longer than
the longest vessel. Furthermore, our air-injection results were
consistent with measurements using the centrifuge technique.
We were unable to use the dehydration method (Tyree &
Sperry, 1989) because the large number of deep roots required
would exceed the number that we can locate and harvest with-
out depleting these resources for in situ physiological measure-
ments. If the patterns we observed are supported by additional
data, Q. fusiformis would be one of the few species where
differences in vulnerability are not observed with changes in
anatomy between roots and stems. This would require pit
membrane pore diameter to remain relatively unchanged as
vessel diameter increases in roots.

Conducting efficiency vs vulnerability to cavitation

Our results show a trade-off between conducting efficiency
and vulnerability to cavitation across stems, shallow roots and
deep roots of B. lanuginosa and J. ashei (Fig. 6). These results
are consistent with the nonlinear relationships found in
comparisons of the same organ across many species (Pockman
& Sperry, 2000; Maherali et al., 2004) and between stems
and shallow roots of the same species (Martínez-Vilalta et al.,
2002).

Questions still remain about what drives this pattern of
xylem anatomy and vulnerability to cavitation. Tsuda & Tyree
(1997) suggested that increased Ks and vulnerability to cavi-
tation in roots guarantees large water flow or water use when
water is available, and was thought to be an adaptation to
more mesic environments. However, our results show that
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this pattern holds in woody roots and stems in drier habitats
as well. The adjustment of xylem anatomy and Ks may be
more affected by water availability to all or part of a tree’s root
system during tissue development. Root development and
subsequent hydraulic characteristics within and between trees
can be affected by microsite parameters, particularly water
availability (Sperry & Ikeda, 1997; Kavanaugh et al., 1999).
Alder et al. (1996) found intraspecies differences in suscept-
ibility to cavitation in root xylem between slope and riparian
habitats, and suggested this was largely caused by environ-
mental rather than genetic effects. The cave systems studied
here provide an opportunity to address whether deep roots
develop changes in xylem structure and function after tapping
into a reliable deep water source, or whether these patterns are
inherent characteristics of deep roots.

Conclusions

Quantifying hydraulic architecture and transport limitations
in whole trees is challenging because of the inaccessibility
of entire root systems, which constitute a large fraction of
the total flow path. We were able to compare xylem structure
and function across the entire flow path by using caves to
collect roots up to 20 m deep. Our results show that vessel
diameter, Ks, and vulnerability to cavitation for multiple
tree species increased significantly with sampling depth
(Figs 1–5). Although differences between stems and shallow
roots have been observed before (Mencuccini & Comstock,
1997; Sperry & Ikeda, 1997; Kavanaugh et al., 1999; Hacke
et al., 2000; Martínez-Vilalta et al., 2002), our results both
extend these observations and clearly show that deep
roots differ in structure and function from their shallower
counterparts.
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