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Water transport from soils to the atmosphere is critical for plant growth and survival. However, we have a limited understanding 
about many portions of  the whole-tree hydraulic pathway, because the vast majority of  published information is on terminal 
branches. Our understanding of  mature tree trunk hydraulic physiology, in particular, is limited. The hydraulic vulnerability seg-
mentation hypothesis (HVSH) stipulates that distal portions of  the plant (leaves, branches and roots) should be more vulnerable 
to embolism than trunks, which are nonredundant organs that require a massive carbon investment. In the current study, we 
compared vulnerability to loss of  hydraulic function, leaf  and xylem water potentials and the resulting hydraulic safety margins 
(in relation to the water potential causing 50% loss of  hydraulic conductivity) in leaves, branches, trunks and roots of  four angio-
sperms and four conifer tree species. Across all species, our results supported strongly the HVSH as leaves and roots were less 
resistant to embolism than branches or trunks. However, branches were consistently more resistant to embolism than any other 
portion of  the plant, including trunks. Also, calculated whole-tree vulnerability to hydraulic dysfunction was much greater than 
vulnerability in branches. This was due to hydraulic dysfunction in roots and leaves at less negative water potentials than those 
causing branch or trunk dysfunction. Leaves and roots had narrow or negative hydraulic safety margins, but trunks and branches 
maintained positive safety margins. By using branch-based hydraulic information as a proxy for entire plants, much research has 
potentially overestimated embolism resistance, and possibly drought tolerance, for many species. This study highlights the neces-
sity to reconsider past conclusions made about plant resistance to drought based on branch xylem only. This study also highlights 
the necessity for more research of  whole-plant hydraulic physiology to better understand strategies of  plant drought tolerance 
and the critical control points within the hydraulic pathway.
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Introduction

Because water transport is critical for photosynthesis and plant 
survival, plants have evolved a variety of strategies to prevent 
and potentially repair hydraulic failure in their conductive tissues. 
To sustain xylem function, and prevent catastrophic embolism 
and loss of hydraulic conductivity, plants may change the struc-
ture and allometry of their vascular systems to alter the fine 

balance between water supply and water loss over developmen-
tal timescales. This is often accomplished through alterations in 
leaf area ( Parker and  Pallardy 1985, see also  Pallardy 2008), 
entire branch dieback ( Rood et al. 2000) or alteration of root 
area ( van  Hees 1997). The tree bole or trunk has less plasticity 
than these organs for altering hydraulic properties on short (less 
than annual) timescales ( Domec et al. 2012). In the stem xylem 
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pathway, the complete failure of any segment interrupts the sup-
ply of water to all segments distal to it, and thus, plants should 
be adapted to protect the bole, or potentially the roots (espe-
cially in resprouting species;  Pratt et al. 2014), from hydraulic 
failure at all costs (i.e., shedding leaves, branches etc.;  Tyree 
et al. 1993,  Tyree and  Zimmermann 2002,  Pivovaroff et al. 
2014). Those findings support Martin Zimmermann’s original 
segmentation hypothesis, which stipulated that plants are 
hydraulically designed to sacrifice highly vulnerable plant seg-
ments to keep the remaining parts hydraulically active 
( Zimmermann 1983). In other words, distal portions of plants 
should be more susceptible to hydraulic dysfunction than boles 
due to high hydraulic resistances at organ connections (i.e., 
branch–leaf connections, branch–bole connections) resulting in 
large pressure gradients. In 1991, Tyree and Ewers proposed a 
modified version of this hypothesis called the hydraulic vulner-
ability segmentation hypothesis (HVSH;  Tyree and  Ewers 
1991). The HVSH states that more distal portions of trees 
should be the most vulnerable to embolism (embolizing at less 
negative pressures, irrespective of the pressure gradient in the 
plant) than basal portions, and therefore, the trunk should be the 
most resistant. Although these hypotheses are often assumed to 
be correct, little work has explicitly addressed or tested the 
HVSH, likely due to the difficulty of measuring the hydraulic 
functioning of the whole tree trunk (especially large trunks in 
adult trees).

Within a specimen, the only way to predict the entire role of 
hydraulic segmentation is to determine the vulnerability and loss 
of hydraulic capacity of leaves versus branches versus large 
stems (i.e., trunks) versus roots ( Tyree and  Ewers 1991). Fur-
thermore, to assess the HVSH relative to the tree’s hydraulic 
status, one needs to know not only the hydraulic properties 
throughout the tree but also the most negative water potentials 
experienced in the field ( Tyree and  Zimmermann 2002). Unfor-
tunately, the field of plant hydraulics has mostly used branches 
as hydraulic proxies for overall plant hydraulic properties for 
decades ( Cochard et al. 1992a,  Sperry et al. 1994,  Choat et al. 
2012), and there is a crucial lack of information on the hydraulic 
vulnerability of tree trunks. It is with this in mind that we have 
measured hydraulic properties of trees along the hydraulic con-
tinuum, from root to trunk to branch to leaf.

The previous work that has addressed the HVSH has resulted 
in data that both do and do not support the hypothesis. One 
study found that trunk and roots of two conifer species of the 
Pacific Northwest USA were more hydraulically vulnerable than 
branches ( Domec et al. 2009a). More recently, in four tall old-
growth conifers from the same region, trunks were dramatically 
more vulnerable than branches ( McCulloh et al. 2014). These 
data are clearly in disagreement with the HVSH. However, results 
from other studies support the HVSH. For example,  Tsuda and 
 Tyree (1997) observed that petioles of Acer saccharinum L. were 
more vulnerable to embolism than stems, but roots were more 

resistant than stems to embolism. To our knowledge, no study of 
comparative hydraulic vulnerability to declining water potentials 
and drought in roots, trunks, branches and leaves across species 
has ever been performed. Our goals were therefore to assess the 
validity of the HVSH across multiple angiosperm and gymno-
sperm tree species. We hypothesized, based on some of our 
previous work ( Domec and  Gartner 2001,  Domec et al. 2005, 
 McCulloh et al. 2014), that the HVSH would not be supported 
and that trunks would be less resistant to embolism than 
branches. Additionally, to test the hypothesis that leaves and 
roots, the most distal tree organs, can act as hydraulic ‘safety 
valves’, we assessed whether or not the leaves, branches, trunks 
and roots reached water potentials causing significant loss of 
hydraulic capacity under field conditions. This analysis allowed us 
to generate curves describing whole-tree vulnerability to hydrau-
lic dysfunction and to demonstrate which organ had the greatest 
impact on whole-tree hydraulic conductance.

Materials and methods

Species were selected from a temperate eastern North American 
forest, a semi-arid North American ecosystem and a temperate 
European ecosystem. Six species were selected from Duke For-
est located in Durham, NC, USA (Lat. 35.9782, Long. -79.0942) 
(Acer rubrum L. (Sapindaceae), Liquidambar styraciflua L. (Altin-
gaceae), Liriodendron tulipifera L. (Magnoliaceae), Pinus taeda L. 
(Pinaceae), Pinus virginiana Mill. (Pinaceae) and Prunus serotina 
Ehrh. (Rosaceae)), one species was selected from the Edward’s 
Plateau of Texas, Bend, TX, USA (Lat. 31.3243, Long. -98.5900) 
(Juniperus ashei Buchholz (Cupressaceae)) and one species was 
selected from southern France, Gradignan, France (Lat. 44.7743, 
Long. -0.6189) (Pinus pinea L. (Pinaceae)). All individuals were 
mature trees (tree height and diameter at breast height (dbh) in 
Table 1). All samples were collected in July through November of 
2011 and 2013. The trees were selected to have no major forks 
or injury and to be of similar size and dominance. Trees were 
felled with a chainsaw. Branches and leaves were removed from 
the sun-exposed portions of the tree crown and 30–40 cm trunk 
sections were cut from breast height (what would have been 
breast height prior to felling). Roots were excavated and traced 
back to the parent tree to ensure that they were correctly identi-
fied to species. Trunk segments were split into quarters and trunk 
sections, branches with leaves and roots were placed into plastic 
bags containing damp paper towels and transported back to the 
laboratory where they were placed in storage at 4 °C until 
 measurements could be made. Measurements took no longer 
than 5 days to complete, which was too short a time to induce 
any effect of storage duration on hydraulic parameters ( Erickson 
1960,  Domec and  Gartner 2001).

Trunk sections were chiseled out using hand chisels and a mallet 
and were planed down to small ∼15 mm diameter cylindrical dow-
els that were then trimmed to 20–22 cm in length (see  Domec 
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and  Gartner 2001). The outside portions of the dowels (cambium 
and bark) were maintained through preparation until the final shap-
ing of the dowels. This was done to ensure that the most recent 
growth rings were represented in each dowel. The mean number 
of growth rings in each dowel was 7.4 (standard error (SE) = 0.9). 
The mean lengths of angiosperm branches and roots were 18.1 
(SE = 0.8) and 36.5 (SE = 6.2) cm, respectively. The mean length 
of conifer branches and roots was 15.0 (SE = 0.8) and 17.1 
(SE = 0.7) cm, respectively. Diameters of branch and root samples 
ranged from ∼8 to 14 and ∼6 to 11 mm, respectively. To test for 
open vessels in branch, trunk and root segments for the angio-
sperms, we used the compressed air method of  Ewers and  Fisher 
(1989), where air is forced into the proximal end of the segment 
at 50–100 kPa and the distal end is submerged under water. Only 
segments with no open vessels were used for hydraulic measure-
ments. To test for potential artifacts due to pressurization with air 
for open vessel tests, we compared sample maximum specific 
hydraulic conductivity and vulnerability to embolism in samples 
that had been pressurized and those that had not and found no 
significant differences (n = 5–16, t-test P = 0.57). Segments with 
no open vessels were then either placed in water (at a pH of 2, to 
inhibit microbial growth) under a partial vacuum overnight or were 
flushed at a pressure of 50 kPa for 30 min with pH 2 water. Coni-
fers were not tested for open conduits because maximum tracheid 
sizes of the species studied never exceed >5 mm ( Panshin and  De 
 Zeeuw 1980) and were placed in pH 2 water under a partial 
vacuum overnight.

To measure maximum hydraulic conductivity (kh max), a hydro-
static pressure head of 6–9 kPa was used to induce flow 
through the branch, root and trunk segments. The resulting vol-
ume flow rate was measured by timing the intervals for water to 
reach successive gradations on a pipette attached with tubing to 
the distal end of the segment. Hydraulic conductivity (kh) was 
calculated by dividing the volume flow rate of water flowing 
through the segment by the hydrostatic pressure gradient driv-
ing the flow. Specific conductivity (ks) was calculated by dividing 

kh by the cross-sectional area of the section being measured. 
Trunk sections were wrapped in Parafilm (Parafilm M, Bemis Inc., 
Oshkosh, WI, USA) to prevent leaks from open conduits. The 
temperature of the solution was recorded before and after each 
specific conductivity measurement, and all conductivity calcula-
tions were corrected to 20 °C to account for changes in fluid 
viscosity with temperature.

Vulnerability curves in root, trunk and branch samples were 
constructed using the air injection method ( Sperry and  Tyree 
1990,  Cochard et al. 1992b,  Salleo et al. 1992,  Sperry and 
 Saliendra 1993). Previous work has shown that reliable measure-
ments of hydraulic vulnerability can be obtained by using this 
method even on long-vesseled species, especially when using a 
small pressure sleeve and ensuring that there are no open vessels 
( Domec et al. 2006,  Choat et al. 2010,  Ennajeh et al. 2011). 
Briefly, after determining kh max, a stem was placed in a double-
ended pressure sleeve (8 cm in length) and pressurized for 
2 min. The stem was then removed from the pressure sleeve and 
kh was measured using the same method used for kh max. This 
process was repeated at 0.5 or 1.0 MPa increments (depending 
on species and organ) of increasing pressure until kh had fallen 
to <10% of its maximum value (with the exception of J. ashei 
because this value was beyond the capabilities of the instru-
ment). The percentage loss in hydraulic conductivity at a given 
applied pressure (PLC(Ψ)) was calculated as:

 
PLC h

hmax
= × −
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Leaf hydraulic conductance (mmol m−2 s−1 MPa−1) was deter-
mined using a timed rehydration method described in  Brodribb 
and  Holbrook (2003), which is based on an analogy between 
rehydrating a leaf and discharging a capacitor:
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Table 1. Hydraulic parameters for the study species. Mean tree height (m) and dbh (cm) for sampled trees, maximum xylem hydraulic conductivity 
(ks max of roots, trunks and branches in kg m−1 s−1 MPa−1), maximum hydraulic conductance in leaves (Kleaf max in mmol m−2 s−1 MPa−1) and P50 values 
(−MPa). Values of P50 compared between organs were considered statistically different if there was no overlap in 95% confidence intervals and sig-
nificant differences are indicated by different letters. Numbers in parentheses are SEs.

Species Tree dbh Tree height ks max root ks max trunk ks max branch Kleaf max Root P50 Trunk P50 Branch P50 Leaf P50

A. rubrum 15.0 (0.8) 9.8 (0.6) 1.04 (0.60) 0.76 (0.11) 0.67 (0.13) 11.02 (0.67) 2.00a 2.23a 3.13b 1.53c
L. styraciflua 16.0 (0.7) 16.7 (1.5) 6.86 (0.89) 1.76 (0.24) 1.47 (0.33) 16.60 (0.98) 0.32a 2.87b 3.26b 1.04c
L. tulipifera 17.2 (1.4) 16.3 (2.2) 8.23 (0.64) 3.09 (0.66) 2.61 (0.30) 9.95 (0.61) 1.78a 2.63b 4.13c 1.20d
Pr. serotina 9.0 (2.0) 7.2 (0.9) 0.82 (0.25) 1.19 (0.25) 0.55 (0.10) 7.73 (0.18) 1.94a 3.56b 4.87c 1.30d
J. ashei 22.41 (1.0) 5.1 (0.4) 1.02 (0.36) 0.22 (0.04) 0.13 (0.01) 6.65 (0.30) 9.48a 14.82b 13.13 1.67c
P. pinea 23.5 (2.2) 5.5 (0.5) 2.76 (0.32) 2.65 (0.60) 0.34 (0.09) 6.16 (0.11) 1.51a 2.86b 4.57c 1.05d
P. taeda 24.9 (1.7) 24.2 (0.9) 4.65 (0.95) 2.80 (0.33) 0.83 (0.18) 7.19 (0.25) 1.34a 3.28b 3.90c 0.78a
P. virginiana 17.2 (1.4) 8.4 (0.4) 12.3 (3.16) 1.42 (0.09) 1.42 (0.42) 24.1 (0.98) 1.12a 2.87b 3.65c 1.84d

1Basal diameter; J. ashei trunks often split into multiple stems just above the ground.
2Estimate based on extrapolated vulnerability curve.
3From  Willson et al. (2008).
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where C is the capacitance, Ψo the leaf water potential prior to 
partial rehydration, Ψf the leaf water potential after partial rehydra-
tion and t is the duration of rehydration. For measurement of Kleaf, 
sampled branches (∼10–20 cm in length) were rehydrated with 
distilled water until Ψ was close to −0.5 MPa and then placed on 
the laboratory bench to dry for different amounts of time to reach 
a range of leaf water potentials. Branches were then bagged, 
placed in the dark and allowed to equilibrate for at least 2 h. Leaves 
were then excised for determination of Ψo and leaf samples from 
the same branch were rehydrated for a period of t seconds and Ψf 
was measured. Leaf water potential was measured using a pres-
sure chamber (PMS Instrument Company, Corvallis, OR, USA).

Leaf capacitance was estimated from pressure–volume curves 
( Scholander et al. 1965,  Tyree and  Hammel 1972) using the 
methods described by  Brodribb and  Holbrook (2003). Briefly, 
the ΨL corresponding to turgor loss was estimated as the inflec-
tion point of the graph of ΨL versus relative water content (RWC). 
The slope of the curve prior to, and following, turgor loss pro-
vided C in terms of RWC (Crwc) for pre-turgor loss and post-turgor 
loss, respectively. Five to six leaves of each species were used to 
construct pressure–volume curves and estimate C. Pressure– 
volume curve measurements were conducted on individual leaves 
for the broadleaf species, on fascicles of needles for the Pinus 
species and on small shoot tips (∼2 cm length) for Juniperus. 
Branch samples of ∼30–50 cm length, from the same individuals 
that were used for rehydration and measurement of Kleaf, were 
excised early in the morning, shipped overnight back to the labo-
ratory and rehydrated the next day for ∼1 h. This rehydration time 
was chosen to prevent ‘over-rehydration’ artifacts (see  Meinzer 
et al. 2014). The curves were created by plotting the inverse of 
ΨL against RWC with alternate determinations of fresh mass and ΨL 
repeated during slow dehydration of the twig or leaf on the labora-
tory bench until values of ΨL neared −4.0 MPa. For normalizing C 
on a leaf area basis, leaf areas for the all species were obtained with 
a leaf area meter (LI-3100C, LI-COR, Lincoln, NE, USA).

Using the Ohm electrical analogy applied to a hydraulic circuit 
where all the resistances to water flow are in series, whole-tree 
hydraulic conductance on a leaf area basis at a given water poten-
tial (Ktree(Ψ)) was calculated from each organ conductance as:

K
K K K Ktree
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where PRoot(0), PTrunk(0), PBranch(0) and PLeaf(0) represent the 
partitioning of the total tree resistance in roots, trunk, branches 
and leaves, respectively. LCroot(Ψ), LCtrunk(Ψ), LCbranch(Ψ) and 
LCleaf(Ψ) represent the loss of hydraulic conductivity (Eq. (1)) at 
a given water potential (vulnerability curves) in roots, trunk, 
branches and leaves, respectively. Applying a monotonic decline 
in predawn water potentials, the conductivity in each organ of 
Eq. (4) was decreased proportionally to the loss in conductivity 
observed in their respective vulnerability curves (Figures 1 and 2). 
Note that in Eq. (4), the absolute value of Ktree(0), which cor-
responds to the initial value of Ktree, i.e., the maximum whole-tree 
hydraulic conductance, does not affect the whole-tree vulnerabil-
ity curves when expressed as a percentage loss of conductivity. 
When the trees were fully hydrated, we assumed that PRoot(0) 
and PLeaf(0) would represent 50 and 25% of the whole-tree 
resistance to water flow (1/Ktree(0)), respectively ( Nardini and 
 Tyree 1999,  Engelbrecht et al. 2000,  Cruiziat et al. 2002,  Tyree 
and  Zimmermann 2002,  Sack and  Holbrook 2006,  Domec et al. 
2009b,  Pratt et al. 2010). The remaining aboveground hydrau-
lic resistance represented 10 and 15% in trunk and branches 
(PTrunk(0) and PBranch(0)), respectively, which reflected the differ-
ences in sapwood conductivity measured in those two organs 
(Table 1). For comparison, additional scenarios using water 
potential gradients measured in the field and with different resis-
tance partitioning were calculated (see Table S1 available as 
Supplementary Data at Tree Physiology Online).

Leaf water potential measurements were performed at pre-
dawn and midday (14:00–15:00 h local time) on fully sun-
exposed south-facing shoots. All water potentials were measured 
during the seasonal dry period (August–September) except for 
J. ashei, which was also measured during a severe drought (see 
 Johnson et al. 2014). Because large disequilibria can exist 
between stem and leaf water potentials, especially at midday 
( Bucci et al. 2004), measurements of stem water potential were 
performed at midday to estimate the amount of maximum native 
embolism in stems. To measure branch water potential, we cov-
ered shoots with a sealable plastic bag covered in aluminum foil 
before dawn and then measured the midday water potential of 
bagged leaves ( Turner and  Long 1980,  Meinzer 2002). Under 
these conditions, leaf water potential is generally agreed to equil-
ibrate to that of the adjacent xylem (Richter 1997). Since trunk 
water potential was not measured, midday trunk water potentials 
were assumed to be between predawn leaf and midday branch 
water potential values (e.g.,  Hellkvist et al. 1974,  Domec et al. 
2005). Hydraulic safety margins were calculated as the midday 
water potential measured in a particular organ minus the P50 for 
that organ. In organs where midday water potentials were not 
measured (trunk and roots), the predawn leaf water potential or 
the range of water potentials from predawn leaf to midday 
branch were used for roots and trunks, respectively.

For comparing leaf  hydraulic safety margins (leaf 
ΨMIN – leaf  P50) with leaf  to branch hydraulic vulnerability 
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segmentation (leaf  P50 – branch P50), leaf  ΨMIN, leaf  P50 and 
branch P50 data were compiled from  Hao et al. (2008), 
 Domec et al. (2009a),  Nardini et al. (2012,  2013),  Johnson 
et al. (2011,  2013),  McCulloh et al. (2012,  2014,  2015) 
and from the current study.

Sigmoid functions were fit to vulnerability data and 95% con-
fidence intervals were calculated using Sigmaplot (version 12.5, 
Systat Software Inc., San Jose, CA, USA). Values of P50 were 
considered statistically different if the 95% confidence intervals 
did not overlap. Student’s t-tests were used for comparisons of 
branches and trunks in J. ashei.

Results

Branches were, in general, more resistant to loss of hydraulic 
conductivity than any other organ tested (Figures 1 and 2, 
Table 1). Overall, branches had between 0.8 and 1.7 MPa 
greater (i.e., more resistant, pressures expressed as positive or 
applied pressures) P50 values than trunks, depending on spe-
cies. The only species in which branches were not significantly 
more resistant than trunks was L. styraciflua, where the 95% 
confidence intervals for P50s of branches and trunks  overlapped. 

Although it was not possible to compare P50s for J. ashei, the 
percent loss of conductivity at 10 MPa (the highest pressure 
we were able to apply) was significantly different in branches 
and trunks (Figure 2). At 10 MPa, branches of J. ashei experi-
enced only 2% loss of conductivity, whereas trunks experi-
enced a 16% loss of conductivity (t-test, P = 0.017). Overall, 
leaves were most vulnerable to hydraulic dysfunction (mean 
P50 = 1.3 MPa), but one species, L. styraciflua, had exception-
ally vulnerable roots with a P50 of 0.32 MPa. Whole-tree hydrau-
lic vulnerability was greater than branch or trunk vulnerability 
and was driven primarily by leaf and root hydraulic dysfunction 
(Table 2, see Figures S1 and S2 available as Supplementary 
Data at Tree Physiology Online). Even when changing resistance 
partitioning between roots, trunks, branches and leaves, whole-
tree hydraulic vulnerability only changed by 0.1 MPa (see Table 
S1 available as Supplementary Data at Tree Physiology Online). 
When using measured gradients of water potential between soil 
and leaf, the predicted soil water potentials resulting in a 50% 
loss of  whole-plant conductance were between −0.3 and 
−0.9 MPa.

Based on vulnerability curves and water potentials  measured 
in the field, leaves were the organ predicted to experience the 
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Figure 1. Percent loss of leaf (open triangle), branch (filled circle), trunk (gray square) and root (dark grey diamond) hydraulic conductivity/ 
conductance in four angiosperm species: A. rubrum, L. styraciflua, L. tulipifera and Pr. serotina. Error bars are SEs and sample sizes are five to six 
for each organ.
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