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SAFETY FACTORS FOR XYLEM FAILURE BY IMPLOSION AND
AIR-SEEDING WITHIN ROOTS, TRUNKS AND BRANCHES OF
YOUNG AND OLD CONIFER TREES

Jean-Christophe Domecl, Jeffrey M. Warren?2, Frederick C. Meinzer3 and
Barbara Lachenbruch4

SUMMARY

The cohesion-tension theory of water transport states that hydrogen
bonds hold water molecules together and that they are pulled through
the xylem under tension. This tension could cause transport failure in
a least two ways: collapse of the conduit walls (implosion), or rupture
of the water column through air-seeding. The objective of this research
was to elucidate the functional significance of variations in tracheid
anatomical features, earlywood to latewood ratios and wood densities
with position in young and old Douglas-fir and ponderosa pine trees in
terms of their consequences for the safety factors for tracheid implo-
sion and air-seeding. For both species, wood density increased linearly
with percent latewood for root, trunk and branch samples. However, the
relationships between anatomy and hydraulic function in trunks differed
from those in roots and branches. In roots and branches increased hy-
draulic efficiency was achieved at the cost of increased vulnerability to
air-seeding. Mature wood of trunks had earlywood with wide tracheids
that optimized water transpotl and had a high percentage of latewood
that optimized structural support. Juvenile wood had higher resistance
to air-seeding and cell wall implosion. The two safety factors followed
similar axial trends from roots to tetminal branches and were similar for
both species studied and between juvenile and mature wood.

Key words. Cell wall, embolism, juvenile wood, mature wood, tracheid,
water transport.

INTRODUCTION

Two failure modes can cause stem xylem water columnsto become discontinuous. The
first occurs when xylem pressure (P) falls below the air-seeding threshold allowing air
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bubbles to be pulled into adjacent conduits through pit membrane pores (Sperry & Hacke
2004). In the case of coniferous torus-margo pit membranes, after apit is aspirated and
the torus is blocking the aperture, the torus can be pulled further through the aperture,
exposing some of the margo to the adjacent tracheid lumen. Air-seeding then occurs
through this margo portion (Hacke et al. 2004; Domec ef al. 2006a) . The air bubble

rapidly expands to fill the conduit resulting in an air-seeded embolism (Zimmermann
1983), causing conduit conductivity to be lost unless the embolized cell isrefilled with
water. The second mode of failure occurs when a water-filled conduit physically col-
lapses from the difference in P between its interior and an adjacent air-filled conduit
at atmospheric pressure (Hacke et al. 2001). Although xylem collapse has not been
documented in wood, it has been observed in needles (Cochard et al. 2004; Brodribb
ef al. 2005). The consequence of these two modes of failure is reduced hydraulic con-
ductivity, which can in tum lead to a cascade of physiological responses such as sto-
matal restriction of transpiration and photosynthesis (Sperry ef al. 1994; Santiago e7 al.
2004) or leaf abscission (Vilagrosaef al. 2003).

Xylem failure through air-seeding is affected by the morphology of bordered pits
(Hacke et at. 2004; Domec et al. 2006a; Choat et al. 2008), whereas xylem failure by
implosion would be determined by the tracheid cell wall thickness in relation to the
lumen diameter (Hacke et at. 2001; Pittermann et at. 2006) . Simple calculations have
suggested that the pressure differentials between adjacent water- and air-filled conduits
are not sufficient to cause rupture of lignified cell walls (Rundel & Stecker 1977; Baas
1986; Jacobsen ef at. 2005). However, these calculations did not take into account the
complexity of xylem geometry. Using more sophisticated models, Hacke et al. (2001)
calculated that water-filled conduits experience large tensile hoop stresses (stresses
around the circumference of the conduit) that could lead to cell collapse under drought
conditions if neighboring cells did not provide sufficient mechanical support. In ad-

_dition, they showed that xylem implosion pressures calculated from cell anatomical
dimensions are correlated with wood density. The basis for this relationship is that the
double-cell wall shared by adjacent cells behaves in a manner similar to a long plate
of width b (cell diameter) and thickness t (double-cell wall thickness), and this plate
will buckle under a force proportional to (t/b)? (Hacke et al.2001). As a consequence,
dense wood, which is characterized on average by a high t for agiven b (because of a
higher proportion of cell wall volume compared to lumen vol ume), is more resistant to
cell wall collapse than is less dense wood. However, the density of a coniferous wood
sampleis mainly dependent on the latewood proportion (Zobel & Sprague 1998; Rosner
et al. 2007), whereas hydraulic conductivity and resistance to embolism are largely de-
termined by the properties of earlywood (Domec & Gartner 2002a). Therefore an adjust-
ment oflumen diameter/wall-thicknessratios in the earlywood could enhance conduc-
tivity and reduce resistance to cell wall coll apse without compromising overall wood
density and mechanical strength if the latewood percentage remains constant.

We used the concept of safety factor to help eval uate the adequacy of xylem design
for hydraulic functionality, by comparing the P that would cause fail ure by either mode,
to the most negative values of P (Pmin) likely to be encountered annually. Both P and
Pmin (which generally occurs a mid-day during summer) vary markedly by position
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in the tree. For example, Pmin decreases from roots to trunk to branches. We defined
the safety factors as the ratio of threshold P causing hydraulic dysfunction by either
air-seeding or implosion to P i, (Domec & Gartner 2002b) and looked at the spatial
pattern of different safety factors to estimate which part of the root-to-terminal-branch
hydraulic pathway is likely to fail first under field conditions.

Studi es of xylem conductivity and vulnerability to embolism in larger and ol der trees
are almost ad ways based on measurements of branch or root segments (Cochard 1992;
Martinez-Vilaltaet al. 2002; Burgess et al .2006) and rarely on segments from the main
stem (Dunham et al. 2007,2008; Rosner et al . 2008). M uch of the published research
that relates xylem anatomy to water transport propel lies isalso based on branch samples
because branches are convenient for methodological reasons (Jacobsen el ai. 2005;
Pittermann et ai. 2006) . Because branches have a different xylem anatomy than other
plant pmls (Fegel 1941; Dunham et ai. 2007) , the relationships derived from branches
are not necessarily applicable trunks or roots (Dunham et ai. 2008). Within trees, the
relationship between structure and function is not expected to be straightforward
because plantparts (i.e., roots, branches, and trunk) have several functions (Gartner
1995) . For exampl e, roots also serve in nutrient uptake, storage, and anchorage (Weiner
& Thomas 2001) and have been identified as a weak link in the hydraulic continuum
under drought conditions (Jackson et al. 2000). Moreover, in conifers the tracheids
are responsible for both support and conduction functions, leading to a potential trade-
off between these functions. Several hypotheses predict how xylem structure should
change along the root-to-terminal branch water transport pathway to optimize whole
tree hydraulic efficiency and safety for embolism (Comstock & Sperry 2000; McCul-
loh & Sperry 2005) but there are only afew studies that have sampled more than two
points along the entire pathway (Domec & Gartner 2002b, 2003; Domec et al. 2005;
Choat et al. 2005; Dunham et al . 2007,2008) . Trees are structurally complex and by
studying different locations within them we may better understand the intricacies of
the design criteria that govem xylem structure and function (Domec & Gartner 2001;
McElrone et al. 2004; Burgess et al . 2006).

In addition to varying with height above the ground, it is well known that wood
structure varies along the radial axis, as it transitions from juvenile to mature wood
(i.e., Dinwoodie 2000). However, the selection pressures that have shaped these radial
variations remain unknown, in spite of several studies that have addressed one pur-
ported purpose or another of juvenile and mature wood for tree function (Gartner 1995;
Mayr 2002; Domec & Gartner 2003; Rosner 2006; Gartner 2006). The proportionality
between cell wall reinforcement and embolism resistance in reference to the function
of juvenile and mature wood has never been studied directly within the trunks of tall
trees.

The main objective of this research was to assess the functional significance of axial
and radial variation in wood structure from roots to upper branches in coniferous trees
and its consequences for the safety factors for failure by implosion and air-seeding.
We also made comparisons of juvenile and mature wood to leam how the competing
demands placed on tracheids to avoid air-seeding-induced embolism and to be suf-
ficiently strong to resist implosion are reconciled at different points along the stem.
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MATERIALS AND METHODS

Plant materials

We compared wood function in Douglas-fir (Pseudostuga menziesii (Mirb.) Franco)
and ponderosa pine (Pinus ponderosa Doug!. ex Laws.) using physiological and ana-
tomical measurements on new and previously-collected samples. For roots, hunks and
branches we used the physiological dataalready published from old (110-year-old) and
young (9-year-old) Douglas-fir trees (Domec & Gartner 2001, 2002b; Domec €t ai.
2004), and from old (245-year-old), mature (72-year-old) and young (32-year-old) pon-
derosa pine trees (Domec & Gartner 2003; Domec et al. 2004) as follows. In general,
we used 5-6 trees of each age group. Shallow roots sampled at 20 cm depth ranged
between 3 and 4 mm in diameter and were between 4- and 7-year-old. Four positions
had been sampled along the trunk of the old trees at nodes 5, 15,35 and 110 (the base)
in the Douglas-fir trees and at nodes 15,35,65 and 245 (the base) in the ponderosa pine
trees (Table 1). Node number refers to the whorl number counting down from the tree
top.At al the heights except the uppelwost ones, two radial positions (inner and outer
sapwood) had been measured. In addition, three branch samples taken near the base of
the branches attached at nodes 5, 15 and 35 were sampled in three other 110-year-old
Douglas-fir trees from the same site. In the young trees, we had sampled one trunk
position and one branch, both from node 5 in Douglas-fir and both from node 15 in
ponderosa pine. Within the mature ponderosa pine trees, we had sampled node 15 and
inner and outer sapwood at node 50. For both tree species, all branches sampled were
5- to 6-year-old. We defined juvenile wood as samples located <20 rings from the pith,
and mature wood as samples located >40 rings from the pith because of published radial
wood density profiles (i.e.,Abdel -Gadir et al. 1993; Bouffier et al. 2003) . Because of
their ages, all branches and roots were considered as made of juvenile wood.

Hydraulic parameters and wood density

Vulnerability curves (VCs) of xylem to water-stress-induced embolism were taken
from our published values (see above), and had been detelwined using the air injection
method (Cochard et al. 1992). The pressure required to cause a 50 % loss of hydraulic
conductivity by embolism (P50) was derived from the VCs. For the current study, we
also made additional measurements of Py on six 5- to 6-year-old deep roots (located
40- 60 cm below the surface) as well as on six 5-year-old branches from the top (node
15) of the mature and ol d-growth ponderosa pine trees. Our dataset, therefore, included
awide range of PSOvalues from a maximum of -0.7 MPain roots to a minimum of -6.6
MPain branches (Table I).

Trunk and branch minimum summer xylem pressures (Pmin) were taken from pub-
lished data measured on the same Douglas-fir (Domec & Gartner 2002b) and ponderosa
pine trees (Domec &t al. 2005) and at the same branch and trunk locations as the ones
for which we determined Pgg(Table 1). Briefly, trunk Pmin at the base of the trees was
estimated using temperature-corrected stem psychrometers (Dixon & Tyree 1984; PWS
Instruments, Guelph, Ontario). Trunk Py, in the upper crown was estimated using a
pressure chamber (PMS, Albany, Oregon) and the bagged-shoot technique (Begg &
Turner 1970). For shallow roots, Pmin was estimated using vulnerability curves and
field values of percent loss of conductivity obtained by comparing native conductivities
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of roots collected in the field with those obtained after flushing out emboli (Domec et
al. 2004). This calculation assumed that no refilling in roots occurred during the sum-
mer. For deep roots, P i, was estimated using minimum summer soil water potential
measured at 40-60 cm on the same site (Warren et at. 2005).

Wood density (g/cm3) was calculated on each sample tested hydraulically as the
ratio of dried weight over fresh volume. Wood samples were oven-dried at 65°C for
48h, and fresh volume was detelmined by Archimedes' principle.

Table 1. Mean xylem pressure causing 50 % loss of conductivity (Pgy) and mean minimum
in situ xylem pressure (Pp,n) for root (5-7 years old), trunk and branch (5- 6 years old)
samples collected along the length of young and old Douglas-fir and ponderosa pine trees
(mean values; n =5- 6).

Species Nodes Mean Pg Prmin
Position from top height (m) (MPaq) (MPa)
Douglas-fir
Roots
old trees -0.2 -1.0 -0.7
young trees -0.2 -14 -15
Trunk
old trees 5 42 -4.7 -2.3
old trees 15 39 -3.6 2.1
old trees 35 35 -3.3 -19
old trees J10 (base) 0.33 -3.3 -15
young trees 5 5.6 -3.2 -1.6
Branch
old trees 5 42 -6.6 25
old trees 15 39 59 -2.3
old trees 35 35 -5.8 -2.0
young trees 5 56 5.9 2.1
Ponderosa pine
Roots
old trees shalow -0.2 -1.2 -11
old trees deep -05 -19 -10
mature trees -0.2 -14 -10
young trees -0.2 -0.7 -14
Trunk
old trees 15 31 -3.7 -16
old trees 50 25 -3.2 -15
old trees 65 21 -3.1 -14
old trees 240 (base) 0.4 -33 -12
mature trees 15 8.6 -25 -18
mature trees 49 (base) 0.8 -29 -15
young trees 15 33 -4.1 -18
Branch
old trees 15 31 -4.8 -2.0
mature trees 15 86 -4.6 -17
young trees 15 33 -45 -18
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Light microscopy observations of tracheid dimensions

We madetransverse and radial sections from each of the wood samples that had been
used to produce vulnerability curves. Sections were made with asliding microtometo 20
wm thick, and then stained with safranin-O and mounted in glycerin for image analysis
using NIH Image software 1.62 (http://rsbweb. nih.gov/nih-image). On transverse sec-
tions, the first step was to estimate tracheid diameter distributions for calculation of
mean hydraulic diameter (D =2d5/3d*, where d =individual conduit diameter, Kolb
& Sperry 1999). Inside tracheid diameters were calculated by measuring the lengths of
lines drawn across the lumen. For each sample separately, six radial files or tracheids
were randomly selected and all the tracheids in each file were measured in the radial
direction for diameter. The use of tracheids of mean hydraulic diameter is useful be-

cause it is this segment of the tracheid population that embolizes right & Psqg. After
detelmining the mean hydraulic diameter for a section, we then made measurements

to estimate (t/b)? for each sample as follows. The cell diameter, b, was measured on
tracheids with diameters within 10% of D, and cell wall thickness, t, was measured as
the distance across the double cell wall between two adjoining tracheid lumen (Hacke
et al. 2001). About 65-80 tracheids were used to measuret and b. Transverse sections
were then used to estimate latewood proportion, taken as the mean of the average
latewood proportion of all the growth rings present in a sample. Radial sections were
used to measure the bordered pit diameter (D) and the pit aperture diameter (D) on
about 100-125 bordered pits per sample.

Resistance of cells to implosion

The critical pressure difference between adjacent cells that will cause the cells to
implode (the implosion pressure) was estimated from anatomical data on all samples
as described in Sperry and Hacke (2004) as.

Pimpl :(W/fJ)(-:))zl_(e%) m

where W is the strength of the wall material taken as 80 MPa (Hacke et al. 2001), fJ

is a coefficient that depends on the ratio of b to the tracheid length and was taken at
0.25 (Young 1989), and (t/b)? is the square of the cell wall thickness to cell tangential

diameter (the thickness-to-span ratio). The moment ratio, I/l represents the ratio of
the second moment of area of awall with pit chambers Uh) to that of asolid wall with
no pit chamber present 1g), Hacke et al . (2004) showed that I/l sdoes not change with
air-seeding pressure, and averages about 0.95 in conifers. The L, is the "ligament ef-
ficiency", which quantifies the spacing of the pit apertures in the wall, and is equal to
I-Dg/(Dpts), where s is the distance between pitsor between pits and the edge of the
tracheid. The value of sis very small, so L, is mostly a function of the diameters of
the pit aperture and the pit diameter (Le =1- Dg/Dp). Equation | can be simplified and
calculated as follows (Hacke et al . 2004):

Pimpl ~ 304 (l DD ”)(%)2 @)

p
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Safety factor's and data analysis

For safety factors, we compared theratio of the value that would cause xylem failure
(Pimpl Or Pgp) to the minimum summer xylem pressure (Pmin) for that plant part and
species. The safety factor for xylem failure by implosion was estimated &s Pipp)/Ppyjn'
The safety factor for xylem failure by embolism (air-seeding) was estimated as
Pso/Pmin, Which represents the factor by which Pxg is greater than the most negative
Ppin actually experienced. We used Pgg as an index for the maximum pressure differ-
ence because it represents the pressure at which tracheids with diameter representing
the mean hydraulic diameter embolized.

Means of anatomical and physiological data were compared within and between
trees with (-tests at asignificance level of p —0.05. Statistical analyses were performed
using SAS (Version 9.1, Cary, NC, USA) and curve fits (also tested at p = 0.05) were
performed using SigmaPlot (version 9.0, SPSS Inc. San Rafael, CA, USA). Means
+ SE are cited in the text.
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Figure 1. Wood density versus latewood percentage in root, trunk and branch samples from
Douglas-fir (D-fir) and ponderosa pine (p. pine) trees. All measurements are mean + SE.

RESULTS

There was astrong positive correlation between latewood percentage and wood density
(Fig. ). Datafor both species fell on the same line. Wood density and percent latewood
were highest in branches (0.48- 0.54 g/cm3 and 35- 45%, respectively), and declined
basipetally within the trunk and in roots (0.32-0.35 g/cm3 and 7- 14%, respectively)
(Table 2).

Withim trees, Psg was more negativeal the top of the trunk than at the trunk’s base,
which was more negative than the roots for both species (Table 1). At agiven height,
branches had more negative values of P5q than did trunks (Table 1) Across allsamples,

Pso was negatively correlated with latewood percentage(p<0.01, Fig. 28). Exclusion
of the mature trunk wood samples increased the significance of the regression (thick
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Table 2. Hydraulic diameter (D in um), earlywood tracheid thickness-to-span ratio (t/b) 2
wood density (Density in g/cm3) and air-seeding pressure (Ps,in MPa) in root, trunk and
branch samples of Douglas-fir and ponderosa pine trees. For roots and branches, values
represent the mean of the different sampling depths or heights, respectively (n = 5-6). The
standard errors of the means are not given in the table, but they never exceeded 9 %, 11 %
and 6% of the mean values in root, trunk and branches, respectively.

Douglasfir Ponderosa pine
D (tIb)? Density Pg D (t/b)2 Density Pg

Roots

young trees. juvenile wood 39 002 035 -14 40 0013 033 07

old trees: juvenile wood 38 0017 034 -10 39 0016 032 -15
Trunk

young trees: juvenil e wood 29 0053 039 -32 28 0066 038 -41

old trees: juvenile wood 26 0059 042 -41 27 0043 036 -35

old trees: mature wood 37 0039 050 -33 % 0029 04 -32
Branches

young trees. juvenile wood 19 0120 05 -6.1 25 0.087 047 -45

old trees: juvenile wood 18 0119 054 59 23 0098 049 47

regression line, Fig 2a). Within the wood samples of the trunk there was no significant
relationship between Pg, and percent latewood (p= 0.67).

Mean hydraulic diameter (D) decreased significantly from roots to branches (p =
0.02) with intermediate values for trunk (Table 2; Fig. 2b). There was also a decrease
in D with increasing latewood percentage (Fig. 2b).Again, the regression became more
significant when mature trunk wood samples were excluded from the regression (thick
regression line, Fig. 2b). In contrast to roots and branches, D increased significantly
with increasing latewood percentage (p <0.01) in the trunk wood samples (dashed line,
Fig 2b).

gTragheid thickness-to-span ratio, (tb)? was positively correlated with latewood
percentage (Fig. 2c). Excluding the mature trunk wood samples increased the signifi-
cance of the regression (thick regression line, Fig. 2c). However, when only the trunk
sampl es were considered, the data suggested that (t/b) ? had no relationship (0 percent
latewood (P =0.14).

Across adl samples, P9 decreased linearly with increasi ng wood density (p<0.001;
Fig. 3a) and increased linearly with D (p = 0.02; Fig. 3b). In both relationships, the
regressions became more significant by excluding the mature-wood trunk samples
(thick regression lines, Fig. 3a & b). Pg,was independent of both wood density and D

(p>0.85) When data for trunk samples (Fig. 3, triangles) were considered separately .

In old trees of both species, the trunk tracheid (t/b)? increased logarithmically with
height m.pje 2 Fig. 48) and decreased logarithmically with cambial age (Fig. 4b).
Extraprgl ation to the y-axis implied a minimum (t / b)* value of about 0.032 for trunks
a ground level (tree height of 0) (Fig.4a), which would correspond to a minimum
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Figure 2. a: Air seeding pressure (pressure required to cause 50% loss of c?nductivity, Ps),
b: mean hydraulic diameter, and c: the tracheid thickness-to-span ratio (t/b) “ versus latewood

percentage in root, trunk and branch samples from Douglas-fir and ponderosa pine trees. Symboal s
are as in Fig. 1. The circles encompass samples from the base of the trunks (mature wood) . The
thin and thick regression lines are plotted through all samples and through al samples minus
mature wood. respecti vely. The dashed regression in b is plotted through trunk samples only
(triangles) . All measurements are mean + SE.
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Figure 3.a: Pressure required to cause 50 % loss of conductivity (Psg) versus wood density and
b: tracheid mean hydraulic diameter (D) versus wood density iy, root, trunk and branch samples

from Douglas-fir and ponderosa pine trees. Symbols are as in Fig. 1. Circles encompass trunk
samples from mature wood. The thin and thick regression lines are plotted through al samples

and through al samples a |5 are mean + SE.
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Figure 4. Tracheid thi ck ness-to-span ratio (t/h)’ in trunks in relation to a height. and b growth
rings from pith in Douglas-fir and ponderosa pine trees. All measurements are mean + SE.
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ratio (t/b)zand b implosion pressure (Pimp)) in root, trunk and branch samples from Douglas-fir

and ponderosa pine trees. In a both logarithmic (12 = 0.89) and linear functions (12 = 0.83) are
fitted to the data. Symbols are as in Fig. 1. All measurements are mean + SE.

ttunk wood implosion pressure of 4.2 M Pa (see compari son of Figures Saand 5b). The
age-dependent changes in (/)2 were also common to both species with alogarithmic

decrease to athreshold value of 0.031 (Fig. 4b).

Tracheid (t/b)? and pPimp! were both strongly correlated with P, among al types of
wood samples (Fig. Sa, b). Logarithmic functions fitted to the relationships between
(Yb)?and Py, and between Pimpl @d Ps, yielded statistically better fits than linear
relationships. Comparing the data plot in Figure 5b to the 1: 1 line, one can see that

the difference between p imp! and Py, increased significantly (p <0.02) from roots (1-2
MPa) to trunks (2-5 MPa) to branches (10-20 MPa) (see also Table I).

g
s R HH :
)
@ L
g § A
3 3f
o e P8
a 4 b
2
'g 5 | r2=0.68
[0]
O 8 fm @
P

'7 L }.,4 1 i - 1

2.5 -2.0 -15 -1.0 -0.5 0.0

Minimum xylem pressure, Py, (M Pa)

Figure 6. Pressure causing 50 % loss of conductivity (Pg,) versus mean minimum in situ xylem
pressure (Pi,) - Symbols are as in Fig. 1. All measurements are mean + SE.
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Table 3. Safety factors for hydraulic failure by cell wall implosion (Pimpl/Pmin) and by air-
seeding (Psy/Pmin) iN root, trunk and branch samples of Douglas-fir and ponderosa pine
trees. For roots and branches, values represent the mean of the different sampling depths
or heights, respectively (n = 5- 6).

Douglas-fir Ponderosa pine
Pimpl/Pmin PSO/P min PilllplIPmin PSOIPmMIn

Roots

young trees: juvenile wood 23+03 09+01 14+ 0.1 05+01

old trees: juvenile wood 3.8+04 14+ 0J 31+03 12+ 0J
Trunk

young trees: juvenile wood 48 +0.6 20+0.1 54+02 24+0.2

old trees: juvenile wood 49+0.7 21+02 45+03 22+01

old trees: mature wood 3.5+0.5 20+0.1 36+03 23+01
Branches

young trees: juvenile wood 8.6+ 10 2.6+0.1 83+0.7 26+02

old trees: juvenile wood 9.5+ 103 25+0.2 79+0.2 24+02
Safety factors

Within trees, actual minimum values of sylem pressures (Pgy,,) experienced in field
conditions were more negative in branches than in trunks, which were mone negative
than roots (Table 1). The relationship between ps, and Py, was similar across both spe-
cies and across roots, branches, and trunks (Fig. 6). There was alinear decrease of Py,
with decreasing Polin' Extrapolation to the 1 :1 relationship yielded a predicted maximum
Pmin Of -0.7 MPa at which point the roots would have lost 50% conductivity, which
also coincided with the maximum extrapolated implosion pressure (Fig. 5b).

Within young and old trees of each species, average safety factors for implosion
(Pimpl / Pmin) increased significantly (p = 0.03) from roots to trunk to branches (Table
3; Fig.7a). The safety factors for implosion in the trunk wood and in the branches had
similar values in Douglas-fir and ponderosa pine trees (p <0.04; Fig. 7a). However,
roots from young and old Douglas-fir trees exhibited higher safety factors for implo-
sion than roots from old ponderosa pine trees ( p = 0.01). Within each species, trunk
juvenile wood safety factors for implosion did not differ significantly between young
and old trees (p>0.3) (Table 3). For both species, the safety factors for implosion in
the trunk wood of the young trees Juvenile wood) were significantly higher (p <0.01)
than the ones from the base of the old trees (mature wood), but not significantly dif-
ferent (p>0.2) than the ones at the top of the old trees Uuvenile wood) (Table 3). For
both species the safety factors for implosion in the branches of the young trees were
not signifi cantly different than the ones from the old trees (p<0.01).

Safety factors for air-seeding (Ps,/Pmin) Were on average half the value of safety
factors for xylem implosion (Table 3). Values of safety factors for air seeding were
similar between species and overall increased from the roots (values of 0.5 to 1.4)
to the trunk (2.0-2.4) to the branches (2.4- 2.6) (Table 3). The base of the old trees
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Figure 7. a Safety factor for tracheid implosion (Pjyp/Pmin) versus path length and b: safety
factor for air-seeding (Pso/ Pmin) versus path length in roots, trunk and branches from young
and old Douglas-fir and ponderosa pine trees. Symbolsare asin Fig. 1. The thick horizontal line
corresponds to a safety factor of 1. All measurements are mean + SE.

(mature wood) had similar safety factors for air-seeding as the top Uuvenile wood) in
both species (Table 3; Fig. 7b). The hydraulic safety factors for air-seeding were sig-
nificantly higher in the branches than anywhere else in the trees (p <0.02), but did not
differ statistically between the branches of old trees and those of young trees (p> 0.4,
species pooled). In a comparison of young to old trees, safety factors for air-seeding
did not differ significantly for trunk wood for either species (p<0.07), but for root
wood, the young trees had significantly lower safety factor values than did the old trees
(p <0.02). Safety factors for air-seeding of trunks were similar in thejuvenile wood of
young trees and old trees.

DISCUSSION

The results showed that from roots to branches, changing cell wall propellies had
predictable effects on resistance to embolism (P). This study for the first time links
the variation in P, to variation in the structure of tracheids among different locations
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within trees of different ages for two conifer species. The stmctural and hydraulic de-
mands imposed on different plant parts (roots, tmnks and branches of different ages
and positions) appear to affect the degree to which these different plant parts exhibit
tradeoffs of xylem efficiency againg safety. Moreover, the study identified safety fac-
torsfor two modes of hydraulic failure that are physiologically significant over abroad
range of tree size and age. The two safety factors followed similar axial trends from
roots to terminal branches and had similar values for both species studied.

Structure-function relationships in juvenile wood versus mature wood

In the present study, trunks tended to differ from roots and branches in their relation-
ships among xylem anatomical features and hydraulic and mechanical characteristics
(Table 2). Similar to results of Rosner et al. (2008) , we found thatdespite anatomical
and structural differences with position in the tunk, there were few differencesin
vulnerability to embolism withincreasing percent latewood, wood dens ity or tracheid
mean hydraulic diameter. However, tracheid mean hydraulic diameters in the trunk
increased significantly with increasing percent latewood and wood density. One hy-
pothesis is that the mature wood cambium produces earlywood with wide tracheids to
optimize hydraulic function and also with thick latewood to optimize structural support
or water storage (Domec & Gartner 2002a; Rosner et al. 2007) . Therefore, the xylem
of the trunk appears to be constructed in response to both mechanical and hydraulic
demands (Gartner 1995; Jagels & Visscher 2006).

Calculations showed that trunk hydraulic safety factors were not different injuvenile
and mature wood. Juvenile wood fulfills adifferent functional role in trees than mature
wood, and apparently, below threshold P, juvenile wood maintains a higher propor-

tion of its water transport for agiven P (Mayr 2002; Domec & Gartner 2003; Rosner
et al. 2006). In the trunk, the decrease in earlywood (t/b)?from juvenile wood to mature

wood (Table 2; Fig. 4b) results from an increase in lumen diameter at an earlier cambial
age than cell wall thickness (data not shown). This relative increase in cell wall thick-
ness to cell lumen diameter in juvenile wood is consistent with why juvenile wood has
lower specific conductivity (i .e., Spicer & Gartner 2001) but also why juvenile wood
is more resistant to air-seeding than is mature wood. Thicker secondary cell wall in
the juvenile zone is associated with thicker pit chamber depth. A concomitant change
is that pit membranes in juvenile wood are less flexible (more resistant to air-seeding)
and less conductive than are membranes in mature wood (Domec et al. 2006a, 2008).
As aconsequence, juvenile wood has higher resistance to cell wall implosion and air-
seeding but as atradeoff has lower conductivity than mature wood (Domec et al .20063;
Rosner €t al. 2006).

Our measurements showed that the hydraulic diameter of xy lem conduits decreased
from roots to trunk to branches (Table 2; Fig. 2b): this general trend is in agreement
with many other reports (Gartner 1995; Zobel & Sprague 1998; Spicer & Gal 1ner2001),
although one study showed that hydraulic diameter in branches can increase with
increasing height (Burgess et al. 2006).

The increase in sapwood conductivity attained by increasing the lumen diameter of
xylem conduits in mature wood at the stem base is consistent with trees having evolved
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in amanner that minimizes total hydraulic resistance for agiven vascular volume (Mc-
Culloh & Sperry 2005) . At the base of trees, the high conductivity associated with large
conduit lumen diameter (Spicer & Gartner 2001) and very pelmeable pits (Dunham
etal. 2007; Domec et al. 2008) partly compensatesfor the negative hydraulic impact of
tree height, and contributes to the maintenance of |eaf-specific conductivity as crown
leaf area increases (Ewers & Zimmelmann 1984; McDowell et at. 2002; Delzon et al.
2004). However, in contrast to studies by Martfnez-Vilaltaet al. (2002) and McElrone
et al. (2004) but consistent with others (Dunham et al. 2007, 2008; Peterson et al.
2007) our study did not show that diameters of xylem conduits are wider in roots than
at the base of the stem of the same tree. Differences in axial trends oftracheid diameter
may reflect our choice of sampling locations within the trunk. When comparing root
wood to trunk wood from the top of the stem, root tracheid mean hydraulic diameter
is indeed larger, but if we sample lower in the trunk there is no significant difference.
This result implies once again that at the base of the tree hunk,, tracheid diameter can
be as high as in the roots despite alower Py, in the trunk than the roots.

Tradeoffs within root, trunk, and pranch

In the present study, several tradeoffs between structural and functional attributes
became apparent. The positive relationship between percent latewood and (t/ b)? is ex-
plained by the fact that rings with lower percent earlywood (or higher percent latewood)
were narrower and had fewer earlywood tracheids that were made of thicker cell walls
relative to their lumen. Although wood density varied both among and within species,
it was highly conelated with latewood percentage across roots to branches and in the
same manner independent of species. Wood density is an integrated average of ear-
lywood and latewood densities weighted by their respective proportion within aring,
whereas the hydraulic characteristics of the whole sample (earlywood and |atewood
combined) are mostly areflection of earlywood hydraulic properties. Therefore high
wood density may not necessarily be correlated with hi gh resistance to air-seeding and
to cell wall implosion. For example, Rosner €t 7. (2007)ghowed that in Norway spruce
clones, an increase in resistance to air-seeding can be accompanied by a decrease in
overall wood density and mechanical strength if the latewood percentage decreases.
We propose that in conifers with a distinct earlywood to latewood transition, percent
latewood (100-percent earlywood) is much more relevant than wood density for predic-
tion of resistance to embolism and cell wall implosion because its reflects the section
of the wood sample that qy,1d €embolize and implode first under field conditions.

Tracheids in the roots had higher mean hydraulic diameters and lower safety factors
than in the stem and branch locations studied (Table 2), and thus we predict that in
these two species, variation in tracheid diameter along the tree's axis also has adaptive
consequences. Between trunks and branches, and between roots and branches, tradeoffs
existed such that the more distal pay1s Were more resistant to air-seeding and to cell wall
implosion (Pittermann et al. 2006), but at.the cost of lower mean hydraulic diameter
and consequently lower xylem conductivity (Domec & Gartner 2002b, 2005; Choat
et al. 2005).
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Tracheid implosion
Because (t/b)? is proportional to embolism resistance, tracheid anatomy can be used

as an index of drought resistance (Hackeet al . 2001 ; Rosner et al.2007).The hydraulic
safety and efficiency of conifer xylem islinked strongly to the structural and mechani-
cal properties of tracheid bordered pits (Hacke et al. 2004; Domec ef al. 2006a). Pit

structural features responsible for lowering Py, will also cause higher flow resistance
and therefore steeper pressure gradients and more negative xylem pressures at a given

height, assuming no other adjustments (such as stomatal closure or lower |eaf area per

sapwood area) . These features that lowered Ps, would then require stronger cell walls
to avoid collapse. The safety factors for implosion in this research were high, up to

almost 10. One interpretation of such high safety factors is that there has been strong
selection pressure to avoid implosion (Pittermann et al. 2006) , probably because con-
trary to air-seeding, cell wall implosion would cause irreversible hydraulic failure. The
lower safety factors for air-seeding suggest that this mode of hydraulic failure is more
relevant than hydraulic failure by implosion.

Trunk segmentation in relation to safety factors: trends with height

In this paper we showed that roots and trunks of young and old trees operate close
to their critical point of losing half of their hydraulic conductivity by air-seeding under
field conditions. In addition, the bases of the trees had significantly lower safety factors
for hydraulic failure through both tracheid implosion and air-seeding than the top parts.
Thus, the bottoms of the trees operate under conditions that are closer to those that will
cause hydraulic failure (both by implosion and by air-seeding) than the tops.

When safety factors aredefined in the manner described here astheratio of athreshold
value (e.g., Py) to the worst-case field value (e .g., Pyin) . the root system emerges as
potentially the most vulnerable component for maintenance of xylem transport. Roots
can also become hydraulically discontinuous with the soil during drought, increasing
the likelihood of hydraulic failure (Sperry et al. 1998). However, in actuality,different
plant parts in different locations will have different likelihoods of experiencing values
that are closer to the threshold val uethan the worst-case ficld value. For example, roots
and trunk bases are unlikely to devel op the more negative xylem pressures that would
cause embolism because of various buffering mechani smsrelated to water storage and
redistribution in the soil and plant tissues (Meinzer 2003; Meinzer et al. 2003). In both
Douglas-fir and ponderosa pine trees, hydraulic redistribution of water from deep to
shallow roots miti gates seasonal increases in embolism in shallow roots (Domec et al.
2004) ,and trunk water storage plays an adaptive role in preserving whole-tree hydraulic
integrity by dampening fluctuations in xylem pressure (Phillips et al. 2003; Domec
et al. 2005). Alternately roots are less persistent and may regrow based on resource
availability in soil. Therefore, the interpretation of 'safety factors' must be done with
an understanding the likelihood of reaching the threshold values a which failure will
occur.

The biomechanical demands placed on wood for support of the trec itself rather than
for its role in maintaining an intact water-conducting system may also contribute to
some or the obscrved anatomical differences found in difierent plant parts. 1n above-
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ground tissues. wood density and hydraulic architecture often vary with biomechanical
demands (Gartner etal. 1990; Gartner 1991; James et a. 2006). and these demands
are quite differcnt at the bottom and tops of trees. At thelevel of the branch and upper
canopy. the stem has to resist much wind-loading (Morgan & Cannell 1987; Niklas
2006). Therefore, the overbuilding of tracheid walls to resist mechanical stresses may
contribute to more negative values of PSG higher in the tree. In contrast, the bases oft:rees
and their roots are not subjected to the same magnitude of mechanical stress. Bending,
in particular, causes much lower smface strains near the base of the tree because of the
large stem diameter, and the stiffness of the structure is also much greater simply by
viltue of the large radius resulting in alarge second moment of area (Gartner 2006). On
the other hand, the smallest stems can bend many degrees before reaching the critical
strain needed to cause snapping, but larger stems may need extra mechanical strength
(Gattner 2006). These demands for bending could be related to other aspects of how
cell walls are built in juvenile vs. mature wood.

We could also argue that in branches smaller tracheids with thicker walls may bethe
result from branch cells being subjected to lower xylem pressures and therefore lower
turgor during their expansion phase (Hejnowicz 1997). It could also seem paradoxical
and maladaptive that roots have a higher vulnerability to embolism causing them to
operate at the threshold of xylem dysfunction by air-seeding and implosion (Fig. 6 &
7b). However, highly vulnerable roots may provide signals that cause stomatato begin
conserving water, and recent studies suggest that root embolism may be more easily
reversed than stem embolism (McCully 1999; Domec et al . 2004, 2006b) .

The trends in the safety factors with height are in agreement with whole-tree safety
factors for mechanical failure under realistic loading conditions (Mattheck et al. 1993).
The safety factor for mechanical instability has been shown to decrease with tree height
and several studies have reported trunk safety factors for mechanical instability of
about 4 (Niklas 1989; Domec & Gartner 2002b; Peltola 2006), similar to the values re-
ported here for the safety factor for tracheid implosion. These published values as well
as our values for tracheid implosion suggest that trees are mechanically overbuilt. Eco-
logically, this ensures long-term persistence through varied environmental conditions
to ultimately allow reproductive success.
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