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BORDERED PIT STRUCTURE AND FUNCTION DETERMINE SPATIAL
PATTERNS OF AIR-SEEDING THRESHOLDS IN XYLEM OF
DOUGLAS-FIR (PSEUDOTSUGA MENZIESI; PINACEAE) TREES'
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The air-sceding hypothesis predicts that xylem embolism resistance is linked directly to bordered pit functioning. We tested this
prediction in trunks, roots, and branches at different vertical and radial locations in young and old trees of Pseudotsuga menziesii.
Dimensions of bordered pits were measured from light and scanning electron micrographs, and physiological data were from
published values. Consistent with observations, calculations showed that carlywood tracheids were more resistant to embolism
than latewood tracheids, mainly from eardywood having stretchier pit membranes that can distend and cover the pit aperture. Air
seeding that occurs in earlywood appears to happen through gaps between the torus edge and pit border, as shown by the similar
calculated pressures required to streich the membrane over the pit aperiure and 10 cause embolism. Although bordered pit
functioning was comelated with tracheid hydraulic diameter, pit pore size and above all pit aperture constrained conductivity the
most. From roots to branches and from the trunk base to higher on the tnmk, hydraulic resistance of the carlywood pit membrane
increased significantly because of a decrease in the size of the pit aperture and size and number of margo pores. Moreover, overall
wood conductivity decreased, in part due to lower pit conductivity and a decrease in size and frequency of pits. Structural and
functional constraints leading to the trade-off of efficiency against safety of water transport were also demonstrated at the
individual pit level, with a positive comrelation between pit membrane resistance on an area basis and the pressure differential

required 10 cause membrane stretching, a characteristic that is essential for pit aspiration.
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The structure and physiological function of pit membranes in
xylem conduits play important roles in tree hydraulic
architecture by constraining where in the tree sap can flow at
d:ﬁuuuwmml}uhmﬁngﬂnlmhgsbawem
key structural attributes and the function of pits provides
insights on the effects of water tension on where water is
available for replacing transpirational losses during photosyn-
thetic pas exchange and on which of the xylem pathways are
available for water movement. In spite of much research on the
mechanism of pit function, there is little published work on the
;ﬂ:}ﬁsa;lpattunsofpitﬁmcﬁmwﬂﬁnaphm(Chouclal.,

Embolisms within the xylem are thought to result from air
seeding at pit membranes (Zimmermann, 1983; Crombie et al.,
1985) rather than cavitation in the bulk phase of the Liquid
(Cochard et al., 1992). The cohesion—iension theory of water
transport in plants explains the importance of a continuous
water column (Zimmermann, 1983): if the water column is
interrupted by an air bubble, the organ’s specific conductivity
declines. Increasingly low xylem pressures (¥p) are, indeed,
associated with a decrease in xylem conductivity (Jarbeau et
al.,, 1995) as an increasing proportion of the conduits become
embolized.

Both empirical and modeling studies show that under
hydrated conditions the pit membrane in conifer tracheids is
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in a neutral position within the pit chamber, and water flows
through the pores within the margo of the membrane. When the
membrane is distended against the inside of the pit border, the
torus usually blocks the aperture entirely (Liese and Bauch,
1967), thereby preventing water flow and the spread of
embolism from embolized (gas-filled) tracheids to adjacent
water-filled tracheids (Petty, 1972; Lancashire and Ennos,
2002; Hacke et al., 2004; Konrad and Roth-Nebelsick, 2005).
However, the torus may not always cover the pit aperture
entirely: a recent modeling effort showed that the slippage of
the torus from its sealed position can create gaps large enough
to allow embolism to develop in adjacent tracheids (Hacke et
al., 2004). Therefore, it is currently unknown whether as a

general rule air seeding actually occurs from an air bubble

being pulled through pore openings, through ruptures in pit
membranes when the margo is stretched beyond the point of
rupture, or through membrane slippage that allows the torus to
move off-center, exposing a portion of the margo in the pit
aperture. The morphology of the pits will determine the water
tension at which the tracheid becomes vulnerable to embolism.
These pits (including both the borders and their membranes)
may vary in morphology and frequency between species
(Jansen et al., 2004), within species (Jutte and Spit, 1968),
among organs (Shane et al., 2000), and between earlywood and
latewood in the same growth ring (Kitin et al, 2004).
Therefore, the spatial distribution of pit morphologies will
affect the spatial distribution of vulnerability to embolism,
which in tun will determine the effect of drought on water
availability at different locations within the tree. The threshold
pressure differential between two tracheids sharing one
membrane at which an air bubble will be pulled through the
membrane is inversely proportional to the size of the pit pores
(the holes in the margo) (Zimmermann, 1983; Lewis, 1988).
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Other important morphological features include the depth of
the pit, the diameter of the pit aperture and its location with
respect to the location of the torus (if present) in the membrane,
and the mechanical properties of the membrane itself, all of
which will affect the extent to which the membrane can stretch
before breaking and whether the torus will cover the aperture
completely.

Because all water that ascends within the secondary xylem
ufeomfashastomthoughbmduedpﬂsafowﬂappmg
tracheids, pit properties should be very important in controlling
water movement. Thus, the frequency and properties of the pits
willaffectnotonlyﬂlemodeofmrseuhng,bulalsoﬂle
xylem’s hydraulic conductance, implying that variation in the
bordered pit structure could reflect the adaptive balance
between hydraulic efficiency and hydraulic safety at different
locations within a plant. The sizes of the openings between the
margo strands are likely to be the hydraulic bottleneck
controlling water flow between tracheids because water must
move laterally through the membrane (Fujii et al.,, 2001), a
requirement that explains the low radial xylem conductivity
(Kitin et al., 2004; Domec et al., 2006). Therefore, in addition
locondultdmmeter themandﬁ‘equmcyofﬂlemargopoms
as well as overall pit frequency should be important anatomical
determinants of tracheid hydraulic conductivity (Stone, 1939;
McCully and Canny, 1988).

Little is known about within-tree differences in pit structure
and function and their relationship to xylem hydraulic
efficiency and safety in conifers. One useful tool for assessing
hydraulic safety is the vulnerability curve (VC), which
describes the relationship between the percentage of loss of
hydraulic conductivity (caused by embolism) and ¥,. The
pressure that reduces specific conductivity by 50% (Pso) can
then be used to characterize xylem vulnerability to tension-
induced embolism, and a number of studies have demonstrated
that Pso is related to drought tolerance (Sperry and Tyree,
1990; Tyree et al., 1994; Maherali et al., 2004). Because ¥y, is
more negative at the top of the tree than anywhere else, we
could expect the dimensions of the pit membrane pores to
dmseandphmismceminqesseﬁmmemolsmthe
uppermost branches. The change in pit structure with height
from roots to branches is currently unknown.

Vulnerability curves also suggest large differences in pit
structure and function in the earlywood vs. the latewood within
the same growth ring. In Douglas-fir, the earlywood has the
typical sigmoidal curve, and it dominates in determining the
shape of the curve for whole wood (earlywood plus latewood
combined) (Domec and Gartner, 2002b). Latewood initially
loses conductivity rapidly with decreasing Wp in the water
column, but then loses little additional conductivity with
further decreases in ‘¥p. In latewood, the ¥y required to pull
the meniscus through the largest pores in the membrane may be
less negative than that needed to move the more rigid
membrane, causing air-seeding to occur directly through the
pores (Bolton and Petty, 1978). In earlywood, the porosity of
the margo holding the torus is too large to prevent passage of
the air meniscus at low ‘¥p, but the margo is elastic enough to
allow the torus to be completely aspirated before air seeding
can occur (Petty and Puritch, 1970). However, little is known
about differences in the structural and mechanical properties of
the pit membranes between earlywood and latewood of the
same growth ring.

This paper is concerned with whether our current under-
standing of pit and membrane morphology and biomechanics

November 2006] DoMEC ET AL.—BORDERED PIT FUNCTIONING IN DOUGLAS-FIR 1589

explains the behavior of xylem hydraulic conductivity with
chmgesm‘l’,atdiﬁqmtbmﬁominmugm&uws We
studied several bordered pit properties to determine whether
conductivity and Psp are directly linked to the mechanical
properties of the pit membrane. Specifically, we examined how
the balance between hydmuhcefficrem:yandsafety of xylem is
influenced by properties such as pit membrane pore size,
membrane mechanical properties related to pressure differen-
tials at which pit membranes are deflected, stretched, or
ruptured; the hydraulic resistance of individual pits; and the
contribution of pits vs. tracheid lumens to total xylem
conductivity. Concurrent measurements on roots, trunks, and
branches from old and young trees allowed a wide range of
hydraulic and anatomical properties to be characterized.

MATERIALS AND METHODS

Wm—ﬂy&uhcdmdﬁmhedm-mem from
published studies on Douglas-fir [Pseudosruga menziesii (Mirb.) Franco] trees
growing in Oregon and Washington, USA. For roots, we used data from six
450-yr-old and six 23-yr-old trees from stands located within the Wind River
Experimental Forest near the Wind River Canopy Crane Research Facility in
southcrn Washington (Domec et al., 2004). Lateral medium roots 3—4 mm in
diameser were excised near the base of the young and old trees at ~20 cm depth
in the soil. For trunkwood and branches, we wsed data from six 110-yr-old and
six 10-yr-old trees from the Cascade Range, Oregon (Domec and Gartner, 2001,
2002a). Four locations were sampled along the trunk of the old trees at nodes 5,
15, 35, and base (node 110) counting down from the top of the tree (Table 1).
The term sode is used in the forestry sease to signify the location of a whorl of
branches. We sampled just distal to the nodes specified. At all the heights in the
trunk but at the top of the trees, two radial locations were measured: the inner
sapwood and the outer sapwood. In addition, a branch was sampled from nodes
5, 15, and 35 in three other trees from the same site. One trunk location and one
branch, both taken at node 5, were sampled within the young trees.

The pressure required to cawse a 50% loss of hydraulic conductivity from
embolism (Psg) was derived from the vulnerability curves and used as a
hydraulic parameter %0 be compared with the structure and function of bordered
pits. All xylem vulnerability curves were determined using the air-injection
method (Cochard et al, 1992). By including tnmkwood samples from young
and old wees and from roots and branches, we were able to obtain a wide range
of Psp from & minimum of 1.0 MPa in roots to a maximum of 6.3 MPa in
branches (Table 1).

We used root, trunk, and branch xylem pressures (') that represented the
average minimem values of published data measured on the same trees and at
the same root, trunk, and branch locations used to determine Pso (Domec and
Gartner, 2002a; Domec et al., 2004) (Table 1). Briefly, trunk Py, at the base of
the trees was estimated using temperature-corrected stem psychrometers (Dixon
and Tyree, 1984). Trunk ‘¥ in the upper crown was estimated using the
bagged-leaf technique (Begg and Tumer, 1970). Root ¥, was estimated by
measuring the percentage loss of conductivity in roots collected from the field,
then refemring to previously determined vulnerability curves to calculate the
comresponding values of ‘P in roots (Domec et al., 2004).

Light microscope observations of tracheid and bordered pit structures—
We described tracheid and pit anatomy using the wood samples from the same
trees as those used to determine Pso. For tracheid features, we measured the
carlywood and Iatewood separately. For pit features, we used only earlywood to
explain the behavior of whole wood because vulnerability to embaolism in
whole wood is dominated by the vulserability to embolism of earlywood
(Domec and Gartner, 2002b).

Using a sliding microtome, we cut permanent transverse, radial-longitudinal,
aad tangestial-longitudinal sections from each sample wsed for valnerbility
curves. Following a dehydration series, sections were stained with safranin O.
Each section was analyzed with an image analysis system comsisting of a
compound microscope, video camera (MetaVue Imaging System, Universal
Imaging Corp., Downingtown, Peansylvania, USA), and the software NIH
Image (Rashaad, 1996).

For tracheid diameter (d.), we measured on average 150 tracheids per
growth ring per sample on transverse sections (30 pm thick) as follows. For
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Mean values of xylem pressure causing 50% loss of conductivity (Pso), minimum in situ xylem pressures (¥p), whole-wood specific

conductivity (k), bordered-pit specific conductivity on a tissue basis (kepa). and the percentage of the total xylem resistivity (the inverse of k)
represented by pits (ky/ks-gir) 2t different axial locations along the Douglas-fir (Pseudotsuga menziesii) trees sampled. The node numbers represent the
height location in the trunk counting nodes down from the top of the trees. Values at each node in the trunk of the old trees represent the weighted

average between outer and inner sapwood samples.

Tree location H&? t:;i: u:;n ﬂs--'-“l'm‘l ﬂc-m"?':’ﬂl‘l'l L&T
Root, old -0.2 1.0 —-0.7 42 64 66
Root, young —-02 —14 —1.5 3.6 52 [
Trunk base (node 110) 0.33 -33 -15 4.1 56 73
Trunk node 35 35 -33 -19 34 42 81
Trunk node 15 39 -36 -2.1 33 48 69
Trunk node 5 42 —4.7 =23 1.8 24 75
Trunk, young 5.6 -=3.1 -1.6 1.9 22 B6
Branch 5 42 -59 -2.6 1.0 19 53
Branch 15 39 -59 =23 09 1.7 53
Branch 35 35 -58 =20 0.7 1.1 64
Branch, young 56 —63 -25 0.6 08 75

each growth ring, we chose six radial files in which we measured all the
tracheids from the growth ring boundary outward. We estimated the hydraulic
mean conduit diameter D as Zd.*/Zd*, which represents the diameter of the
conduits that embolize at Pso (Kolb and Sperry, 1999). Our preliminary
analyses showed that by ignoring latewood wracheids in the determination of
D, we would have overestimated D by <4% in all of the samples. We then
used the radial-longitudinal sections to find tracheids of approximate diameter
Dc (+5% of the mean). Most of the tracheids in this diameter range were in the
inner third of the earlywood, and for these tracheids we estimated bordered pit
diameter (D) and pit aperture diameter (Dy) on 100—120 bordered pits per
sample. The total bordered pits per cell wall area (pit frequency) were counted
over the entire radial walls of the tracheids that also fell in the D, range in each
of the growth rings, for an average of 400600 pits counted per sample. The
surface represented by pits as a percentage of the radial cell wall area was then
estimated by pit frequency times average pit area (from Dp), all divided by the
ratio of the lumen arez to the total area (lumen plus cell wall). We thea
estimated latewood values of Dy and D, by measuring these values in the
middie of the latewood of each of the 48 growth rings on each of these radial
sections for a total of 4560 measurements per sample. We used the thickness
of the pit chamber as a surrogate for twice the maximum torus displacement
(dmax), as measured on the tangential-longitudinal sections.

Membrane structure—We measured the fine bordered pit structures using
2 scamming clectron microscope (SEM). We made a flat surface on the
specimens with a mzor blade or a microtome (Jansen et al., 1998). We thea
used critical point drying to lower the capillary tensions, thereby avoiding the
potential drying artifacts, such as alteration of the ulirastructure of the
membrane or increasing the incidence of aspirated pits (Thomas and Nicholas,
1966), that could be caused by regular drying of umaspirated pits (Exley et al.,
1973). Wood specimens were then coated with a very thin layer of gold using a
sputter coater to make the surface conductive. The samples were then imaged at
magnifications ranging from 3000X to B0D0X to observe earywood and
latewood pit structures, respectively.

Because of the difficulty of finding pits with both the torus and the margo
strands when using the SEM, we aimed to take only seven images per grewth
ring (four in the earlywood and three in the latewood) for each of the several
growth rings in the sample, for an average of 3055 images per specimen.
Specimens examined included each tnumk location in a simgle old tree, two
young trees, three branches (one at cach target node), and two roots each from
the young and old trees. Because fine pit structures were strongly comrelated
with Dc and Dy, they were calculated for the other five felled trees afier
establishing these comrelations for each tree location. In each micrograph, we
measured Dy, the torus diameter (D), the length of the strands (L), the number
of strands (N), the thickness of the strands (.), and the pore size (D) using each
pore’s mean elliptical diameter within the strands.

Celcniation of AP copittary sveding—We cstimated (AP opiftory-scodimg), Which
is the pressure difference at which a pit fails as a barrier and allows gas to enter
the vascular system. The critical AP for air-seeding should be a function of the

size of the pores between the strands of the margo (the negative sign expresses
a negative pressure, i.e., a tension):
(1)

AP pittary secting = —41/Dyp

where 1 is the surface tension of water (7.3 N - cm™! at 20°C) (Zimmermann,
1983).

Calculation of AP, The AP b an embolized tracheid and an
adjacent water-filled tracheid acts on the torus and the margo strands. We
estimated the AP sficction, Which is the pressure difference required to cause the
pit membrane to deflect all the way to the pit border (as found in pit aspiration)
as follows. We first calculated the lateral force (F) exerted across the pit
membrane by the AP between the water-filled and the embolized tracheids

(Petty, 1972; the negative sign expresses a negative pressure, i.e., a fension):
F = —0.25xD,2AP @)

At any equilibrium displacement of the membrane, this lateral force will be
equal 10 the net restoring force developed dwring membrane deflection in the
radial strands supporting the torus (Bailey and Preston, 1970; Petty, 1972):

F = Tsin® 3)

where T is the tension in each of the strands and 8 is their angular displacement.
Al aspiration, the tension in the sirand is a function of the modulus of elasticity
(MOE, or matio between stress and straim) of the strands (taken =t 5.0 GPa;
Hacke et al, 2004), the strain of the strands (easp) during stretching and the
cross-sectional area of the sirands A, (calculated from r;, assuming that strands
are cylindrical in cross-section):

F = MOEe ) A,5in80y 4)

Assuming that the membrane shape uvpon stretching followed the border pit
curvature, we can replace sin@ma by Du/2r, where r is the radius of curvature
of the strands at any displacement. It can be shown that 5 = dmaf/2 + Dv?/
(8diuax) and eap = (Baspr/l ~ 1), where Bucy = arcsin(Dy/2r) — arcsin(Dy/2r). By
combining Eqs. 2 and 4 and comsidering the total number of strands (V)
supporting the torus, the pressure difference that corresponds to the maximum
deflection of the torus from its normal position to a position touching the pit
border is:

—2NMOEe A, /(nrDy) (5

Calculation of AP rec—We define another parameter as APgwacs. Which
is the pressure that would be needed o0 move the membrane on an aspirated pit
enough that its torus does not entirely cover the aperture. The edge of the torus
(where the strands are attached) is in contact with the edge of the pit aperture,
and the torus becomes off-cemter by being displaced to the right or lefi. At
exposed at the pit aperture. In this scenario, half of the margo is stretched less
than before, but the other half of the margo is stretched more than before, and it

Apm- —
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is this second half with which we are concerned. We used the analysis of Sperry
and Hacke (2004) and Hacke et al. (2004) that allows membrane deflection
beyond aspiration, with the assumption that the torus is inclastic, so all the
stretching occurs in the margo. In this case, the restoring force is only applied to
the half of the strands that are still under tension. The exira force acting to move
the membrane from its maximum deflection at aspiration to the stretching point
is then applied to the pan of the torus exposed through the aperure and not to
the whole membrane (Bolton and Petty, 1978), taken as the surface represented
by the average torus and aperture diameters. The pressure difference at
membrane stretch is then given by:

AP greich = AP gefiection
— ANMOR (e resch — €asp)AsDs/[nr(Dy + D,)Y]  (6)

whert (Camcxch — Casp) Tepresents the additional strain in the strands when the
membrane moves from the aspirated position to the stretched position, with
Cucsch = (Bl — 1), where Buxscn = arcsin{Dy/2r) — arcsin{Do/2r).

Calculation of APrepure—TFollowing the analysis of Sperry and Hacke
(2004) and Hacke et al. (2004), membrane AP g was reached when the
strand stress reached its rupture value, denoted by its tensile strength (taken at
2.2 GPa; Hacke et al., 200M). The exwra force acting to move the membrane
from its stretching point to its breaking point is then only applied a surface
represented by the aperture diameter. At this stage, the stress applied would
cause a strand strain of 44%:

AP e = AP s, — NMOE(0.44 — £,0,03,)A, D0 /(rD,)*  (7)

Pit and lumen conductivity on a tissue basis—We estimated the specific
conductivity of the pits, which represents the parallel conductivity of pits (kxpi)
on a tissue basis (rather than for individual pits) o be able to link Ps, and the
surface represented by pits o pit hydraulic efficiency. Measured whole-wood
specific conductivity (k) was assumed to represent the conductivities of both
lumen and pits together (ks tumen and ke.pis, respectively) and as a consequence,
kspu was calculated as:

kg = (1/ks — 1 /&y punen) ™ (8)

The root, trunk, and branch xylem £.'s at full saturation (without embolisms)
were taken from published data measured on the same samples as the ones used
to determine Pso (Table 1). Whole-wood ks tumen was calculated according to
the Hagen—Poiseuille equation for capillaries (Ewers, 1985):

e 0301
i=1
128nn ©)
where p is the density of water (kg m™>), n is the dynamic viscosity of water

(0.001 Pa - s at 20°C), D is the diameter of the i™ wracheid summed over the
number of tracheids, a and T, is the tracheid density or msmber of tracheids per

krhmn —
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cross section area (m™2). Tracheid density was estimated by counting the total
number of tracheids present in each growth ring divided by the area of the
growth ring ia each of the hydraulic samples.

Single pit resistance on an area basis—We also estimated the hydraulic
resistance of individual pits on an area basis as the sum of twice the aperture
area resistance plus the membrane area resistance. Because the average
diameters of the pit pores and pit aperture are much smaller than that of the pit
chamber, the single pit area resistance was assumed to be largely dependent on
the size of the pit aperture and the size and frequency of the margo pores. The
resistance of the pit aperture on an area basis was calculated from egs. 20 and
21 in Sperry and Hacke (2004) using measurements of pit aperture diameter
and depth. The membrane area resi was calculated using eq. 17 in Sperry
and Hacke (2004) using the number and diameter of pores as well as the
effective fraction of the margo occupied by pores (eq.16 in Sperry and Hacke,
2004). The number of pores ia the margo was estimated from the iotal pore area
(margo area minus strand area) divided by the average ares of a single pore.

Statistical analysis—1east sq methods were used to fit relationships
between the calculated functional parameters for the bordered pit membranes
and the various anatomical and hydraulic characteristics. All stated equations
had a significant regression coefficient at P < 0.05. Differences between old-
growth and young trees and among locations (radial and height locations) were
determined using a one-way ANOVA. The experiment was designed to assess
values st both inner and outer sapwood, but for height location we were
interested in an estimate of the entire sapwood. Therefore, the effect of height
location was estimated by weighting the values by the proportion of the total
sapwood area occupied by the outer and inner sapwood shells (taken from
Domec and Gartner, 2001). The inner shell represented the area from the third
growth ring exterior to the heartwood-sapwood boundary to the middle of the
sapwood zone, ndhomsheﬂmmedtemﬁomﬂwmiddlcofﬂn
sapwood zone o the cambium. All statistical | d were conducted with
Statistical Analysis Systems software (1999; SASInc Cary, North Carolina,
USA).

RESULTS

There were large differences between earlywood and
latewood bordered pit morphology for all the characteristics
exanmedmmmmﬁmnSEM('fableZ; Fig. 1A, B) or
light (Table 3), which included bordered-pit
diameter (Dyp), torus diameter (D), pit aperture (D,), length
of the margo strands (L), average pore size with the strands
(D,medm(fs),nmhaofmomﬂS(N).and
maximum torus displacement (dmex). There were no significant
differences between these values for mner vs. outer sapwood,

Tasie 2. Characteristics of bordered pits measured from SEM micrographs of roots, trunks, and branches of young and old Douglas-fir (Pseudotsuga
menziesii ) trees. The node numbers represent the height location in the trunk counting down from the top of the trees. Values at each node in the trunk
represent the weighted average between outer and inner sapwood samples. Features are the bordered pit diameter (Dy), torus diameter (D), the length
of the margo strands (L), the average pore size within the margo (Dp), the thickness of the strands (f5), and the number of strands (N) supporting the

torus in earlywood (EW) and latewood (LW).

Dy (pm) Dy (pumm) L (ym) Dy (g1} £, (nem) N

Tree location EW LW EW LW EW LW EW LW EW Lw EW LW
Root, old 18.4 13.2 7.3 7.1 55 34 054 0.29 79 128 87 114
Root, young 204 13.1 B.7 78 56 36 0.65 0.30 72 127 g1 120
Trunk base {(node 110) 215 14.1 9.7 82 6.0 29 0.61 0.63 158 131 60 62
Trunk node 35 211 153 9.6 85 56 34 0.47 0.63 155 149 66 65
Trunk node 15 17.5 11.2 83 64 46 24 035 0.45 111 153 73 67
Trusk node 5 14.8 13.7 6.9 64 39 36 037 0.67 128 13 75 53
Trunk, young 172 123 79 59 57 21 036 057 157 126 65 59
Branch 5 13.9 13.6 6.2 57 is 34 0.37 0.72 136 157 54 49
Branch 15 15.2 123 7.4 6.8 37 27 0.42 0.62 147 134 55 53
Branch 35 14.6 11.8 6.9 6.4 iR 3.0 037 0.58 138 145 55 53
Branch, young 149 11.2 7.1 59 35 26 038 0.55 157 122 63 54




Figure 1.
upper left (A) a non-aspirated bordered pit in earlywood, (B) a non-
aspirated bordered pit in latewood, (C) an aspirated torus in earlywood,
and (D) a broken torus in earlywood (after subjecting the sample to an air
injection pressure of 5.0 MPa) of Pseudotsuga menziesii. Bars represent
10 pm.

Scanning electron micrographs showing clockwise from

so the weighted average is reported for each line in Tables 2
and 3. Pit characteristics varied little either within earlywood or
within latewood for a given organ and height, although the pits
located near the tracheid tips tended to have lower values than
those in the mid-portion (data not shown). There was a
moderately strong agreement between Dy measured with the
SEM and Dy, measured with the light microscope (Tables 2 and
3). A number of the morphological features were autocorre-
lated. For example, tracheid lumen diameter (D) was strongly
comrelated with earlywood Dy (P2 = 0.87, Dy, = 03D, + 94).
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When earlywood and latewood data were pooled together,
there was also a significant correlation between D, and Dy, (r* =
0.52, D.=0.32Dy + 0.56) and between D and Dy, (r*=0.70, D,
=03Dy + 3.1).

In latewood, pits had smaller overall diameter (D) and a
smaller torus and membrane than in earlywood. However, the
torus made up a smaller proportion of the membrane in the
earlywood than the latewood (45% and 55%, respectively)
because torus diameter (D)) was only 14% smaller in the
latewood than earlywood, whereas Dy, was almost 30% smaller
(Table 2). In earlywood, the strands holding the torus in the roots
were about half the thickness (79 nm) of those anywhere else in
the tree (Table 2). The average pore diameter (D) in earlywood
was larger in roots than in branches or trunks (with the exception
of the base) for both old trees and young trees (Table 2). In
contrast, the latewood D, was much smaller in roots than in the
other locations, with only half the size in many of the
comparisons. In the old trees, earlywood D, was much larger
in the roots and near the base of the trunk than in branches.

Next, we used the morphological values and the assumed
values for mechanical properties of margo strands to calculate
the pressure differences that would cause different types of pit
membrane failure. In the presence of embolism, we calculated
that the xylem pressure necessary to cause air seeding
(APcapiliary-sceding) through the margo pores in earlywood
ranged from an average of —0.75 MPa in branches to —0.55
MPa in trunks and roots of old trees and to —0.45 MPa in roots
of young trees. In earlywood, the calculated pressure required
to cause the pit membrane to deflect and potentially aspirate
(AP gefiection) ranged from an average of —0.02 MPa in roots to
—0.47 MPa in branches. In earlywood, the pit membrane
deflected and aspirated rather than allowing air seeding through
pores in the membrane, as seen by the fact that for any one
point, APafiection Was always higher (less negative) than
AP copitiary-socding (Fig. 2A). Our calculations showed that root
pit membranes aspirated at AP values much higher (less
negative) than stems, which in tumn were much higher than
branches (Fig. 2A).

In contrast to the earlywood, the latewood pit membranes
allowed air seeding rather than pit aspiration, as seen by the
fact that for any one point APgefiection was lower than
quﬂm (Fig. 2B). In latewood, roots ltqllil’bd a

Taste 3. Characteristics of bordered pits measured from light micrographs of roots, trunks, and branches of young and old Douglas-fir (Pseudotsuga
menziesii) trees. The node numbers represent the height location on the trunk counting down from the top of the trees. Values at each node in the trunk
represent the weighted average between outer and inner sapwood samples. All features are for both earlywood (EW) and latewood (LW): the mean
hydraulic diameter (D), the bordered pit diameter (Dy), the pit aperture diameter (D), the maximum torus displacement (dma), the pit frequency, and
the surface represented by pits as a percentage of the radial cell wall area.

Dy (pum) D, () e (o) Pt frequency (wo./mes’) Surface pies (%)

Tree location D, (pm) EW Lw EW LW EW Lw EW LW EW LW
Root, old 37 17.8 144 59 24 0.84 330 668 405 20.0 6.2
Root, young 36 189 12.2 6.0 29 0.87 3.16 551 338 18.3 6.2
Trumk base (node 110) 37 194 13.0 7.0 69 1.66 494 360 24 15.6 73
Trunk node 35 32 18.3 14.0 6.7 6.1 1.67 4.06 412 235 17.9 7.1
Trunk node 15 ] 17.1 126 6.0 59 1.60 338 505 317 14.8 56
Trunk node 5 b5 14.1 10.1 57 50 151 260 619 375 139 78
Trunk, young 32 16.9 11.2 6.9 4.0 1.77 2.51 325 237 13.6 4.1
Branch 5 16 13.2 99 5.0 36 1.52 2.59 612 506 12.7 10.3
Branch 15 17 128 10.2 5.0 36 1.47 243 563 407 13.7 8.8
Branch 35 17 14.1 924 5.1 35 1.43 251 RB44 518 12.7 B.4
Branch, young 18 13.6 98 49 35 146 268 518 312 11.9 49
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Figure 2. Relationships between the pressure differential required to
cause maximum torus deflection (AP gpiccion) and the pressure differential
for air to seed through the margo pores (AP capifiary-sccding) in (A) earlywood
and (B) latewood of Pseudoisuga menziesii. Brror bars and 95%
confidence intervals for the regressions are shown.

more negative AP agillary-sceding than did the rest of the tree to
cause the pit to deflect because of the smaller Dy, in the roots
manmthemsloftheuee('rableZ) In the presence of
embolism in latewood, the xylem pressures necessary to
cause AP apillary-seeding Tanged from —0.5 to —0.9 MPa. These
values for branches and trunks from the old trees and roots
from the young trees, are pressures experienced in the field
(Table 1), suggesting that latewood is often embolized in
these locations in the field. For roots of old trees, however,
latewood APcpiniary-seeding Was more negative than root
xylem pressure, and so their latewood tracheids would not
embolize

In the earlywood, the pit membrane will deflect to the
maximum extent allowed by the pit border with a relatively
small pressure difference (APgefiection) compared to the pressure
difference required to cause 50% loss of conductivity (Psp).
The calculated Psq derived from vulnerability curves occurred
at pressure differences about 1 MPa, 3 MPa, and 6 MPa lower
than those differences required for torus deflection for the
e(;‘lyv;:o)d in roots, trunkwood, and branches, respectively

g 3A).

The pressure required to streich the membrane so that the
margo is pulled all the way to the edge of the aperture
(APstrerch) was lyplca]ly very similar to the pressure required to
attain Pso for a given sample (Fig. 3B). The slope of the
relationship between APgmcn and Psp was significantly
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Figure 3. Pressures required (A) to cause maximum torus deflection
(AP gefreciion), (B) to stretch the margo (APureen), and (C) to rupture the
margo strands (AP qpure) vS. the pressure required to cause 50% loss of
conductivity (Pso) in carlywood of Pseudoisuga menziesii. Error bars and
95% confidence imervals for the regressions are shown.

different from 1 when all data were included (P = 0.04, 95%
confidence interval on the slope varied between 1.1 and 1.5;
Fig. 3B). However, the slope of the relationship did not differ
from one when the branch data were excluded (P =0.2; 95%
confidence interval on the slope varied between 0.6 and 1.4).

Margo strands ruptured at the least negative pressure
difference (APmpure) in roots, followed by trunks and then
branches (on average —1.6 MPa in the roots, —5.1 MPa at the
tree base and —9.6 MPa in the branches, Fig. 3C). Once the
membrane was streiched and Pso was reached, there appeared
to be an increase in the margin of safety (APmpwre — APstreich)
between roots, trunkwood, and branches before pressure was
negative enough to rupture the membrane. This margin of
safety was on average 2.6 MPa in branches, at the top of the
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hydraulic diameter of Pseudotsuga menziesii. Ermor bars and 95%
confidence intervals for the regressions are shown.

trees and in young trees, 2.0 MPa at the base of the old trees,
and only 1.2 MPa and 1.1 MPa in roots from young and old
trees, respectively. Outer parts of the sapwood did not have
significantly different APgefiection, APstretch 0T AP rupuure than did
inner parts (P = 0.08, data not shown). The mean hydraulic
diameter was lower in trunks and branches than in roots (Table
3) and was positively comelated with APacqiection, AP swesch, and
APppare (Fig. 4).

Pit frequency (number of pits/mm?) of radial tracheid walls
was higher in branches than in the trunk (P < 0.04, Table 3),
and higher i all parts of cld trees than young trees (P < 0.03).
However, in the earlywood, because of the relative pit sizes of
different organs (derived from Dy, Table 3), the surface area
represented by pits as a percentage of the radial cell wall area

AMERICAN JOURNAL OF BOTANY

[Vol. 93

>\
AN

Pso
(MPa)
;‘n
(=]
8

H

T Tr T ryTrriryrnruyirund

{

“s-plt
kq-m'1 s .mpat

rr T T 7y o rFT T rTTrra

N WA MO =N NN dNA RSO
T

ks
kgm 1.5 .mpPa”t

0/12 14 16 18 20
Surface represented by pits (%)

Figure 5. (A) Pressure required to cause 50% loss of conductivity
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(C) whole-wood specific conductivity (ks) vs. the fraction of surface area
represented by pits as a percentage of tracheid radial cell wall surface in
carlywood of Pseudotsuga menziesii. Error bars and 95% confidence
intervals for the regressions are shown.

tended to be highest in roots followed by trunk and branches
(Table 3, Fig. 5). The surface represented by pits in the
earlywood was positively correlated with Pso (Fig. 5A),
bordered-pit specific conductivity (kspu, Fig. 5SB) and whole-
wood specific conductivity (&, Fig. 5C).

Average k, and ks pa had a positive linear correlation with
vulnerability to embolism (Fig. 6). In the old trees, pits
represented as much as 64% of the total xylem resistance to
flow in the branches, 81% in the trunks and 66% in the roots.
In the young trees, the pit contribution to the total resistance to
flow was higher than in the old trees (Table 1).

The single pit resistance on an area basis (pit membrane plus
aperture resistances) was mainly due to pit aperture resistance
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o

on an area basis and increased linearly with both the pit
aperture resistance on an area basis and the membrane
resistance on an area basis. However, because the intercept
of the relationship between single pit resistance and pit
membrane resistance (single pit resistance = 1.15 pit membrane
resistance + 0.08, r*> = 0.61) was positive and significantly
different from zero (P = 0.04), the proportion of the single pit
resistance rcprescmed by membrane resistance increased as
membrane resistance increased. Consequently, membrane
resistance represented on average 10% of the single pit
resistance in the roots, 22% in the trunk and 27% in the
branches. The aperture resistance increased with decreasing
dPnuabmnotmgmﬁmly(rz 026, P=0.07), whereas pit
membrane resistance and the single pit resistance increased
significantly with decreasing APsyeich (Fig. 7). However, the
regression lines between APuewch, membrane resistance and
single pit resistance were not significantly different from each
other (P = 045, Fig. 7).
xylem pressure sustained at a given location within the tree and
margo pore diameters (Fig. 8A), APuyreict (Fig. 8B), and ke pir
(Fig. 8C). When the regression lines in Figs. 8A and 8C are
extrapolated to the x-axis, kspa would reach 0 at about —3.0
MPa, which would cormrespond to a margo pore diameter of
024 pm.

In earlywood, there was a significant effect of vertical
location on torus diameter and on membrane diameter (Fig. 9A,
P = 0.04), as well as on margo pore diameter (P = 0.03; Fig.
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carlywood of Pseudotsuga menziesii. The difference between the pit
resistance points and the membranc resistance represents the aperture
resistance. Error bars and 95% confidence interval for the regression are
shown.

9B). As a consequence, the membrane resistance and the single
pit resistance increased significantly with height going from
roots to branches (P = 0.01; Fig. 9C). Single pit resistance was
25% higher at the trunk base than in the roots, and 30% higher
at the top of the trunk than at the base. Branches had similar
high single pit area resistance as the top of the trunk.

DISCUSSION

Our results show that the hydraulic safety and efficiency of
Douglas-fir xylem were strongly linked to the structural and
mechanical properties of tracheid bordered pits. Constraints on
relationships between pit structure and function led to a trade-
off of efficiency against safety of water transport at both the
individual pit and whole wood levels. In addition, spatial
variation in bordered pil properties along the plant axis was
associated with corresponding variation in xylem conductivity
and vulnerability to embolism, which decreased as xylem
tension increased from roots to upper branches.

Bordered pit functioning explained the differences in air-
seeding thresholds between earlywood and latewood—The
main hydraulic functions of earlywood tracheids are to conduct
water and to resist high tensions without embolizing. Because
the air-seeding pressure (APcapillary-seeding) Was lower (more
negative) than pressure required to deflect the membrane
(AP seiecsion), embolism developing in earlywood tracheids
would not spread to adjacent tracheids through the margo
pores. This study revealed quantitatively what has been
inferred qualitatively (Sperry and Tyree, 1990), that the
pressure differential required for earlywood membrane stretch-
ing was similar to the resistance to embolism (Pso), suggesting
that the actual mode of air seeding is by elastic streiching of the
membrane rather than by the breakage of the membrane
(rupture seeding). Stretching to the edge of the pit aperture
would create an air-water interface and embolism would
spread. Even a narrow gap of 0.05 pm in diameter between the
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torus and the bordered pit aperture cannot withstand more than
—6 MPa before air enters.

The low resistance to embolism of latewood inferred from
cryo-SEM images (Utsumi et al., 2003) or determined from
vulnerability curves and measured water content (Domec and
Gartner, 2002b) was also explained by the properties of its
bordered pit membranes. The small torus and the thick margo
strands in latewood prevented the torus from slipping from its
sealed position and did not allow the margo to prevent air
bubbles from spreading from one embolized tracheid to
another. However, these studies also showed that at Jower
negative pressures, some of the latewood tracheids would
embolize t0 a lesser extent than would earlywood and more
than 40% of the latewood conductivity would remain (Domec
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and Gartner, 2002b), probably because the smallest latewood
tracheids also bear the smallest margo pores. This result may
explain why, when using the staining method, Sperry and
Tyree (1990) showed that latewood of three conifer species
continued to be conductive after earlywood tracheids had
embolized. Within the latewood section of the growth ring, we
can expect that the first few latewood tracheids represent its
major conductive part. The 40% of the latewood conductivity
remaining at low negative pressures would then be due to the
majority of the small latewood tracheids that are still
functional, giving the impression when using dye that most
of the latewood is still conductive.

water transport efficiency—The fraction of the tracheid radial
wall surface occupied by pits was a good predictor of the
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bordered-pit specific conductivity on a tissue basis (Ks-pir),
consistent with modeling resulis about the effect of pit size and
number on the overall resistance to water flow (Lancashire and
Ennos, 2001; Hacke et al., 2004). Because the average
diameters of the pit aperture and of the pit pores are much
smaller than that of the tracheid lumens, bordered pits
represented as much as 50% and 70% of the overall resistance
to water flow in branches and roots, respectively (Table 1).
This is in agreement with previous modeling and experimental
work done on pit resistivity in conifers (Schulte and Gibson,
1988; Lancashire and Ennos, 2002). Lumen and pit resistivities
in narrow tracheids of branches were almost co-limiting, which
also was in agreement with a modeling study of pit resistance
in conifers (Hacke et al., 2004). Although the lumen resistivity
was not negligible, it did not vary in proportion to the total
resistivity as pit resistivity did (Valli et al, 2002). The
decreasing hydraulic diameter from roots to branches was also
highly correlated with bordered pit functioning, indicating that
basic anatomical properties are robust predictors of water
transport properties (Fig. 4).

Trade-off of kydraulic conductivily against resistance to
embolism is determined by bordered pit structure—Plants
must maintain a delicate balance between maximizing water
transport and limiting the risk of embolism and loss of
hydraulic conductance. In the present study, resistance to
embolism (lower Psp) increased at the cost of a decrease in ks
mainly through a reduction in ks pi (Fig. 6). At the tissue level,
a trade-off of water transport efficiency against resistance to
water-stress-induced embolism has been hypothesized (Tyree
and Ewers, 1991). Although this trade-off is more difficult to
detect across individual Douglas-fir trees (Kavanagh et al.,
1999), it has been observed within an individual (Domec and
Gartner, 2001).

Perhaps the empirical relationship between the percentage of
radial surface that is covered with pits and Pso can be explained
by the strong correlation between wall implosion resistance and
Psp (Hacke et al., 2004). A low Psp set by individual pit
structure and functioning means greater nepative pressures,
which requires a stronger wall to avoid wall collapse, which in
turn requires a smaller pitted fraction of the cell wall. In
angiosperms, the total pit area per conduit also scaled with
embolism resistance (Hacke et al., 2006), but it may be related
to the random occurrence of large pores in pit membranes
rather than the fraction of pit area per se. Plants may not have
perfect control over the pore size in homogenous pit
membranes (Choat et al., 2003), and the more pits there are
in a vessel, the greater is the likelihood that a vessel has large
pores (Choat et al., 2004; Wheeler et al., 2005).

At the imdividual pit level, the existence of a trade-off
between an efficient and a safe bordered pit was supported by
the strong correlation between single pit resistance (more
resistance means lower conductivity and less transport
efficiency) and APsrecn (more negative values mean that
greater pressure differentials can be sustained before critical
mudnngmdalrswdmgm)(ﬁg 7). In trunks, Douglas-fir
made pits with increasing safety and decreasing specific
conductivity with height. This pattern resulted from having
smaller pits, a smaller percentage of the tracheid wall area that
is covered with pits, smaller pit aperture, and less porous
membranes (from having smaller pores within the pit
membranes) with height. In contrast, roots had low single pit
resistance (membrane resistance plus aperture resistance), but
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had pits that would air seed at less negative pressures than did
the trunks. Last, branches had smaller bordered pits that sealed
more effectively but also constrained pit conductivity because
they were made of less conductive pit apertures and pores in
the margo.

Trunk segmentation in relation to bordered pit functioning
with height—For the last decade, research on determinants of
maximum tree height has focused on hydraunlic limitations
associated with path length (Ryan and Yoder, 1997) and on
gravitational or hydrostatic constraints (Koch et al., 2004;
Woodruff et al., 2004). However, our results suggest that pit
membrane structure may play a role in limiting maximum tree
height. At the top of trees, the pit membrane is required to have
small pores to avoid embolism, but with such small pores,
specific conductivity is limited. For example, an extrapolation
of the regression line in Fig. 8C shows that ke.pix becomes zero
at a xylem pressure of about —3 MPa, which is about 0.5 MPa
lower than the minimum xylem pressure measured in a 65-m-
tall Douglas-fir (Bauezie et al., 1999).

Bordered pits in earlywood will deflect, stretch, and rupture
at more negative pressures in the branches and at the top of the
trees than at the bottom and in the roots. The pit sizes and
therefore k. pi and k, tended to be smaller at the top and in the
branches than at the base of the trunk and in the roots. The
membrane had lower resistance but was more flexible and
withstood higher negative before streiching and
breaking in the roots and at the base than at the top of the tree
(Fig. 9). Roots have higher k. and are generally more
vulnerable to water-stress-induced embolism than stems and
branches (Choat et al., 2005), and thus we predict that
intraspecific variations in pore diameter and membrane
flexibility also have adaptive consequences for water transport
and resistance to drought, respectively. Although the air-
seeding pressure was not directly constrained by the pore size,
smaller pores also meant thicker strands and therefore higher
pressure required to stretch the membrane (Fig. 7). Pit
structures were coordinated with the size of the bubble that
could be held at the interface of an embolized and a water-filled
tracheid. Based on the capillary-seeding equation (Eq. 1) and
the trend in xylem pressure from the roots to the upper
branches, we can infer that the margo pore diameters should
become progressively smaller from roots to terminal branches
in order to ensure that the radii of bubbles at air-water
interfaces remain small enough to allow the surface tension of
water o prevent the spread of embolism (Figs. 8, 9B). The
negative pressure adjacent to the cambium at the time of xylem
differentiation could act as a signal on tracheid initials during
cell wall formation to modify cell wall and bordered pit
structure with height or location.

Methodological issmes—There are measurement uncertain-
ties in the modulus of elasticity (MOE) and rupture of margo
strands that directly affect estimates of APswewcn. Direct
measurements of microfibrii MOE vary from 59 GPa
(Hepworth and Vincent, 1998; Hancock et al., 2000; Eichhorn
and Young, 2001). For the membrane stretching to be within
10% of the Psp values, we should have used a lower MOE for
the branches and in the trunkwood at the top of the trees
(estimated at 3.5 GPa instead of 5.0 GPa) and a higher MOE in
the roots (6.0 GPa). One experiment showed that the MOE of
cell wall is lower in branches than in trunkwood because of a
higher lignin content in the branches (Reiterer et al., 1999). The
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cell walls contain varying amounts of cellulose, hemicellulose,
and lignin, and the angle of the cellulose microfibrils also
varies among cell types and with location. It is thought that pit
membranes are relatively close in composition to the
compound middle lamella, and as such, may contain a
relatively high proportion of lignin (Gindl et al., 2001).
Bergander and Salmén (2002) summarized values for the
longitndinal MOE of wood cell wall to be 2.0 GPa
for lignin, 7.0 GPa for hemicellulose, and 1675 GPa for
cellulose. Therefore, if a small amount of cellulose is added
then the membrane flexibility will change significantly and
may influence repeated embolism and refilling cycles.

Additional stress beyond the elastic limit of the strands will
result in permanent deformation (as rupture is approached) and
removal of the stress will only result in a partial recovery of the
strain. With the strand elastic values used in this study, the
strain at full aspiration was less than 1% in the roots and trunk
and around 2% in the branches. At stretch, the strain in the
strands varied between 18% in the trunk to 30% in roots and
branches. If we consider that irreversible stretching takes place
at a strain of 10-15% (Veytsman and Cosgrove, 1998), creep
and imreversible membrane damage are more likely to occur in
the roots and branches than in the trunk. Sirains during
stretching beyond the elastic limit are likely to weaken the
chemical bonding of the membrane because it seems
impossible that plants could repair their cellulose microfibrils
within their dead tracheid cells. Even though conifers appear to
go through embolism and refilling cycles under laboratory and
field conditions (Edwards et al., 1994; Mayr et al.,, 2002;
Domec et al., 2005), this elastic functioning of the membrane
can explain the phenomenon of embolism fatigue (Hacke et al.,
2001). Although bordered pit membranes deteriorated with age
in one hardwood species (Sperry et al., 1991), our results
suggest that between outer and inner sapwood at the base of the
trunk of this coniferous species, pit membrane functioning was
sustained for more than 35 years. If actual rupture of the
membrane had occurred in older inner sapwood samples, the
weakening effect would be permanent and Pso would be much
less negative and would not match the AP yrech calculated.

The fine structural features of bordered pit membranes are
important for both tree hydraulic function in vivo and pressure
treatment of wood (Singh et al., 1999). The values measured
for the various bordered pit features using SEM were in
agreement with those published elsewhere (Liese and Bauch,
1967; Fengel, 1972). Our results showed greater strand
thicknesses than the single value of 30 nm first used but not
measured directly by Petty (1972) and later used to model
bordered pit functioning (Bolton and Petty, 1978; Hacke et al.,
2004). However, if one looks directly (Petty and Preston, 1969;
Petty, 1972) or indirectly by measuring the strand thickness on
published images (Jutte and Spit, 1968; Bauch et al., 1972;
Singh et al., 1999), one finds that the average thickness in
various conifers is between 70 and 140 nm, very close to the
average values measured in this study (Table 2).

Recent studies have shown that in angiosperms, modeled
values of pit membrane resistance (Sperry and Hacke, 2004)
can differ significantly from measured values (Wheeler et al.,
2005). In our study, the fact that modeled values were based on
anatomical observations represents an improvement over
previous approaches. Although the membrane resistance and
aperture resistance scale with the third power of pore diameter,
we can expect that even if the measured pit characteristics were
shifted a little, the trends and relationships presented in this
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study would be the same. Finally, although good correlation
between membrane porosity and vulnerability to embolism has
shown using polystyrene microspheres (Jarbeau et al., 1995),
recent experiments with colloidal gold did not reveal pores in
the expected size range and have indicated that pit membrane
pores in angiosperm species were smaller than expected based
on air-seeding thresholds (Shane et al., 2000; Choat et al.,
2003). lnumfus,mﬂ;mbahlytemuscpomsateanmderof
magmtude larger than in angiosperms, images taken with SEM

mlikelyhbeuxmﬂhmsmdﬂiﬂmlas
1966; Jansen et al., 1998). In an ongoing study on conifer
species with a distinct torus and margo (J.-C. Domec,
unpublished data), we found a good agreement between margo
pore sizes estimated from SEM and estimated using gold
colloids.
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