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Abstract The efficiency of the conductive system in
about 40-year-old Laurus azorica trees growing in a lau-
rel forest was evaluated by comparing main stems and
leaves (petioles) on the basis of theoretical sap flow val-
ues (1) calculated from vessel anatomy (taking vessels as
ideal capillaries), (2) derived from measured dye veloci-
ty and (3) data taken from direct sap flow measurements.
It was found that actual sap flow rate per wood area in-
creases in stems from the pith towards the cambium. The
outermost part of the stem is the most important part of
the tree for conducting water. Maximum actually mea-
sured transpiration (sap flow rate) for the stand was prac-
tically identical to the theoretical rate calculated based
on petiole anatomy, but it was about 45 times lower than
that calculated based on stem anatomy. This illustrates
the safety features of stem wood, which due to its high
vessel density, is capable of transporting all the water re-
quired even when only a small area of its vessels is
working. In the petioles, xylem is more efficiently used,
but almost all vessels must work in order to supply water
to leaves and any disturbance may cause leaf loss.

Keywords Laurel forest - Laurus azorica - Xylem sap
flow - Efficiency - Water conducting system

Introduction

Knowledge of the functioning of the tree conducting
system is a prerequisite for correct interpretation of sap
flow data measured in forest stands. This study considers
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efficiency of such a system in terms of actually mea-
sured sap flow deviations from those theoretically calcu-
lated from data on vessel anatomy along the stem radial
profile. It also considers problems of proper scaling of
sap flow data from individual measuring points in the
stem to the whole tree (Cermak and Kucera 1990).

The radial profile of conducting pathways was exam-
ined in stems of many woody species from different
viewpoints including the homogeneity of water supply to
crowns, plant protection against insects or proper inte-
gration of sap flow rates to obtain correct data on whole
plant water use (Kozlowski and Wignet 1963; Swanson
1971; Waisel et al. 1972; Edwards and Booker 1984;
Hatton et al. 1990; Cermak et al. 1992; Cermak and
Nadezhdina 1998; Jiménez et al. 2000; Nadezhdina et al.
2001).

The present study was intended as a background for
long-term measurements of sap flow rate in Laurus azo-
rica trees growing in a cloudy laurel forest on the Ca-
nary Islands (Jiménez et al. 1996). It is based on funda-
mental biometric studies already done at the same site
(Morales et al. 1996a, b, ¢) and follows closely the previ-
ous anatomical analysis of the radial profile of conduct-
ing systems of stems and petioles (Morales et al. 2002).
L. azorica is known as a species with no distinguishable
sapwood and heartwood (Schweingruber 1990; Morales
et al. 2002), which might complicate interpretation of
measured data of sap flow. The true functional area of
conducting xylem may differ significantly from that of
sapwood if estimated by the usual methods (e.g. based
on tissue water content or presence of living cells), as
was shown in several contrasting species (Cermdk and
Nadezhdina 1998). To elucidate the functional situation
along the stem radius, theoretically calculated properties
of the conducting system were compared to those ob-
tained by direct measurements using staining and stem
heat balance sap flow rate measurement techniques. Both
“ends” of the aboveground conducting pathway, the stem
base and the petioles, were compared in order to assess
the axial compartmentalization of the system (Zimmer-
mann and Brown 1971).



Materials and methods

The experimental site

The experimental site of the laurel forest is located in the Agua
Garcia mountains, on a slight slope (12°) facing NNE, at an alti-
tude of 820-830 m, north-east Tenerife, Canary Islands, Spain.
The climate of the site is humid Mediterranean. The natural mixed
hardwood forest stand is composed of six tree species: Laurus
azorica (Seub.) Franco, Persea indica (L.) K. Spreng, Myrica faya
Ait., Erica arborea L. and two species of Ilex (I. perado Ait. ssp.
platyphylla (Webb & Berth.) Tutin and /. canariensis Poir.). The
stand is about 40 years old, regrown from sprouts after cutting the
original forest; individual trees are probably 30-50 years old.
More details about the site and forest structure have been given
elsewhere (Morales et al. 1996a, b, c).

Anatomy of vessels in the stem wood and in petioles

The anatomy of vessels in L. azorica stems and petioles measured
in the same sample trees was described in Morales et al. (2002).
The wood showed a diffuse-porous structure, with solitary vessels
or vessels in small radially oriented groups with a diameter rang-
ing from 20 to 130 um. This diameter was minimal close to the
pith, increased more than twofold with age, and reached its maxi-
mum close to the cambium. Vessel density had exactly the oppo-
site pattern, decreasing from 36 vessels mm2 near the pith to
about 13 vessels mm2 near the cambium. Accordingly, the lumen
area was small in young xylem close to the pith (about
0.0015 mm?2), increased rapidly during tree development, and sta-
bilized at a value 5 times larger than at the beginning (about
0.007 mm2). Lumen area of vessels in petioles was about 1.5% of
petiole cross-sectional area, thus being much lower than in stems.
Mean hydraulic diameter of petiole vessels was only about 20 um
and mean vessel density about 136 per petiole. There were only
small differences in proportions of dry matter, water and air along
the stem radius. This confirms the non-existence of heartwood in
this species.

Application of a staining technique to the calculation
of conducting xylem depth, and radial profile of sap velocity
in stems

The staining technique

The staining technique of Booker (1984) was applied to assess the
depth of conducting xylem and the radial profile of sap velocity.
For both purposes a 1% solution of a non-fixing dye (acid fuch-
sine in distilled water) was used as a tracer. Trees were stained
during fine weather around midday using the modified technique
of Cermdk et al. (1984, 1992). A hole 8 mm in diameter was
drilled into the tree stems through a small cylinder fastened at an
angle of 45° to the vertical at the stem surface in a watertight man-
ner applying an adhesive. The cylinder was filled with distilled
water during treatment in order to prevent any air entering. The
hole penetrating down to the centre of tree stems (to the pith) was
quickly washed with ample water from the bottom up to remove
any remaining woody particles. Then the dye was injected into the
hole in the same way. The dye was partially diluted due to mixing
with water remaining in the hole, but an uneven concentration of a
non-fixing dye was not likely to influence the penetration time
(Booker 1984).

Assessing the depth of conducting xylem

The depth of conducting xylem (i.e. the point where the sap flow
velocity reaches zero) was assessed in five trees covering the range
of tree diameter at breast height (DBH). After exposure of tree stems
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to the injected dye (10—15 min) in opposite sides of each tree, a core
of wood was taken from the stem 2 cm above each injection point.
Altogether ten samples were taken (two per tree). The depth of
conducting xylem was analysed in the samples according to stained
vessels visible on the cut and smoothed wood surface of the core.

Assessing the radial profile of sap velocity

The radial profile of dye velocity was assessed with the same
staining technique on a single tree (only a limited number of trees
could be cut in the protected area of natural reserve), when the
stained length of xylem was measured along the stem, and the
time of exposure (f,,) was recorded. A required time interval
(3-5 min in L. azorica) and suitable corresponding distance (over
500 mm, so that the lower cut could be made until the down-mov-
ing dye solution reaches the ground surface and the up-moving
dye solution reaches the upper height), was previously assessed on
the basis of published data on sap velocities (Zimmermann and
Brown 1971; Hinckley et al. 1978). The stem was cut above and
below the injection point of the dye after the exposure and recut
immediately into a series of discs of known axial height (thickness
about 20 mm, thinner close to the injection point). The stained ar-
ea on the discs was recorded along the radii (r,). Stained spots
within vessels along the radius of the most distant discs from in-
jection point (the edge of the stained zone) were taken as markers
for “high velocity”. Stained spots where it was not possible to dis-
tinguish actually stained and non-stained vessels (due to some lo-
cal diffusion of the dye) were taken as markers for “low velocity”.
The distance of stained points was related to the distance from the
injection point (which consisted of the length of the hole when
considering its radial depth, h;,), i.e. the sum of heights of cut
discs (including the width of the saw cut); angle of the hole (its
oblique position) and thus changes in position of each evaluated
injection point with xylem depth were considered.

The recorded dye velocity (v,4) was calculated for every point
(with the step of 5 mm) along the radius from the equation

Vrd :hinj /texp (nH

in directions up (vrdu) and down (vrdd) from the injection point
along the stem. Trying to approach the true sap velocity (vsap) the
corrected dye velocity (ved, supposing that vsap*ved) was derived
from the vrd according to the procedure proposed by Kucera (in
Cermadk et al. 1992) using the equation in the form

Vg = Vrdu\ychu_Vrdd\yrde
T ALy + dLayy

(@)

where dLu and dLd are distances from the injection point to the
tree top and to the end of root of average length and yc, and yr are
water potentials of leaves (measured by the pressure bomb — see
Morales et al. 1996a) and roots (taken as close to that of soil at
field capacity).

Actual sap flow rate (Q,,;) for an individual stem annulus (i)
was derived from the estimated sap velocity (corrected dye veloci-
ty), considering the hydraulic lumen area of vessels (4, ,,i) in
that annulus:

Owv.i=Vd.i X Ap.lum.i 3)

of which total (velocity derived) sap flow rate per stems, Qwv.t,
was calculated as the total of all radii

Owv.i= ; Owvi 4)

and expressed for the xylem cross-section area unit of the annulus,
Aann
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qu.i:Qw.v.i/Aann.i ©)
and mean for the entire stem (basal area) A, accordingly

QWv.t:th.v /Abas (6)

Measurement of sap flow rates

The actual sap flow rate was measured using the tree trunk section
heat balance technique with internal (electric) heating and sensing
(Cermdk et al. 1973, 1982; Kucera et al. 1977) using four pairs of
compensating thermocouples (Cermdk and Kucera 1981). A six-
channel measuring device (model P-6, Ecological Measurement
Systems, Brno, Czech Republic) was applied. Measuring points
were located at breast height (1.3 m above ground) from two op-
posite sides of stems. Data on maximum actual sap flow rate for
the stand applied for calculations in this paper were taken from
our previous study (Jiménez et al. 1996) and represent the mean
value from 10 days with the highest flow rates over the whole
1993 growing season.

Radial pattern of the sap flow rate was measured in two L. azo-
rica sample trees with the same method as described above when
electrodes were inserted along the whole stem radius down to the
pith. Six thermocouples at different depths along the radius, insert-
ed in their polyvinylchloride tubing of 1.5 mm in diameter, were
applied for measurements of temperature differences in order to
prevent higher heat conductivity along the casting and to provide
data representative of the corresponding individual annuli. The ra-
dial pattern of sap flow was measured supposing that the xylem is
heated homogeneously between the electrodes in L. azorica, i.e.
when we found homogeneous water content along stem radius
(35+4.3%,,,;, — see Morales et al. 2002) and also supposing a ho-
mogenous ion concentration in xylem tissues along the stem radius.

Calculated theoretical maximum of sap flow rate

Theoretical maximum sap flow rate (Q,,,,) in stems and in peti-
oles was calculated using the Hagen—Poiseuille equation. For this,
the vessels were considered as ideal capillaries on the basis of
vessel hydraulic radius (r;), their density on a cross-section of
xylem (D,), corresponding area (A, sapwood area or cross-section
petiole area), a pressure gradient (dP/dL), and viscosity of liquid
water (1,,)

DyAgapwntrd,dP

Qw.m: 3T]de @)

It was assumed that the length of the water pathway, Lv is equal to
the height of the trees (Lv = ht =15 m). In view of a range of ves-
sel diameters, the hydraulic mean radius of vessels, rvh was taken
into account (instead of the anatomical one, rva) in different diam-
eter classes of vessels, i, on the cross-section of the xylem and ex-
pressed per unit of its area

= (it V)2 @®)

The driving force for the sap flow within the xylem, dP, was taken
as the difference of water potentials between the leaf (yleaf) and
the soil (ysoil), dP=yleaf—ysoil. Soil water content was rather ho-
mogeneous, somewhat below the field capacity during experimen-
tal days, and its mean water potential (ysoil) was taken as
—0.2 MPa, which was based on previous measurement of soil
physical properties (see Morales et al. 1996b). Midday leaf water
potential yleaf =—1.2 MPa, corresponding to maximum sap flow
rate, was taken into account. It was calculated on the basis of
known vertical leaf distribution over the canopy (Morales et al.
1996a) by weighing corresponding values of yleaf measured in

different layers by leaf area in such layers. This value represented
mean water potential over the whole canopy depth. Calculated
dP/dL was taken as constant over the whole aboveground conduct-
ing pathway from the stem base to petioles.

Upscaling data from the organ to tree and stand levels

Data measured on the level of individual organs (stems and peti-
oles) were upscaled to the level of mean tree and of the stand area
unit on the basis of results in our previous biometric studies
(Morales et al. 1996b, c). Basal area was applied for calculations
on stems. Variables were expressed for stand area unit (I ha
=10,000 m?), i.e. the unit commonly applied in European forestry
as recommended by Philip (1994). Considering petioles (numbers
of petioles, n,; = numbers of leaves) values for the whole crowns
were calculated by summarizing values of all particular canopy
layers (with 1 m steps) at different heights above ground. As in
previously published papers we assumed that all species have a
similar amount of foliage per basal area.

Results

Conducting systems in stems and petioles

Main parameters of the conducting system, calculated at
the stem base and at the petioles on the basis of our pre-
vious biometrical and anatomical studies (Morales et al.
1996b, c, 2002) are given in Table 1. As shown by
Schweingruber (1990), Oramas and De Roma (1967) and
in the papers above cited, some other important laurel
forest species have similar structures and properties to
Laurus azorica; species with a different structure, like
Erica arborea, comprised only a small fraction of the
stand. Mean hydraulic diameter of stem vessels and
mean stem vessel area in the mean tree of the laurel for-
est stand (DBH=160 mm, basal area=0.02 m?2) were
about 5 and 24 times larger than corresponding parame-
ters in the petioles, respectively. The mean tree carried
about 36,000 petioles, which served the same number of
leaves with about 5,000,000 small vessels, subsequently
served with about 400,000 bigger stem vessels. Total hy-
draulic vessel lumen area in the stem and petioles in the
mean tree amounted to only 2,100 and 1,300 mm? re-
spectively. Mean petiole cross-sectional area, total cross-
sectional area of petioles and stems and total leaf area of
a mean tree are also given in Table 1.

When considering the forest stand area unit (Table 1),
almost 80,000 m?2 of corresponding leaf area was sup-
ported by almost 1,700 stems. They represented a basal
area of 34 m?2 containing 700,000,000 bigger stem ves-
sels, which served 61,000,000 petioles containing over
8,000,000,000 small petiole vessels. Total hydraulic lu-
men area for the stand area unit considering the stem
base and petioles was 3.6 and 2.2 m? respectively. At the
level of the forest stand, petiole cross-sectional area was
4.5 times higher than stem cross-sectional area. Allomet-
ric relations indicated (see Table 1) that the stem basal
area was 7 times more efficiently used by the vessel lu-
men area than the petiole cross-sectional area. Each



Table 1 Main parameters of
the aboveground water con-
ducting system of a mean
Laurus azorica tree (DBH

160 mm, basal area 0.02 m2).
Laurel forest stand and allo-
metric relations are also includ-
ed. The parameters below were
calculated using anatomical da-
ta from Morales et al. (2002).
Leaf parameters characterizing
the same stand were taken from
Morales et al. (1996b; this was
done supposing that all species
of the stand would have a simi-
lar leaf area per basal area).
Mean leaf area was about 1,280
mm?. Total leaf area per stand
was 7.77 m2m2
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Parameters Petioles Stem base
Mean tree

Mean hydraulic diameter of vessels (mm) 0.0185 0.0905
Mean hydraulic vessel lumen cross-sectional area (mm?) 0.000269 0.006433
Total number of petioles per mean tree (petioles/tree) 35,826 HAE
Total number of vessels per mean tree (vessels/tree) 4,854,358 405,010
Total hydraulic vessel lumen area per tree (mm?/tree) 1,310 2,140
Mean petiole cross-sectional area (mm?2) 2.47 Hkok
Total cross-sectional area of mean tree (m?/tree) 0.0887 0.0199
Total leaf area of mean tree (m2/tree) 45.89 Hkk
Forest stand area unit

Density of petioles or stems in stand (units/ha) 60,652,600 1,693
Total cross-sectional area (m?/ha) 150.1 33.74
Total vessel density (103 vessels/ha) 8,218,429 685,683
Total vessel hydraulic lumen cross-sectional area (m?/ha) 2.21 3.63
Allometric relations

Vessel hydraulic lumen area per corresponding 1.47 10.8
cross-sectional area (%)

Vessel density per leaf area (vessels/mm?) 0.1058 0.0088
Vessel density per mean leaf (vessels/leaf) 135.5 11.3
Total hydraulic lumen area of petioles per stem (%) 60.9 HAE
Vessel hydraulic lumen area per leaf area (%) 0.0028 0.0047
Vessel density per cross-sectional area (vessels/mm?) 54.75 20.32
Vessel hydraulic lumen area per mean leaf (mm?/leaf) 0.036 0.060
Leaf area per corresponding cross-sectional area (%) 51,753 230,249
Cross-sectional area per leaf area (%) 0.193 0.043
Basal area per total petiole cross-sectional area (%) HAK 22.5
Total hydraulic lumen area of stem per petiole (%) HAE 164.3
Total petiole cross-sectional area per basal area (%) 444.9 o

+492 mm +342 mm +292 mm

+203 mm +118 mm +260 mm
o~

-139 mm -186 mm -348 mm

Fig. 1 Pattern of stained wood in the stem of Laurus azorica ex-
perimental tree (DBH=111.4 mm) in the Agua Garcia laurel forest
experimental site, used for the staining experiment. The stained ar-
ea is shown on disc surfaces cut from the stem at different distanc-
es above (positive numbers) and below (negative numbers) the in-
jection point. Drill bit diameter =8 mm

100 mm? of foliage was served by almost 11 petiole ves-
sels and/or by almost one single stem vessel. Each leaf
(mean leaf area =1,281 mm?2) was served by 136 and 11
petiole and stem vessels, respectively (i.e. each large
stem vessel served 12 small petiole vessels). Total hy-
draulic vessel lumen area in petioles reached only 60%
of that in stems — which represented an almost negligible
percentage of leaf area in stems and petioles of 0.005%
and 0.003% respectively. Other significant relations are
also given in Table 1.

Sap velocity and its radial pattern in stems

The staining method showed the path of flow up and
down from the point of dye injection. Tracks of dye were
apparent throughout the entire xylem area at short dis-
tances from the injection point (or line represented by
the hole). Further from this point only small proportions
of vessels were stained (Fig. 1). No clear results on sap-
wood depth were obtained when evaluating the cores of
wood taken above the injection point. Therefore the radi-
al profile of flow must be estimated on cross-cuts over
the stem. The derived highest dye velocity (corrected v,)
was almost 10 m h~!, and the mean value of high veloci-
ty along the conducting profile was about 75% of the
maximum v, with high variation especially in mid-radius
(Fig. 2).



542

Corrected dye velocity [m h™')

Xylem radius [%)]

Fig. 2 Radial profile of high and low dye velocity within the xy-
lem of L. azorica experimental tree (DBH=111.4 mm used for the
staining experiment; see Fig. 1) corrected for different distances
and corresponding water potentials of tissues (oblique position of
the hole was considered). Low velocity data on the xylem cross-
sectional area close to the injection point may be somewhat im-
paired by diffusion of the dye
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Fig. 3 Radial profile of theoretical maximum sap flow rate (ex-
pressed for unit area and for different annuli) in L. azorica wood
calculated from Hagen—Poiseuille equation for trees of different
diameter (DBH=100-240 mm) and expressed for the mean tree of
the stand (DBH=160 mm). Total sap flow rate (174.9 kg tree-'h-1)
was calculated when summarizing flows in all annuli

Sap flow rate and its radial pattern in stems

The absolute values of calculated theoretical maximum
sap flow rate in stems for the entire stand gave the ex-
tremely high value of approximately 33 mm h-! (this
corresponds to a stand transpiration rate of 33 1 m—2h-1,
but this is not sap velocity). The radial pattern of theoret-
ical maximum sap flow rate in stems (Fig. 3) showed an
increasing trend from the pith towards the cambium,
which is a similar pattern to the lumen area found during
anatomical studies (see Morales et al. 2002). Variation of
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Fig. 4 Radial profile of sap flow rate derived from velocity (mea-
sured by the staining technique, see Fig. 2) in L. azorica wood.
Upper Flow per area. Lower Flow per annulus. Given values cor-
respond to the mean tree of the stand (DBH=160 mm). The total
low and high sap flow rates (6.8 and 16.7 kg tree-'h-! respective-
ly) were calculated when summarizing flows in all annuli

data was small indicating that no significant differences
in this pattern were found in trees of DBH in the range
of 100-240 mm. The total sap flow rate expressed per
annulus has a similar general radial pattern to that ob-
tained when measuring actual flow density per sapwood
area unit, but high flow density was apparent around
60-80% of the xylem radius.

Sap flow rate derived from measured dye velocity
and approximately valid for the mean tree showed low
and high sap flow rates of 6.8 and 16.7 kg tree-'h-!,
which represent 3.9% and 9.5%, respectively of the the-
oretical maximum sap flow. The radial pattern of sap
flow rate derived from estimated dye velocity differed
with 1-3 being the minimum value close to the pith and
the maximum near the cambium (Fig. 4 upper). The pat-
tern of sap flow was slightly higher in mid-radius com-
pared to sap velocity, due to a higher percentage of hy-
draulic vessel area, but depression of flow rate remains
significant. However, this variation had a minor effect
on the derived total sap flow rate for the whole tree
(Fig. 4 lower).

The maximum value of actual sap flow (measured by
the trunk heat balance method with direct electrical heat-
ing of tissues) when expressed for the mean tree of the
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Fig. 5 Radial profile of maximum daily sap flow rate measured
using the tissue heat balance technique (expressed for unit area
and for different annuli) in L. azorica wood (trees of
DBH=150-220 mm). Given values represent the mean tree of the
stand (DBH=160 mm). Total sap flow rate (3.9 kg tree-'h-1) was
calculated when summarizing flows in all annuli

stand corresponded to about 4 kg tree-Th-!, which repre-
sented about 2.3% of the theoretical maximum sap flow
rate or 58.6% and 23.9%, respectively, of sap flow rates
derived from high and low sap velocities. The radial pat-
tern of actual sap flow rate when expressed per unit of
sapwood area also showed certain low values even in the
oldest xylem at depths close to the pith and values more
than twice as high in young xylem close to the cambium
(with a rather high variation along the radius). Flow den-
sity per xylem area remained low until about 60% of xy-
lem radius and then increased progressively up to the
cambium. The total sap flow expressed per individual
annulus was negligible close to the pith and reached
much higher values close to the cambium in all sample
trees with much less variation along the stem radius
(Fig. 5).

Patterns of sap flow rate density per xylem area and
also proportion of actual and theoretical flow, estimated
by different methods, differ significantly along the stem
radius. An error associated with the application of the
fourth power of vessel diameter in the Hagen—Poiseuille
equation could be involved in the above calculations of
flow density, especially for high flow rates (Fig. 6 above).
However, when the actual sap flow was compared to the
theoretical one (Fig. 6, below), the general trend showed
that a larger proportion of the narrow vessels close to the
pith remained functional (up to the xylem radius of about
20-30%), while the proportion of functional vessels near
the cambium decreased dramatically.

Comparison of sap flow rates in stems and petioles

Theoretical maximum sap flow rates through all peti-
oles in the entire experimental forest stand (i.e. stand
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Fig. 6 Above Radial profile of sap flow rate per unit of xylem area
in L. azorica wood estimated by different methods (values charac-
terize the mean tree of the stand, DBH=160 mm): Maximum theo-
retical sap flow calculated from distribution of vessel diameters
(blank squares). Sap flow derived from sap velocity measured by
the staining technique (high and low velocities at the same depths
were considered, crosses and dashes respectively) and actual sap
flow (dark squares) measured by trunk heat balance (THB) meth-
od. Below Radial profile of sap flow per area (estimated by the
same methods as above) was expressed as a percentage of the
maximum theoretical flow

transpiration) reached about 0.72 mm h-!. This value
was estimated less precisely than other hydraulic pa-
rameters owing to a high variation of leaf properties
within the canopy (approximate error was about +20%)
and also differences in maximum flow rate associated
with vessel distribution in the petioles in the lower and
upper canopy (Fig. 7) and should be taken as a minimal
estimate. Maximum theoretical sap flow rate for peti-
oles (both given ranges are also associated with vessel
distribution) represented only 2.2% of the maximum
theoretical value calculated for the stems because the
mean diameter of vessels in stems was five times larger
(Fig. 8).



544

(=]
-
N

=}
—h
e

e
o
Ll

o
g

o
Q
P

Theor. max. sap fiow in petioles [mm h
o
8

g

Vessel diameter [um]

Fig. 7 Theoretical maximum transpiration (derived from sap
flow) for the stand calculated considering vessels of different di-
ameter in L. azorica petioles from the lower (triangles, to-
tal=0.81 mm h-!) and upper canopy (squares, total=0.62 mm h-1)

— 0.81

=

€

£ Max. actual flow = 0.68

g 0.6'

<]

=

a

@

("]

x 0.41

©

£

‘6

2 g2 Petioles

= Sum=0.72
0.0-m

020 40 80 100
Vessel diameter [um]

Fig. 8 Theoretical maximum stand transpiration (derived from
sap flow) calculated for bases of L. azorica stems (30.1 mm h-1)
and petioles (0.72 mm h-!) and expressed according to diameter
distribution of vessels. These values are compared to maximum
actual transpiration measured (0.675 mm h-1)

Discussion
Conducting systems in stems and petioles

General characteristics of stem conductive systems at the
whole tree level have been well analysed (Zimmermann
1983), but there are not many detailed data on vessel dis-
tribution at the tree and stand level available. Data shown
here for L. azorica contribute to increasing general
knowledge in this area and were the basis for theoretical
calculations in this work. The very large numbers that
characterize amounts and distribution of vessels were
simplified when considering only one (main) species and
only the total hydraulic lumen area for the stand area unit.

Possible differences between laurel forest species were
probably not important in the conclusions, because simi-
lar results were obtained in structurally quite different,
ring-porous species of Quercus robur in floodplain for-
ests of central Europe (Krejzar and Kravka 1998). Data of
this type have been rarely applied in classical physiology,
but they are especially needed for bio-physical calcula-
tions aimed at evaluation of the electrical environment
and conducting systems in forest stands (Tributsch 1985).

Sap velocity and its radial pattern in stems

In general, sap velocities obtained with the staining meth-
od should be treated with caution due to extremely large
unnatural changes in hydraulic pressure conditions during
the treatment as they change from high tension to atmo-
spheric pressure (osmotic adjustment, etc; Nulsen and
Thurtell 1978; Cermdk et al. 1992). It is possible that
some vessels can absorb the solution due to remaining
tension caused by previous transpiration even if they are
empty and actually non-conducting. Consequently, some
overestimation of the estimated velocity may be expect-
ed, although calculated dye velocity was corrected ac-
cording to water potential gradients up and down the
stem. The evident high dye velocity in these vessels was
more clearly defined, but the low dye velocity may be, at
least partially, an artefact caused by local diffusion of the
dye on the cut stem surfaces and cannot be taken as a sure
indication of the flow. Variation of the velocity values
along the radius with the higher ones close to the cambi-
um has also been reported in willow (Cermdk et al.
1984). There was an apparent significant depression of
sap velocity in mid-radius parts of the xylem. This may
be accidental (e.g. due to possible worsening in particular
growing conditions leading to less well developed vessels
during some years) or it may reflect different fractioning
of flow rate to the upper and/or lower crown (Jiménez et
al. 2000). No comparable data on sap velocity in L. azori-
ca trees were found in the literature; nevertheless our re-
sults were close to published values of velocity (3—4 m
h-1) in species with similar vessel diameters such as
Juglans or Salix species (Zimmermann and Brown 1971;
Cermadk et al. 1984) and thus seem realistic.

Sap flow rate and its radial pattern in stems

The calculated theoretical maximum sap flow rate fits if
we consider vessels as ideal capillaries, but taking into
account the contribution of perforation plates (simple in
our case, Morales et al. 2002) to the overall stem vessel
resistance. Based on similar studies (Schulte and Castle
1993a, b), it was estimated that they contributed to about
10% of sap flow reduction, so that the theoretical maxi-
mum sap flow rate was lowered to 30 mm h-1, still a
very high value. When downscaled to the valid value for
the mean tree of the stand this would correspond to about
175 kg tree-! h-1.



When considering the proportion of area of older
(deep) and younger (shallow) xylem, it is clear that the
deeper layers of xylem are quantitatively much less im-
portant in conducting water than the outermost layers,
when the whole tree water supply is taken into account.
This finding corresponds to the conclusions of another of
our studies (Jiménez et al. 2000), which additionally
pointed out the importance of individual variation.

Considering that sap flow values for the whole tree
were obtained when summarizing flows in all annuli
along the radial pattern measured by the sectoral trunk
heat balance (THB) method, the above-mentioned results
are important from the methodical viewpoint. When
measuring the sap flow in a species where no clear con-
ducting wood is visible or distinguishable, it is necessary
to estimate correctly the proper depth for sap flow sen-
sors (Cermdk and Nadezhdina 1998). Our results con-
firm that the THB technique with internal electrical heat-
ing using electrodes inserted to the standard depth
(50-60 mm according to the stem diameter and thermo-
couples) into the outer xylem layers is applicable in L.
azorica. The sensors located at two different depths cov-
ered about 50-80% of stem radius and/or 80-90% of its
basal sapwood area in the given range of stem diameters
(Jiménez et al. 1996).

Comparison of sap flow rates in stems and petioles

There were great differences between actually measured
stand sap flow rates and rates theoretically calculated in
the base of stem and petioles (based on measured vessel
area and density). Theoretical maximum flow in stems
was about 42 times higher than that in petioles. The
maximum measured actual value in stems reached about
93% of the theoretical maximum value calculated for
petioles. This is within the estimated experimental error
and thus both values can be taken as practically identi-
cal. A certain error may arise when considering an equal
gradient along the whole conductive pathway, because
this gradient may change significantly in second-order
branches compared to the main stem, at least in some
species (Kaibiyainen and Sazonova 1993).

Lewis and Boose’s (1995) analysis showed that in
general exact results are sometimes difficult to attain
when applying the Hagen—Poiseuille equation and point-
ed out the need to clarify the causes of differences be-
tween the theoretical rates and the smaller measured vol-
ume flow rates in plant xylem. Overwhelming maximum
theoretical flow rates compared to actual ones were not
surprising, because they were calculated based on the as-
sumption that all vessels are filled with water. In fact, the
same assumption is accepted when applying various
techniques based on pushing liquid water through xylem
vessels (Tyree and Ewers 1991).

However we know from our previous experiments (see
Morales et al. 2002) that a relatively large volume of air
(or water vapour) is also present in vivo (27% of total vol-
ume of wood). The vessel lumen within the xylem repre-
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sents 10% of the total volume of wood. It is probable that
part of this volume could be air-filled (or water vapour
filled). This means that a certain amount of vessels in
stems are embolized and only some vessels are functional,
although evidently sufficient for the plant to function.
Ludwig (1952), for example, found that if vessels in stems
were reduced up to 85% no wilting occurred. Even if this
is an extreme value, a high percentage of completely em-
bolized vessels could occur if empty parts of embolized
vessels are combined with other parts still containing
some water. In this case the vessels also remain non-func-
tional. A much higher percentage of functional vessels in
petioles (this percentage gradually increases from stem to
branches and probably gradually further to twigs and
leaves) is confirmed by previously found increasing xy-
lem water content in branches (see Morales et al. 2002).

From our calculations it is evident that practically all
vessels in petioles actually conduct water under condi-
tions of high flow (their relatively large resistance is evi-
dently one of the factors limiting total flow), while not
nearly all the stem vessels actually conduct at the same
time. This confirms the Zimmermann (1983) hypothesis
that resistance to water flow in the water transport path
increases away from the main stem. This was later con-
firmed by some other authors (e.g. Berninger and
Nikinmaa 1994), based on branch area/stem area ratio
measured along the stem). Irrespective of whether small
vessels are included, leaves and petioles will suffer first
from occasional drought stress and will be eventually
shed to protect main stems against serious injury. Tyree
et al. (1993) also pointed out a higher vulnerability of
petioles than stems to water-stress induced cavitation.

It can be concluded that L. azorica wood, which has a
large proportion of relatively small vessels, represents a
rather safe conducting system. Due to its high vessel den-
sity it is capable of easily transporting all the water re-
quired under the prevailing habitat conditions, even dur-
ing periods of high evaporative demands and when only
some of the vessels are working. In the petioles, xylem is
limited and more efficiently used. Practically the whole
conducting system must work in order to supply water to
leaves, and any disturbance will cause leaf decline.
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