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Radial Variation in Sap Hux Density asa Function of Sapwood Thickness
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Abgract : Radid variation in s flux dengty (SFD) as afunction of sgpwood thickness is of inportance in
accurately egimating sep flux through sspwood area which , in turn, decides the precison of heat pul s gopli-
cation. However , until now , only afew gudies have evauated the magnitude and dgnificance of sampling er
rors asociated with radia gradientsin SFD , which were based on the smdl nonitoring measurement data from
afew trees. Based on one year of heat pulse observation of two 3 - 4 years old Eucalyptus urophylla S. T.
Blake plantations in Leizhou Peninsula, Guangdong Province, China, away of data processng was developed
to treat with the lotsof SFD data measured from 39 trees. It was found that the radia variation in SFD as a
function of sgpwood thickness in the two eucalyptus plantation stes could be expressed as y = 3. 667 5x° -
7.2955x* +3.682 6x+0.567 4 (R*=0.9391, n=80, P=0.01) , where y isthe ratio of S/D of a serr
r to the average of four data in different depths, x isthe ratio of a sensor depth to the radia sgpwood thick-
ness. It was the same (as in the following equation) inJijia Ste, y =5.006 2x° - 9.116 1x° +4.454 4x +
0.4634 (R°=0.8069, n=72, P=0.01) in Hetou ste. From cambium to heartwood , SFD showed ome
increases at fird and then decreases continuoudy. However , because the trees were very young , the maximum
S wasonly 0. 33 - 0. 36 times nore than the minimum.
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There have been lots of publications deding with sgp
flux analyss. Mog of them were on water use of trees and
trangiration of gand ( Qanier, 1987; Qanier e al ,
1996; Oren e a , 1998) , but not until the 1960s, s3p
flow measurements had rarely been used to edimete trarr
iration of an entire gand (Ladefoged , 1963 ; Doley and
Qieve, 1966) . More recently , the gudies on s flux
had focused nore on the combineation of gometa conduc
tance and gand trangiration (Kostner et al , 1992 ; Paar
ki et al, 1998; Bwners and Oren, 2000; Oren & al ,
2001) . Such extrapolation requires not only accurate
measurements of s velocity , but o detailed invento
ries o gand-levd attributes including tree domain, de-
fined either by digance between gems or crown area
(Hatton and Vertessy, 1990) , basdl area, led area or
spowood area (Phillips et al , 1996) .

Although extrgpolations, based on sgpwood area, are
conceptudly dnple, edimatesdf tree and fores water use
derived in this manner are subject to uncertainties (SQrith
and Allen, 1996; Kostner, 1998) . The forenpgt anong
these uncertainties is the actua proportion of sgpwood
functional in water trangoort (Wullschleger and King,
2000) . Previous gudies have shown that radial variaion
in sp velocity clearly exiged in many woody species
(Dye e a , 1991 ; Becker , 1996; Phillips e al , 1996;
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Oren et al , 1999) , with s velocities being greates in
outer sgpwood and progressvely lower with increasng
proximity to heartwood. Zang et al (1996) reported that ,
on average, only 78 % of sgowood was active in water
trangport for an eucalyptus gecies. The dudies that do
recognize radia variation as an important cond deration in
extrgpolating sgp velocity to the canopy scale often use o
ly limited measurements (one to two trees) to quantify this
parameter. Very few sudies have eval uated the magnitude
and dgnificance of sanpling errors asociated with radia
gradients in sap velocity (Dye et al , 1991 ; Hatton et al ,
1995 ; Wullschleger and King, 2000) .

This dudy is to asess radia variation in s flux
dendty as afunction of sgpwood thicknessin two eucayp-
tus ( E. urophylla) plantations. It has been suggested
that excessve water used by eucalypt plantations ocorr
tributes to the depletion of ground water reources, and
il moigure dortage as a result of high water ue isd
believed to limt tree growth during the dry sean
(Calder, 1992; Davidon, 1995; Bruijnzed , 1997;
Landsberg, 1997) . However , there has been few direct
and quantitative sudies of the water use or water baance
of eucaypt plantations in outhern China. It isthe objec
tive of ChinaAudraia joint project (FS 1997) ,“ Euca
lyptus and Water” , that is being carried out both in
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Leizhou Peninsula, Quangdong Province , China and Aus
traia. E. urophylla has saverd desrable characterigics:
dem radiusis symmetrical and sgpwood thickness is uni-
form around the gem circunference. The sgpwood inter-
faces with heartwood and cambium are eadly di i ngui shed
based on coloration.

The experiment wasfinished in two different places.
For each place , about 19 trees of different thickness were
sected , each two treeswere nonitored for 1 - 2 nonths,
and 4 snors with different depths in a tree were i
galed. All measurement results in each place were prop-
erly treated to make the data of radid variation of sgp ver
locity to be only the results of relative radia postion of
snors (e the data procesding) .

1 Materialsand Methods

1.1 Dexription of the sites of plantation

The dimate of Leizhou Peninsula, Quangdong
Province, China, istropica , with monthly mean tenper-
aurearound 28  inJuyand 16  inJanuary. Annua
ranfal variesfrom 1 300 mmin the south to 2 500 mmin
the rorth ; year to year variation is s high. Over 80 %
o the rainfals between April and September , up to half
o thisin typhoonswhich occur about seven times per year
on average. Hantation water use gudies have been initiat-
ed a two dtesin the Nandu River catchment. One dteis
on a basdt- derived clay il within the Jijia denondration
catchment area, while the other is approximeately 40 km
north near Hetou on a sandy il of sedimentary origin. In
both dtes, the nonitored plantations were E. urophylla
planted in 1996. A 40 mx 40 m plot was defined at each
dte in September 1999 , tree diameters recorded and a st
o trees selected to metch the diameter didribution of the
gand.

1.2 Sp flux density monitoring

Two trees in each plot were inplanted with heat
pulse probes, and s3p flux dendty was recorded at 30 min
intervas usng the HeatPulser sysem developed by Ed
wards Indugries of New Zedand. The HeatPulser sysem
is a new development in heat pulse ingrumentation which
has not been used in a mgjor project previoudy , but it of-
fers superior accuracy and rdiability conpared to aterna
tive equipment. Development and cugomization of oft-
ware for convenient data oollection and andyss with the
HeatPulser sygem has been carried out by CFTT (Centre
for Fores Tree Techrology , Victoria 3084 , Audrdia) in
Jijia and Hetou plantations as tegting grounds.

The probes were renoved and reinplanted on a new
par of trees a intervas of goproximately 4 - 6 weeks
throughout the year. Four sensors were didributed in a
tree in four directions (North, Suth, Eag and Weg)
and depths. The depth of sensor was determined by the
postionsdf cambium and heartwood @ thet dl four serr
orswould be located in different podtions of the xylem
(Fig.1). During September 12, 1999 to Sgptember 24,
2000, 18 and 20 trees in total a Hetou and Jijia Stes,
regectively were nonitored by the Heat Pulser sysem.

N
Cambiun Heartwood
L E
S
Fig.1. A schematic diagram showing probe placement in sgpwood

annulus.
The senoor depthsin four directions were randomly arranged.

1.3 Measurements of sapwood area and other sup-
plementary data

In addition to sgp flux dendty, the growth of sp-
wood area of the gands was tracked by repested diameter
measurements and the relaionship between the sgpwood
area and diameter in individual tree was derived. Supple-
mentary measurements of probe separation, wound Sze
and wolume fractions of water and wood in the nonitored
trees were routinely collected to derive the sp flux densty
observations.

1.4 Monitoring o environmental factors

Ervironmenta nmonitoring equipment was indaled at
the Jijia and Hetou water use nonitoring stes in Septenr
ber 1999 for intensve climate and il noigure observar
tions. At each dte, a daa logger oollects half-hourly
readings of olar radiation, rairfal , wind gpeed , rdative
humidity and air tenperature at tree carmopy levd , and
il nmoigure content a 50, 150, 250 and 350 cm depth
with buried Thetgprobe sensrs. Cudomized ftware had
been developed for the management and condensation of
this large dataset.

il sanples were oollected from 30 cm depth inter-
vals a each dte to 390 cm in September 1999 and again
in April 2000, i.e. a the end of the wet seaon and the
end of the dry sean repectively. The noigure content
and matric potentia of each sample were determined to
characterize the moidure release properties of the two
ils. Moidure content data were al® used to cdibrate
the Thetgprobe sensors used for nonitoring the change in
il noigure digribution through time.

1.5 Data processing

For each nonitored tree, the ratio of sengor depth
(X, in the unit of cm) to xylem ring thickness (Y, in
the unit of cm) was taken to represent the reltive postion
o a enr in the xylem. The ratio would be 0 to 1. Zero
means the pogtion of cambium, 0.5 means the midde of
xylem and 1 means the interface of sgowood and heart-
wood , which would be suitable to al nonitored trees even
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if their diameters are different (Table 1) . After deleting
the gpparently abrorma heat pulse recordings in ome
daysfor severa trees, we averaged the measurement re-
sultsof al daysin each tree a same time and same sensor
depth. For conparion of sep flux dendty anong the trees
o various diameters, it is necessary to dandardize the
nonitored result of each sengor. The data processng was
carried out asfollows: the ratio of sgp flux densty (in the
unit of mL-cm™ 2 h™ %) of a sen9r to the average of four
enors (inthe unitof mL-cm™2-h™Y) (Table 2) inthe
same recording was taken as the relative value of sgp flux
dendty (no unit) of the sensor.

Tables 1 and 2 are the denondration of data pro-
cessng.

2 Resaults

2.1 Sapwood area and thickness

There was dgnificant correlation ( P = 0. 01) be
tween gem diameter (dbh) and sgpwood area (defined as
the cross sectiond area between the inner bark surface,
i.e. , the cambium and the outer heartwood) for both in
Jijia and Hetou. Sgowood areas could be egimated from a
power function of dbh based on regresson (Fig.2) .

Gonpared with sgpwood area, sgowood thickness
('y) was a linear function of cambium diameter (x). The
regresson relationships were y =0. 138x +0.996 (R =

Table 1 Sandardization way of sengor rdive radiad postion in xylem

0.460, n=18) and y=0.140x +0.725 (R*=0.644,
n =18) for Jijia and Hetou, repectively. Four replicate
oores taken from every one of 18 trees reveded sgpwood
thickness was uniform around the circunference of each
tree (Fg.3).

2.2 Wood and water fractions in sapwood

For each wood core described above , the volumes of
wood and water were measured to check how the cormpo-
nents of xylem afect s flux velocity. Urfortunately , not
any dgnificant change of wood and water fraction with
cambium diameters were detected. There might be two
causes for this result. One was that the two plantations
were very young, and thus, no much difference in water
and wood contents exiged through xylem in radid direc
tion. The other might result from the accuracy of measure-
ment (Fg.4) .

2.3 Hfects of snsor depth on sap flux density

Sp flux dendty (SD) is differently digributed be-
tween the sspwood surface and the outnog of heartwood.
Edimeting the massflow rates through cross section of
trunk needs accurate determination of the digribution of
SD.

Fgure 5 shows the reaults incidentaly sdected from
the data measured in Jijia and Hetou dtes. SFD was
highly dependent on the depth of probe insertion into the
sgpwood during daytime, but no much difference in the

Tree number Tree 1l Tree2 e Tree N
Snor 1 Depth (cm) X1 Xp e Xin
Relative postion Xul Y1 Xl Yo o e X/ Yn
Snor 2 Depth (cm) Xa1 Xop e Xon
Relative postion Xal Y1 Xoo Yo e Xo/ Yo
Snor 3 Depth (cm) Xa1 Xe. e Xan
Reative podtion Xa/ Y1 Xl Yo 0 e Xz Ya
Senar 4 Depth (cm) Xa Xeo e Xan
Reldive postion Xal Y1 Xl Yo ... Xa/ Ya
Table 2 Sandardization way of sgp flux dendty recordingsfor a tree (taking tree 1 as example)
Orignd data sanple
Dayl ] e Day N
8:00 8:30 | ------ 20000 | ------ 8:00 8:30 | ------ 20:00
Senor 1 A1a Ao | - At | oo An 1 Ano | oo AN 25
Sensor 2 Bi1 Bio | ------ By | -o¢:- Bn1 Bno | - Bn 5
Senor 3 Ci1 Cio | «viin: Cios | --on Cn1 Cnz | ovevne Cn s
Sensor 4 Dia Dip | -:---- Dips | ------ Dna Dno | -vvv-- Dn 25
Average for dfferent days, i.e. , Sandardization to the recordings,
1= (Aat--+ Avg)/ N Erp=4ary/ (ag1+--- + diyo)
\ ............ M%n
dis= (Dims+-++ Dnam)/ N His=4dis(ag s+ + dix)
Sensor 1 a1 aip | - a5 - Eia Bip | +----- E1 5 Xu
Snor 2 by 4 by, | ---e-- b1 5 Fia Fio | -o-v-. F15 Xo1
Sensor 3 Cia Cipg | -vv--- Ci5 Gia Ggo | +oer-- G X31
Sensr 4 dig dip | ov---- diss Hia Hip | oo---- Hios Xa1
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Fig.2. Reationship between measured s¢em diameter (dbh) and
cross sctiond sgowood area in Jijia and Hetou.
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Fig. 3. Relationship between measured cambium diameter and
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4]

8 0.45 r

E @ Jijia . &

>

= 0.40  @®Hetou .

S0 p oo oo‘&o °o o

b . [ J (]

3 °

£0.30 . .

< . *

S *

$0.25 . . )

0 5 10 15
Cambium diameter {(cm)
0.70 r

o b

= | L

= 0. 65 .

> .

£0.60 } . . ®

=

S 0.55 f o oo’oo&o |

Q

@ N L J

& 0.50 oJijia .

Ft

20.45 F @Hetou o

=

0. 40 . A -
0 5 10 15
Cambium diameter (cm)
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other time of the day. From all measured data, SFD mear
sured by 4 were alnog al (except few ones) the sdl-
eg , that measured by nog of S were the bigges , and
then, Sl and S3. These reaults demondrated me datis
tical trendsfor the radia digribution of SFD.

For the purpose of dranving out the trends of radia
didribution of SFD , it is necessary to take the nonitoring

datadf dl treesinto condderation. Based on the data pro-
cesding explicated alove, the rdative vaues of s flux
dengty during 08:00 - 20:00 of each snr were aver-
aged for al the recordings of September 12, 1999 to
Sptember 24, 2000. The results are shown in FHg. 6.

Fgure 6 dowed that SFD in sgpwood digributed
with radia sspwood thickness in the pattern of y = ax® +
x>+ ox + d (y, s flux dendty, x, disance from
canbiumin xylem, a, b, c, d are the four congants)
for E. urophylla plantations in Hetou and Jijia.

There was no dgnificant difference in plantations of
both places, athough the two dtes are 40 km far from
each other and the il origins are totdly different. The
result might denondrate that the digribution of SFD in
radial sgpwood thickness is independent on environment
and determined only by the characterigics of the gecies.

The bigges SFD located in 0.3 - 0.4 timesof radia
sgowood thickness (RST) darted from cambium, no meat-
ter what diameter of the trunk was. From cambiumto 0.3
- 0.4 timesdf RST, sp flux dendty increased continu
oudy, which might denondrate that the veses were
gradually empty and easy to conduct water. Between 0. 4
times of RST to the outnog of heartwood , sgp flux dengty
was lessening. And until 0.8 - 0.9 times of RST, the
sp flux dengty reduced to 0.68 - 0. 72 of the average.
In this experiment , the sensor depth was st to 0. 94 o
RST , which was close to the heartwood and the sgp flux
dengty wasfound to be 0. 28 of the average. Due to lack-
ing of the measurement on water and wood fraction
throughout sgpwood , it could not be concluded that the
digribution pattern of SFD in radid xylem had any rda
tionship with them.

3 Discussion

SO exhibited subdantia variation in relaion to
spowood depth (ohen et al , 1981; Dye e al , 1991;
Becker, 1996; Oren e a, 1999; Wulschleger and
King, 2000) . Many measurements showed the SFD was
severa-fold higher in outer sgpwood than that in inner
sgpwood. However , the change pattern of SFD with probe
depths was different with the results of different authors.

Waullschieger and King (2000) found, through the
observations for severa dnge yelow-poplar trees, that
the s3p velocity (mm/ s) wasthe highest and very close to
cambium, and then, decreased greatly and gradudly to
zero until 5 cm in radid depth from cambium. Only in
two trees, there was a maximum located between the canr
bium and the depth of 5 cm in radid direction in ther
sudy.

Jones et al (1988) gudied the dfect of sensor depth
on temperature rise in the ¢em at certain digance from
the heater , based on few snge trees. He disovered a
smilar change patern to ours but found the termperature
changes were rot very sendtive to snsor depth, even
though massflow rates tend to be greastes in the youngest
wood, decreasng regpidly through the older annua rings
as described by Zimmermann (1983) and Swanson
(1975) .
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Fig.5. Diurnd variation in sgp flux dengty measured a four sgpwood depths in four eucadyptus trees sdlected from Jijia and Hetou stes.

SI- $4 represented the four probes and their depths were gradudly deeper.
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Fig. 6.

Maximum probability for digribution of sgp flux dendty in dl trunksof E. urophylla plantations of Hetou and Jijia.

Horizontal axis represents the ratio of sensor depth to radia sgpwood thickness (arbitrary unit) . Vertica axis represents the ratio of sgp flux
densty of a sensor to the average of four onesin the same recording (arbitrary unit) , which deleted the probable difference caused by differernt
diameter of trunks, climatic patern o nonitoring duration, etc. Verticad bar shows sandard error.

It can be rationaly expected for 3 - 4 years old of
E. urophylla trees that the digribution of SFD should be
oonti nuous throughout the xylem, and SFD will not be of
much difference for any two very nearby points no metter
whether the two points are located in the same or different
annulus. BEven though for pringanood and summenaood
there is a trandtion area continuoudy linking these two
parts. Fgure 6 supported our hypotheds. Based on the
anatomy of xylem gdructure, it is d easy to explain the
pheromeron what FHg. 6 explicated. Because the outnog
annulus of xylem was nemy formed and the vessel's dften
contained more remnarts from origind living cdls, water
conductivity of the annulus was nore of redgance than
the former xylem, and thus, its SFD was srdler. Fom

0.3- 0.4timesdf RST to heartwood , the xylem was usr
aly formed in savera years agp and various invasons of-
ten filled the vesels gradudly , 9 that the water conduc
tivity would decrease to zero until the outnog of heart-
wood.

How to comprehensvely andyze the data from the
measurement of various trees and dates is another key
problem for gudies on radid variation in SFD. Urfortu
nately , © far to my knowledge, no publication deding
with dficient data processng based on heat pulse sensor
recordings could be found. Due to the difference in dianr
eter, il water content and lar radiation, the probe
depths and results of observations anong various
nonitored trees would be greatly different. If the sensor
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recordings were not managed well , the radid variation in
SFD could not be derrongrated well . This paper showed a
val uable way of data processng.

In our gudy , because the trees for observation were
very young , wood and water fractions in sgpwood , on the
average , were ot detected to be related to tree diameter.
Perhaps the dtuation is universa even though trees are
very old , but we are rot certain.

It is regret that we have o data of the change of
wood and water fraction with radid depthsin sspwood. It
was inpossble to anayze the relaionship between radia
variation in SFD and water fractions in the sgpwood.
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