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Abstract-This paper discusses the respective advantages and disadvantages of three sapflow techniques used for measuring tree transpiration in forests: heat pulse velocity, tissue heat balance (Cermák-Type), and radial flowmeter (Granier-Type). In the EUROFLUX programme, aiming at
analysing and modelling water and CO
2 fluxes above European forests, the two latter techniques
are used at several sites. These two techniques were compared on the same trees, and resulted in
similar flux estimates. Principal problems of the methods are linked with the influence of natural thermal gradients in the trunks and with effects of heat storage and conduction within the
tissue. Sapflow probes can be typically left in place during one vegetation period, without any
apparent modification of water transfer properties of the xylem. Different sources of sap flux variability related to temporal and spatial scale are discussed. Accuracy of sapflow estimates at the
stand level can only be achieved by appropriate sample size of flux measurements and structural scalars. In a homogeneous, untreated stand, the appropriate sample size is usually about ten
but increases depending on species, conducting type of the xylem and spatial heterogeneity of the
site. It is recommended to combine sapflow measurements with eddy covariance techniques in order
to separate tree transpiration from total forest water vapor flux and to examine spatial heterogeneity
of fluxes within forest stands. (&copy; Inra/Elsevier, Paris.)
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Résumé - Mesure du flux de sève dans les peuplements forestiers : méthodes et incertitudes. Cet article analyse les avantages et les inconvénients respectifs des trois principales méthodes de mesure du flux de sève dans les arbres: les impulsions de chaleur, et les méthodes à chauffage continu : bilan d’énergie du xylème (Cermák) et fluxmètre radial (Granier). Ces deux
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dernières

techniques

sont

utilisées

en

routine

sur

plusieurs

sites dans le cadre du programme

Euroflux, qui porte sur l’analyse et la modélisation des flux d’eau et de CO
2 au-dessus des forêts
européennes. Ces deux méthodes ont pu être comparées sur les mêmes arbres, et ont donné des
résultats très proches. Les problèmes majeurs dans l’utilisation de ces méthodes sont liés aux modifications du signal par les gradients thermiques qui existent naturellement dans le tronc des
arbres, et par les phénomènes de stockage et de transfert de la chaleur dans les tissus. En général, ces capteurs peuvent rester en place dans les troncs pendant une saison de végétation, sans
influence apparente sur les propriétés de transfert hydrique de la zone du xylème mesurée. Les différentes sources de variabilité temporelle et spatiale des mesures de flux de sève sont discutées ;
on constate en général que la variabilité intraarbre est du même ordre de grandeur que celle entre
les arbres. La précision dans l’estimation de la transpiration à l’échelle de la parcelle dépend de
la taille de l’échantillon pour les mesures de flux et de la variable de changement d’échelle. Le
nombre de capteurs de mesure à mettre en &oelig;uvre pour avoir une estimation acceptable de la
transpiration d’une population homogène est de l’ordre de 10, mais ce nombre peut augmenter selon
l’espèce étudiée, le type de tissu conducteur et avec l’hétérogénéité de la parcelle. En conclusion,
il est recommandé, dans ces projets de recherche sur la mesure des flux d’eau et de carbone dans
les écosystèmes forestiers, de combiner les mesures de flux de sève à la méthode des corrélations
turbulentes, pour pouvoir séparer la transpiration des arbres du flux total de vapeur d’eau, et
pour analyser l’hétérogénéité spatiale des flux hydriques dans les peuplements forestier.

(&copy; Inra/Elsevier, Paris.)
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1. INTRODUCTION

nificantly lower than expected from total
evaporation rates [54, 55] and maximum

Xylem sapflow techniques provide
mean

at the tree level to

a

estimate forest

stand transpiration [37, 63]. Sapflow rates
of trees scaled to forest canopy transpiration are used to compare tree transpiration
in relation to water vapor flux from the
forest floor and to total water vapor flux
measured above the forest canopy [27, 35,

38, 51, 52, 80]. Total evaporation of a Scots

pine plantation estimated from tree transpiration using different sapflow techniques
plus forest floor evapotranspiration was
not different from above-canopy surface
evaporation and varied in the same range
(mean coefficient of variation, CV = 13 %)
as

total water vapor fluxes measured simul-

taneously by several eddy-covariance systems above the canopy (CV
16 %; see
table I). Apart from comparative measurements estimating water vapor flux of
forest stands, sapflow techniques demonstrate tree vegetation activity separately
=

from total surface evaporation and conductance. Especially in old forest stands,
tree transpiration is often found to be sig-

stomatal conductance is only ca. 1/3 of
maximum surface conductance [71].Further, sapflow estimates demonstrate small
scale heterogeneity of water fluxes due to
stand parameters such as age, size, density
of trees and species composition [2, 7, 22,
62]. Combined measurements of eddy
covariance and tree xylem sapflow can
also show coherent short-term fluctuations
-2Hz) of sapflow and atmo-3 to 10
(10
momentum,
spheric
temperature and air
humidity. Observations of emergent
Nothofagus trees suggested that the maximum size of eddies to which the trees
responded were ca.100 m and according to
the displacement events, fluctuations were
best correlated among neighboring trees
tree

[46, 70].
Within the frame of EUROFLUX, long-

eddy-covariance measurements will
be combined with tree sapflow monitoring
at several experimental sites. Tree level estimates of water fluxes will aid us to 1) estimate the contribution of tree transpiration,
2) verify estimates of forest floor evapoterm

transpiration as the residual component of
total stand and tree level fluxes, 3) examine
spatial heterogeneity within forest stands, 4)
assess temporal difference between soil
water uptake and canopy evaporation, and
5) bridge missing data of above canopy
measurements. For this purpose, appropriate sapflow methods, various methodological and technical assumptions and problems, as well as scaling procedures (cf.
Jarvis [49]) are summarized. This paper
addresses the current discussion on sapflow
monitoring methods applied in forest stands
(cf. Tenhunen et al. [75]).

2. APPROPRIATE METHODS
AND TECHNIQUES

Cohen [25] and Swanson [74]). HPV
methods (early descriptions in Huber and
Schmidt [47], Marshall [60] and Swanson
see

[73])

measure sap velocity by delivering
pulses from an active electrode and
registering temperature increase by thermocouples shortly above and below the
pulsing electrode [24, 50, 74]. Absolute
flux rates are estimated by transforming
sap velocity to sap flux density (for defi-

heat

nition of measures see Edwards et al. [30])
via specific wood density and multiplying
flux density with conducting sapwood area.
THB methods deliver heating current continuously to a volume of xylem tissue,
which is either an undefined volume of tissue

or a better defined volume of tissue
included between heating plates [26] or
several heating elements placed in parallel
into the xylem [16-18]. To derive sap flux
density, an empirical calibration of temperature change versus the amount of water
flowing can be used. In figure I the rela-

76]

For continuous

long-term

measurements

of xylem sapflow in trees two different
thermal principles of sapflow methods are
appropriate: the heat pulse velocity (HPV)
and the tissue (THB) or stem surface
(SHB) heat balance methods (for reviews

surrounding a needle-type sensor
radially into the stem [331, 48, 61,

inserted

tionship between temperature change and
flux density observed for stems of various
tree species and an artificial stem (saw
powder) are shown (cf. Granier [31]).
Absolute flux rates are obtained by multiplying flux density with conducting sap-

have the advantage of an already integrated measurement of the total stem. Further, no heating elements need to be

wood

All methods require assumptions on
heat losses due to conduction. Techniques
according to Cermák using several heating
plates or Granier using needle-type sensors are more adapted to measurements in
large than in small trees. The first one
measures sapflow within a larger xylem
volume than the latter, which is more
locally dependent on xylem fluxes within
the small volume surrounding the sensor.
Therefore, the Cermák-Type system, especially the electronically controlled, variable heating system, needs more energy
for heating than the Granier-Type. Both
systems can be powered by batteries. In
field measurements, the techniques agree
in the range of flux densities measured
[54] and in the daily course of sapflow
when both techniques are applied in parallel in the same tree (see figure 2). Comparisons were conducted in seven trees

area

[31, 32].

In the other case,

of water flowing
through a defined volume of xylem tissue
can be directly calculated via the physical heat capacity of water [16]. Heating
power can be applied constantly while
variable change of temperature difference
is registered as analysed in detail by
Kucera et al. [56]. Advantages of variable
heating systems are due to the fact that
accuracy does not depend on absolute flux
rates and that the thermal equilibration
rate between heated stem and surroudings
remains constant [40]. Disadvantages of
variable heating systems are connected
with higher power requirements and higher
costs of the equipment. SHB systems measure total stem water flux using a heating
shield wrapped around the stem [4, 19,
57, 68, 72]. These systems use different
approaches of calculating sapflow. They
mass

inserted into the wood. However, SHB
systems are only appropriate for small
stems or branches.

during periods up to 60 days. Average difference in cumulative sapflow rate
between the techniques was ± 9 %. No
significant difference in daily flux rates
of both techniques was found (t-test of
paired samples). Flux rates measured by
different techniques varied in the same
range as flux rates measured by systems of
the same technique within a tree [1].
Most users of sapflow techniques agree
that there exists no unique technical solution for all tree sizes and all tree species.
The techniques exhibit advantages or disadvantages in different directions [38, 74].
Tree xylem differs in conducting type, e.g.
tracheids in conifers, diffuse- or ringporous types in deciduous trees. For
instance, Granier-Type systems, when
used on species bearing narrow sapwood,
such as Fraxinus excelsior (Granier and
Peiffer, unpublished) showed an underestimation of the actual tree transpiration.
Otherwise, when used in species with deep
sapwood such as pine trees, sensors at different depths have to be used for an accurate estimate [37, 53, 62]. At the tree level,
THB/SHB techniques are inherently more
appropriate for quantification than HPV
techniques. Uncertainties of HPV methods are associated with point sampling,
probe separation, and estimation of wound
diameter and volumetric water content
[29, 44]. Otherwise, HPV systems are less
affected by thermal imbalances, require
lowest power supply and, therefore, may
be left unattended for longer periods.

Commercial distributers of HPV-sysfor instance GreenSpan (Victoria, Australia) and IMKO GmbH (Ettlingen, Germany). THB or SHB systems
according to Cermák and Kucera [ 16,18,
54] using an electronic controller of both
constant power or constant temperature
difference are distributed by Kucera
tems are

(Environmental Measuring Systems Inc.,
Brno, Czech Republic). THB-systems

according to Granier [30, 31]are commercially distributed by UP GmbH (Land-

shut, Germany) and in
version

by Dynamax

a new

Inc.

technical

(Huston TX,

USA).
3. TECHNICAL PROBLEMS
ASSOCIATED WITH THERMAL
PROPERTIES OF THE TISSUE
The quantification of sapflow with
THB systems relies on the assumption that
total heat dissipation by conduction of the

wood and by convection of sapflow is
known. Heat dissipation by conduction is
determined as basic heating (Q
, cf.
fictive
Cermák et al. [17]) or as maximum temperature difference (&Delta;T
, cf. Granier
max
[32]) during periods when sapflow is
absent (zero-flux). However, temperature
sources other than heating sensors such
as sun beams, temperature changes of the
xylem water from root to above-ground
levels, or effects of heat storage in the
stem can affect the artificially established
temperature gradients. Effects of heat storage in the stem or differences in heat conductance between day and night can falsify
the zero-flux determination. Also, freezing
of the xylem provokes troubles due to
large heat exchanges during the freezing-sawing phases [69]. Therefore, in
addition to means such as insulation material and compensating thermocouples [11],
it is suggested that temperature control be
introduced into heat balance methods [40,
79]. This seems practicable at least in
small trees. Up to now, investigations in
large forest trees have not been sufficient
to assess the potential error of sapflow
estimates related to heat storage effects.
The correction of heat storage terms
according to the results from an artificial
tree model (acrylic glass filled with sawdust) as shown by Herzog et al. [45] does
not seem appropriate because maximum
flux densities obtained in the model tree
reached only 20 % of realistic flux densities in coniferous trees. Considering successful comparisons of sapflow measure-

ments at the stand

effects do

level, heat storage

be of major importance. However, improvements made on
this subject could decrease variability in
not seem to

sapflow rates.
Problems of natural thermal gradients in
the stem seem to be more pronounced
when sapflow is measured close to the soil
surface (especially in open stand conditions as in orchards or in thinned stands),
where steep temperature gradients between
trunk and soil usually develop. Natural
temperature gradients in the stem are
observed for minutes or hours when colder
xylem water from roots passes the lower
reference sensor and gradients decline
again when the water reaches the upper
sensor [18, 64]. During an experiment in
an old Norway spruce stand in the Bayerische Wald/Germany, eight spruce and
four beech trees were measured with a
variable heating system (Cermák-Type).
Natural temperature gradients were monitored between days of sapflow measurements

rected

[65]. Xylem sapflow rates were cor-

according

to natural

temperature

differences monitored between days of
active sapflow measurements. On an
hourly basis corrected sapflow rates related
to uncorrected rates changed up to ± 25 %
in spruce and up to ± 100 % in smaller
beech trees. On a daily basis, average differences of corrected related to uncorrected
sapflow rates amounted to ± 14 % in
spruce and ± 25 % in beech. In most cases,
the coefficient of variation (CV) of the
daily rates could be reduced from ca.
± 20 % of the uncorrected to ± 10 % of
the corrected flow rates. On the same day
corrected flow rates of individual trees
were both higher or lower than uncorrected
ones. Therefore, the effect of correction
on absolute flux rates was more or less
compensated at the stand level and over
periods of several days (Köstner et al.,
unpublished). Similar observations were
made using the Granier system in a beech
stand, corrections being made from the

natural gradients either measured during
the previous days when sensors were not
heated, or by using a switched power supply allowing the measurement of temperature difference between the two probes
for 30 min under constant heating, and for
30 min without heating (Granier, unpub-

lished).

experience of many users of the
Granier-Type sensor has shown that sensors can practically be used for one vegetation period or even longer. However, the
injury of the cambium modifies its activity and probes may need to be replaced
The

every year. This is also true of the Cer-

mák-Type system. Although, histological
investigations of wood tissue from Picea
abies measured for one vegetation period
by the variable heating system revealed
that xylem damage and increased resin
flow was confined to a few tracheid rows
along the heating plates, cambium activity
was seriously affected around and between
the heating plates, obviously due to high
electrical tension (up to 100 V; Köstner
and Mehne-Jakobs, unpublished).

4. SCALING OF SAPFLOW
MEASUREMENTS
The general question of accuracy of
sapflow techniques refers both to the level
of the sensed area or individual plant and
to the level of plant stands. At the plant
level, quite successful comparison studies of sapflow techniques with other independent methods (gravimetry, potometry,
isotope tracing, porometry) could be
demonstrated (e.g. Dugas et al. [28]), but
conditions assessed during the comparisons (variation in sap flux density and
conducting sapwood area, thermal properties of the tissue) may change in large
trees and during long-term measurements.
Sapflow measurements in large trees have
to be proved at the stand level by comparison with micrometeorological flux

estimates. At the stand

or watershed level,
however, variability increases with an

increase in spatial heterogeneity and additional sources of evaporation or transpiration. Also, stand-level sap flux estimates
and eddy-correlation measurements or
water balance methods do not refer to the
same time and spatial scale. For instance,
in a catchment study of Norway spruce,
Peschke et al. [65] could show simultaneously the increasing phase-shifts in the
diurnal oscillation of irradiance, leaf transpiration, trunk sapflow, trunk radius, soil
matrix potential and runoff at the weir.
Despite these difficulties related to temporal and spatial scales, comparative measurements derived from different scales
are very useful for improving the quality of
results and their interpretation and
strengthening the plausibility of quantitative estimates.

4.1. From

sensor

to tree

Variation in xylem sap flux within trees
depends on xylem structure and sapwood
cross-sectional area. Sapwood depth and
number of growth rings within sapwood
are important factors affecting flux density [29]. Depending on site conditions
and tree species, sapwood cross-sectional
within trees (and within the stand)
may vary from rather regular (e.g. planarea

tations,
very

constant growing conditions)
irregular (cf. Phillips et al. [66]).

to

Some sapflow techniques (HPV and
Granier-Type THB) require the determination of cross-sectional sapwood area of
trees. In most cases, sapwood depth can
be determined by fresh cores showing dif-

ferences in color or in transparency of sapwood and heartwood due to differences
in water content. Radial profiles of sapflow
velocity characterizing the conducting sapwood were determined by the staining
technique in large willow, oak, eucalyptus
and spruce trees [ 19, 20] showing a range

of velocity patterns including those rapidly
declining from maximum close to cambium to the heartwood and those with
maximum in mid sapwood (see summary
in Phillips et al. [66]). Further, computer

tomography [2, 41] can assess variability
in sapwood cross-sectional distribution at
the living tree and thermal imaging analysis [3] demonstrates changes in flux densities with sapwood depth.
As previously observed in oak species
by a combination of short sapflowmeters
with thermal IR-imaging [36], preliminary results from measurements in large
diffuse-porous beech trees showed that
flux density is exponentially reduced from
outer to inner sapwood (figure 3). No
reduction in flux density up to a 4-cm sapwood depth was observed in two hardwood species (Quercus alba, Liquidambar
styraciflua) by Phillips et al. [66]. Nevertheless, relationships of flux density and
sapwood depth have to be investigated
when total flux of trees with large crosssectional sapwood area is estimated.
The trunk base of a tree often exhibits
a more

heterogeneous sapwood structure

and geometry than higher parts of the
trunk. Accordingly, azimuthal variation
in stem sapflow usually decreases in an
upward direction. Experiments on Pinus
pinaster using two sets of four sensors
inserted at two heights in the trunk showed
CV in sap flux density of 35 % when
sapflow was measured at 1.3 m, while CV
decreased to 14 % when measured below
live-crown [59]. Studies on spruce, larch,
pine and beech confirmed dependence of
such variation also on soil water supply drought significantly increased variation in
sapflow within stems [13, 21, 25]. In some
species, infections by fungi decreased transpiration rate and increased variation in
sapflow [14]. Hatton et al. [44] found the
greatest potential source of error in scaling
from sensor to tree. To estimate the flux
rate of a single Eucalyptus tree (HPV
method) 12 probes were needed to keep

the CV at 15 % when probes were placed
randomly, while sample size could be
reduced to six when the probes were stratified by depth and quadrant within the tree.

than flow rates related to stem or
size parameters. In dry habitats,
leaf area may be a worse scalar owing to
pronounced changes in transpiration per
leaf area during drought [44].
errors

crown

variability in sapflow
species distribution, stand
structure and soil properties. For instance,
increased variability between trees was
observed during drought and after thinning [7] and in stands exhibiting symptoms of forest decline [37]. Scaling of
fluxes should be based on an appropriate
number of trees representing the spatial
Within stand

4.2. From tree to stand
In order to scale
to

sapflow rates from tree

stand, the sampling strategy should be

related to stand structure such as tree size
and tree species distribution within the
stand. If there is no information available,
pre-studies are necessary to determine tree
size distribution and tree/stand sapwood
area and to assess the appropriate sample
size or plot area. Structural scaling factors usually used are tree basal area, volume or tree circumference [11, 18], the
tree sapwood area [37] or leaf area [43].
Cermák [10] could demonstrate that
sapflow rates related to solar equivalent
leaf area were less prone to systematic

depends

on

distribution of tree types or classes within
a stand. A tree class can be related to
dimension, social position, leaf area or
vitality of tree species. In various
monospecific stands, flux rates of sample
means deviated from population mean in
the range of ± 7 to 22 % for a sample size
of 8 to 12 trees [22, 24, 25, 42, 53, 54,
58]. Oren et al. [62] report sample sizes

between 4 and 48 required for a CV of
15 % of mean sapflux in various coniferous and broad-leaved stands.

was more pronounced (ca. 70 min,figure
4B) than the time-lags between sapflow

measurements at the branch base and difheights of the stem. This is

ferent

explained by
5. SAPFLOW MEASUREMENTS
IN ROOTS AND BRANCHES

be used to

Sapflow
study repartitioning and temporal changes
measurements can

of

fluxes in branches or roots of
This allows investigations of spatial flux variation within the tree canopy or
the root system. Differences in diurnal
dynamics and specific sapflow occurred
at the stem base compared to branches of
a large willow tree. Within branches,
sapflow rate increased from shaded to sunexposed parts of the crown [19, 72]. Further, it was observed on spruce that the
uppermost quarter of the crown (considering both length and needle dry weight)
transpired as much as the residual crown
below [15]. Similarily, it was shown on
spruce, [1, 33] as well as on pine [61]that
i) temporal variation in sap flux density
was faster in branches than in the trunk,
ii) higher flux density and higher flow
rates were found in sun-compared to
shade-exposed branches [19, 32, 72], and
iii) increase in sapflow in the morning was
earlier in branches than in the trunk. For a
40-year-old spruce tree, leaf transpiration,
branch sapflow and stem sapflow at different heights are shown in figure 4.
Whole branch transpiration was calculated
by modelling light interception and gasexchange based on porometer measurements at the branch tip (Falge, unpublished). Total needle biomass of the branch
was about 0.5 kg
, which equalled a needw
dle surface (total area) of ca. 7 m
.
2
Depending on the assumptions on needle
clumping of the branch, both slightly
higher or lower rates of modelled transpiration were obtained compared to measured branch sapflow. The time-lag
between leaf transpiration measured at the
branch tip and sapflow at the branch base
water

trees.

rates

low absolute

(max. daily

transpiriaton
-1
kg h

rate ca. 0.1

). During the first 70 min of the
-1
branch
-1
morning a total of only 0.02 kg branch
were transpired which equals about
10-20 % of the assumed capacity of easy
available water in the branch.
For comparison of water fluxes in roots
and in the trunk of an apple tree, sapflow
was monitored in 14 main roots close to
the trunk base [8, 9]. Good agreement was
found between the sum of fluxes in roots
and sapflow measured in the trunk. Furthermore, spatial variation in the rate of
water absorbed by the roots was observed
around the trunk. This distribution was
modified after irrigation.

6. CONCLUSIONS
Within the context of physical and
chemical environmental change, material
fluxes in forest ecosystem became a focus
of research. Xylem sapflow measurements
in trees are increasingly used to identify
the contribution of indivdual trees or the
forest canopy to total water vapor flux
measured concurrently by eddy-correlation. For this reason, methods and uncertainties of sapflow monitoring methods
and scaling procedures applied in forest
stands were described. From current
knowledge we make the following conclusions.
For continuous
of tree xylem

ments

long-term measuresapflow both method-

ological principles, THB as well as HPV
methods, are appropriate. While HPV
methods show higher variation due to
point measurements and higher relation
of wound area to measured xylem tissue,
integrative THB methods are more prone

to errors due to thermal imbalances, at
least during shorter time-constants.

Problems of accuracy associated with
thermal properties of the wood are not sufficiently investigated in large trees of various conducting types. More research is
needed on this subject.

Accuracy of sapflow
scaled from

sensor

by comparison

measurements
to tree can be proved

with

independent meausually

surements. Such comparisons are
limited by tree size.

Accuracy of sapflow estimates at the
can only be achieved by appropriate sample size of flux measurements
and structural scalars. Analysis of water
stand level

flux components derived from different
levels of integration should be based on
sound statistical evaluation.

Finally, flux programmes such as
EUROFLUX are encouraged to include
sapflow measurements in order to have a
complementary, analytical tool for separating tree transpiration from total water

flux and assessing the range and dynamics
in temporal variability and spatial heterogeneity of transpiration within the studied plot.
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