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Abstract

Transpiration, the movement of water through plants from the soil to the atmosphere, is an important process in plant
physiology, the hydrologic cycle, and the global energy balance. Transpiration at the scale of individual plants can bemeasured
withweighing lysimetry, but this technique is limited to small plants and is generally impractical for trees andmany field crops.
Heat-pulse velocity methods offer an alternative, and several plant sap flow gauges have been marketed. Because these gauges
use electrical resistance heaters to heat the stem, they present several problems: they are invasive, typically bulky, provide poor
temperature control (killing the cambium), and have lengthy response times, so they cannot measure short-term transients.
In this report, we describe a system for measuring sap flow in real-time and without the need to puncture the stem. Instead

of a resistance heater, it uses a laser beam as a heat source, and instead of contact thermometers, it uses non-contact infrared
thermometers. Used with a precision-mounting unit that insures constant alignment, it determines whole-plant transpiration.
The laser has the added advantage of delivering a precisely controlled amount of heat for a discrete time period. The end
product is a more accurate, less invasive way to gauge water flow through herbaceous plant stems. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Accurate measurement of water use by plants is
central to understanding the water and energy balance
of orchards, agronomic crops, forest plantations, and
natural stands in response to environmental change.
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Direct measurement of transpiration by individual
plants or small stands is possible via weighing lysime-
try, but this technique is limited to relatively small
plants in containers and is impractical for mature
trees and many field crops. Sap flow gauges are a
practical alternative and are especially useful tools
for scaling between the leaf and whole plant as
well as between the individual and the entire com-
munity (Hatton and Wu, 1995; Wullschleger et al.,
1998). Sap flow gauges have research applications in
forestry (Marshall, 1958; Miller et al., 1980; Olbrich,
1991; Smith, 1992; Hatton et al., 1995; Wullschleger
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et al., 1998), hydrology (Hatton and Wu, 1995; Dye
et al., 1996; Vertessy et al., 1997; Wullschleger et al.,
1998), plant physiology (Hinckley and Ritchie, 1970;
Wullschleger et al., 1998; Nadezhdina, 1999), and
agriculture (Stone and Shirazi, 1975; Cohen et al.,
1990; Lott et al., 1996; Wullschleger et al., 1998).
Practically, sap flow gauges can be used to detect the
onset of water stress to trigger irrigation (Cohen et al.,
1990), to evaluate recovery from root pruning and
transplant shock (Lott et al., 1996), and to evaluate
tree hydraulic architecture to aid in pruning decisions
(Moreshet et al., 1990).
Four thermal methods for sap flow measurement

are well-documented and originated as follows: (1)
heat-pulse (Huber, 1932), (2) tissue-heat balance
(Cermák et al., 1973, 1976), (3) stem-heat balance
(Sakuratani, 1981), and (4) heat-dissipation (Granier,
1985). At the current time, all of the methods are com-
mercially available with their own unique set of advan-
tages and disadvantages.The fifth method described
herein, the laser heat-pulse gauge (LHPG), describes
a system for measuring sap flow in real-time and
without the need to puncture the stem. A brief chrono-
logical synopsis of each method follows; however, a
complete description of heat-pulse, tissue-dissipation,
heat-dissipation, and stem heat balance techniques are
beyond the scope of this paper and the reader should
consult reviews by Swanson (1994), Smith and Allen
(1996), and Wullschleger et al. (1998) for in depth
descriptions of instrumentation, theory of operation,
and practical considerations.

1.1. Heat-pulse method

The heat-pulse methodology is based on measur-
ing the rate of sap flow by applying a heat-pulse
and measuring a rise in temperature downstream of
the heat application. In order to compensate for con-
duction, an additional temperature sensor is placed
upstream of heat application (Huber and Schmidt,
1937). Heat has been used to trace sap flow in
plant stems since 1932 (Huber, 1932; Huber and
Schmidt, 1936, 1937; Dixon, 1937). Current meth-
ods use resistance cables to supply a heat-pulse and
either thermocouple or thermistor probes to detect
the heat downstream from the point of application
(Smith and Allen, 1996). For the past decade, sev-
eral heat-pulse flow gauges of this design have been

marketed commercially (Smith and Allen, 1996).
Their acceptance and utility beyond the research
community has been virtually nil due to three tech-
nical problems. First, holes must be drilled into
the stem to accommodate the heater and temperature
probes (Smith and Allen, 1996). This disrupts the
normal flow of water through the xylem. Although
this can be compensated for arithmetically, plants
react to wounding in different ways over unknown
periods of time, so the stem sections containing
the probes cannot be assumed to represent water
flow in undisturbed stems. Wound width measure-
ments are required to correct for flow interruption
(Swanson and Whitfield, 1981; Green and Clothier,
1988).
Second, accurate positioning of the heater and

sensor probes is critical (Olbrich, 1991; Smith and
Allen, 1996). In conventional sap flow gauges, the
plane of the heater and thermocouple sensors can
easily be misaligned during insertion into the plant,
resulting in errors that are impossible to detect.
Third, the current models can raise the temperature

of the cambium sufficiently to kill the living tissue.
Accuracy from a single probe placement may vary
over time, and laboratory measurements have found
that heater surface temperatures reached 44 ± 2 ◦C
(Miller et al., 1980).

1.2. Tissue-heat balance

The tissue-heat balance methodology is based on
the application of heat to a discreet portion of stem
tissue. Heat dissipated in the vertical, radial, and lat-
eral direction is accounted for and the mass flow of
sap is determined from the heat loss by convection in
the moving sap stream (Cermák et al., 1973). Briefly,
five stainless steel electrode plates are inserted into the
wood in order to create four segments of sapwood. The
segments are then bounded by electrodes and eight
thermocouples are inserted into the sapwood: two
located midway across the central segments, two
placed 60mm laterally from the outer electrode, and
four 100mm below and outside of the heated zone
(Cermák and Kucera, 1981; Cermák et al., 1984).
Although, the measurement system can be purchased
commercially, the hardware installation requires care-
ful alignment. Like the heat-pulse method, substantial
variation in sap flow around tree trunks would require
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installations of several gauges on the circumference
of the trunk (Cermák et al., 1995).
In addition to measuring periods of sap flow, it is

critical that data are collected under zero sap flow in
order to estimate the thermal conductivity of the tissue
and insulation materials surrounding the heated area. It
is assumed zero sap flow occurs prior to dawn or after
a rain event; however, this is only an assumption and
large trees may require substantial time to equilibrate.
The estimates of thermal conductivity, therefore, may
be difficult to obtain in certain environments and more
importantly, could be subject to error if zero flow does
not occur.

1.3. Stem-heat balance

Similar to tissue-heat balance, a uniform amount of
heat is applied to an estimated stem area, and zero flow
must be assumed at some period during measurement.
Unlike the tissue-balance method, measurement of sap
flow is possible in both woody (Steinberg et al., 1989)
and herbaceous (Baker and van Bavel, 1987) stems.
Heat application occurs around the entire circumfer-
ence of the stem with a flexible heater and the mass
flow of sap is calculated from the balance of fluxes
into and out of the heated stem section (Sakuratani,
1981; Baker and van Bavel, 1987). The commercially
available gauges are limited with respect to the varia-
tion in individual stem diameter they can encompass.
Furthermore, continuous heating of the entire stem can
demand large amounts of power and may not be suit-
able for remote locations.

1.4. Heat-dissipation

Heat-dissipation uses cylindrical probes that are
inserted into the stem, similar to the heat-pulse equip-
ment used primarily prior to this report. The tech-
nique uses two probes vertically placed 100mm apart.
The upper probe provides continuous heat and a mea-
surement of temperature. The heated probe is then
referenced to another temperature sensor in the lower
probe and the rate of sap flow is calculated in rela-
tion to the difference in temperature between the two
probes. The calculations for sap flow are relatively
simple with the heat-dissipation technique, but Smith
and Allen (1996) suggest calibration take place on
species that have no prior heat-dissipation validation.

1.5. LHPG

Our method overcomes all three problems asso-
ciated with heat-pulse techniques. Instead of using
heated wire, we used a laser diode capable of ap-
plying a controlled amount of energy that is spa-
tially discrete, instantaneous, and eliminates heating
the stem to lethal temperatures. And instead of a
conventional thermistor, we use an infrared ther-
mometer that senses temperature non-invasively. This
design either eliminates or controls for artifacts re-
sulting from damaged xylem. Alignment is assured
with a small “Teflon” housing that holds both the
heater and sensor, aids installation, and requires
substantially less set-up time than other commer-
cial units. The unit may be operated either singly
or in multiples to allow comparison of experimental
treatments or flow through different portions of the
canopy.
In this report, we test the LHPG on stems of

Phaseolus vulgaris L. (kidney bean). Validation and
calibration was achieved by comparing transpira-
tion measurement from the LHPG to an independent
measurement based on weight loss (WL) (Green and
Clothier, 1988). Specifically, we examine whether the
LHPG accurately measures water loss in the following
situations: (1) among a group of plants over a 5-min
period, (2) among a group of plants exposed to low
versus high light conditions over a 5-min period, and
(3) among individual plants. In addition, we report on
the precision of the LHPG in relation to calibration
accuracy.

2. Materials and methods

2.1. Plant material

Kidney bean (P. vulgaris L.) was sown in flats
containing a 1:2:1 mixture of sand, peat moss, and
silt loam soil (1:2:1, v/v/v) on 1 July 2000, and
germinated on a propagation bench. Seedlings were
transplanted into 1.5-l plastic pots containing a mix-
ture of sand, peat moss, and silt loam soil (1:2:1,
v/v/v), placed in an evaporation-cooled greenhouse,
and fertilized twice a week with 5 g/l 5-11-26 N,P,K
(Hydrol Sol, Scotts Co., Marysville, OH). Seedlings
were grown for 29 days at 25 ◦C in day time and
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18 ◦C at night temperatures. On day 29, all pots were
watered to saturation and permitted to drain for 18 h.
The next morning, day 30, seven plants were ran-

domly selected, the pots were covered in plastic to
prevent evaporation from the potting medium, and
the plants were moved to a walk-in growth chamber
(Environmental Growth Chamber Co., Chagrin Falls,
OH). The procedure was repeated on days 31 and
32 until 20 total plants were measured. The growth
chamber temperature was maintained at 25 ◦C and rel-
ative humidity conditions ranging 60–70% during the
experiment.

2.2. Velocity calculation

Heat-pulse velocity is calculated by:

Vh =
[

Xd − Xu
2te

]

(1)

where Vh, is the velocity (mm s−1), Xd is the distance
between the heater and the downstream thermometer
(mm), Xu is the distance between the heater and the
upstream thermometer (mm), and te is the time elapsed
until both sensors equilibrate to the first recurrence of
the initial temperature difference (s−1) (Swanson and
Whitfield, 1981; Cohen et al., 1988; for a historical
review, see Swanson, 1994).

2.3. Instrumentation

The instrumentation consists of two infrared
thermocouples (OS36, Omega Co., Stamford, CT)
and a fiber coupled diode laser heat source (OPC-
DO15-965-FCTS, Spectra-Physics, Mountain View,
CA) connected to a Campbell CR10X data logger
powered by a 12-V lead–acid battery and accessed by
the user from a laptop computer.
A 15-W fiber array laser diode bar was used to gen-

erate variable power in the form of coherent light. The
coherent light was sent to an optical fiber jumper of
600!m core diameter. The fiber jumper permitted pre-
cise application of a specific wavelength of high-power
laser light to a small, discrete area of the stem. A pre-
set control feature of the diode driver permitted precise
setting of the power level before the output to the laser
diode was turned on. Power resolution and variation
capabilities were accurate and quantifiable to 0.01W.

After the laser energy was applied to the stem,
changes in sensible heat were detected above and be-
low the point of application by infrared thermocouple
thermometers. The thermal electromotive force (emf)
produced by the bimetalic junction is proportional to
temperature. The emf was read by the data logger and
te stored on the laptop computer for later analysis.
The laser jumper cable and the two thermome-

ters were mounted in a stem housing consisting
of a 10-cm length of 5 cm diameter Teflon® pipe
(0.5 cm wall thickness), sliced lengthwise and re-
joined with a piano hinge and two spring loaded
catches to form a clamshell assembly (Fig. 1). The
stem housing was supported on the stem by two sets
of three nylon screws located near the ends of the
pipe. The screws were positioned at equal distances
around the perimeter of the pipe and were equipped
with soft rubber grommets to protect the stem from
damage.
The fiber optic jumper cable was connected and

threaded into the stem housing with an SMA 905
bulkhead connector (Metrotek Industries Inc., St.
Petersburg, FL). Two holes drilled into the housing
held the infrared thermometers 20mm above and
10mm below the laser heat source. The thermome-
ters were optically isolated by a neoprene gasket,
wired differentially, and connected to the data log-
ger. The data logger was programmed to sample the
outputs of the infrared thermocouples and to con-
trol the laser heat-pulse. The thermocouples were
measured before the heat-pulse was applied, when
the temperature difference was zero. The laser en-
ergy was applied for 1 s at a power of 15W, and
the temperature difference between the upstream
and downstream thermometers was measured every
0.25 s. When the temperature differential decayed
to zero, the elapsed time for this to occur, te, was
recorded. Heat-pulse velocity was then calculated
using Eq. (1).
Sap flow was measured on 20 plants during nor-

mal photoperiods, simultaneously, using the LHPG
and WL techniques. A heat-pulse was discharged
every 5min and sap flow was computed using the
following relationship:
Q = Vha (2)

where Q is the sap flow (mm3 s−1), Vh the heat-pulse
velocity, as previously defined and a is the cross
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Fig. 1. A cross-section diagram of the stem housing. The piano hinge and spring loaded catches are not shown.

sectional area of the stem at the point where heat
was applied (mm2). Sap velocity units and nomen-
clature follow the convention of Edwards et al.
(1996).
Total transpiration by each plant was monitored

independently using a top loading balance with 0.1 g
resolution. Sample weights were made at 1-min in-
tervals and then averaged over the 5-min interval be-
tween pulses. During measurements, each bean plant
was placed in a three-sidedMylar® reflective chamber
to avoid the effect of air movement on the stability of
the balance. A total of 12 paired measurements were
taken per plant. Photosynthetic photon flux density

(PPFD) was varied to induce variation in transpiration
rates. The initial six measurements were at a PPFD =
375!molm−2 s−1 ± 15 and the final six were taken
at 75!molm−2 s−1 ± 10.
After measurements, a random sample of plants

(n = 5) were cut off 5mm above the pot soil sur-
face. The cut end was immersed in a xylem-mobile
stain (1% safranin in 95% ethylalcohol) to determine
the cross sectional area of the stem actively conduct-
ing sap. The stem was cut into three 10-mm segments
and the stained cross sectional area was estimated. The
remaining plants were visually monitored for the next
3 weeks for cambium damage to the stem surface.



280 W.L. Bauerle et al. / Agricultural and Forest Meteorology 110 (2002) 275–284

Fig. 2. The linear relationship in transpiration between the LHPG
(computed from Eq. (2)) vs. WL. Each point (!) represents the
mean of 20 independent kidney bean plant observations at two
different light levels over a 5-min period ± S.E.

3. Results

Eq. (1) was used to estimate flow rates for all mea-
surements. Eq. (2) was then used to compute actual
sap flow (transpiration). Fig. 2 depicts the mean of
20 different kidney bean plants at both the 375 and
75!molm−2 s−1 light levels. Heat velocity in a bean
stem multiplied by its stem cross-sectional area (Vha)
was compared with transpirational WL (Fig. 2). Cal-
culated sap flow and the WL determined from the
balance were linear and highly correlated (WL =
−0.439 + 1.664 LHPG, R2 = 0.99, both WL and
LHPG in units of cm3 h−1) (Fig. 2). The standard de-
viation of the residuals was 0.0264 and the 95% con-
fidence interval for the slope was between 1.568 and
1.759.
Transpiration rates were nearly constant for the

level of light application in both methods (Fig. 3).
At low light levels, transpiration was underestimated
by 4% with the laser heat-pulse technique; at high
light levels, transpiration was underestimated by 20%.
Although transpiration measured by the LHPG was
underestimated at each light level, a linear calibration
compensated for the underestimation within the im-
posed light levels (Fig. 2). The calibration allows us
to adjust the laser heat-pulse estimate to match whole
plant transpiration determined gravimetrically. To
further understand the calibration curve, Fig. 4 rep-
resents the relationship of the 20 kidney bean plants
measured with the two independent techniques at both

Fig. 3. The relationship between transpiration measured over 5-min
periods by WL and the LHPG (computed from Eq. (2)) at high light
followed by low light levels. The mean of 20 kidney bean plants
at high light levels for WL (") and LHPG (!) measurements
and low light levels (#, $) ±S.E.

low and high light levels (R2 = 0.80). The position of
the points relative to the 1:1 relationship suggests that
calibration is required over a range of light intensities.
The average imprecision of both the LHPG and WL

was estimated using one-way analysis of variance.
Imprecision here refers to the variability among plants
at any of the 5-min intervals, corresponding to the
analysis presented in Fig. 2. Expressed as standard de-
viations, the imprecision of LHPG was 0.173 cm3 h−1

and of WL was 0.222 cm3 h−1. Although this impre-
cision is small for both techniques, the imprecision
of the LHPG, which is the predictor variable for the

Fig. 4. The relationship between transpiration measured by LHPG
vs. WL (computed from Eq. (2)) among 20 individual kidney
bean plants. The scatter plot (") depicts the individual average
variation across light levels among kidney bean measurements.
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analysis presented in Fig. 2, results in a slight reduc-
tion of the estimated slope—the estimated slope is
96% of the true slope. A simple adjustment yields
an estimate of 1.738 rather than 1.664 (Fuller, 1987).
Multiplication of 1.738 by 0.96 yields 1.664, meaning
the estimated slope is 96% of the true slope.
Analysis of the imprecision is important to deter-

mine how many plants are needed to obtain an ac-
curate calibration curve. In this study, 20 plants were
used; whereas, in practical applications, it may often
be preferable to use fewer. Had only 10 plants been
used, the estimated slope would have been 91% of the
true slope. The effect on the predicted transpiration
values with 10 plants would have been very small,
with the extremes of the range of observed transpira-
tion rates amounting to an over “or under” estimation
of 0.03 cm3 h−1 at most. Therefore, although the cali-
bration slope could easily be adjusted for the attenua-
tion, the practical effect of attenuation is negligible if
at least 10 plants are measured.
The staining of xylem elements indicated that the

entire cross-section of xylem is active in the kidney
beans measured. Visual inspections of the surface stem
area where heat was applied revealed no cambium
death or damage up through three weeks after the
heat-pulses were applied.

4. Discussion

This study demonstrates that the LHPG system
can be used to measure transpiration in a herbaceous
annual plant over short time intervals. This demon-
stration shows that the instrumentation and method-
ology used in sap velocity estimates can be improved
considerably. Such measurements are useful in the
investigations of the plant response to environmental
stress or climate change. Our study clearly indicates
that more work needs to be done in this area, and we
envision that a range of plants could be periodically
sampled by this technique.
Sap flow measurements are ideally suited to appli-

cations where plant water use is routinely required
(Smith and Allen, 1996). For example, conventional
irrigation practice is based on a critical threshold of
available soil water (Cohen et al., 1990). The LHPG
described here could measure transpiration rate and
estimate water requirements continuously and over
short intervals. The heat-pulse technique has been

used successfully in field cotton studies (Fuchs et al.,
1987; Cohen et al., 1995), controlled environments
of soybean and corn plants (Cohen et al., 1990), and
field-grown sunflower and corn (Cohen and Li, 1996).
The use of deep cell batteries and weather resistant
shielding could easily adapt the LHPG system for
field use.
In a monoculture production system, it is often nec-

essary to extrapolate water use by sampled plants to
an entire greenhouse range or field section. Mass flow
rates for individual plants must be used to estimate
water loss for a known area to address hydrological
problems (Hatton and Wu, 1995). Scaling-up from the
area of occupied ground (Hatton and Vertessy, 1990)
and calculations from plant density (Ham et al., 1990;
Dugas and Mayeux, 1991) have succeeded at estimat-
ing transpiration for entire stands. The LHPG system
could function as heat-pulse gauges before it and elim-
inate some of the problems associated with previous
heat-pulse systems.
Underestimation of sap flow is characteristic of all

heat-pulse methods, and compensation requires cali-
bration under a range of relevant environmental condi-
tions. Additionally, variations in stem anatomy among
herbaceous species require a calibration coefficient
for each species (Cohen, 1994). In herbaceous plants
with a high concentration of sap-conducting elements
near the surface, the infrared temperature detection
would immediately sense a wave of heat carried by
the sap. The calibration coefficient, therefore, would
be different than it would be for a plant with conduct-
ing bundles distributed throughout the stem (Cohen
and Li, 1996). An empirical calibration can be used
to estimate transpiration, and the calibration factor is
a function of stem properties that vary from species to
species (Cohen and Fuchs, 1989).
The relationship between actual water loss and that

measured with the LHPG was linear. Linear relation-
ships have been found in woody (Smith, 1995) and
herbaceous species (Cohen and Li, 1996). Moreover,
Cohen and Li (1996) foundWL to be linear and highly
correlated with the product of stem cross-sectional
area and apparent heat-pulse velocity in the stems of
two herbaceous species, irrespective of various sensor
depths.
Sensor depth can influence calibration coefficients

within a species (Cohen and Li, 1996). The local-
ity of the thermocouple junction to densely packed
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conducting elements resulted in different calibration
coefficients within a species (Cohen and Li, 1996).
The LHPG design holds depth at the surface of the
stem and does not permit measurement at various sen-
sor depths within the stem. The nature of the design,
therefore, may reduce variation in calibration coeffi-
cients within a species.
Swanson and Whitfield (1981) derived numeri-

cal solutions to alleviate the discrepancies between
heat-pulse velocity and sap flow. The sap flow inter-
ruption was a result of invasive probes; as a result,
heat-pulse velocity transpiration correction factors
have been established for a number of tree species
(Swanson, 1983; Green and Clothier, 1988; Olbrich,
1991). Even surface-mounted sensors, which place
pressure on the underlying xylem, cause some callus
or wound reaction within the xylem immediately un-
der the sensor (Huber and Schmidt, 1936; Puritch
and Mullick, 1975). An examination of thermometric
methods of measuring xylem sap flow reveals that no
single theory or instrumentation is applicable to all
sizes or species of trees (Swanson, 1994). Although
our instrumentation was not tested on a woody species,
it does not create thermal heterogeneities by implant-
ing sensors; indeed, the heat source and sensors do not
contact the stem at all, which eliminates the necessity
for numerical solutions that correct for wound tissue.
Various sensor spacing configurations have been

tested, e.g. −0.3, 0, 0.8mm (Gifford, 1968); −0.5,
0, 0.6mm (Swanson, 1962); −0.5, 0, 0.75mm
(Swanson, 1967); −0.5, 0, 1.0mm (Closs, 1958);
−0.7, 0, 1.0mm (Morikawa, 1972); −0.5, 0, 1.5mm
and −1.0, 0, 1.5mm (Swanson, 1994). We used a
spacing that has not appeared in any publication
(−1.0, 0, 2.0mm). Swanson (1994) states that the
smaller the difference in temperature sensor spacing,
the greater the departure of calculated from imposed
heat-pulse velocity. The sensor configuration in this
study was not intended to deviate from established
spacing, but rather was a compromise designed to
address miniaturization restraints of available infrared
thermocouples, sensitivity limitations of the data
logger, and application of non-injurious amounts of
thermal energy.
The LHPG was tested in a controlled atmosphere

chamber. Although, the primary intention of the cham-
ber was to minimize the effect of wind on balance
measurements, convective heat loss to the atmosphere

could be negligible under such conditions. Upon
modification of the LHPG for outdoor environments,
foam insulation and a weather shield surrounding the
stem may be critical additions that minimize heat loss
to the atmosphere, and at the same time, reduce solar
heating of the stem.
Various materials and configurations were tested

in developing the mounting unit used in this study
which were intended to maintain the alignment of
the heat source and temperature sensors. Materials
such as Lexan® and polyvinylchloride did not present
obvious measurement differences from Teflon® under
our application; therefore, fabrication of a mounting
unit constructed out of material other than Teflon®
may be practical. Furthermore, the stem encompass-
ing mounting unit described herein does not represent
a practical solution for stems of large circumference.
The results presented in this paper focus primarily on
an alternative technique, whereas, future studies could
focus on mounting unit specifics and possibly validate
different materials and configurations that large stem
dimensions necessitate.
Transpiration was compared with two independent

techniques: the alternative LHPG instrumentation
and WL. Our experimental comparisons indicate that
this method can yield accurate sap flow estimates
in kidney bean, a herbaceous plant. The majority of
published material has focused on the problems and
errors associated with heat-pulse instrumentation.
However, the significance of whole-plant transpira-
tion measurement that can be scaled to stand flux is
critical in hydrology. Therefore, transpiration mea-
surement, an important hydrologic parameter, can be
estimated with the alternative technique described
here, provided the heat-pulse velocity values are from
comparable water-conducting xylem. More research
is necessary to scrutinize the method “and at the cur-
rent time” the laser is an expensive unit. Conversely,
the popularity and demand for laser devices has
drastically reduced costs of diode lasers. Lastly, the
potential for miniaturization of the system warrants
further investigation.

Acknowledgements

The authors thank M. Cerini, R. Piccioni, B. Cooke,
and S. Riha for technical assistance; B. Cook, P.



W.L. Bauerle et al. / Agricultural and Forest Meteorology 110 (2002) 275–284 283

Wright, and D. Caveney for fabrication; M. Compton,
A. Roberts, and A. Leed for plant care; and T. Hinck-
ley and T. Martin for helpful discussions. Funding
support was provided by The Cornell Office for Tech-
nology Advancement and Business Assistance.

References

Baker, M., van Bavel, C.H.M., 1987. Measurement of mass flow
of water in the stems of herbaceous plants. Plant Cell Environ.
10, 777–782.

Cermák, J., Deml, M., Penka, M., 1973. A new method of sap
flow rate determination in trees. Biol. Plant. 15 (3), 171–178.

Cermák, J., Kucera, J., Penka, M., 1976. Improvement of the
method of sap flow rate determination in full-grown trees based
on heat balance and direct electric heating of xylem. Biol.
Plant. (Praha) 18, 105–110.

Cermák, J., Kucera, J., 1981. The compensation of natural
temperature gradient at the measuring point during the sap flow
rate determination in trees. Biol. Plant. 23 (6), 469–471.

Cermák, J., Jenı́k, J., Kucera, J., Zidek, V., 1984. Xylem water
flow in a crack willow tree (Salix fragilis L.) in relation to
diurnal changes of environment. Oecologia 64, 145–151.

Cermák, J., Cienciala, E., Kucera, J., Lindroth, A., Bednárová, E.,
1995. Individual variation of sap flow rate in large pine and
spruce trees and stand transpiration: a pilot study at the central
NOPEX site. J. Hydrol. 168, 17–27.

Closs, R.L., 1958. The heat-pulse method for measuring rate of
sap flow in a plant. New Zealand J. Sci. 1, 281–288.

Cohen, Y., 1994. Thermoelectric methods for measurement of sap
flow in plants. In: G. Stanhill (Ed.), Bioclimatology, Vol. 3.
Springer, Berlin, pp. 63–89.

Cohen, Y., Fuchs, M., 1989. Problems in calibrating the heat-pulse
method for measuring sap flow in the stem of trees and
herbaceous plants. Agronomie 9 (4), 321–325.

Cohen, Y., Fuchs, M., Falkenflug, V., Moreshet, S., 1988.
Calibrated heat-pulse method for determining water uptake in
cotton. Agron. J. 80, 398–402.

Cohen, Y., Huck, M.G., Hesketh, J.D., Frederick, J.R., 1990. Sap
flow in the stem of water stressed soybean and maize. Irrig.
Sci. 11, 45–50.

Cohen, Y., Li, Y., 1996. Validating sap flow measurements in
field-grown sunflower and corn. J. Exp. Bot. 47 (304), 1699–
1707.

Cohen, Y., Plaut, Z., Meiri, A., Hadas, A., 1995. Impact of deficit
irrigation on water use from clay soil with shallow ground
water table. Agron. J. 87, 808–814.

Dixon, H.H., 1937. The convection of heat and materials in the
stem of a tree, Notes Botan, Vol. 4. School Trinity College,
Dublin, pp. 269–278.

Dugas, W.A., Mayeux, H.S., 1991. Evaporation from rangeland
with and without honey mesquite. J. Range Manage. 44, 161–
170.

Dye, P.J., Soko, S., Poulter, A.G., 1996. Evaluation of the
heat-pulse velocity method for measuring sap flow in Pinus
patula. J. Exp. Bot. 47 (300), 975–981.

Edwards, W.R.N., Becker, P., Cermák, C., 1996. A unified
nomenclature for sap flow measurements. Tree Physiol. 17,
65–67.

Fuchs, M., Cohen, Y., Moreshet, S., 1987. Determining trans-
piration from meteorological data and crop characteristics for
irrigation management. Irrig. Sci. 8, 91.

Fuller, W.A., 1987. Measurement error models. Wiley, New York,
p. 440.

Gifford, G.F., 1968. Apparent sap velocities in Big Sagebrush as
related to nearby environment. J. Range Manage. 21, 266–268.

Granier, A., 1985. Une nouvelle méthode pour la mesure du flux
de sève brute dans le tronc des arbres. Annales des Sciences
Forestières 42, 193–200.

Green, S.R., Clothier, B.E., 1988. Water use of kiwifruit vines and
apple trees by the heat-pulse technique. J. Exp. Bot. 39 (198),
115–123.

Ham, J.M., Heilman, J.L., Lascano, R.J., 1990. Determination of
soil water evaporation and transpiration from energy balance
and stem flow measurements. Agric. For. Meteorol. 52, 287–
301.

Hatton, T.J., Moore, S.J., Reece, P.H., 1995. Estimating stand
transpiration in a Eucalyptus populnea woodland with the heat
pulse method: measurement errors and sampling strategies. Tree
Physiol. 15, 219–227.

Hatton, T.J., Vertessy, R.A., 1990. Transpiration of plantation Pinus
radiata estimated by the heat-pulse method and the Bowen
ratio. Hydrol. Process. 4, 289.

Hatton, T.J., Wu, H.I., 1995. Scaling theory to extrapolate
individual tree water use to stand water use. Hydrol. Process.
9, 527–540.

Hinckley, T.M., Ritchie, G.A., 1970. Within-crown patterns of
transpiration, water stress, and stomatal activity in Abies
amabilis. For. Sci. 16 (4), 490–492.

Huber, B., 1932. Beobachtung und Messung pflanzlicher
Saftstrome. Dtsch. Bot. Ges. Ber. 50, 89–109.

Huber, B., Schmidt, B., 1936. Weitere thermoelektrische
ntersuchungen ber den Transpirationsstrom der Blume.
Tharandter Forstl. Jahrd. 87, 369–412.

Huber, B., Schmidt, E., 1937. Eine Kompensationsmethode
zur thermoelektrischen Messung langsamer Saftstrome. Ber.
deutsch. Bot. Ges. 55, 514–529.

Lott, J.E., Khan, A.A.H., Ong, C.K., Black, C.R., 1996. Sap flow
measurements of lateral tree roots in agroforestry systems. Tree
Physiol. 16, 995–1001.

Marshall, D.C., 1958. Measurement of sap flow in conifers by
heat transport. Plant Physiol. 33 (6), 385–396.

Miller, D.R., Vavrina, C.A., Christensen, T.W., 1980. Measurement
of sap flow and transpiration in ring porous Oaks using a
heat-pulse velocity technique. For. Sci. 26 (3), 485–494.

Moreshet, S., Cohen, Y., Green, G.C., Fuchs, M., 1990. The
partitioning of hydraulic conductances within mature orange
trees. J. Exp. Bot. 41 (228), 833–839.

Morikawa, Y., 1972. The heat-pulse method and an apparatus for
measuring sap flow in woody plants. J. Jpn. For. Soc. 54 (5),
166–171.

Nadezhdina, N., 1999. Sap flow index as an indicator of plant
water status. Tree Physiol. 19, 885–891.



284 W.L. Bauerle et al. / Agricultural and Forest Meteorology 110 (2002) 275–284

Olbrich, B.W., 1991. The verification of the heat-pulse velocity
technique for estimating sap flow in Eucalyptus grandis. Can.
J. For. Sci. 21, 836–841.

Puritch, G.S., Mullick, D.B., 1975. Effect of water stress
on the rate of non-suberized impervious tissue formation
following wounding in Abies grandis. J. Exp. Bot. 26, 903–
910.

Sakuratani, T., 1981. A heat balance method for measuring water
flux in the stem of intact plants. J. Agric. Meteorol. 37,
9–17.

Smith, D.M., 1995. Water use by windbreak trees in the Sahe,
PhD thesis. University of Edinburgh, Edinburgh, Scotland.

Smith, D.M., Allen, S.J., 1996. Measurement of sap flow in plant
stems. J. Exp. Bot. 47 (305), 1833–1844.

Smith, R.E., 1992. The heat-pulse velocity technique for
determining water uptake of populus deltoides. South African
J. Bot. 58 (2), 100–104.

Steinberg, S., van Bavel, C.H.M., McFarland, M.J., 1989. A gauge
to measure mass flow rate of sap in stems and truncks of woody
plants. J. Am. Soc. Hort. Sci. 114 (3), 466–472.

Stone, J.F., Shirazi, G.A., 1975. On the heat-pulse method for the
measurement of apparent sap velocity in stems. Planta 122,
169–177.

Swanson, R.H., 1962. An instrument for detecting sap movement
in woody plants. USDA Forest Service, Rocky Mountain Forest
and Range Experiment Station (68), p. 16.

Swanson, R.H., 1967. Seasonal course of transpiration of lodgepole
pine and Engelmann spruce. In: W.E. Sopper, H.W. Lull (Eds.),
International Symposium on Forest Hydrology. Pergamon Press,
Oxford, pp. 417–432.

Swanson, R.H., 1983. Numerical and experimental analysis
of implanted-probe heat-pulse velocity theory, PhD thesis.
University of Alberta, Edmonton, p. 298.

Swanson, R.H., 1994. Significant historical developments in
thermal methods for measuring sap flow in trees. Agric. For.
Meteorol. 72, 113–132.

Swanson, R.H., Whitfield, W.A., 1981. A numerical analysis of
heat-pulse velocity theory and practice. J. Exp. Bot. 32 (126),
221–239.

Vertessy, R.A., Hatton, T.J., Reece, P., O’sullivan, S.K., Benyon,
R.G., 1997. Estimating stand water use of large mountain ash
trees and validation of the sap flow measurement technique.
Tree Physiol. 17, 747–756.

Wullschleger, S.D., Meinzer, F.C., Vertessy, R.A., 1998. A review
of whole-plant water use studies in trees. Tree Physiol. 18,
499–512.


	A laser-diode-based system for measuring sap flow by the heat-pulse method
	Introduction
	Heat-pulse method
	Tissue-heat balance
	Stem-heat balance
	Heat-dissipation
	LHPG

	Materials and methods
	Plant material
	Velocity calculation
	Instrumentation

	Results
	Discussion
	Acknowledgements
	References


