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A B S T R A C T

Sap flow sensors are crucial instruments to understand whole-tree water use. The lack of direct calibration of the
available methods on large trees and the application of several data-processing procedures may jeopardize our
understanding of water uptake dynamics by increasing the uncertainties around sensor-based estimates. We
directly compared the heat ratio method (HRM) sap flow measurements to water uptake measured gravime-
trically using the cut-tree method on a large mature aspen tree to quantify those uncertainties for ten consecutive
days. The influence of the azimuthal position of the sensors and the application of different data-processing
procedures on the accuracy of the sap flow sensors’ estimates was assessed using different metrics. Overall, the
sap flow measurements showed high temporal precision with the gravimetric data. Azimuthal and radial
variability of measured sap flux density showed the most substantial effect on the accuracy of the sensors’
estimates of whole tree sap flow. The zero-flow corrections applied altered the accuracy and linearity of the
sensors’ measurements at the hourly scale, while the sapwood area method used had a lesser impact. Across the
ensemble of available data-processing procedures, the cumulative whole-tree water uptake estimates for five
consecutive days from the sensor diverged from the gravimetric measurements by less than 1% to more than
50% depending on the sensors azimuthal position and data corrections applied. This study illustrates some of the
uncertainties associated with the methodological approaches chosen when using sap flow sensors to estimate
water uptake in tall and large diameter trees.

1. Introduction

Heat-based sap flow methods have become a principal means to
non-destructively provide whole-tree water use estimates across spa-
tiotemporal scales (Hassler et al., 2018), while also improving our un-
derstanding of the impact(s) of a changing climate (Berdanier and
Clark, 2018; Zhang et al., 2016) and forest management practices

(Doody et al., 2015) on forested landscapes. Several sap flow methods
are available to measure tree-water use (Fernández et al., 2017) using
heat as a tracer for sap flow. Calculating whole-tree sap flux rates using
heat tracers requires several steps of data-processing (Looker et al.,
2016; Peters et al., 2018). Proper estimation of the sapwood thermal
diffusivity as well as corrections for probe misalignment and wounding
need to be considered (Burgess et al., 2001; Burgess and Downey, 2018;
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Abbreviations: AD, average of the two thermistor depths from the SFM1 HRM probes, the Outer and Inner thermistors; MD, thermistor depth with the maximum
magnitude - i.e. largest range of sap flux density measurements from the SFM1 HRM probes, between the Outer and Inner thermistors; SS, study-specific zero-flow
correction; PD, Pre-dawn zero-flow correction; PDd, Daily pre-dawn zero-flow correction; LR, Linear regression zero-flow correction; DLR, Double linear regression
zero-flow correction; SAtrue (cm2), true sapwood area measured on tree disks; SAtc (cm2), sapwood area derived from a unique sapwood length for each of the cardinal
directions; SAtc-avg (cm2), sapwood area derived from the average of the sapwood lengths from the four cardinal directions; SAtc-opp (cm2), sapwood area derived from
the average of the sapwood lengths from two opposite cardinal directions; SAtc-per (cm2), sapwood area derived from the average of the sapwood lengths from two
perpendicular cardinal directions; R, radial profile of sap flux density; Js (g cm hr2 1), sap flux density at each cardinal orientation i; Qi or Q (L hr 1), whole-tree
hourly sap flux rate calculated from the sensor placed at each cardinal orientation i; Qquarter (L hr 1), whole-tree hourly sap flux rate calculated as the sum of the four
cardinal sap flux rates; Qscale (L hr 1), gravimetrically-measured whole-tree hourly sap flux rate; Qd (L d 1), whole-tree daily sap flux rate calculated from the sensor
placed at each cardinal orientation; Qd

scale (L d 1), gravimetrically-measured whole-tree daily sap flux rate; Qc (L), whole-tree cumulative water uptake calculated from
the sensor placed at each cardinal orientation; Qc

scale (L), gravimetrically-measured whole-tree cumulative water uptake; VPD (kPa), Atmospheric vapor pressure
deficit
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Marshall, 1958). Zero-flow determination is an additional crucial step,
for which a range of empirical, systematic (Granier, 1987; Lu et al.,
2004), and physically-based (Burgess and Downey, 2018; Oishi et al.,
2008) methods are available. Additionally, strong radial and cir-
cumferential variations (Van de Wal et al., 2015) are often ignored,
potentially leading to over- or under-estimating whole-tree water use
when extrapolating a single sensor measurement across the entire stem.
A global assessment of the impact of the combination of those data-
processing steps on sap flow studies is currently lacking (but see
Looker et al., 2016; Peters et al., 2018; Rabbel et al., 2016; Van de Wal
et al., 2015 among others, addressing individual data-processing ap-
proaches), challenging the interpretation, comparison, and integration
of individual tree-based studies when used in large-scale ecohydrology
models.

A general quantification of the uncertainties generated by both the
sap flow sensor method itself and the combination of methodological
decisions and data-processing procedures on large mature trees is
lacking, but crucial (Flo et al., 2019), particularly when attempting to
derive landscape-scale processes (e.g. ecosystem water and carbon
fluxes, catchment hydrological and vegetation responses to climate and
land-use changes; Bonan, 2008; Schlesinger and Jasechko, 2014). Ca-
libration studies addressing the accuracy of the sap flow measurements
in woody plants have been previously conducted (see the Supplemen-
tary Material in Flo et al. (2019) for a list of studies and calibration
materials), however, many of them were mostly focused on smaller
trees (less than 10 cm in diameter), shrubs, or branch segments, which
are unlikely to provide reliable or appropriate estimates of water-use in
larger diameter trees. To date, only a few studies have directly assessed
the accuracy of sap flow sensors in estimating the water uptake of large
mature trees (Olbrich, 1991; Roberts, 1977; Vertessy et al., 1997).
However, the height (>10 m), diameter (>20 cm) and weight of ma-
ture forest trees presents experimental and logistical challenges for
obtaining a direct measurement of water uptake to compare with the
sap flow sensors’ estimates, and thus, these studies are very limited in
scope. The anatomical, morphological, and physiological variability in
the stem of large mature trees can result in potentially strong diverging
patterns between and within-trees in sap flux densities (Cohen et al.,
2008; Shinohara et al., 2013; Van de Wal et al., 2015). The choice of the
method in correcting for zero-flows and extrapolating to whole-tree sap
flux rates may increase the error in sensor-based estimates of water use
of an individual tree. Ultimately, this can jeopardize the interpretation
of climate-response analyses and stand-level water uptake estimates for
large and mature trees across temporal and spatial scales.

In this study, we aimed to: (1) quantify the extent of uncertainty in
sap flow measurements related to circumferential variability, the appli-
cation of different sapwood area estimation methods and zero-flow
corrections; and (2) assess the impact of each and the combination of
these factors on the relationship with climate variables and estimates of
cumulative whole-tree water uptake. We used heat ratio method (HRM)
sap flow heat-pulse sensors (Burgess et al., 2001) which have shown
relatively good performance in accuracy when compared to other sap
flow methods (Flo et al., 2019). Furthermore, we used the cut-tree
technique to directly measure trunk water uptake gravimetrically by
immersing the stem of a large tree (20 m tall, 35 cm in diameter) in water
(Roberts, 1977). Using this technique, we can directly compare the HRM
sap flux estimates to the gravimetrically-measured water uptake, and
then quantitatively assess the uncertainty and error associated with
several data-processing methods applied to the sap flow data.

2. Materials and methods

2.1. Study site and climate data

The study was carried out in Thorhild County (54°17′11.6″ N,
112°46′08.6″ W), approximately 120 km northeast of Edmonton,
Alberta, Canada. The site is located within the dry mixedwood natural

sub-region of the boreal region, composed of a mixture of trembling
aspen (Populus tremuloides Michx.) and white spruce (Picea glauca
(Moench) Voss), surrounded by agricultural lands. The selected trees
for the study were part of a 60 - 70-year-old trembling aspen dominated
stand (~ 600 stems per hectare). The stand is located on a relatively flat
site with a well-drained orthic gray luvisol that is easily accessible by
machinery to access the trees’ crown. This region has a mean tem-
perature of −13.4°C in January and +16.6 °C in July and annual
precipitation of 478.7 mm (1981–2010 climate normal, Athabasca
station, 54˚82’00” N, 113˚54’00” W)(Alberta Climate Information
Service (ACIS), 2018). Hourly climatic data (relative humidity (%), air
temperature ( °C)) was retrieved from the Alberta Climate Information
Service (Alberta Climate Information Service (ACIS), 2018) for the Abee
weather station (54°14′16″N 113°01′40″W), located 16.6 km from the
research site. For all sources of climatic data, vapor pressure deficit
(VPD, kPa) was calculated. The whole study was carried out between
July 15th, 2017 and August 28th, 2017.

2.2. Sap flow measurements

A mature (60-year-old) healthy trembling aspen (deciduous broad-
leaved species with diffuse-porous wood) was selected as the focus tree
for this study, on a slightly elevated area of the study site. The focus tree
was a 20 m tall co-dominant tree in the stand, had a diameter of
28.8 cm at breast height (1.3 m) and a relatively symmetrical crown (~
6–7 m in diameter, starting at 11 m above the ground). The focus tree
had no apparent deformities in the stem or indications of fungal in-
fection or decay (which was confirmed later after cutting). In addition
to the focus tree, three co-dominant trembling aspen trees were also
selected as controls for the entire period of the experiment. These trees
were within the vicinity (10–15 m) of the focus tree and had similar tree
and site characteristics. More information on the tree characteristics
and sensor locations are provided in Supplementary Material Table A.1.

The focus tree was equipped with four HRM sap flow sensors in-
stalled at the four cardinal directions (north, east, south, and west) at a
trunk height of 2.5 m. The sensors were not installed at the commonly
used 1.3 m trunk height as the cutting procedure removed the lowest
2 m of trunk of the focus tree (see Supplementary Material Fig. A.2).
The three control trees were each equipped with one HRM sap flow
sensor located at 1.3 m on the north-facing aspect. The difference in
height between the sensors on the focus and control trees was assumed
negligible for the purpose of the study. Sensors were installed on July
17th and 18th, 2017, and recorded sap flux density at 10 min intervals
between July 18th and August 22nd, 2017.

The HRM sap flow technique was chosen due to its ability to detect
and quantify low flows more reliably than other techniques
(Burgess et al., 2001). We used commercially available HRM sap flow
sensors (SFM1, ICT International Pty Ltd., Armidale, Australia). The
sensors consist of a three individual needles (length: 35 mm; diameter:
1.3 mm): a heater needle delivering a 20 J heat pulse for 2.5 s every
10 min, a downstream and upstream needles with two thermocouples -
thermistors - spaced 17.5 mm apart and positioned 12.5 (Inner ther-
mistor) and 27.5 (Outer thermistor) mm from the needle base. The
needles are each installed 0.5 cm apart. Power to all sap flow sensors
was supplied by external 12 V deep cycle marine batteries, and their
charge was maintained with solar panels. Application, set-up, and
limitations of the SFM1 HRM sap flow sensors have been described
previously (Bleby et al., 2004; Burgess and Downey, 2018;
Forster, 2017).

2.3. Cut-tree procedure

The study set-up and cutting procedure are shown in Supplementary
Material Figs. A.1 and A.2, described hereafter. Prior to cutting the
focus tree, a wooden structure was built to support the tree. The
wooden structure had two platforms (4.5 m × 4.5 m) with enforced

M. Merlin, et al. Agricultural and Forest Meteorology 287 (2020) 107926

2



beams placed at 4.5 m and 9.0 m height above ground, and an addi-
tional enforced support beam at 2.0 m above ground. Additional sup-
port of the tower was provided by securing it to neighbouring (non-
study) trees and using soil anchors. To secure the suspended position of
the cut tree and to allow it to rest on the enforced support beams,
friction blocks were used. These friction blocks were made of
5 × 10 × 20 cm blocks of hardwood wood (oak), where each block
contained 20–30 wood screws (7.6 cm long) inserted with their tips
protruding 2–5 mm from the block. Several of these blocks were ar-
ranged around the circumference of the trunk, each resting on the three
respective support beams once tightly strapped to the stem using
ratchet straps. Once cut, the ring of friction blocks ensured that the tree
remained suspended and supported by the cross beams. The screw tips
did not affect the xylem tissue and impacted only the bark and poten-
tially some of the outer portions of the phloem.

Since the HRM sap flow sensors estimates of water uptake of the
focus tree were to be compared directly with a the cut-tree method
(Roberts, 1977), the focus tree needed to be cut at its base and inserted
into a bucket of water. To avoid cavitation of the sapwood during cut-
ting, the focus tree needed to be pre-cut underwater. A flexible tem-
porary watertight container was used to allow for a pre-cut underwater.
This temporary container was made from heavy-duty rubber material
(pond liner) that was wrapped, secured, and sealed around the trunk
(height of 1.0 m). The outer rim of the temporary container was then
attached to the support structure. An initial girdling cut was made un-
derwater and inside the water-filled temporary container using a
chainsaw. This cut was around the circumference of the stem and about
15 cm deep to ensure all sapwood was included in this cut. The center
part of the heartwood was left intact to support the tree initially. After
the initial girdling cut, two additional cuts were performed cross-sec-
tionally; one full cut directly below the temporary container and a second
full cut at ground level; fully removing the portion of the trunk located
underneath the temporary container. Now supported by the wooden
structure, a large poly-ethylene bucket (600 L) sitting on a large com-
mercial scale 1000 kg capacity floor scale (FSP 3 × 3′ - Anyload, Fair-
field, NJ, USA) was placed under the cut trunk. To monitor and record
water uptake as a negative weight changes (200 g precision), a weight
indicator connected to a storage unit (480Plus weight indicator and Go-
Between Data Storage unit, Rice Lake Weighing Systems, Rice Lake, WI,
USA) was used. Weights were recorded every sixty seconds. After the
scale and bucket were placed under the tree, the bucket was filled with
water. A final full cut of the trunk was made underwater, approximately
10 cm above where the initial girdling cut was made, providing a clean-
cut surface and the ability to remove the temporary container (i.e. pond
liner). The newly-exposed cut end of the tree was now submerged
(~30 cm) under water in the large bucket. Throughout the entire study
period, the cut end of the tree was continuously submerged to avoid
cavitation. To reduce the blockage of xylem vessels (through wounding,
accumulation of phloem exudates, or from impurities in the water), a
sharp broad-bladed planer was used daily (at dawn) for the entirety of
the study to shave the xylem on the cut end. Water levels within the
bucket were checked daily and were topped up when needed. Ad-
ditionally, a fresh chainsaw cut of the exposed end was made 5 and 10
days following the initial cut; to minimize surface blockage of xylem
vessels in the sapwood. Evaporation from the container was prevented by
covering the top of the bucket with a black plastic sheet sealing it around
the trunk of the tree. Inputs from precipitation were excluded by cov-
ering the lowest platform and sides of the structure with tarps that
shielded the bucket from all precipitation.

Transpiration rates were measured in the crowns using the LI-
6400XT portable photosynthesis system (LiCor, Inc., Lincoln, NE, USA)
on three shade leaves (lower branches in the canopy) and three sun
leaves (top branches of the canopy) accessed using an articulated boom
lift. Measurements were taken 4 and 8 days after the cut-tree was
submerged in the bucket between 10:00 and 14:00 on the focus tree and
a control tree during which the cuvette settings were 400 ppm CO2;

60% incoming relative humidity; and ambient leaf temperature and
light levels. Leaf water potential was measured on three upper canopy
leaves using a Scholander pressure bomb (Scholander et al., 1965)
(model 600, PMS Instrument Company, Albany, OR, USA) to assess the
water status of the crown. One measurement was made at noon eight
days after the cut, and another measurement 14 days after the cut,
before dawn (06:00–07:00) .

2.4. Sap flow data baseline corrections

The raw heat velocities from the sap flow sensors were initially
corrected for the wounding coefficient (Burgess et al., 2001;
Marshall, 1958) using the software Sap Flow Tool (v1.4.1. ICT Inter-
national Pty Ltd., Armidale, NSW, Australia). Wound diameter was vi-
sually quantified for all sensor locations from the sapwood cross-section
(focus tree) or tree cores (control trees) and ranged between 0.25 and
0.30 cm. The estimation of the sapwood thermal diffusivity is required
in the calculations of sap flux density. The thermal diffusivity of fresh
sapwood was calculated for each sensor location on the focus tree.
Fresh sapwood samples from each sensor location were taken directly
after the removal of the sap flow sensors at the end of the experiment to
determine fresh weight, volume (using Archimedes’ principle) and
oven-dried weight (72 h at 70 °C). Specific heat of the dry wood matrix
and sap were assumed constant, and equal to 1.2 103 J kg−1 °C−1 and
4.19 103 J kg−1 °C−1 respectively. We obtained thermal diffusivity
values ranging from 2.25 10−3 to 2.29 10−3 cm2 s−1. We used the
average thermal diffusivity measured at 1.3 m high on the focus tree at
the four cardinal directions for application to the sap flow sensor's data
of the control trees. Before further processing, the 10-minutes sap flux
densities were averaged into 30 min intervals to reduce variance.

2.5. Radial integration, zero-flow determination and sapwood area
calculations

Three data-processing steps are necessary to convert sap flux density
measurements to whole-tree sap flux rates. We evaluated the different
options available based on published methods and most commonly
applied approaches for the radial integration (Burgess and
Downey, 2018; Link et al., 2014), the zero-flow determination ap-
proaches (Burgess and Downey, 2018; Granier, 1987; Lu et al., 2004;
Oishi et al., 2016, 2008), and the sapwood area calculations
(Looker et al., 2016). These three variables were evaluated to assess
their relative contribution to the accuracy of the estimates of whole tree
sap flow obtained with the HRM sap flow sensors compared to grav-
imetrically-measured water uptake at the hourly timescale and in terms
of cumulative water uptake.

Radial integration: the HRM sensor is equipped with two ther-
mistors (an inner, the shallowest measuring point, and outer) to mea-
sure the sap flux density along a fixed depth of sapwood. Before cor-
recting for zero-flow and extrapolating to the entire sapwood area, two
measures can be used that are derived from the two thermistors:

- Maximum magnitude depth (MD): The thermistor depth (Inner or
Outer) with the maximum magnitude – i.e. the most “active” depth
for which the range of sap flux density is the largest (Link et al.,
2014) – is chosen and kept constant across the length of the sap-
wood radius. Both thermistor depths are highly correlated – R2 >
0.9 on average (data not shown), thus no information on the hourly
dynamics of sap flux density is lost when using only one of the
thermistor depths. For the focus tree, this approach resulted in the
use of the Inner thermistor for all four azimuths.

- Mean depths (AD): the inner and outer sap flux density measure-
ments are averaged (Burgess and Downey, 2018)

Zero-flow determination: In theory, the HRM sensors should not
require correcting for a zero-flow baseline. However, in practice, a
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small misalignment of the probes from improper installation or differ-
ential pressure exerted on the probes due to differential sapwood
properties often lead to an offset in the zero in sap flux density mea-
surements (Burgess and Downey, 2018). Determining a baseline sap
flux density relative to zero flow conditions is a way to correct for that
offset seen in practice when using the HRM sensors in the field. Several
approaches are available to determine the zero-flow baseline in the
literature from other types of sap flow sensors. Those approaches were
individually tested to assess their impact on the precision of the sap flux
estimates from the sap flow sensors (Rabbel et al., 2016). The first two,
pre-dawn and study-specific approaches are commonly used in the lit-
erature for determining zero-flow (Burgess and Downey, 2018;
Oishi et al., 2016, 2008). The regression methods are less commonly
used but consider any temporal drift in the zero-flow measured by the
sap flow sensors over time (Granier, 1987; Lu et al., 2004).

- Pre-dawn correction (PD): commonly applied, this technique identi-
fies the lowest daily sap flux density representing zero flow when
environmental conditions are propitious for negligible water loss to
the atmosphere and recharge of water above sensor height is neg-
ligible. We identified the lowest daily sap flux density for each
sensor during the periods when solar radiation was less than 5 W
m−2 (nighttime), and the average minimum two hour VPD (vapor
pressure deficit) was less than 0.05 kPa (Oishi et al., 2008) between
July 19th and August 22nd, 2017. We thus obtained the average
lowest hourly sap flux density during the night of 18 individual days
during this period. Two calculations were then made. First, these
individual lowest measurements of sap flux density were averaged
to yield a unique value of pre-dawn sap flux density (PD). Second, a
linear interpolation based on these individual average lowest mea-
surements of sap flux density was performed, returning a complete
daily series of lowest sap flux density measurements (PDd). Each
sensor's dataset was corrected for either PD or PDd.

- Study-specific environmental and experimental conditions (SS): when
possible, zero-flow is determined following a cut made just below
the sap flow sensors, effectively severing all flows (Burgess and
Downey, 2018). In our study, sap flow towards the end of the ex-
periment (days 10–12 after the initial cut) was near zero at night
based on the direct gravimetric measurements, mimicking a cut
directly under the sensor. We selected the nighttime (22:00–04:00)
of the last two days (August 21st and August 22nd) as the reference
for zero-flow for each sensor. Zero sap flux density was then defined
as the average sap flux density measured for each sensor during that
time interval.

- Linear regression (LR): to overcome the potential issues of drifts in
the data due to long-term installation of the sensors, and issues of
nocturnal flow measurement, a linear regression of the lowest daily
sap flux density identified over the whole length of the installation
by a 10-day moving window is performed. The predicted lowest
daily sap flux density from the linear regression is then used as daily
zero-flow (Granier, 1987; Lu et al., 2004).

- Double linear regression (DLR): This technique further refines the one
above, by eliminating the data points above the regression line and
performing a second regression on the restricted dataset (Lu et al.,
2004).

- For all techniques, once zero-flow was estimated, the entire sap flux
density dataset was corrected for the estimated zero sap flux density,
either using a unique average value (PD and SS) or on a per-day
basis (PDd, LR and DLR) by subtracting the hourly sap flux density
measurements with the calculated zero-flow baseline.

Sapwood area measurements: The conversion of corrected sap flux
density Js to whole-tree sap flux (Q, L hr−1) is a step where an in-
troduction of bias is likely (Looker et al., 2016). Sap flux density is
either assumed constant across the sapwood depth and multiplied by
the measured sapwood area to obtain Q or allowed to exhibit a radial

pattern along with the sapwood depth. For the former option, the
method used to determine sapwood depth and by extension sapwood
area will modify the calculated estimates of sap flux rates. We assess the
impact of the commonly used approximations of sapwood area and
depth, as well as the use of a radial profile of sap flux density on the
calculated estimates of sap flux rates. At each sensor location, tree disks
were obtained to measure sapwood area and depth. For each disk the
conductive sapwood was stained using a 0.0413% bromocresol green
solution (Kutscha and Sachs, 1968). The samples were then scanned,
and the total stained area or sapwood depth measured using scanning
software ImageJ® (Schneider et al., 2012). Sapwood area was estimated
as follows (for the three locations across the trunk below the canopy):

- True sapwood area SAtrue: total sapwood area was measured for the
disks sampled at each tree height.

- One sapwood depth SAtc; i: using the tree disk, sapwood (Swi, mm) and
heartwood depths (Hwi, mm) to pith was measured at each sap flow
sensor cardinal position at each height. Assuming a perfect annulus
shape, the total sapwood area was calculated when measured from
each cardinal direction (SAtc;i).

= ×SA Hw Hw Sw( ( ) )tc i i i i;
2 2

- Four sapwood depths averaged SAtc; avg: the measured sapwood and
heartwood depths were averaged across cardinal positions.
Assuming a perfect annulus, the total sapwood area was then cal-
culated.

= ×SA Hw Hw Sw/4 ( ( ) )tc avg avg avg avg;
2 2

- Two sapwood depths averaged: the measured sapwood and heartwood
depths from opposite (SAtc; opp, N - S, E - W) and side-by-side car-
dinal positions (SAtc; per, N - E, S - W, S - E, N - W) were averaged
across cardinal positions and the total sapwood area was then cal-
culated assuming a perfect annulus.

Sap flux Q was calculated by multiplying the measured sap flux
density from each cardinal direction by one of the four sapwood area
estimates. In order to provide a first look at incorporating a more rea-
listic description of the radial distribution of sap flux density along the
sapwood length, sap flux was also calculated using a radial profile of
sap flux density, specific to the diffuse-porous quality of the wood of
trembling aspen (Berdanier et al., 2016).

2.6. Spatial variability between cardinal orientations and the use of single
sap-flow sensors

Costs often limit the number of commercial sap flow sensors that
can be installed in sap flux studies that could quantify the within-tree
variability in sap flux rates (particularly on large trees) rather than only
the between-tree variability. This might be very important for large
trees where distinct microclimatic exposures, wood properties, or
idiosyncrasies between cardinal aspects in the trunk may lead to dif-
ferent sap flux rates based on the position of the sap flow sensor.
Extrapolating the measured sap flux rates on one cardinal aspect of the
tree to the entire sapwood area, to the whole tree may lead to gross
estimation errors of whole-tree sap flux rates and cumulative water
volumes. To assess whether using multiple sensors would lead to more
accurate estimates of whole-tree sap flux rates, we compared the use of
single sensors with the use of four sensors placed at each cardinal di-
rection (i.e., north, south, east, and west), summed up to obtain whole-
tree estimates with the scale data. For the purpose of these compar-
isons, we first corrected the sap flux density using the most commonly
applied approaches, hence AD for radial integration method, PD for the
zero-flow determination, and the best sapwood area measurement -
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SAtrue. The calculations were as followed, for i in {N, S, E, W}:

- The use of single sensor extrapolated to the whole-tree: the sap flux
density measured at each cardinal direction is extrapolated to the
entire sapwood area SAtrue to yield estimates of the whole-tree sap
flux rates

= ×Q J SAi s i true;

- The use of four sensors: the sap flux density measured at each cardinal
direction is extrapolated to the sapwood area immediately sur-
rounding the sensor location SAtrue;i (representing about a quarter of
the total sapwood area SAtrue) to obtain sap flux rates. The four
cardinal sap flux rates are then summed up to obtain an estimate of
whole tree sap flux rates.

= × =Q J SA Q Q;quarter i s i true i quarter i quarter i; ; ; ;

2.7. Statistical analysis

All measurements of sap flux were aggregated into hourly intervals.
We report sap flux density Js (g cm2 hr−1) and sap flux Q (L hr−1)
measured from the sap flow sensors, and gravimetric water flux Qscale (L
hr−1) measured from the scale. Daily sap flux (Qd, L d−1) was calcu-
lated, as well as cumulative sap flux (Qc, L) for both the sap flow sensors
and the scale. We limit our analyses to the first five days after the cut
(August 12th–16th, 2017) representing conditions most similar to be-
fore the cut.

Physiology measurements: Linear models were fitted on each of the
canopy leaf transpiration rate and water potential measurements to test
for the interaction between tree (focus versus control) and leaf type
(shade versus sun) or measurement time (leaf water potential only, pre-
dawn versus midday).

Spatial variability and temporal correlation: We visually compared the
single-sensor and four-sensors whole tree sap flux rates Qi and Qquarter

against the gravimetric water uptake from the scale at the hourly

Fig. 1. Impact of the cut on the focus tree sap
flux density and canopy health. Panel a shows
the sap flux density Js (g cm2 hr−1, corrected
using the PD zero-flow correction) at 30 min
time intervals calculated on the north-facing
sensor of the focus tree and three control trees
between July 19th and August 22nd, 2017. The
day the focus tree was cut is indicated by a
vertical black dotted line with the label “Tree
Cut” on August 12th, 2017. Panel b shows a
single leaf from mid-canopy on August 17th (5
days after the cut). Panel c shows a view of the
canopy on August 26th (14 days after cut, four
days after the sap flow sensors were unin-
stalled from the focus tree and the lower
branches removed). Panel d shows the leaf
physiology described by transpiration rate
(measured at midday on sun and shade leaves
on days 4 and 8 after the cut), and leaf water
potential (measured on sun leaves at midday
on day 4 and predawn on day 8 after the cut)
measured on the focus and control trees. Error
bars represent 95% confidence intervals, and
letters indicate statistical significance.
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timescale and in terms of cumulative water uptake. We assessed the
temporal discrepancies between sensor-derived sap flux rates and the
gravimetric scale data first by calculating the difference between the
sap flux rates from both data sources rates during the daytime and
nighttime (07:00–20:00), and across the seven days after the cut.
Secondly, we fitted a linear model with a time series component be-
tween the hourly sensor-derived and scale sap flux rates using the
function tslm from the forecast package in R (Hyndman et al., 2019). All
of the following data analyses and statistical tests were done on the
single-sensor derived sap flux rates, discarding Qquarter.

Zero-flow corrections and sapwood area estimation methods: Linear
mixed-effects models were used to test for the effect of radial integra-
tion method on the difference in the zero-flow correction estimates
between PD and SS and on the slope of the relationship between Js,min

and time (Date) for PDd. Additionally, a linear mixed-effects model was
fitted on the slope between Js,min and time (Date) defining LR and DLR
to assess for differences between radial integration method and zero-
flow method. Paired t-tests were used to assess whether the difference
between the tree-core methods of sapwood area measurements (SAtc,
SAtc-avg, SAtc-opp, SAtc-per, SAtc-quarter) and SAtrue was significantly dif-
ferent from zero across trunk locations on the focus-tree.

Calibration performance metrics: Calibration performance was as-
sessed using four dimensionless metrics assessing the performance of
the data-processing procedures and cardinal orientation installation
when comparing to the reference gravimetric scale data (Flo et al.,
2019) over the first five days after the cut (August 12th–16th, 2017).
All data points less or equal to zero were filtered out for the calculation
of these metrics. The following metrics were calculated per day after the
cut: the natural logarithm ratio (“Ln ratio”) between the measured (i.e.
sap flow sensor data) and reference scale water uptake as a measure of
accuracy; the slope of the relationship between the measured and re-
ference sap flux to represent proportional bias (“Slope”), as well as the
slope of the ln-ln relationship to characterize linearity (“Slope (ln-ln)”),
and the Z Pearson's correlation coefficient (“Z-correlation”) to describe
precision. Linear models were used to assess the differences in these
calibration metrics between different zero-flow corrections and dif-
ferent sapwood area estimations for each cardinal direction separately.
Three of the four calibration performance metrics declined progres-
sively after the cut across cardinal orientations, even more so at night
(data not shown). We chose to restrict our analyses to the first five days
after the cut during the daytime (07:00–20:00) to assess the perfor-
mance of the data-processing procedures for these calibration perfor-
mance metrics. In that period, the four calibration metrics were rela-
tively stable, and sap flux was most similar to before the cut and to the
control trees (Fig. 1a, Fig. 2).

Differences in cumulative water uptake estimates: The absolute differ-
ence in cumulative water uptake over the first five days after the cut
(August 12th–16th, 2017) between sensor-derived and scale water
uptake measurements was calculated and linear models assessing the
effect of cardinal orientation and the three data-processing procedures
applied.

Impact of the spatial variability and data-processing procedures on the
relationship with climate: We used all days before the cut with no pre-
cipitation and the first day after the cut (i.e. 27 days). The data from the
subsequent days (August 13th–22nd, 2017) was not included, as the
water flux through the cut-tree likely got disconnected from its climatic
drivers. We assessed the relationship between sap flux and atmospheric
VPD (kPa) at the hourly timescales using a modified logistic equation
(Eq. (1)):

=
+

+×Q L hr Asymptote
e

Constant( )
1 steep x midpoint

1
( ) (1)

The equation parameters (Asymptote, Constant, Mid-point and
Steep) were individually estimated for each combination of cardinal
orientation, radial integration, zero-flow correction and sapwood area
estimation. The effects of cardinal orientations and the three data-

processing procedures were assessed using individual linear models on
the asymptote, mid-point and steep parameters. The squared correla-
tion between the fitted and observed values are reported as r2 values.
The same equation at the hourly timescale was used on the gravimetric
scale data for the first two days after the cut to avoid introducing ar-
tificial bias resulting from the decline in sap flow induced by the cut-
tree method by including days 3 to 10 after the cut.

All statistical analysis were performed using the R statistical soft-
ware v3.5.1. (R Development Core Team, 2019). All the analyses were
performed using linear models or linear mixed-effects models with the
package nlme (Pinheiro et al., 2018). Normality and homoscedasticity
assumptions were checked for all models, and corrections applied when
necessary. Models specifics and summary statistics (degrees of freedom,
sample size, test statistic, coefficient of determination) are also pro-
vided in the Supplementary Material B. Estimated marginal means and
95% confidence intervals were calculated using the package emmeans
(Lenth, 2018) to summarize the effects of the fixed factors (α = 0.05).
The coefficient of determination r2 is reported for linear models and the
marginal and conditional r2 for mixed effects models.

3. Results

3.1. Sap flow response to the cutting

Immediately after the cut and for the next 48 h, sap flux density (Js)
was similar to measurements taken before the cut and to those mea-
sured in the three control trees (Fig. 1a). Sap flux density then declined
in the focus tree over the next eight days compared to the three control
trees, which all maintained higher Js. Interestingly the crown of our
focus tree showed no sign of hydraulic damage for the duration of the
study (i.e. wilting or color changes; Fig. 1b and c). Transpiration rate of
the focus tree after the cut was about 20−30% of the transpiration rate
of the control trees (Fig. 1d). Shoot water potential at pre-dawn was
slightly higher (less negative) than the control, indicating ample water
supply over the ten days after the cut, this response became more ap-
parent during midday when shoot water potentials were somewhat
lower in the focus tree, but dropped by more than 10 kPa in the control
trees (Fig. 1d).

3.2. Spatial variability in sap flow sensor location between cardinal aspects

Using standard data-processing procedures (AD, PD, and SAtc), the
agreement of the sap flux with the gravimetrically measured Qscale was
variable and heavily depended on the cardinal position of the sensor on
the trunk (Fig. 2a). Summing up the sap fluxes calculated at each car-
dinal orientation into Qquarter did not improve or worsen the fit with the
gravimetric data (Fig. 2b). The difference between the scale and sensor
sap flux rates was lowest during high flow periods (i.e. the first four
days after the cut and during the day). The higher discrepancies be-
tween the scale and the sensors sap flux rates particularly at night might
have been due to the relatively low precision of the scale (0.2 L hr−1).
However, the temporal correlation of Qi and Qquarter with Qscale was
high, with no time lag between the two (data not shown, R2 = 0.99).
Cumulative water uptake over the five days after the cut was 191.2 L
from the scale data. Using those standard data-processing procedures
(AD, PD, and SAtc), the cumulative water uptake estimates using single
sensors ranged between 124.1 L (south-facing sensor) to 209.7 L (north-
facing sensor). Using the sum of the cardinal fluxes yielded an estimate
of 178.9 L.

3.3. Zero-flow determination approaches and sapwood area calculations

The zero-flow Js,min strongly depended on the correction method
and varied between cardinal orientations and radial integration method
used (Supplementary Material Fig. C.1a). Under the PD correction,
Js,min was higher than under the SS correction (mean difference:
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0.420 g cm2 hr−1), more so with AD than with MD (difference estimate:
AD = 0.544 g cm2 hr−1; MD = 0.296 g cm2 hr−1) (Supplementary
Material Table B.1). Under the PDd correction Js,min significantly de-
clined over 30 days, marginally more so with AD than MD (slope esti-
mate: AD = −0.047 [−0.055; −0.039]; MD = −0.037 [−0.045;
−0.029]), however, most of the variation was explained by the sensor
cardinal placement. The slope in the defining regression of the LR and
DLR corrections was overall not significantly different from 0 but lar-
gely varied between cardinal orientations and radial integration
method used.

None of the tree-core derived estimates of sapwood area were sig-
nificantly different from SAtrue (Supplementary Material Table B.2).
Using SAtc-quarter or SAtc-avg yielded the lowest deviation from the SAtrue,
followed by SAtc;-per, then SAtc-opp. Using SAtc resulted in a large var-
iation across trunk heights and cardinal direction, with up to 60 cm2

difference with SAtrue (Supplementary Material Fig. C.1b).

3.4. Impact of the data-processing methods on the accuracy of the sap flux
rates

3.4.1. Hourly estimates
The cardinal placement of the sensor and data-processing proce-

dures applied to the data set significantly influenced the calibration
performance metrics (Fig. 3). Accuracy and linearity were closest to the
reference for the north, and west orientations; however, proportional
bias was lowest for the east and south orientations. Precision was

highest for the north orientation. The use of the MD radial integration
method showed a larger proportional bias but better accuracy than AD,
with similar linearity and precision. Regarding the zero-flow correc-
tions, the linear regression methods LR and DLR showed the highest
accuracy and linearity, followed by the SS correction. The use of a ra-
dial profile decreased accuracy but improved the proportional bias
compared to the other sapwood area estimation methods. None of the
data-processing procedures showed any significant differences in pre-
cision. The integration of the four cardinal measurements of sap flux
rates into Qquarter improved proportional bias for the AD radial in-
tegration method (0.99 [0.97; 1.01]) and slightly increased the preci-
sion but did not lead to an overall improvement of the accuracy and
linearity (Supplementary Material Fig. C.2).

3.4.2. Cumulative estimates
Over the five days after the cut, the hourly discrepancies between

the gravimetric scale and the single-sensor sap flux rates cumulated to
differences that ranged from less than 1 L to near 125 L in the final
cumulative water uptake tally, with a significant interaction between
sensor placement and data-processing procedures (Fig. 4a). Using MD
significantly decreased the deviation from the gravimetric cumulative
water uptake compared to AD when a sensor was positioned on the
south (and marginally on the east) side of the trunk, but the deviation
increased for the north and west positions. The SS, PD and PDd zero-
flow corrections produced a deviation of 25 L or less on average from
the gravimetric cumulative water volume (Fig. 4b). The use of R, SAtc

Fig. 2. Comparison between the individual sensor-measured and scale hourly sap flux rates. The scale sap flux rate is shown in black, with its 0.2 L hr−1 precision as
gray shaded area. Panel a shows single sensor sap flux rates Qi for each cardinal orientation i. Panel b shows the sap flux rates calculated as the sum of the cardinal
fluxes, Qquarter. All sensor-derived sap flux rates were calculated using the AD radial integration, PD zero-flow determination and SAtc for the sapwood area
calculation, with n = 1.
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and SAtc-per sapwood area estimation methods produced larger differ-
ences with the gravimetric cumulative water volume (Fig. 4b). In-
tegrating the four aspects into a single whole-tree cumulative sap flux
resulted in a smaller deviation from the gravimetric measurements,
ranging between 10 and 30 L on average, with no differences between
radial integration, zero-flow and sapwood area estimation approaches
(Supplementary Material Fig. C.2).

Nighttime cumulative water uptake represented 20% and 10% of
the total daily volume from the gravimetric and sensor measurements
respectively (i.e. 53.1 L and 26.6 L respectively, results not shown). The
sensor estimates were slightly higher before the tree was cut (13% of
total cumulative sap flux).

3.4.3. Consequences of correlating sap flux rates with climatic drivers
All data-processing procedures showed a very good fit with hourly

VPD, with little difference between the best and worst fits in terms of r2

(Fig. 5). No differences in the strength of the fit were found among the
different sapwood area estimates, as they only differed by a multi-
plicative factor. The gravimetric data showed a lower asymptote, higher
mid-point and higher steepness estimates than most of the data-pro-
cessing procedure combinations (Fig. 5, Table 1). The cardinal or-
ientation and radial integration explained most of the variation in the
parameters of the logistic relationship between hourly sap flux and VPD
(Table 1, Supplementary Material Table B.4). The asymptote and mid-
point were significantly higher when MD while the opposite was true
for the steepness parameter. All zero-flow determination approaches
yielded very similar parameter estimates; however, the LR and DLR had
a lower mid-point and steepness parameters than the other corrections.
Only the use of the radial profile differed from the other sapwood area
estimation methods, with a lower asymptote (Table 1, Supplementary
Material Table B.4).

A summary of the results comparing the sap flow sensor data and
the gravimetric scale data using the different categories of descriptors is
presented in Table 2. Cardinal orientation and radial integration often
had the most considerable effect on the descriptors, while the zero-flow
corrections and sapwood area estimation methods had a subtler effect.
For each data-processing procedure, no best method clearly appeared
across all descriptors, except for the SS zero-flow correction and the

north orientation which seemed to perform slightly better on the ma-
jority of descriptors than other approaches.

4. Discussion

We quantified the uncertainties introduced by the placement of sap
flow sensors (cardinal directions) and the application of different data-
processing approaches (radial integration method used, zero-flow cor-
rection, and sapwood area estimation methods) on sap flow estimates
for large diameter trees. These estimates were compared to gravita-
tional measurements using the cut-tree method. The temporal precision
of sensor-derived fluxes with the gravimetrically-measured water up-
take was high when estimated across the different cardinal orientations
and data-processing approaches for the HRM sensors. Almost all data-
processing procedures showed a positive proportional bias, unlike
previous studies reporting negative proportional bias (Flo et al., 2019;
Fuchs et al., 2017). The limited range of sap flux densities in our study
likely precluded the commonly reported saturation effect of the HRM
responsible for the previous studies' results. Altogether, the choice of
azimuthal placement of the sensor and the choice of data-processing
approach resulted in a broad range of cumulative water uptake esti-
mates over a short period of five days.

Most sap flow measurement errors are related to azimuthal and radial
variability of sap flux density

Despite the visual symmetry of the focus tree and its sapwood area,
the cardinal placement of the sensors and the radial integration method
used had a significant impact on the sensor-derived sap flux rates. These
two factors had the largest effect on the sensor's accuracy, proportional
bias, and precision. A relatively small number of studies have con-
sidered azimuthal variations in sap fluxes, finding them related to
structural anatomy and wood properties (López-Bernal et al., 2010),
microclimatic conditions (Zhang et al., 2018), and seasonal variation
(Chiu et al., 2016). No systematic pattern across and within species and
studies have appeared so far (Sato et al., 2012; Van de Wal et al., 2015).
In this study, the north-facing sensor seemed to perform slightly better
than all other orientations across the performance descriptors in com-
parison with the gravimetric measurements, which we speculate may
due to the lower influence of natural temperature gradients on the

Fig. 3. Summary of the calibration perfor-
mance metrics for the azimuthal sensor place-
ment and the different methods applied in the
three data-processing procedures (radial in-
tegration, zero-flow correction, and sapwood
area estimation). The metrics were estimated
during the daytime (07:00–20:00) the first four
days after the cut. Means and 95% confidence
intervals are shown. Different letters indicate
significant differences across data correction
procedures (Supplementary Material Table
B.3). Note that for the slope (ln-ln) and the Z-
correlation for the sapwood area estimation
variable, the values were identical across the
different methods; hence the figure shows
mean and standard deviation (“sd” label).
Horizontal dotted lines indicate reference
value, for a perfect calibration value for each
metric. The intersection between the con-
fidence interval and the reference line in-
dicates that the metric is not significantly dif-
ferent from the reference. Data distribution of
the calibration performance metrics across the
azimuthal sensor placement and the three
data-processing procedures is shown in
Supplementary Material Fig. B.1.
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sensor measurements of sap flux density (Vandegehuchte et al., 2015,
not the scope of the study). Integrating sap flux measurements among
the four cardinal positions instead of using single-position measure-
ments did not generally improve the calibration performance metrics
results but significantly decreased the deviation in the estimate of
whole-tree cumulative water uptake in the first five days before the cut.
The inclusion of the azimuthal aspect in any future sap flow experiment
should be carefully considered (Tseng et al., 2017), especially for large
trees with a higher probability of azimuthal variability in sap fluxes and
when a limited number of sap flow sensors is available (Komatsu et al.,
2017). An initial pilot study assessing whether there is a basis for strong
environmentally-driven circumferential variability in sap flow in in-
dividual trees in a stand would help improve the decision-making
process in the sensor allocation, to integrate or ignore this within-tree
circumferential variability in water uptake.

Radial patterns of sap flux density within the sapwood have an
equally significant impact on whole tree sap flux estimation. Sap flux
density measurements from the two thermistors of the HRM sensors are
highly correlated but display a different range of sap flux density
measurements following their positioning at different sapwood depths.
Arguments have been made to use the thermistor depth with the
maximum magnitude of measurements to focus on the “most

functioning” xylem depth, especially when relating to environmental
variables such as VPD (Link et al., 2014). However, this can potentially
overestimate sap flux rates when extrapolating to whole-tree estimates.
Using MD increased the proportional bias in hourly sap flux and the
deviation from the gravimetric measurements of cumulative water
uptake for the north and west aspects only, highlighting an interactive
effect between azimuthal and radial variability of sap flux density
(Lu et al., 2004; Zhang et al., 2018). Most of our results are inconclusive
regarding the use of MD or AD for our study tree. Integrating multiple
point measurements over a species-specific radial profile of sap flux
density could significantly improve the performance of the sap flow
sensors (Hernandez-Santana et al., 2015). The coarse application of a
diffuse-porous radial profile (Berdanier et al., 2016) to our dataset
showed overall mixed results. Proportional bias was reduced, but ac-
curacy decreased substantially, and the absolute difference with
gravimetric cumulative water volume was the highest across sapwood
area estimation methods. A proper calibration of the radial profile
equation for this species and other large-diameter trees using multi-
sensor needles across the sapwood depth would likely improve our
results (Forster, 2017; Hatton et al., 1990; Wullschleger and
King, 2000) but is often not feasible when using costly commercially
available sap flow sensors. In the absence of information regarding the

Fig. 4. Difference between sensor (Qc) and
gravimetric (Qc

scale) estimates of cumulative
water uptake over the five days after the cut for
cardinal placement of the sap flow sensor and
the three data-processing procedures. Panel a
presents all data-processing combinations,
highlighting the best (closest to zero) and
worst (farthest from zero). Baseline: PD and
SAtc. We show how the use of different zero-
flow corrections alter the cumulative water
uptake estimate from the Baseline (“Zero-cor-
rection”), followed by the use of different
sapwood area calculation methods (“Sapwood
area”). Panel b shows the mean and 95% con-
fidence interval in the estimate of the absolute
difference between the sensor and gravimetric
cumulative water uptake for the interaction
between the cardinal placement of the sensor
and radial integration approach, zero-flow
correction and sapwood area estimation
methods. Letters indicate statistical differ-
ences.
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radial profile of sap flux density, extrapolating constant sap flux density
across SAtrue or SAtc-avg and SAtc-opp showed the best results.

Differences in sap flux estimation caused by zero-flow corrections
The five different zero-flow corrections tested in the study were in

the range of 0–2 g cm2 s−1, similar to what has been reported pre-
viously (Rabbel et al., 2016). The environmentally-defined pre-dawn
zero flow corrections (PD and PDd) showed the lowest scores in accu-
racy and linearity, unexpectedly, considering this type of correction has
been highlighted as the most likely to yield the best zero-flow estima-
tion (Oishi et al., 2008; Peters et al., 2018; Rabbel et al., 2016). Sig-
nificant nocturnal sap flux (representing 20% of total daily cumulative
sap flux in this large aspen tree) or the influence of stem water storage
dynamics may have contributed to this result in our focus tree
(Peters et al., 2018). When the application of the well-performing SS
correction is not available, the linear regression techniques performed
best in terms of accuracy and linearity, although the use of the DLR led
to the highest absolute difference in cumulative water uptake. It has
been hypothesized that zero-flow conditions may develop over time,
and the use of more static methods such as PD and SS could lead to

increasing discrepancies (Rabbel et al., 2016), hence the use of the
regression techniques. It is, however, possible that over an extended
time period linear regression methods may not fare as well, as changes
in phenology, wood thermal properties, and climatic conditions may
trigger non-linear changes in minimum sap flux densities (Peters et al.,
2018; Rabbel et al., 2016; Vergeynst et al., 2014). The zero-flow de-
termination, though not as crucial for the heat pulse velocity sap flow
sensors as for other sensor families, remains a data-processing step for
which there is little consensus as to which to use. To our knowledge, no
study has yet been able address the issue of potential evolution of the
zero-flow baseline during an entire experiment while accurately and
directly measuring instances of null flow.

Implications for correlating sap flux with climatic variables and for
stand-level transpiration estimates

All sensor cardinal positions and data-processing approaches
showed very high correlation (R2 > 0.9) with atmospheric VPD,
showing a high consistency regardless of the position and correction
method chosen, unlike what has been found in other studies
(Peters et al., 2018; Rabbel et al., 2016). Sensor position and the
variability in sap flux estimates with sapwood depth significantly af-
fected the parameters defining the hourly relationship with VPD,
showing a significant departure from the gravimetric data. All sensor
cardinal orientations and data-processing methods largely over-
estimated the asymptote, i.e. maximum water use rate at high VPD, and
underestimated the mid-point and steepness parameters compared to
the relationship based on gravimetric measurements. Although the
dataset used to derive the latter was restricted to only two days, this
result highlights that the modeled dynamics between VPD and sensor-
based sap flux rates may not be fully representative of large tree's be-
haviors. Deriving estimates of canopy conductance and water usage in
response to climatic variables based on sap flux measurements is a
common approach, but as highlighted here, decisions such as the pla-
cement of the sap flow sensors or the choice of data-processing ap-
proach may lead to significant discrepancies that impact the inter-
pretation of responses to changes in VPD. Those seemingly small
differences at the individual tree scale accumulate significantly when
upscaled spatially and temporally. Over only five days, we saw total
cumulative water uptake misestimated between 1 to more than 50%.
This uncertainty will most likely increase when considering an entire
growing season, and when upscaling water use from a single tree to a
stand- or landscape-level (Čermák et al., 2004; Peters et al., 2018).
Deliverables from sap flux studies (e.g. their relationships with climatic
and environmental variables and their extrapolation of cumulative
water volumes transpired by forests) play a significant role in current
vegetation models and forest and land management decisions. Con-
sidering the critical questions these models address (forest productivity
and mortality, species distribution, hydrological cycling, and climate
change impacts) it becomes necessary to assess in more detail and

Fig. 5. Hourly measured (points) and modelled logistic relationship (line) be-
tween hourly sap flux rates (hourly) and atmospheric VPD for each combination
of the sensor cardinal placement and data-processing procedures (light gray)
and for the scale gravimetric flux (black). The individual relationships with the
best (green) and worst (red) fit (r2) are shown, and the combination explicit in
the legend (cardinal orientation ~ radial integration ~ zero-flow correction) for
each panel. The sapwood area estimation is not explicit as it did not have an
impact on the fit. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Mean and 95% confidence intervals of the parameters of the logistic relationship between hourly gravimetric (scale) and sensor-based sap flux rates and VPD
(Asymptote, mid-point and steepness; rows). The means and 95% confidence intervals obtained from the models assessing the effects of the sensor placement and the
three data-processing procedures are shown for each parameter (columns). Letters indicate significant differences between methods for each data-processing pro-
cedures. As all zero-flow determination approaches yielded very similar estimates, they are summarized in a unique value. The same is applied for all the sapwood
area estimation methods (SAtrue, SAtc-avg, SAtc-per, SAtc-opp and SAtc summarized in Sall) but R. Mean and standard deviation (sd) are presented for the mid-point and
steepness for the sapwood area estimation as the values were identical.

Scale Sensor
Orientation Radial integration Zero-flow

approach
Sapwood area estimation

N E S W AD MD All R SAall

Asymptote 7.31 11.25 10.98 9.39 11.24 10.21 11.21 10.69 9.22 10.98
[10.85;11.64] ab [10.79;11.17] b [9.1;9.68] c [11.06;11.41] a [10.05;10.38] b [11.02;11.41] a [10.47;10.91] [9.04;9.42] b [10.71;11.25] a

Mid-point 0.77 0.57 0.61 0.6 0.56 0.52 0.63 0.59 0.58
[0.56;0.58] c [0.6;0.62] a [0.6;0.6] b [0.53;0.59] c [0.5; 0.53] b [0.63;0.64] a [0.58;0.59] [sd: 0.05]

Steep 5.95 3.38 3.77 3.84 3.38 3.8 3.38 3.59 3.59
[3.37;3.4] c [3.76;3.78] b [3.83;3.86] a [3.35;3.41] c [3.79;3.81] a [3.37;3.39] b [3.58;3.61] [sd: 0.3]
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across sap flow sensor families how different methodological steps
impact our current and future understanding and interpretation of
water flow in trees and their extrapolation to various spatial and tem-
poral scales (Ward, 2016).

5. Conclusion

This cut-tree study of sap flux measurements on a large mature tree
using the HRM sap flow sensors highlighted that uncertainties arise
from several methodological steps from sensor installation to the cal-
culation of hourly sap fluxes. Although the cut-tree method provides a
unique way to directly obtain gravimetric measurement of water uptake
at a fine temporal scale for large trees (Olbrich, 1991; Roberts, 1977;
Smith, 1992; Vertessy et al., 1997), these studies are complex to set up
and present disadvantages and limitations. The separation of the crown
and stem from the root system and the total immersion of the stem
surface in water have contributed to the steady decline of sap flux
density we observed in our study (beyond the scope of this paper).
Conducting parallel experiments, using the weighing lysimeter and cut-
tree methods may contribute to filling in the gaps in our interpretation
of the observed decline in sap flux rate signals seen in this study,
strengthening the conclusions drawn on the appropriate data-proces-
sing procedures to reduce uncertainties in sap flux rates in large trees.
Nonetheless, we showed that for this large mature aspen tree, placing
the sap flow sensors on the north-facing side of the tree, using either the
LR or SS zero-flow correction and using tree disks or a minimum of two
opposing tree-cores to estimate sapwood area were the best choices for
increased accuracy with the gravimetric data. This study highlights the
need for systematic and explicit handling of uncertainties in sap flow
studies. Further comprehensive testing of the impact of sensor place-
ment and the choice of data-processing methods on sap flux estimates is
required to obtain a comprehensive handbook guiding the best avail-
able practices for using different families of sap flow sensors in trees of
varying diameter and wood properties. It will eventually improve our
understanding of tree water use at different spatial and temporal scales.
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