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Abstract

Key message A high spatial resolution dataset of sap
flux density in subtropical conifers is used to assess the
minimum number and location of sap flow sensors
required to monitor tree transpiration accurately.
Abstract Tree transpiration is commonly estimated by
methods based on in situ sap flux density (SFD) measure-
ments, where the upscaling of SFD from point measure-
ments to the individual tree has been identified as the main
source of error. The literature indicates that the variation in
SFD with radial position across a tree stem section can
exhibit a wide range of patterns. Adequate capture of the
SFD profile may require a large number of point mea-
surements, which is likely to be prohibited. Thus, it is of
value to develop protocols, which rationalize the number of
point measurements, while retaining a satisfactory preci-
sion in the tree SFD estimates. This study investigates
cross-sectional SFD variability within a tree and succes-
sively for six individual trees within a stand of Pinus el-
liottii  var.  elliottii X caribaea  var.  hondurensis
(PEE x PCH). The stand is part of a plantation in sub-
tropical coastal Australia. SFD is estimated using the Heat
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Field Deformation method simultaneously for four cardinal
directions with measurements at six depths from the cam-
bium. This yields a reference value of single tree SFD
based on the twenty-four point measurements. Large var-
iability of SFD is observed with measurement depth, car-
dinal direction and selected tree. We suggest that this is
linked to the occurrence of successive narrow early and
latewood rings with contrasting-specific hydraulic con-
ductivities and wood water contents. Thus, an accurate
placement of sensors within each ring is difficult to achieve
in the field with the sensor footprint covering several rings
of both early and latewood. Based on the reference dataset,
we identified both an “ideal” setup and an “optimal” setup
in terms of cost effectiveness and accuracy. Our study
shows the need of using a systematic protocol to optimize
the number of sensors to be used as a trade-off between
precision and cost. It includes a preliminary assessment of
the SFD variability at a high spatial resolution, and only
then based on this, an appropriate placement of sensors for
the long-term monitoring.

Keywords Pinus elliottii x caribaea - Plant water
relations - Sap flux density - Sapwood - Tree water use -
Upscaling

Introduction

Accurate tree water use estimates (Wullschleger et al.
1998) are of interest in water resources management
(Brauman et al. 2007) or to assess the role of transpiration
in the eco-hydrology of forested systems (Wilson et al.
2001). Zhang et al. (2011) recently modeled the impact of
conifer plantations on catchment water balance in Australia
and showed the need of improving the accuracy in
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transpiration estimates. Conifer plantations are increasingly
common around the world as their rapid growth rates make
them a sustainable source of construction material (Ken-
nedy 1995) and potential carbon sinks (Cannell 1999).
However, the increasing pressures on water resources lead
water managers to better quantify their water consumption
efficiency as compared to natural forests. Only very few
studies (e.g. Dye et al. 1991; Bubb and Croton 2002;
Alvarado-Barrientos et al. 2013) have investigated sub-
tropical conifer water use, even though substantial vari-
ability in tree hydraulic architecture has been observed for
these species (Dye et al. 1991; Domec and Gartner 2002;
Downes and Drew 2008).

Tree water use is commonly measured using sap flow
sensors at defined locations across the tree stem; however,
this technique presents uncertainty issues at the different
stages of measurement and upscaling procedures (Clear-
water et al. 1999). Sap flux density (SFD) variability across
a cross-section of tree could lead to significant error in
estimates of tree transpiration if not recorded and taken into
account. Hatton et al. (1990) and more recently Cermak
et al. (2004) have identified the upscaling of sap flux
density from point measurement to the whole tree as being
responsible for the most error when trying to quantify
forest transpiration. Nadezhdina et al. (2002) found sys-
tematic errors of —50 to +300 % for Pinus Sylvestris L.,
when a uniform sap flow across the tree stem was assumed.
Ford et al. (2004a, b) showed that single point estimates for
Pinus spp. resulted in errors as large as 154 % as compared
to multiple point measurement of sap flow.

Table 1 presents the results of studies of conifer SFD
variability across the sapwood obtained using sap flow
sensors. Approximately one-third found monotonic
decreases of SFD with distance from the cambium, one-
third found asymmetrical profiles, while a few observed
other patterns, i.e. Gaussian or bimodal. This variation in
the findings shows that it is necessary to develop a strategy
to rationalize the number of sensors required to estimate
tree water use. That is given that the number of sensors to
be used is usually a trade-off between obtaining a reliable
estimate and the lowest possible cost. We would like to
identify a corresponding field approach, which allows for
the a priori unknown SFD variation.

Hatton et al. (1990) proposed a “weighted average
method”, where single point measurements are integrated
to the whole tree with a weighted average of each sap flux
density with depth, corresponding to a proportion of each
surface the flow is most likely to be associated with. Other
authors (e.g. Oishi et al. (2008), Ford et al. (2004a, b),
Caylor and Dragoni (2009), Dragoni et al. (2009)) have
proposed that functions (Polynomial, Gaussian, or others)
are fit to point measurements taken across the sapwood. If
suitable, the function could be fit with the appropriate
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minimum number of data points and integrated over the
cross-section of the tree for total sap flux. However, the
authors such as Saveyn et al. (2008) have found that the
variability in the sap flux density across the sapwood area
is such that no useful function could be identified.

Phillips et al. (1996) hypothesize that static xylem
hydraulic properties, as well as dynamic physiological
adaptation to water storage and movement could create the
observed variations in sap flux densities. They tried to link
the observed patterns of sap flux densities to the wood
properties (in terms of specific gravity and water content)
of the main classes of trees: non-porous, ring porous and
diffuse porous. However, they only focused on the differ-
ence in wood properties between the outer and inner
xylem. Other authors (e.g. Dye et al. 1991; Gebauer et al.
2008) have proposed measurement strategies based on each
species’ physiology and wood anatomy. Steppe et al.
(2010) have shown that there is considerable variability of
sap flux density across the stem section even within the
same species for the same tree using lab-controlled gravi-
metric flow.

A few studies investigated the optimal number of sen-
sors and their location. Koestner et al. (1998) have shown
that the use of 12 probes placed randomly across the sap-
wood kept their coefficient of variation at 15 % while as
few as 6 were required when placed at stratified depth and
quadrant within their single Eucalyptus tree. Hatton et al.
(1990) used a weighted average approach for their Pinus
radiata D. Don proposed the standard number of mea-
surement points to be 10 per tree. Cermak et al. (2004) and
Jimenez et al. (2000) proposed using a number of sensors
ranging from as little as 2 up to 12 depending on the tree
wood anatomy and the occurrence of xylem damage or
shaded suppressed trees.

The primary objectives of the present study are to: (1)
quantify the spatial variability of SFD for a subtropical
conifer species based on a high-resolution dataset; (2)
investigate how the wood anatomy may affect the SFD;
and, (3) assess and implement a suitable strategy enabling a
satisfactory measurement of tree scale SFD (whole tree
transpiration) with the minimum number of sensors.

Materials and methods
Site description, period of study

The study was conducted within a pine plantation [Pinus
elliottii  var. elliottii X caribaea var. hondurensis
(PEE x PCH)] situated in Southeast Queensland, Australia
(26°58'55"E, 152°58'55"E) covering 41,400 hectares.
Plantation trees in our study area were 15 years old at the
time of the study with mean diameter at breast height
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Table 1 Review of sap flux density profiles for coniferous species observed by previous authors

References Species Region Climate Tree age Profile
Mark and Crews Pinus Colorado, USA Alpine Not given Gaussian (n.g.)
(1973) contorta
Hatton et al. (1990) Pinus Canberra, Australia  Dry continental Not given Monotonic (n.g.)
radiata
Dye et al. (1991) Pinus Transvaal, South Humid subtropical 4, 7 years old No pattern (RSD = 100 %)
patula Africa
Cermdk et al. (1992)  Picea abies Sweden Humid continental 23 years old Gaussian (RSD = 30-45 %)
Anfodillo et al. (1993)  Pinus Dolomites, Italy Alpine 70 years old Bimodal (n.g.)
sylvestris
Koestner et al. (1996) Pinus Upper Rhine Valley, Dry continental 35 years old Asymmetric (n.g.)
sylvestris Germany
Nadezhdina et al. Pinus Antwerpen, Maritime temperate 68 years old Asymmetric (RSD = 57 %)
(2002) sylvestris Belgium
Ford et al. (2004b) Pinus spp.  South Georgia, USA  Humid subtropical 32 years old Asymmetric (RSD = 66 %)
Delzon et al. (2004) Pinus Landes, France Oceanic 10, 32, 54 and Monotonic decrease
pinaster 91 years old (RSD = 80 & 14 %)
Irvine (2004) Pinus Cascade Mountains, Alpine 25, 90 and Monotonic decrease (n.g.)
ponderosa USA 250 years old
Fiora and Cescatti Abies alba  North-Eastern Italy  Alpine Not given Monotonic decrease
(2006) (RSD = 31-41 %)
Picea abies North-Eastern Italy ~ Alpine Not given Monotonic decrease
(RSD = 34-47 %)
Cermak et al. (2008)  Pinus Brasschaat, Belgium Maritime temperate 71 years old Asymmetrical (n.g.)
sylvestris
Fiora and Cescatti Picea abies North-Eastern Italy ~ Alpine 35 years old Monotonic decrease
(2008) (RSD =93 £ 9 %)
Cohen et al. (2008) Pinus Israel Semi-arid and Sub-humid 15, 19 years old Asymmetric
halepensis Mediterranean (RSD = 37-73 %)
Alvarado-Barrientos Pinus Central-Eastern Semi-arid Mediterranean 10-34 years old Unimodal, asymmetrical
et al. (2013) patula Mexico (RSD = 66-100 %)

RSD relative sapwood depth, i.e. sapwood depth over total xylem width

(DBH) of 286 + 35 mm, a mean canopy height of 16 m
and a stand density of approximately 450 trees per hectare.
The surface geology, with an elevation of 33 m above sea
level, is dominated by coastal quaternary deposits of sand
(0-1.5 m) with an underlying weathering surface consist-
ing of cemented sand with iron nodes (Cox et al. 2000).
The sandy soil mainly consists of quartz grains with a
higher organic content in the topsoil (0-0.2 m). A shallow
periodically perched aquifer with varying depth occurs
above the cemented sand layer. The aquifer forms during
and after periods of intense rainfall (generally above
40 mm per event).

In this study, six trees were selected with a diameter at
breast height (1.4 m above ground) ranging from 249 to
303 mm (Table 2). Trees were continuously monitored
over periods of several days between April and June 2011
(Table 2). Trees were instrumented successively as our
setup only allowed us to monitor one tree at a time.

Following the measurements the trees were felled in Sep-
tember 2011.

Atmosphere, soil moisture and groundwater

Net radiation (Rn) was monitored using a CNR4 at 4 m
above the ground (Kipp and Zonen, Delft, The Nether-
lands) and air temperature (7) and relative humidity (RH)
were monitored with a Vaisala WTXS510 at 2 m above the
ground (Vaisala, Upsala, Finland). Vapour pressure deficit
(VPD) was computed following Steppe (2004). Rn, T and
RH were monitored 200 m from the forest in an open field
at 1 min intervals and the 10 min average stored at the end
of the period on a CR3000 logger (Campbell Sci., Logan,
USA).

Surface soil water content was measured at 10 and
30 cm beneath the soil surface close to the instrumented
trees with two time-domain frequency soil moisture probes
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Mean sapwood depth [mm] (% of the DBH/2)

Monitoring periods

964
Table 2 Trees diameter at Tree number DBH [mm]
breast height (DBH), mean
sapwood depth (averages of all 1 270
cardl.nal‘ dlrectlpns), and 5 249
monitoring periods

3 303

4 283

5 280

6 303

126 (93 %) 14/04/11-21/04/11
106 (85 %) 22/04/11-04/05/11
134 (88 %) 05/05/11-14/05/11
114 (80 %) 19/05/11-26/05/11
123 (88 %) 01/06/11-08/06/11
126 (83 %) 09/06/11-21/06/11

(MP406, ICT International, Australia) at 1 min intervals
and stored every 10 min on an ICT Smart Logger (ICT
International, Australia). Groundwater level on site was
monitored using a pressure transducer (Aquatroll, In situ,
USA) in a hand-augered well at ~ 1.5 m beneath the soil
surface and pressure was corrected from barometric effects.

Sap flux density probe design and configuration

The heat field deformation (HFD) method relies on heat
diffusion processes within the tree stem, namely temporal
temperature changes measured around the central needle of
the HFD sensor, which is inserted into the tree stem and
continuously heated (Nadezhdina et al. 1998). The HFD
sensor includes a heating needle, with two symmetrical
axial needles above and below it, as well as a tangential
needle. This configuration enables the estimation of reverse
and zero flow conditions. Usually, the measuring needles of
the HFD sensor have several thermocouples installed 5-
15 mm apart depending on the version of the sensor, which
permit monitoring of the radial pattern of SFD across the
xylem. The four probes used in our study were manufac-
tured by ICT International (Armidale, Australia) and the
measuring needles included either six thermocouples (at
10, 20, 30, 40, 50 and 60 mm from the base of the needles)
for two of them, or eight thermocouples for the other two
(at 10, 20, 30, 40, 50, 60, 70 and 80 mm from the base of
the needles). The calculation of sap flux density SFD;
(10*> x mm® x 1072 mm™> h™") at each of the thermocou-
ple positions i, is based on a relation between an empirical
temperature ratio and the SFD (Vandegehuchte and Steppe
2013) following Nadezhdina et al. (1998) and Nadezhdina
et al. (2012):

SFD; = 3600 x Dy x (K + dT,,) x dT,
X ZunZyg' X Ly, (1)

where D is the thermal diffusivity of the sapwo sh, K is
the absolute value of dTym—dT,sym x (dTs,) (°C) for the
conditions when zero sap flow occurs. dTygym (respectively,
dTgym) is the temperature difference between the asym-
metrical thermocouple positions (the symmetrical thermo-
couple positions). Z,, is the 5 mm distance between the
upper position of the axial thermocouple and the heater. Z,
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is the 15 mm distance between the upper position of the
tangential thermocouple and the heater and L, is sapwood
width (mm). Reverse sap flow was not observed during our
experiment. Part of the tree bark was removed so that the
first measurement point of the multi-point sensors falls at
approximately 5 mm in depth from the cambium.

Because of the limitation of having only four probes, the
six trees were instrumented and their SFD monitored one
after another, for approximately a week each (Table 2) to
increase the chance of having similar environmental con-
ditions. SFD was sampled at 10 Hz and the average stored
every 10 min. One HFD probe was installed on each of the
northern, eastern, southern and western sides, respectively,
at breast height above ground (1.4 m) on each tree. This
setup enables simultaneous measurements of SFD at six
depths for the four cardinal directions (24 measurements).
The measurement points at 70 and 80 mm for the probes
with 8 thermocouples were not used to upscale SFD; to the
total tree SFD to maintain consistency in the upscaling
procedure with all cardinal directions. However, the max-
imum relative SFD at these depths is shown in Fig. 1.

After the six trees were monitored, they were felled and
cross-sections at the level of the HFD sensors’ locations
were sampled. Locations of earlywood and latewood, as
well as the sapwood—heartwood boundary were determined
by visual observations (Guyot et al. 2013) using the distinct
color patterns: dark (LW) or white (earlywood—latewood),
and white to dark orange (sapwood—heartwood).

Selection of the dataset

All measurements were done at the beginning of the local
dry season (autumn). Each period of measurement for a
tree was filtered so that only 2 days of sunny conditions
were selected (Table 2). Sunny conditions were based on
an average daily net radiation above 175 W/m? and the
absence of an amplitude difference in net radiation between
10 min time steps larger than 30 W/m? during these days
to remove slightly cloudy days. Data were filtered to
consider only daily values from 6 am to 6 pm local time.
Rn is slightly higher for T1 and T2 (225 & 190 W/m?/day)
than for the other trees (186 + 153 W/rnzlday), as the
measurements were done at the beginning of the
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Fig. 1 Photographs of the sapwood cross-section of one of the measured trees (T5). a Transition between latewood (leff) and earlywood
tracheids (right), b earlywood tracheids interrupt by a thin latewood band, ¢ latewood tracheids

experiment in autumn when the incoming radiation is the
strongest. The average VPD for all periods is very similar;
only slightly less variability was seen for T3 and T4
(1.4 £ 03 kPa) as compared to the other trees
(1.3 £ 0.6 kPa).

Soil water content varied little during the experiment
(from 16 to 20 % at 10 cm beneath the surface, and 22 to
20 % at 30 cm beneath the surface). Groundwater level
was at —0.69 cm Australian Height Datum (AHD) at the
start of the experiment and at —0.78 cm AHD at the end of
the study.

Data processing

Following Saveyn et al. (2008), the daily maximum SFD has
been normalized by the daily maximum SFD at 10 mm in
depth from the cambium for each profile, to enable com-
parison of SFD between cardinal directions, trees, and depth
in the sapwood from the cambium, and is plotted in Fig. 2.

To upscale the locally measured SFD; (cm® cm™ h'Y) to
the whole tree transpiration (cm® h'!), we followed a

“weighted average approach” as per Hatton et al. (1990)
and Nadezhdina et al. (2002). We converted SFD; to sap
flow per annuli by multiplying the SFD; by the corre-
sponding annulus area (A;). The annulus area A; was
determined as:

A; = R} — TR} (2)

where Rg is the external radius and Ry the internal radius of
the annulus. These radii were determined as: (i) for the
outermost annulus, Rg is the cambium and R; is the mid-
point between the outermost SFD; position and the SFD,
further in depth from the cambium; (ii) for the inner annuli,
Rg as the midpoint between the SFD; associated to that
annulus and the previous external SFD;, and R; as the
midpoint between the SFD; associated to that annulus and
the next SFD; in depth from the cambium; (iii) for the
innermost annulus, Rg as the midpoint between the SFD;
associated to that annulus and the previous external SFD;
and R; as the sapwood—heartwood boundary. The total sap
flow for the whole tree (SF,) was then determined by
adding all annuli flows following:

@ Springer
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Fig. 2 Normalized profiles of sap flux density (SFD) for the six selected trees. Bark, earlywood and latewood have been measured along the
needle based on cut tree stem cross-section, and are shown at scale at the bottom of the graphs. Sapwood depth is also shown on each graph

SF, = ) " SFDi4; (3)
i=1
The daily total sap flow (D_SF, cm? d_l) was then

calculated by integrating the total sap flow for a given time
t, (SF,) over a two-day time-period following:

D_SF, = ['=3% SF,dt/2 (4)
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The daily total sap flow (D_SF,) was calculated for 21
scenarios (Table 3). Scenarios were based on varying the
number of SFD; used for the upscaling. Two options are
considered: (i) a varying number of SFD; in depth from the
cambium and (ii) a varying number of SFD; at stem car-
dinal positions in which the probes were installed (North,
East, South and West) (Table 3). The benchmark dataset or
reference value of daily total sap flow was determined from



Trees (2015) 29:961-972 967
Table _3 Description of each Scenario i Description Number of measurement points
scenario ‘i’ and the
corresponding transpiration 1 N123456 $123456 E123456 W123456 24
estimate SC(P) based on the 2 N12345 S12345 E12345 W12345 20
number and type of
measurement points considered 3 N1234 S1234 E1234 W1234 16
for estimating the tree 4 N123 S123 E123 W123 12
transpiration 5 NI2 S12 E12 W12 8
6 N1 S1 E1 W1 4
7 N123456 6
8 N12345 5
9 N1234 4
10 N123 3
Numbers after the upper case 11 N12 2
cardinal directions correspond 12 N1 1
to the depths of the sensors on
13 N123456 S123456 12
each probe, e.g. N12 S12
indicates that the measurements 14 N12345 S12345 10
of points at 10 and 20 mm from 15 N1234 S1234 8
the probe base (at 5 and 15 mm 16 N123 S123 6
depth), for both north and south
directions have been considered 17 N12 812 4
for the calculation of SC(17). 18 N1 S1 2
SC(1) is the benchmark whole 19 N135 S135 E135 S135 12
tree transpiration used as the 20 N135 S135 6
reference
21 N135 3

N north, S south, E east, W west

calculations made from scenario 1, which consists of
measurements of 24 sensors installed in the four cardinal
stem locations.

To compare the total sap flow between the trees, we
decided to normalize the total daily tree sap flow (D_SF)).
For this, we created an index Ix:

(D_ SFret —D_ SFSC(i))

I, =
D_SFges ®)

where D_SFg. is the daily sap flow estimate based on the
reference scenario 1 (SC(1), using the 24 sensors), and
D_SFDsc; the daily sap flow estimate based on a given
scenario i. For each scenario, results were averaged for the
six trees (with the assumption that environmental condi-
tions are similar for the datasets) and quartiles of that
average were calculated (Fig. 3).

Xylem analyses

Mean sapwood thickness was measured on the tree stem
cross-sections at each sensor location (i.e. at each cardinal
direction) and averaged for the four cardinal directions to
generate an estimate of the cross-sectional sapwood area
(Table 2). To determine the variation in tracheid size and
density across the radial profile, microscopic analyses were
conducted. An Olympus SZHI10 microscope (Tokyo,

Japan) in combination with Image Pro Plus version 5.0.1
248 (MediaCybernetics, Maryland, USA) was used to
measure variation in tracheid size and density across the
sapwood. Figure 1 presents different views of the trac-
heids’ sizes, for earlywood and latewood. The eastern
profile of one of the sampled trees (T5) was randomly
selected for that purpose. Eight consecutive early- and
latewood sample points were chosen, progressing from the
cambium to the heartwood. Both the longest (a) and
shortest (b) axis of 200 tracheids were measured and we
calculated tracheid diameter following (Lewis 1992),
where tracheid diameter = 2 x (ab)/(a + b). We also
calculated tracheid density as tracheid density = number
of tracheids/mm? (Table 4). We measured rectangles for
each tracheid density calculation.

Results

Observations of SFD spatial variability

For most of the trees and cardinal directions, no particular
pattern in SFD across the radial profile is observed
(Table 1; Fig. 2). Some of the profiles show a strong var-

iation of the daily maximum SFD from the cambium to the
heartwood (average of 35 & 23 percentage point difference

@ Springer
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Table 4 Tracheid diameters Sapwood depth (mm) [ring type]

Conduit diameter (pm) Conduit density (#conduits/mm?)

(mean = standard error) and
tracheid density for the eastern
profile of tree number 5

10 [EW]
10 [LW]
20 [EW]
20 [LW]
30 [EW]
30 [LW]
40 [EW]
40 [LW]
50 [EW]
50 [LW]
60 [EW]
60 [LW]
70 [EW]
70 [LW]
80 [EW]

80 [LW]
EW earlywood, LW latewood

394 £ 4.0 578
20.8 £2.8 581
439 +£53 501
20.7 £3.0 581
392 +£55 478
21.1 £3.2 556
422+ 44 532
32.8 £43 569
399 £5.1 482
19.6 =42 571
41.6 £5.5 510
248 £49 606
42.0 £ 6.0 484
18.1 £24 564
453 +63 473
254 £5.1 580

from one measurement point to its neighbor for all profiles,
but ranging between 1 to 190 percentage point difference).
Least variation occurs from 10 to 40 mm (average of
15 £ 12 percentage point difference between neighboring
measurement points). A decrease of the relative maximum
SFD occurs for most trees after 70 mm in depth. For all six
trees, the HFD measurements indicate a persistent flow at
80 mm from the cambium (Fig. 2).
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Xylem analyses

The tracheid conduit diameters were on average two times
larger for earlywood (42 + 2 microns) than for latewood
(23 £ 5 microns), and the densities were lower for early-
wood (505 £ 35 ¢/mm?) than for latewood (576 + 15
c/mm?) (Table 4). For most of the trees, we observed
between 10 and 12 rings of ~5-7 mm width (composed of
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~4-5 mm of earlywood and ~ 2-4 mm of latewood)
(Fig. 2) within the outermost 70 mm of the stem radius.

Point measurement approaches based on a benchmark
dataset

The performance of daily tree transpiration is evaluated
against the reference dataset for the 20 monitoring sce-
narios, merged into four groups to facilitate the description
(Fig. 2). All scenarios based on only one cardinal direction
used to determine tree sap flow (group 2), exhibit the
highest values of the index [Eq. (5)] with the largest
quartiles, showing a great variability in tree transpiration. If
an additional cardinal direction is included (group 3), the
index is on average much lower, even if considering one
depth only (scenario 18). The increase in the number of
measurement points does not imply a decrease in the index
(group 1). As an example, scenario 6 with 4 measurement
points, presents a lower index with a smaller standard
deviation (Ix = 0.13) than scenario 4 with 12 measurement
points (Ix = 0.28). Indeed, scenario 19 with 20 mm spac-
ing, including as well 12 measurement points gives a lower
index than scenario 4. A more adequate placement of the
measurement points, to capture variations in flow within
the largest cross-sectional area, seems more appropriate
than a high density of measurement points closer to the
bark. However, this observation could be due to the very
deep sapwood for our trees, and in other contexts, such as a
high sap flow density close to the cambium decreasing
sharply towards the heartwood, a high density of mea-
surement points close to the cambium might be more
appropriate. From all our scenarios, three provides the best
scores with an average Ix below 0.05, and with a standard
deviation of less than 0.05 with Ix (scenario 19) < Ix
(scenario 17) < Ix (scenario 5). When scenario 19 has the
best score, it is the most demanding in terms of measure-
ment points (12). Scenario 17 (4 measurement points) is
also better than scenario 5 (8 measurement points) but
presents larger quartiles.

Discussion

Anatomical traits and their potential effect on sap flow
measurements

Our measurements show considerable variability in SFD
across the tree stem and for the different trees. Phillips
et al. (1996) determined that the sapwood specific gravity
could affect the SFD for coniferous species. They found
that a reduction of 59 % of the daily SFD from outer
to inner sapwood was accompanied by a reduction of
9 % in the specific gravity. They hypothesize that this

modification of the specific gravity indicates a transition
from juvenile to mature sapwood. This could explain the
relatively lower flow rates observed at depths greater than
70 mm from the cambium in our study.

The variability of SFD at depths between 5 and 70 mm,
with SFD varying in most cases between 20 and 50 % at
rates up to 260 % for two neighboring measurements, must
have another cause: our trees have very thick sapwood as
compared to the trees studied by Phillips et al. (1996) and
very high growth rates leaving the sapwood from 5 to
70 mm most likely juvenile. Domec and Gartner (2002)
measured under laboratory conditions a specific hydraulic
conductivity on average 11 times greater in earlywood as
compared to the latewood tissues for a 21-year-old Douglas
Fir (a non-porous coniferous species). Dye et al. (1991)
used in situ heat pulse velocity sap flow sensors in Pinus
patula and discovered minima and maxima of SFD corre-
lated with latewood and earlywood, respectively. However,
the widths of the early and latewood rings were of
5-10 mm and of 10-27 mm, respectively, which are large
enough that the sensor could have been installed unam-
biguously in early and latewood. The manufacturer of the
sap flow sensors used in our study (ICT International,
Australia) claims an average spatial resolution of 0.3 cm
around the needle thermocouple, which means a surface
resolution of 0.36 cm®. This covers in our case several
rings of earlywood and latewood. As a consequence, each
of our point SFD measurements is an average of the SFD
passing through earlywood and latewood tissue. Therefore,
the measured average SFD will be influenced by the rela-
tive proportion of earlywood to latewood, with potentially
very different specific hydraulic conductivities (Domec and
Gartner 2002). These relative proportions can thus explain
the local variability of SFD from one measurement point to
another. Furthermore, the properties of heat diffusion and
water flow in heterogeneous medium might differ from the
homogeneous case for which the sap flow sensors
(including HFD) have been tested and the theory estab-
lished, and we might be in a case where we reached their
limitations [including a constant thermal diffusivity of the
sapwood in the HFD Eq. (1)].

On the strategy to install sap flow sensors

In our case of subtropical conifers, we found that the
“ideal” number of sensors per tree is twelve (a loss of 2 to
7 % of accuracy as compared to the reference), a number
similar to that deduced by Hatton et al. (1990), Koestner
et al. (1998), Cermak et al. (2004) and Jimenez et al.
(2000). It is worth noting that these authors worked with
trees of different species, of different ages, and growing in
different climates. Cermak et al. (2004), Nadezhdina et al.
(2002) or Ford et al. (2004a, b) proposed reducing the
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number of sensors required by placing these at specific
locations, usually close to the cambium where a peak in
SFD is expected (Nadezhdina et al. 2002) and using a
function to describe the SFD pattern across the xylem.
However, the large variability of SFD profiles in our case
prevented such an approach.

We also showed that it is possible to reduce the number of
sensors to four in an “optimal” setup with two locations
around the stem, without significantly compromising the
accuracy of the measurement (a loss of 3—15 % accuracy as
compared to the reference dataset). For long-term monitor-
ing of transpiration, involving the deployment of sap flow
sensors, there is usually a trade-off between precision and
cost to achieve the best accuracy in transpiration estimate,
which would depend on the number of sensors deployed to
capture the spatial variability in SFD across the tree stem. On
one hand, the sensors based on the Heat Field Deformation
method are able to capture the spatial variability in SFD
across the tree stem, but they are usually more expensive than
other types of sensors, and require a larger source of energy,
making them more costly and time consuming for field
experiments (Nadezhdina et al. 2012; Steppe et al. 2010;
Vandegehuchte and Steppe 2012). On the other hand, sensors
based on the heat ratio method (HRM) (Vandegehuchte and
Steppe 2012) could be manufactured at very low costs
reaching only 2 % of the cost of commercial sensors (Davis
et al. 2012), and could be used for long-term monitoring,
placed at “optimized” locations based on a pre-monitoring
phase done with HFD sensors. Therefore, a combination of
these two techniques, involving pre-monitoring with HFD
and long-term measurements with HRM would be the most
reliable and cost-effective strategy. That is, our study sup-
ports a protocol in which a detailed survey of SFD is first
established, followed by a simpler and more cost-effective
deployment of HRM sensors. The latter should permit a
monitoring strategy incorporating a larger, more represen-
tative selection of trees.

Given that this study presents results for subtropical
conifer species with large sapwood depths, the applicability
of our results to other kinds of wood architecture, specifi-
cally for ring and/or diffuse porous species, is questionable.
Sapwood depth, wood properties and heterogeneities might
affect the whole sap flow density spatial variability and thus
lead to a different result in terms of instrumental strategy of
where to install the sensors. However, a similar protocol
involving an assessment of the sap flux density with a ref-
erence dataset can be easily applied to other species.

The presence of heterogeneous sapwood anatomy (in
terms of conduit diameters, specific hydraulic conductivi-
ties, relative water content) raises questions on the appli-
cability of sap flow theory. There is a need for a better
quantification of the area (footprint) the sap flow sensor is
actually sampling, as this area will vary depending on the

@ Springer

sapwood anatomy. Studies on modeling of heat diffusion
and conduction and water flow and storage in heteroge-
neous woody materials are definitely needed.

Conclusion

This study contributes to our knowledge of the optimal
probe deployment strategy and monitoring practice in the
field of sap flow research, in particular for conifers. Our
approach of first establishing a reference benchmark data-
set of tree sap flux density patterns across the sapwood, and
then reducing the number of measurement point needed
based on that benchmark, could be a systematic approach
to unknown situations, where the sap flow variability
within the trees is not known beforehand.
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