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Evaluation of instruments for monitoring the soil-plant
continuum

R. Dainese, B. de C. F. L. Lopes, T. Fourcaud, and A. Tarantino

Abstract

The response of the shallow portion of the ground (vadose zone) and of earth structures
is affected by the interaction with the atmosphere. Very frequently, the ground surface is
covered by vegetation and, as a result, transpiration plays a major role in ground-
atmosphere interaction. The soil and the plant form a continuous hydraulic system that
needs to be characterised to model the ‘boundary condition’ of the geotechnical water
flow problem. Water flow in soil and plant takes place because of gradients in hydraulic
head triggered by the water tension (negative water pressure) generated in the leaf
stomata. To study the response of the soil-plant continuum, water tension needs to be
measured not only in the soil but also in the plant (in addition to the water content in the
soil). This paper first evaluates three instruments that can be used to measure xylem
water tension, i.e. the High-Capacity Tensiometer (HCT) and the Thermocouple
Psychrometer (TP) for continuous non-destructive measurement on the stem, and the
Pressure Chamber (PC) for discontinuous destructive measurement on the leaves.
Experimental procedures are presented and critically discussed, including data quality
control and instrument calibration, accuracy, and precision. The performance of these
three instruments is evaluated in terms of measurement precision and measurement

accuracy via cross-validation. The paper then addresses the problem of monitoring soil

© 2021 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S2352380821000241

23

24

25

26

27

suction (pore-water tension) and water content using a second generation profile probe
(fully encapsulated) and the use of Electrical Resistivity Tomography (ERT) for coarse
characterisation of water content spatial distribution to support the design of spatial

configuration of suction and water content sensors.
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1 Introduction

The response of the shallow portion of the ground (vadose zone) and of earth structures
is affected by the interaction with the atmosphere. Rainwater infiltration and
evapotranspiration cause settlement and heave of shallow foundations and embankments
and control the stability of man-made and natural slopes. The ground surface is very
frequently covered by vegetation, which therefore represents the interface modulating
the interaction between the ground and the atmosphere.

Vegetation affects directly the ground water regime in the vadose zone via
transpiration. This is the process of water movement taking place from the soil through
the plant up to the leaves, where water eventually evaporates through the stomata, and
plays a major role in the mechanisms of water removal by the atmosphere. The soil and
the plant form a continuous hydraulic system (Philip, 1966) which needs to be
characterised to model the ‘hydraulic boundary condition’ of the water flow problem.

Understanding and modelling the mechanisms through which vegetation mediates the
interaction between ground and atmosphere is key to assess climate-related geotechnical
geohazards. These include rainfall-induced landslides (Gonzalez-Ollauri & Mickovski;
2017), low-rise building damage associated with drought-induced foundation subsidence
(Deakin, 2005; Corti et al. 2011, Toll et al. 2012), and flood-induced instability of
stream banks (Pollen et al. 2004). Vegetation can also be viewed as a ‘technology’ to
mitigate diffuse hazard such as diffuse shallow landsliding (Alcantara-Ayala et al. 2006,
Dolidon et al. 2009). Pagano et al. (2018) have shown that vegetation can lower the

degree of saturation during the dry period more efficiently than the bare soil and this
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reduces the pore-water pressure build-up during rainfall events thus improving the factor
of safety of slopes.

The hydrological response of the soil-plant continuum is difficult to investigate in the
laboratory. An experiment representative of field conditions is difficult to reproduce at
the laboratory scale because of the size of plants, diversity of plant species, and the
complex microstructure of the rhizosphere soil deriving from long-standing bio-
chemical processes. The study of the bio-mediated interaction between the ground and
the atmosphere therefore requires an open-air laboratory approach, i.e. it is the
laboratory to be moved to the field and not vice versa.

This paper presents a monitoring concept for the soil-plant continuum (Figure 1) and
includes instruments to monitor the water status in the plant and the ground. This system
should be complemented by a weather station to monitor atmospheric variables and the
reader can refer to the literature for discussion about this component of the soil-plant

continuum monitoring (e.g. WMO, 2018).

The main challenges faced by geotechnical researchers and practitioners with respect
to traditional geotechnical monitoring of the vadose zone are represented by the
measurement of the water potential and flow rate of xylem water. The paper therefore
mainly focuses on the measurement of xylem water tension by presenting and
comparing the measurements by three different techniques, i.e. High-Capacity
Tensiometer, Thermocouple Psychrometer, and Pressure Chamber. The paper therefore
focuses on the monitoring soil matric suction using the High-Capacity Tensiometer and

soil water content using a profile probe of second generation, which is fully
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encapsulated and does not require the pre-installation of a casing. The paper finally
discusses the use of Electrical Resistivity Tomography (ERT) to guide the design of the

installation of ‘local’ suction and water content sensors.

Pressure
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High-Capacity G
Tensiometer Thermocpuple
Psychrometer
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u 1 1
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Moisture
profile probe

Figure 1. Soil-Plant monitoring system concept

2 Measurement on plant

2.1 HCT for xylem water potential measurement

The High-Capacity Tensiometer (HCT) is composed of an integral strain gauge, a
diaphragm 0.4 mm thick and a ceramic filter with nominal air-entry value of 1.5 MPa
(Tarantino & Mongiovi, 2002). The working principle and the experimental procedures
adopted i) to saturate the porous ceramic filter and i) to check its saturation prior to and

after the measurement are discussed in Tarantino (2004) whereas details of HCT
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installation on the stem are provided in Dainese et al (2020a). The measurement of
xylem water potential using the HCT has been validated by Dainese & Tarantino (2020)
and Dainese et al. (2020b) by comparison with Pressure Chamber and Thermocouple
Psychrometer on different trees and saplings. The advantage of the HCT with respect to
the Thermocouple Psychrometer, which is the other instrument available for continuous
monitoring of xylem water potential, is that its measurement is not affected by the solute
concentration of the sap (osmotic suction) and that the same probe can be used to
monitor both soil and plant. This paper discusses in detail the experimental procedures

to enable accurate measurement of xylem water tension.

An example of measurement of xylem water pressure by the HCTs is shown in Figure
2 for the case of a Cherry sapling (Bigarreau burlat). The measurement lasted 30 days
and two different sets of HCTs were used. HCT 5 and HCT6 were installed for the first
15 days (positioned 30cm and 20cm respectively above the soil) and then removed after
cavitation. HCT2 and HCT4 were installed on day 16 (positioned 11.5cm and 25cm
respectively above the soil) and were kept in place for the following 13 days. As water
in the xylem flows upward, the higher HCT should record in principle a lower xylem
water pressure than the lower HCT. This differential is not recorded for the pair HCT2
and HCT4, which indicates that the small difference between the two HCTs is due to

local variations of xylem water pressure.

. HCT 6 cavitated at day 11 at a water pressure of -750 kPa while HCT 5 cavitated at
day 15 at a water pressure of -2055 kPa. Both HCTs recorded a post-cavitation

measurement close to -100 kPa (-111 kPa and -118 kPa for HCT6 and HCT 5
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respectively). Cavitation in Figure 2 appears as a vertical straight line interrupting
abruptly the measurement (day 11 and day 15 respectively). They then returned to a
value close to zero when the tensiometers were placed into free water. The detail of the

cavitation process is shown in Figure 3.a.

The very steep curves on day 1 and day 17 are associated with the hydraulic
equilibration between the instrument and the xylem. The saturated paste needs to lose
water to the xylem until equilibrium is achieved (Figure 3.b). The HCT readings during

the equilibration are therefore not representative of the water status of the plant.

The HCT measurement was considered to be valid during the first 5 days since the
readings of the two HCTs were overlapping. On the other hand, the measurements of
HCTS5 and HCT6 were considered to not be valid after day 5 since the readings diverged
more than 50 kPa. The divergence between the two readings could be attributed to an
ongoing cavitation process in HCTS or a change in xylem water pressure at the
measuring site of either HCTS or HCT6. Another possible reason is the healing
processes occurring at the measuring site (Lev-Yadun, 2011) already observed in the
thermocouple psychrometer (Dixon & Downey, 2015). Since it is not possible to
identify, between the two tensiometers installed on the plant, the one that generated the
faulty measurement, the measurements of both instruments are discarded. On the other
hand, the measurements of the two tensiometers installed on day 16, HCT2 and HCT4
respectively, were always overlapping and their measurement was then considered valid.
The valid measurements of xylem water pressure via HCTs are reported in Figure 2 with

thick curves while the readings to be considered invalid are represented by thin curves.
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Figure 2 shows that if only one HCT was installed on the stem between days 5 and
15, its measurement would have appeared correct because readings exhibit daily
fluctuations due to the day/night cycles. The simultaneous installation of two HCTs is

therefore essential to validate the measurement.
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Figure 2. Measurement of HCT on the cherry sapling. The thick lines represent the
measurement in hydraulic equilibrium with the xylem, the fine lines represent the non-valid

measurement of xylem water pressure.
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Figure 3. Details of a) Cavitation of HCT 5 and HCT 6. b) installation and equilibration (thin

lines) of HCT 2 and HCT 4.

2.2 Thermocouple Psychrometer
The Thermocouple Psychrometer (TP) considered in this work is produced by ICT
international (PSY1 Stem Psychrometer). The psychrometer measures the relative
humidity of the air in equilibrium with the xylem water, which is then converted to
xylem water pressure via the psychrometric law. Details of the TP working principle are
provided in Dixon & Downey (2015).

The thermocouples of the psychrometer are handmade and therefore need to be

calibrated individually. The manufacturer suggests to calibrate the sensor by using filter
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paper soaked in NaCl solution. The filter paper can potentially introduce a bias due to
the menisci that may form at the filter paper-air interface and the matric component of
suction generated thereof. To investigate this potential effect three calibration systems
were considered: i) a bottle filled with NaCl solution with about 15 mm gap between the
liquid surface and the thermocouple , i) a small cap filled with NaCl solution with
various air gaps (5 mm, 2 mm, and 1 mm), and iii) a filter paper soaked with NaCl
solution (Figure 4.a).

The decay of the electrical potential versus time for the 5 setups in Figure 4.a is
shown in Figure 4.b. The signal at equilibrium (achieved when the signal did not change
any longer over time) should in principle not be affected by the air gap (i.e. the distance
between the sensor and the evaporating surface). Nonetheless, the experimental data
showed the opposite possibly due to larger thermal gradients occurring in the larger
gaps. However, the signal tends to converge when the air gap becomes sufficiently small
(Imm above free solution or less than 1mm above filter paper). The results of Figure 4.b
was taken as an evidence that calibration using the filter paper is appropriate and the

thermocouple was therefore calibrated using this calibration system.
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Figure 4. Calibration of Thermocouple Psychrometer by exposure to 1.0 mol NaCl solution (-
4.55 MPa. (a) Calibration setups. (b) Effect of air gap (Cooling time = 10 sec except bottle

where cooling time was set to 20 sec)

The thermocouple signal depends on the Cooling Time, i.e. the time whereby the
current is circulated in the thermocouple to cool the thermocouple junction and cause the
condensation of a water drop. The effect of the cooling time on the electrical signal is
shown in Figure 5. The longer the current is circulated through the thermocouple, the
larger is the drop condensing on the junction and the higher is the thermal inertia

delaying the drop in differential temperature and, hence, electrical potential.

It is worth noticing that the cooling time affects the signal but not the tangent at the
inflection point, which remains the same regardless of the cooling time. As a result,
calibration curves relating the water potential to the electrical response should be in
principle built using the slope of the tangent at the inflection point. However, the ranges

of start acquisition time and length of the acquisition window that can be set up using

11
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this particular instrument do not always allow detecting the entire decay curve. It
follows that another characteristic of the electrical signal should be adopted to build the

calibration curve.
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Figure 5. Effect of cooling time (CT) on the signal recorded by the Thermocouple Psychrometer

(exposed to NaCl solution of -4.55 MPa water potential (NaCl 1.0 mol)

The manufacturer suggests to detect the electrical signal at a given time, which is
referred to as Wait Time in the PSY1 manual (Dixon & Downey, 2015). However,
Figure 5 shows that the electrical signal at given time (e.g. 6 s) depends on the cooling
time. As a result, the decay curve returned by the instrument was investigated for two
different cooling times (5s and 8s respectively). For each cooling time, two different
acquisition windows were considered, 4-36 s and 13-45 s respectively, to enable a Wait

Time of either 6 s (442 s) or 15 s (1342 s) respectively.

Figure 6 presents the decay curves derived for two cooling times and two different

acquisition windows recorded by exposing the thermocouple to NaCl solutions having

12
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water potential ranging from -0.45 to -4.55 MPa (0.1 to 1 molality). The lower the water
potential (lower relative humidity), the lower is the temperature required to cause water
drop condensation and, hence, the higher is the initial voltage differential. At the same
time, the lower the water potential (i.e. the lower is the relative humidity), the faster is

the water drop evaporation and, hence the decay in voltage differential.

Figure 6.a and Figure 6.b show the decay curves for 8s Cooling Time and the two
different acquisition windows. In both cases, the signal recorded at the Wait Time

decreases monotonically as water potential increased from -4.55 MPa to -0.5 MPa.

Figure 6.c and Figure 6.d show the decay curves for 5s cooling time and the two
different acquisition windows. It is worth noticing that the signal at -4.55 MPa for the
Wait Time of 15s decays faster than the Wait Time itself. As a result, the signal recorded
at the Wait Time at higher lower water potentials becomes suddenly the lowest rather
than the highest. The correlation between voltage differential and water potential
therefore loses monotonicity. A relatively short Wait Time therefore need to be selected
to avoid a non-unique relationship between water potential and voltage differential

recorded at the Wait Time.

The calibration curve derived from an ‘loading-unloading’ cycle with Cooling Time
= 8 s and Wait Time = 6 s is shown in Figure 7. The calibration is essentially linear
although accuracy can be slightly improved by adopting a polynomial of the second
order (standard deviation of the error reduced to £0.024 MPa from the value of £0.046

MPa associated with the linear calibration).

13
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Figure 6. Effect of cooling time (CT) and Start Acquisition Time (SAT) on the signal recorded by

the Thermocouple Psychrometer exposed to NaCl solutions of different water potential. (a)

CT=8s and SAT = 4s. (b) CT=8s and SAT = 13s. (c) CT=5s and SAT = 4s. (d) CT=5s and SAT
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Figure 7. Calibration curve derived from a ‘loading-unloading’ cycle and Cooling Time = 6s
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2.3 Pressure Chamber

The working principle of the Pressure Chamber (PC) is analogous to the axis-translation
technique used in soil testing (Marinho et al., 2008) and is discussed in detail in
Scholander et al. (1965) and Boyer (1967). The measurement of the PC is discontinuous
and destructive; the frequency of the readings is therefore conditioned by the manpower
and the sampling leaves available. The PC is a commonly used and trusted technique in
plant science to measure the ‘xylem’ matric water pressure in plants and has been often
used as a benchmark to validate other techniques (Brown and Tanner, 1981; Turner et

al., 1984; Balling, & Zimmermann, 1990).

The PMS 1515D Scholander Pressure Chamber (PMS Instrument, 2018) was used in

this work for the xylem water pressure measurement. Leaves were initially wrapped in

15
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aluminium foil for at least 2h. Leaf wrapping stops transpiration and allows water in the
leaf to equilibrate with the branch. As a result, the water pressure recorded in the leaf is

assumed to coincide with the water pressure in the branch at the base of the petiole.

The leaf was then excised with a sharp blade and promptly inserted into the pressure
chamber where air was gradually pressurised until a flat meniscus formed at the end of
the excised petiole (Meron et al., 1987). The air pressure in the chamber recorded when
a flat meniscus appeared at the excised petiole surface is assumed to be equal to the

negative water pressure in the leaf before excision.

The precision of the measurement using the Pressure Chamber is affected by the
intrinsic variability between leaves and also by the subjective judgment made by the
operator about the appearance of a water film at the surface of the excised petiole. To
investigate the measurement precision, leaves were cut from a tree on the campus of the
University of Strathclyde at three different times in a day, 8am, lpm, and 8pm
respectively (sunrise 4:45am and sunset on 9.21pm on 26 May). Two sets of six leaves
were placed in the pressure chamber, the first set without removing the aluminium foil
used to wrap the leaf ‘in situ’ before excision and the second set by removing the

aluminium foil just before placing the leaf in the pressure chamber. Figure 8 shows that:

1) the precision of the measurements is satisfactory, ranging from 0.03 to 0.08 MPa in
terms of standard deviation;
2) the average xylem water tension is consistently higher during the day (8am and 1pm)

and lower when approaching sunset (§pm)
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3) removing the aluminium foil just before the insertion in the pressure chamber leads
to an overestimation of the xylem water tension possibly because of some

evaporation occurring over the time the leaf remains exposed to the air.
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Figure 8. Precision of Pressure Chamber measurement and effect or maintaining or removing
the aluminium foil wrapping the leaf in the pressure chamber (standard deviation of the error is

reported next to each set of measurements) .

24 Stemflow meter

Traditional sensors used to measure the flux of sap are based on the design of the
Granier’s Thermal Dissipation Probe (TDP). In the original version two probes are
inserted within the trunk, at a distance of 10-15 cm on the vertical axis. Each probe
contains a heating element and a thermocouple. During the measurement, the higher
probe (downstream to the sap flux) is heated with a constant voltage, while the lower
probe (upstream) is used as a reference of the wood temperature. The difference in
temperature registered by the two probes, measured in terms of difference in voltage, is
influenced by the heat dissipation effect of sap flow in the vicinity of the heated probe

(Lu et al. 2004). The sap flow sensor used during this study is a modification of the
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TDP, where the heater and the two bead thermistors are placed within a heat-insulating
hollow cylinder, and no drilling and installation of the stem is required (Anon., n.d.).
The sap flow sensor used is produced by Edaphic Scientific and it is suitable for the

application on small stems (1-5 mm and 4-10 mm depending on the model used).

The simplified design of the probe allows a quick installation by simply clamping the
two parts of the probe around the selected twig (Figure 9). The manufacturer suggests
isolating the measuring site with aluminium foil to avoid thermal disturbances. The

output generated by the sensor is a voltage signal.

Positive direction of sap flow
Diractional mark

Upger thermistor

B

Heater

‘ Lower thermistor

(a) (b) (©)

Figure 9. Stemflow meter. (a) Working principle. (b) Clamping system (c) Installation on stem.

2.5 Comparing techniques for plant water status measurement

2.5.1 Stem-flow versus High-Capacity Tensiometer
The stemflow meter and HCT were applied on a twig and on the main stem of a 2-years

old pear sapling respectively (the sapling was kept in the laboratory at constant
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temperature). The plant was watered before the beginning of the test and irrigation was
stopped during the 12-day long test. The environmental conditions were kept almost
constant, with a temperature of 20°C+1°C and a relative humidity of 40%+5%. The
normal day/night cycles were mimicked by a 300 W growth lamp, providing solar
radiation from 6 am to 8 pm. The stemflow meter was calibrated by correlating the
steady-state signal recorded on selected days during day and night with the transpiration

rate measured by a balance.

Although the accuracy of stemflow meter to capture daily fluctuations of xylem
water flow rates could not be verified, it was deemed worth benchmarking the calibrated
stemflow meter against the measurement of a HCT as shown in Figure 10 (details of the
HCT measurement on the Pear sapling are reported in Dainese & Tarantino 2020). The
measurement of the transpiration rate by the stemflow was often interrupted due to

instability of the data acquisition system.

It can be observed that the sap flow meter captures the same day/night cycles as the
HCT. Overnight, transpiration rate attains a minimum and this corresponds consistently
to the highest xylem water pressure (lower xylem water tension). The transpiration rate
measured by the sapflow meter shows sharp increase at 6 am, when the lamp was
switched on and this is associated with the abrupt decrease in xylem water pressure.
During the day, the relationship between xylem water pressure and transpiration rate is
clearly reversed. Even if the stemflow meter is difficult to calibrate in the field (because
transpiration rate is more difficult to measure), the signal of a stemflow meter can be

used to assess the quality of HCT and psychrometer measurements.
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Figure 10. Comparison of the daily fluctuation of xylem water pressure measured by the HCT

on a Pear sapling against the evapotranspiration rate measure by a stemflow meter.

2.5.2  Pressure chamber versus Chilled Mirror Psychrometer (WP4)

A comparison was made between the measurement by the pressure chamber and the
WPA4C Chilled-Mirror Psychrometer (Bulut & Leong 2008) by testing leaves taken from
a tree on Strathclyde University campus. While on the tree, leaves were first cleaned
with a tissue, wetted with a drop of distilled, gently scratched three times with
sandpaper, wrapped with aluminium foil and let to rest for 10 minutes. Afterwards,
leaves were excised, inserted in a plastic bag in the presence of a wet tissue to minimise
evaporation (contact between the tissue and the leaves was avoided), and transported to

the laboratory. In the laboratory, two sets of measurements were carried out. In the first
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320  series, suction was first measured in the WP4C and then in the Scholander Pressure
321  Chamber. This procedure was reverse in the second series where suction was first

322  measured in the Scholander Pressure Chamber and then in the WP4C.

323 The results of this exercise are shown in Figure 11. Although a very limited number
324  of measurements are compared, there seems to be a fair agreement between the two
325 techniques and the sequence adopted does not seem to affect significantly the
326  measurements and their alignment to a 1:1 line. This seems to suggest that evaporation
327  that may occur in either the Pressure Chamber or WP4C does not affect significantly the

328  measurement.

® Sequence: PC- WP4

2.5
Sequence: WP4 - PC ° o

1.5

0.5

Xylem water tension - WP4 [MPa]

0 0.5 1 1.5 2 2.5 3
Xylem water tension - Presure Chamber [MPa]

329
330  Figure 11. Comparison of Pressure Chamber versus Chilled Mirror Psychrometer (WP4)

331 measurements
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2.5.3 High-Capacity Tensiometer versus Pressure Chamber and Thermocouple
Psychrometer

The three techniques that can be used to measure the xylem water tension, i.e. the High-

Capacity Tensiometer, the Thermocouple Psychrometer, and the Pressure Chamber were

benchmarked in two separate studies (Dainese & Tarantino, 2020; Dainese et al. 2020)

whose results are briefly summarised here.

High-capacity tensiometer was compared to the pressure chamber via measurements
of xylem water pressure on a Chestnut tree (in the field) and a Willow sapling (in the
laboratory) (Dainese & Tarantino, 2020). Pressure chamber measurements on Chestnut
leaves were taken on sets of six leaves, sampled from the same branch where the HCTs
were installed. The leaf wrapping time was set to 10 min. Pressure chamber
measurements on the Willow sapling were based on sets of three leaves with a wrapping
time of at least 2h (higher wrapping time was required as the plant was under water
stress conditions). The comparison between the two measurement techniques is shown
in Figure 12 and the fair alignment to the line 1:1 can be taken as a cross validation of

the two techniques.
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Figure 12. Comparison of Pressure Chamber versus High-Capacity Tensiometer measurements

(after Dainese & Tarantino 2020)

High-capacity tensiometer was compared to the thermocouple psychrometer via
measurements of xylem water pressure on a Pear sapling (Dainese et al., 2020). Two
high-capacity tensiometers and one thermocouple psychrometer were installed with a
spacing of approximately 10 cm on the sapling stem with the thermocouple
psychrometer between the two HCTs. The measurements by the two high-capacity
tensiometers shown Figure 2 are replotted in Figure 13 in terms of average and only for
the time intervals where the measurement was considered valid. The same figure shows
the measurement by the thermocouple psychrometer. It can be observed that xylem

water pressure measurements are fairly consistent below -500 kPa and, again, this can be
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360 taken as a cross validation of the two techniques. As discussed by Dainese et al. (2020),
361  the thermocouple psychrometer appears to be not accurate at xylem water pressures
362  higher than -500 kPa. In this range, the relative humidity is very close to saturation (>

363 99.5%) and becomes difficult to measure accurately.

364 Figure 13 also shows that daily fluctuations recorded by the thermocouple
365  psychrometer and the high-capacity tensiometers are in phase. This demonstrates an
366  prompt response time of the two instruments considering they operate on the basis of
367  very different working principles (equilibrium via liquid and vapour phase for the high-

368  capacity tensiometers and the thermocouple psychrometer respectively).

-500

No valid HCT measurement

E WV
1000 J‘ﬁ \’b\/\/\/

-1500

Xylem water pressure [kPa]

-2000

——High-Capacity Tensiometer

Watering
Watering

Thermocouple Psychrometer

-2500

Time [Days]

369

370  Figure 13. Comparison of Thermocouple Psychrometer versus High-Capacity Tensiometer

371  installed on Cheery sapling (after Dainese et al., 2020)
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3 Measurements in soil

Water flow in the vadose zone towards the plant is controlled by the soil unsaturated
hydraulic conductivity (which depends on volumetric water content), and the water
retention behaviour, i.e. the relationship between pore-water pressure and volumetric
water content. As a result, both pore-water pressure and water content need to be

monitored to characterise the water flow in the soil-plant continuum.

3.1 Pore-water pressure

Pore-water tension in the field was measured using the High-Capacity Tensiometer.
Boreholes having a diameter slightly larger than the tensiometer ((2Omm) were drilled
in the proximity of the multi-point water content probes (described in the next section)
with the aid of a manual auger. The tensiometer was mounted at the end of a rod and
pushed down to the bottom of the borehole. A saturated paste made by mixing the finer
fraction of the soil extracted from the borehole and kaolin was interposed between the
tip of the tensiometer and the bottom of the borehole to ensure the hydraulic continuity.
Evaporation from the point of measurement was prevented by the very close gap
between the rod and the borehole wall. The tensiometer was left overnight to equilibrate

and the measurement was taken 18-24 h after the installation.
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3.2 Moisture content profile

3.2.1 Drill & Drop probe

A convenient approach to measure water content is represented by water content
profile probes because a single installation can be used to capture the water content
profile along a vertical. Earlier concepts (Tarantino et al., 2008) required drilling a
borehole, installing a casing, and inserting the probe carrying multiple unprotected
capacitive sensors into the casing. However, pouring the grout in the annular gap
between the borehole and the casing often leaves air gaps that generate spurious
measurements (Caruso et al. 2013). A new water content profile probe has been recently
commercialised where the capacitive sensors are encapsulated into a single shaft. The
performance of this probe is discussed and validated in this section. The ‘Drill & Drop’
probe is manufactured by Sentek Sensor Technologies, Australia, it can be up to 1.2 m

long, and can include up to 12 capacitive sensors spaced 100 mm.

The working principle of the probe is based on the correlation between the bulk
dielectric permittivity of the soil and its volumetric water content. The dielectric
permittivity is in fact strongly influenced by the presence of water within the grains,
given that the relative dielectric permittivity of pure water at 20°C is around 80, ranges
between 10 and 30 for roots (Mihai et al. 2019), it is between 3 and 5 for the solid phase
in most soils (Tarantino et al. 2008), and it is 1 for air. The dielectric permittivity is
measured by the ‘Drill and Drop’ capacitive sensors through the assessment of the soil
capacitance (two rings on the probe form the conductors of a capacitor filled by a

composite dielectric medium that includes the soil (Dean et al., 1987).
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The probe requires the drilling of a 25mm diameter borehole within the soil, in which
the probe is inserted by simple pushing. The installation procedure does not rely on the
use of a grout. Contact is ensured by the tapered shape of the probe, which is 25 mm
diameter at its bottom and 30 mm diameter at its top. This minimises the presence of air
gaps between the probe and the soil (compared to the grout installation of the probes of
first generation). The installation procedure is demonstrated by the manufacturer through

a series of videos (Sentek Techologies, 2019).

3.2.2 Effect of roots on the measurement of dielectric permittivity

Soil volumetric water content 0 is inferred from the measurement of the bulk soil
dielectric permittivity K.. Empirical equations are generally used to correlate K, to 6,
e.g. Topp et al. (1980) and Ledieu et al. (1986). These equations have been developed
for the case of mixtures made of solids, air, and (free) water and may no longer be
applicable if a fourth phase (i.e. roots) is present.

The error in the volumetric water content measurement introduced by the presence of
roots was estimated by considering the theoretical relationship (Complex Refractive
Index Model, CRIM) between the soil volumetric water content 8 and the bulk soil
dielectric permittivity K,. This theoretical model was first validated against traditional
empirical equations by considering a three-phase mixture and then used to estimate the
error associated with the presence of roots by considering a four-phase mixture. The
following Equation was derived for the error in the measurement of the soil volumetric

water content O (see Eq. [12] in the Appendix 1)
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AO = M v (1]
error \/a_\/g—a T

432  where v is the volume fraction of roots and €., €w, and & are the values of dielectric
433 permittivity of the air, water, and roots respectively. This error is plotted in Figure 14 for
434  the values of root dielectric permittivity that bound the range observed experimentally

435  (&=10-30).

436  The error clearly depends on the volume fraction of roots vr and can be significant for
437  high values of vr. For the measurements presented in this paper, the volume fraction of
438  roots in the range of depths 0-1.2 m has an average value of 0.005 with a standard
439  deviation of 0.005 (Appendix 2). In this set of measurements, the error introduced by the

440  presence of roots was therefore negligible.

Volume of roots per unit volume, v,

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11
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€00t = 30
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442  Figure 14:Error in water content measurement associated with the presence of roots
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3.2.3  Effect of air gap on water content measurement

The presence of air gaps at the interface between the probe and the soil, which are
minimised but not eliminated with the encapsulated probe, can severely affect the
measurement, given the ratio between the dielectric permittivity of air and water is 1:80.
It is therefore important to identify approaches to validate the measurement of water

content.

A clear example of measurements affected or not by the presence of an air gap is shown
in Figure 15, which shows the measurement by two profile probes installed in
Restinclieres (France) in silty soil (20% clay, 56% silt, 22% sand), among poplar trees
(Probe A) and in an adjacent open field (Probe B). The probes were installed in early

July and the graph represents approximately 4.5 months of measurements.

The capacitive sensors are represented individually, ordered by the vertical position on
the single probe. The number in each box represents the depth of the single sensor from
the soil ground level in centimetres. There is a peak in water content of the probes in
correspondence of rain events. For the case of probe A, the peaks disappear at a depth
starting from 35cm (with the exception of the first rain event) whereas peaks persist
down to a depth of 75 cm for probe B (encircled). While the peak in the shallow layer
disappears slowly, as water drains or evaporates, spikes in the lower levels (35-75)
indicate a spurious effect associated with the air gap filling with water during the rain

event and quickly empting afterwards.

The effect of the an air gap on the water content measurement is represented

schematically in Figure 16.a. In stage 1 and 3 the air-filled gap leads to an
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underestimation of the water content measurement, while the water accumulated during
the rain event leads to an overestimation of the water content of the soil surrounding the

probe.

The major problem to be addressed in the water content measurement is to quantify
the underestimation of measurement is stages 1 and 3 once the presence of an air gap is

recognised by the peak occurring in stage 2.
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Figure 16:(a) Effect of air gap on measurement (a.l) before, (a.2) just after, and (a.3)long after
a rain event. Water content profile in correspondence of stage a.l, a.2 and a.3 during the rain

event of the 22/08/18 for (b) probe A and (c) probe B

3.2.4 Assessing experimentally the error associated with the presence of air gap (from
water balance)

The experimental data were analysed with reference to the rain event occurring on the

22/08/2018 for probe A (Figure 16.b) and probe B (Figure 16.c) respectively. The rain

event was registered by a CIRAD weather station placed at approximately 1 km distance

was characterised by an amount of 14.7 mm (volume per unit area) and occurred

between 16:00 and 17:00 (the time resolution of the weather station is 60 min).
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The three water content profiles correspond to the condition before the rain (time
16:10), after the rain event showing the maximum water content variation (times 16:40
or 17:10), and [Bh after the rain event (time 19:30). The amount of infiltrated rainwater
can be in principle derived from the integration of the change of water content profile
measured before and after the rainfall. The rainfall amount estimated by the probe is

compared with the actual rainfall amount in Table 1.

For the case of probe A, the measurement of infiltrated rainwater after
approximately 3 hours (stage 3 minus stage 1) is comparable with the measurement at
the peak (stage 2 minus stage 1) indicating a negligible air gap. This is confirmed by the
close match between the actual rainfall amount and the one inferred from the profile
probe.

For the case of Probe B, the amount of rainfall derived from the water content
profile at peak (36.2 mm, stage 2) is significantly higher than the one derived after [Bh
(13.9 mm, stage 3). This indicates again that the water content profile measured by
Probe B at peak (stage 2) is biased by the presence of water accumulating in the gap
between the probe and the surrounding soil (water content accumulated in the ground at
peak and after [Bh should not be significantly different). The water accumulation
inferred from these measurements is consistent with the anomalous peaks recorded by
the relatively deep sensors as shown in Figure 15.

Although it appears evident that the measurement at peak should be discarded, the
problem to be addressed is whether the presence of an air gap is affecting significantly

the measurements in stages 1 and 3. This question can be easily answered by comparing
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the infiltrated rainwater derived from Probe B after [B h with the actual rainfall amount,
13.9 mm versus 14.7 mm respectively. The straightforward conclusion is that the
presence of the air gap does not affect significantly the measurement of the water

content profile once water is no longer filling the gap.

Table 1: Rain event on 22/08/2018. Comparison of volume of rainwater per unit area calculated

from 'Drill & Drop' measurements with rainfall amount.

Based on Raw data Corrected for air gap

At peak After [B h At peak After [B h

[mm] [mm] [mm] [mm]
Probe A | 17.4 15.6 15.6 15.7
Probe B | 19.2 13.9 13.5 14.2
Rainfall amount (by weather station) 14.7 mm

3.2.5 Estimating the error associated with the presence of air gap from using
dielectric permittivity mixing model

An approach to assess the effect of the air gap on the water content measurement is

presented here that does not require the comparison with the actual rainfall amount,

which may not be always available. The volumetric water content returned by the probe,

Omeasured, 1S based on the measured apparent dielectric permittivity Kmeasured- According to

(Ledieu et al. 1986), the following correlation can be established:
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Hmeasured =a- V Kmeasured -b [2]

where a and b are empirical coefficients (a=0.1138 and 5=0.1758). The dielectric
permittivity read by the probe is generated by the dielectric permittivity values of the
soil and the gap (filled with either water or air) weighted by their volume fractions. As a

first approximation, the following mixing model can be considered:

L —

X B X (3]
vV Kmeasurea = % Kgap + %\/ Ksoir

where x44, is the gap between the probe and the surrounding, L is the radius of the
cylindrical sampling volume around the probe (L=10 mm), Ksi and Kgap are the
dielectric permittivity values of the soil and the gap respectively. For each of the three

stages considered, the soil dielectric permittivity can be written as:

K _ emeasured,i +b xgap K . L [4]
soil,i — a - 1, gap,i m

with i=1 to 3 and Kgap,1 = Keap3 = Kair, and Kgap2 = Kwater. In turn, the volumetric water

content of the soil Bsi1 can be associated with the soil dielectric permittivity:

Osoi1 = | Ksouu — b 51

Let us assume that the water accumulating in the gap in stage 2 infiltrates radially
into the sampling volume of radius L. The volume balance equation can therefore be

written as follows:
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T [LZ - (rp + xgap) ] (f 950il,3 dz — f esoil,z dZ) - hprobe L6]

‘T [(rp + xgap)z - rpz] =0
where rp is the radius of the probe. The four Equations [4] and [6] can be used to derive
the four unknowns Ksoi1i and xgap. The left-hand side of Equation [6] is plotted versus xgap
in Figure 17. The gap resulting from this calculation is 0.7 mm for Probe A and 2.2 mm
for Probe B. This gap can be then used to correct the values of water content measured
by the probe via Equations [4] and [5]. As shown in Table 1, the values of rainfall
amount derived in stages 2 and 3 are now comparable and very close to the actual

rainfall amount.
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Figure 17:Estimation of the air gap
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3.3 Field versus laboratory water retention data

Figure 18 shows the water retention data of Restinclieres soil measured in the laboratory
on samples taken from the field via boreholes drilled close to the probes and in the field.
Suction measurement in the laboratory was conducted using a chilled mirror
psychrometer (WP4C). The void ratio and the gravimetric water content (used to derive
the volumetric water content) were derived by pushing a cutting ring into the sample,
trimming the excess material, determining the total volume from the inner size of the
cutting ring, and oven-drying the sample. Some of the samples were was dried and some
wetted to explore a wider range of suction. Suction in the soil at various depths was
measured via the High-Capacity Tensiometers, as previously described, while the
volumetric water content was assessed via the Probe A placed in proximity of the
suction sensors. Volumetric water content data were paired with suction measurement

data taken at similar depth.

Figure 18 shows a fair agreement between laboratory and field data. Water retention

data are quite scattered due to the intrinsic heterogeneity of a natural deposit conditions.
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Figure 18:Comparison of water retention data measured in the laboratory and in the field

4 [Electrical Resistivity Tomography to guide installation of local

sSensors

4.1 Conceptidea

Local sensors such as such as the ‘Drill and Drop’ and the HCT and other local sensors
for measurement of suction and water content (Tarantino et al. 2008) offer the
possibility of investigating the variation of moisture content and suction in the field.
However, there are two major challenges concerning the design of monitoring systems
based on local sensors: (i) where to install the sensors to ensure that the local
measurement is representative of the area to investigate and (ii) how to extrapolate the
spatial distribution of measured localised variables. These issues can be addressed

successfully by integrating the geotechnical monitoring with electrical geophysical
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survey (Electrical Resistivity Tomography - ERT). Electrical resistivity is a function of
multiple parameters including water content, mineralogy, pore structure, chemical
composition of pore fluid, and temperature (Samouélian et al., 2005). However, the
tendency of decreasing resistivity with increasing water saturation makes this method
appealing for measuring a variety of different hydrologic processes. Conventional ERT
surveys have been used in many applications to monitor changes in moisture content
patterns, including around trees (Fan et al., 2015; Cassiani et al., 2015, 2016; Consoli et
al., 2017; Mary et al., 2018). Thus, preliminary ERT surveys can be of great help to

characterise an area or a geo-structure and optimise location of moisture sensors.

4.2 Investigating resolution by inverting synthetic model

The imaging of electrical resistivity in the subsurface by ERT is based on the inversion
of a set of resistance measurements on a given array of electrodes. Given the
nonlinearity of the underlying forward problem, electrical inversion schemes proceed in
iterations through modelling runs looping forward, comparing predicted and measured
data, and updating the estimate of the electrical resistivity distribution with a view to
reducing data misfit. In this work, all forward and inversion modelling was performed

using ResIPy v2.2.2 (Blanchy et al., 2020).

To examine whether the ERT could help address these two key challenges, synthetic
models for the forward modelling exercise were created based on the observations made
by Dainese (2020) at an experimental agroforestry plot used for agricultural studies in

Restinclieres, France. The author monitored the distribution of moisture content over
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wet and dry periods by installing ‘Drill and Drop’ sensors in different locations in the
forestry plot and in the open field. Three different water regimes were observed close to
the trees, in the depth ranges of 0-50cm, 50-100 cm, and >100cm. In the first 50cm
depth, moisture increased (from 0.2 to 0.35 volumetric moisture content) in the wet
period, and decreased (from 0.35 to 0.25) in the dry period. Between 50 and 100cm there
was no changes in moisture content. In the wet period, below 100cm, a decrease of
moisture (from 0.25 to 0.2) was observed extending below the 120cm depth of the ‘Drill
and Drop’ and that could not be obviously detected by the sensor. Additionally, the
author also noticed changes in moisture on the first half meter depth, laterally away from
the tree (increasing in the wet period and decreasing in the dry) and below Im depth

(decreasing in both wet and dry periods).

It was realised ‘a posteriori’ that the probe should have been installed deeper and
the question was asked about whether a preliminary ERT investigation would have
helped identifying in advance the zones where moisture content changed significantly.
In other words, whether the ERT could resolve the soil moisture regime down to 1m,

which is the length of the Drill and Drop’ sensor.

The approach pursued in this paper was to generate synthetic ERT data
representative of the observations made by Dainese (2020) and compare the inverted
ERT model with the original synthetic one. Synthetic models are those in which
resistivity values are assigned to elements of the mesh created according to the problem
it is representing. This model is then forward modelled (via ResIPy), i.e. the apparent

resistivity pseudosection is calculated for the defined 2D subsurface model. Finally, the
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data generated by the forward model are inverted producing the inverted model, which
can then be compared with the original synthetic model created.

The resistivity values chosen to represent the water content differences observed by
Dainese (2020) were based on a Time Domain Reflectometry (TDR) survey carried out
at Rest and Be Thankful site in Scotland (Gladin, 2018). In this survey, TDR probes
were installed on the scar of a vegetated hillslope. TDR data was acquired after probes
installation and after an artificial rainfall simulated by pouring water from the top of the
slope. Results demonstrated that for the clayey silt material at the site, a volumetric
water content of 0.2, 0.3 and 0.4 correspond to a resistivity of 400, 215 and 150Qm
respectively. If the middle resistivity value (215Qm) is established as the reference, then

the remaining values are representative of 0.1 increase and decrease of moisture content.

Thus, these synthetic models (Figure 19.a-c) have a background of 215Qm and a
few regions of lower or higher resistivity depending on the period it represents. Figure
19.a is representative of the wet period reported by Dainese (2020) with two lower
resistivity (150Qm) 0.5m? regions closer to the surface below the tree ([2.0,0.0]; [3.0,-
0.5]) and away from the tree ([0.0,0.0]; [1.0,-0.5]) and with two higher resistivity
(400Qm) Im? regions below the tree ([2.0,-1.0]; [3.0,-2.0]) and away from the tree
([0.0,-1.0]; [1.0,-2.0]). Figure 19.c represents the dry period reported by Dainese (2020),
with two 0.5m2 regions of high resistivity (400Qm) closer to the surface and one 1m?

region also with high resistivity away from the tree starting at 1m depth.
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The measurement scheme designed was a mixture of in-hole (dipole-dipole and
Schlumberger, skip 0 to 6) and cross-borehole (AM-BN, AB-MN, A-BMN and A-MBN,

skip O to 6), totalling 10,298 independent data points (Sensitivity - Figure 20).

The inverted results (Figure 19.b-d) show that the superficial region of low (wet
period) and high (dry period) resistivity is well captured both in terms of geometry and
resistivity value, regardless of whether the resistivity value is higher or lower than the
background resistivity. The 1m? region of low resistivity in the wet period, and high
resistivity in the dry period that starts at 1m depth and is located away from the tree is
also well captured in terms of geometry and resistivity value. Finally, the 1m? resistivity
area below the tree (starting at 1m depth), that is present in the model representative of
the wet period (Figure 19.b), can still be easily identified, despite the fact that this is a

region of low sensitivity (Figure 20).

Therefore, this suggests that ERT could guide the installation of these local sensors.
if ERT surveys had been performed by Dainese (2020) prior to the installation of the
‘Drill and Drop’ sensors, the author could have potentially recognised that changes in
moisture content were prominent at depths below 1m; in this way the author could have

drilled a few deeper boreholes to capture moisture changes at deeper locations.
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655  Figure 19 Model representative of the wet period: (a) Synthetic model, (b) Inverted model;

656  Model representative of the dry period: (c) Synthetic model, (d) Inverted model
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Figure 20. Measurement scheme sensitivity

5 Conclusions

The paper has presented a monitoring concept for the soil-plant continuum and focused
on the measurement of water potential and flow rate of xylem water and the monitoring
of soil suction and water in proximity of a tree.

Three different techniques for the measurement of xylem water tension, i.e. High-
Capacity Tensiometer (HCT), Thermocouple Psychrometer (TP), and Pressure Chamber
(PC), have been presented. Critical aspects of the experimental procedure including
calibration, data quality check, and measurement precision have been investigated and

measurement accuracy has been probed by cross-validation.
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The HCT is the same prototype used for more than two decades in the geotechnical
engineering field. Details of the installation on the stem have been presented and
discussed to enable other researchers installing their own tensiometer. It has been shown
that the HCT has to be installed in pairs. In general, the measurement shows excellent
precision and differences between HCTs installed at close distance on the stem (<100-
200 mm) are generally less than 50 kPa. However, significant deviations may occur and
this invalidates the measurement. Deviations may occur due to ongoing cavitation or
healing at the measuring site.

The thermocouple psychrometer requires calibration by exposure of the sensor to
NaCl solutions of known concentration (osmotic suction). The calibration method based
on the use of a filter paper as proposed by the manufacturer can be potentially biased by
the matric suction generated by the filter paper if menisci form at the filter paper-air
interface. For this reason, calibration was carried out by exposing the sensor to free
NaCl solutions considering different air gaps between the solution and the sensor. It was
finally demonstrated that the procedure based on the filter paper provides reliable
results. It was also shown that the signal recorded by the sensor depends on both the
Cooling Time (the time whereby the current is circulated in the thermocouple) and the
Wait Time (the time at which the signal is recorded) and the same setting should be
therefore used for calibration and measurement.

As for the measurement by the Pressure Chamber, the leaf needs to be wrapped with
aluminium foil to establish ‘hydrostatic conditions before excision according to the

manufacturer. It has been shown that the leaf should remain wrapped even when placing
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it in the Pressure Chamber. The Pressure Chamber measurement appears to show
precision better than 100 kPa.

It was finally shown the measurements by these three techniques are highly
consistent, with the exception of the Thermocouple Psychrometer at xylem water

tensions below [500 kPa.

The paper has therefore focused on the monitoring of soil suction using the High-
Capacity Tensiometer and the water content using a profile probe of second generation,
which is fully encapsulated and does not require the pre-installation of a casing. It was
shown that the major problem in water content measurement is the formation of a gap
between the probe and the surrounding soil. An approach has been presented to 1)
identify the presence of the gap and ii) quantify the error associated with such a gap and
correct the measurement. The combined measurements of soil suction and water content
in the field was successfully benchmarked against water retention data acquired in the

laboratory in samples taken from the field.

Finally, it has been shown that Electrical Resistivity Tomography (ERT) can be
very useful to complement the local measurements of water content by the profile probe
by allowing capturing the spatial variability of the soil moisture distributions in
vegetated areas to guide the installation of these local sensors if ERT survey are carried

our preliminarily.
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APPENDIX 1 — EFFECT OF ROOTS ON SOIL WATER CONTENT

MEASUREMENT

Soil water content 0 is inferred from the measurement of the bulk soil dielectric
permittivity K.. Empirical equations are generally used to correlate K, to 8, e.g. Topp et
al. (1980) and Ledieu et al. (1986). However, the relationship between K, and 0 can also
be derived theoretically using a dielectric permittivity mixing model and this allows for
the quantification of the effect of roots on the water content measurement.

The simplest dielectric permittivity mixing model is the Complex Refractive Index
Model (CRIM) (Ledo et al. 2015). This model is first assessed for the case of a three-
phase mixture (unsaturated soil in the absence of roots) and then extended to the case of
a four-phase mixture (unsaturated soil with the presence of roots) to assess the error in
soil water content measurement associated with the presence of roots in the

measurement sampling volume.

Three-phase mixture (unsaturated soil in the absence of roots)
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According to Birchak et al. (1974), the soil bulk dielectric permittivity for a three-phase

mixture can be expressed as follows:
v Kq =va,/sa+vw,/ew+vs\/e_s [7]

where va, vw, and vs are the volume fractions of the air, water, and solids respectively and

€a, Ew, and & are the values of dielectric permittivity of the air, water, and solids

respectively.
Since
W

= —_= 9
Vw =7
b= B KM pa 8

TV MgV ps
v, =1—v vw=1—p—d—9
Ps

where V is the total volumes, Vy, and Vi the volumes of water and solids respectively, Ms
is the mass of solids, ps and ps the dry density and the density of the solids respectively.
By combining Egs. [7] and [8], a calibration curve can be derived, which has the same
functional form of the equation proposed by Ledieu et al. (1986):

1 V- (- ) e o

This equation is compared with the very popular empirical equations presented by Topp

et al. (1980) and Ledieu et al. (1986) respectively in Figure 21. It can be seen that Eq.
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[9] is essentially equivalent to these two empirical equations and can therefore serve as a

basis to assess the error associated with the presence of roots.

0.6

0.5

0.4

0.3

0.2

0.1

Three-phase CRIM

40

Figure 21. Comparison of a three-phase CRIM with common empirical calibration equations

(&=1, &=6, £&=80, py=1.5 g/cm3, p,=2.7 g/cm)

Four-phase mixture (unsaturated soil with the presence of roots)

The mixing model for a four-phase mixture can be written as follows:

\/K—az va\/s—a'l'UW\/a"'US\/S—s'l'vr\/S—r

(10]

By combining Egs. [7] and[10], the following calibration curve is derived for the case

where roots are present in the measurement sampling volume
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1 Vea = (Vea = &) 52 = (Vea — V&I [11]
where & and v; are the dielectric permittivity and volume fraction of roots respectively.
If the soil volumetric water content is still estimated using Eq. [7] even if roots are
present in the soil (as is the case of commercial probes where the output is returned
directly in terms of water content), the error can be quantifies by considering the

difference between Eqs. [9] and [11] as follows:

AG :—\/E_a_\/a v, 12l
error \/a_\/g—a r

APPENDIX 2 — ROOT DENSITY AND ROOT VOLUME FRACTION AT

RESTINCLIERES SITE

The root volume fraction was determined on core samples extracted from boreholes
drilled at Restinclieres site. The total volume of the core sample was calculated from its
length and the inner diameter of the casing (85 mm). The length of the core sample
contained in the casing essentially coincided with the penetration in the ground
indicating that negligible compression occurred during penetration. The root volume was
assessed through the procedure described in detail by Dias (2019) briefly summarised
here. Core samples were washed through 2mm sieve in order to collect the roots. These
were placed on a scanner to acquire a high-resolution 2D image. Root dying was not

required as root natural colour allowed for sufficient contrast. The software WinRhizo
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770  (Arsenault et al. 1995) was used to analyse the images and to obtain the root cumulative
771  volume. The roots were then removed from the scanner and placed in an oven at
772  approximately 40°C for several days in order to obtain the dry weight and, hence, to
773  calculate the root dry density. When the scan of all the roots contained in a core sample
774  was considered to be excessively time consuming given the amount of roots contained,
775  only part of the roots was scanned and the calculated volume was related to the total

776  core sample volume proportionally to the root dry mass.

Root volume fraction
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778  Figure 22. Profiles of root density at Restinclieres site
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