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Measurement of plant xylem water pressure 1 

using the High-Capacity Tensiometer and 2 

implications on the modelling of soil-3 

atmosphere interaction 4 

Roberta Dainese and Alessandro Tarantino 5 

Abstract 6 

The response of shallow geotechnical structures is affected by the 7 

interaction with the atmosphere. Since the ground surface is very 8 

often vegetated, plant transpiration plays a major role in such an 9 

interaction. Transpiration in geotechnical applications is generally 10 

modelled via a transpiration reduction function (e.g. the Feddes 11 

function). However, its parameters are generally borrowed from the 12 

agricultural literature, where the focus is on crop species and often 13 

loosely compacted organic agricultural soils. For non-crop species in 14 

denser soils typically encountered in geotechnical applications, 15 

monitoring of the flow taking place in the soil through the xylem up 16 

to the leaves can potentially be exploited to characterise the 17 

transpiration reduction function. The main challenge is the 18 

measurement of the water pressure in the xylem. Techniques 19 

currently used include the Pressure Chamber and Thermocouple 20 

Psychrometer. The Pressure Chamber is destructive and thus not 21 

suitable for continuous monitoring and/or where a relatively small 22 

number of leaves is available (as often occurs in laboratory 23 

experiments). The Thermocouple Psychrometer is not accurate at low 24 

water tension, is affected by the presence of solutes in the xylem 25 

water, and is significantly sensitive to temperature. This paper 26 
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explores a novel application of the High-Capacity Tensiometer (HCT), 27 

initially developed for pore-water pressure-measurement in soils. 28 

The HCT was installed on the stem or branch of different trees and its 29 

measurement validated against Pressure Chamber measurements 30 

over a range of xylem water pressure down to -1300 kPa. In addition, 31 

its measurement was used to investigate the response of the soil-32 

plant continuum. Results show that the HCT is a viable and 33 

convenient instrument to use for xylem water pressure measurement 34 

and can provide field-based data for the modelling of plant 35 

transpiration. Installing HCTs on stems and branches is quite 36 

straightforward and this will help achieve a step-change in testing and 37 

modelling the effect of plant transpiration on soil water regime in the 38 

vadose zone.   39 
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1 Introduction 40 

The response of the shallow portion of the ground (vadose zone) and 41 

of earth structures is affected by the interaction with the 42 

atmosphere. Rainwater infiltration and evapotranspiration cause 43 

settlement and heave in shallow foundations and embankments, and 44 

control the stability of man-made and natural slopes.  45 

The ground surface is often covered by vegetation and, as a result, 46 

transpiration plays a major role in the mechanisms of water removal 47 

by the atmosphere. Transpiration is the process of water movement 48 

taking place from the soil through the plant up to the leaves, where 49 

water eventually evaporates through the stomata. 50 

A very common approach to model water uptake by vegetation 51 

macroscopically is to consider actual transpiration T as the product of 52 

the potential (energy-limited) transpiration TP times a reduction 53 

factor , assumed to be a function of the pore-water pressure, uw, in 54 

the root zone: 55 

𝑇 = 𝑇𝑃 ∙ 𝛼(𝑢𝑤) [1] 

Under optimal soil water conditions, root water extraction rate is 56 

equal to the maximum transpiration rate, TP (=1). Under non-57 

optimal conditions, i.e. the soil is either too dry or too wet, 58 

transpiration is reduced by means of the factor  (<1).  59 

(Feddes et al. 1978)  assumed that the reduction factor is a function 60 

of soil pore-water pressure as presented in Figure 1. The transpiration 61 

is assumed to be equal to zero for a uw higher than uw1, the 62 
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‘anaerobiosis point’, and below the wilting point uw4; the 63 

transpiration is maximum (=1) between uw2 and uw3, with the latter 64 

corresponding to the pore-water pressure in the soil below which 65 

plant growth starts to be limited. The pore-water pressure uw3 marks 66 

the transition from the energy-limited (potential) transpiration to the 67 

water-limited transpiration and is the most critical parameter of the 68 

Feddes function (Nyambayo and Potts, 2010). 69 

 70 

 71 

Figure 1: Feddes reduction function  (Feddes, 1982) 72 

 73 

The approach proposed by (Feddes, et al., 1978) to model the 74 

reduction factor is widely used in geotechnical applications 75 

(Nyambayo and Potts, 2010) (Hemmati, et al., 2010) (Greco et al., 76 

2013), (Briggs et al. 2016) (Tsiampousi et al. , 2017) (Pagano et al., 77 

2018) (Zhu and Zhang, 2019). This approach is convenient because 78 

only requires information about the pore-water pressure in the root 79 
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zone without the need to address the complex interaction between 80 

the soil, the plant, and the atmosphere.  81 

However, this simplicity is only apparent because the complexity of 82 

such an interaction is hidden in the choice of the Feddes parameters. 83 

In reality, it is actually the water pressure in the leaf and not the pore-84 

water pressure uw3 in the soil that dictates the transition from the 85 

energy-limited to the water-limited regime, thanks to mechanisms of 86 

stomata closure triggered when the water pressure in the leaf falls 87 

below certain thresholds (Gollan, et al., 1985) 88 

The problem of the choice of the Feddes parameters is reflected in 89 

the very wide range of parameters adopted in the literature for uw3 as 90 

reported in Table 1. Feddes et al. (1978) proposed uw3=-40 kPa, but a 91 

wide range of values for uw3 have been derived by Wesseling (1991) 92 

and Utset et al. (2000) depending on the nature of the crop and the 93 

level of potential transpiration rate. When the Feddes function is 94 

used in geotechnical applications, the parameter uw3 is generally 95 

borrowed from the agricultural literature. This approach may be 96 

questionable as the parameters derived for crop species and often 97 

loosely compacted organic agricultural soils may significantly differ 98 

from non-crop species in often densely-compacted soils that are 99 

typically encountered in geotechnical applications (Garg et al., 2015).  100 

 101 

Table 1: Values of the Feddes function, suggested by Feddes et al.  102 

(1978) and adopted in agricultural and geotechnical applications. 103 
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   𝑢𝑤1 

[kPa] 

𝑢𝑤2 

[kPa] 

𝑢𝑤3 

[kPa] 

𝑢𝑤4 

[kPa] 

Feddes model  

 

Feddes (1978)  -5 -5 -40 -1500 

Agricultural 

crop models  

 

(Wesseling 1991) Potatoes  -1 -2.5  -32/-60 -1600 

Sugar beet  -1 -2.5  -32/-60 -1600 

Wheat  0 -0.1  -50/-90 -1600 

Pasture  -1 -2.5  -20/-80 -800 

Corn  -1.5 -3 -32.5/-60 -800 

 Utset et al. 2000 Potatoes -1 -3.5 -32/-60 -800 

Geotechnical 

models 

Indraratna et al. 

(2006)  

 -5 -5 -40 -1500 

(Nyambayo and 

Potts, 2010) 

 0 -5 -100/-400 -1500 

(Hemmati, et al., 

2010) 

 -4.9 -4.9 -40 -1500 

Greco et al., 2013  0 -5 -150 -1500 

Briggs et al. (2016)  0 0 -100 -1500 

Tsiampousi et al. 

(2017) 

 0 -5 -50 -1500 

Garg et al. (2015) 

Zhu and Zhang 

(2019) 

 -0.1 -5 -52/ -90 -1500 

 104 
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To cope with this uncertainty, Nyambayo and Potts (2010) have 105 

analysed the sensitivity of the transpiration model to the parameter 106 

uw3 and concluded that this parameter had little effect on the 107 

simulated pore-water pressure distribution. However, as 108 

acknowledged by the same authors, this finding may be specific to 109 

the climate and soil conditions they have investigated and should not 110 

be generalised. Garg et al. (2015) designed a laboratory programme 111 

on S. Heptaphylla vegetated in compacted silty sand to derive 112 

experimentally the Feddes parameters for non-crop species. 113 

However, their method is applicable to laboratory condition and 114 

would be difficult to implement in the field.  115 

The reduction function under field conditions can be investigated by 116 

monitoring the Soil-Plant-Atmosphere Continuum (SPAC) as 117 

illustrated later in the paper and this includes the measurement of 118 

the (negative) xylem water pressure in the plant. The most common 119 

techniques to measure xylem water potential are the Pressure 120 

Chamber (PC) (Scholander, et al., 1965) and the Thermocouple 121 

Psychrometer (TP) (Martinez, et al., 2011). The working principle of 122 

the Pressure Chamber is the same as the axis-translation technique 123 

used to measure matric suction in soils (Marinho, et al., 2008). Air 124 

pressure is increased around the xylem/leaf until water pressure is 125 

‘translated’ from negative values to zero. This is a destructive 126 

technique and it is not suitable for continuous measurement and/or 127 

for monitoring leaf water pressure when a relatively small number of 128 

leaves is available. Furthermore, the design of the pressure chamber 129 
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makes the measurement very difficult in locations other than leaves 130 

and small twigs. 131 

The Thermocouple Psychrometer is similar in concept to the 132 

instruments used to measure total suction in soils via vapour-phase 133 

equilibrium (Bulut and Leong, 2008). It is widely used in the field for 134 

continuous monitoring of xylem/leaf water potential, but its 135 

measurement is affected by the presence of solutes in the xylem 136 

water (osmotic suction). The common assumption that solutes have 137 

negligible effects (Jones, 2006) does not always hold (Goode and 138 

Higgs, 1973) (Campbell and Gardner, 1971) and this can make the 139 

Thermocouple Psychrometer measurement difficult to interpret. 140 

Another limitation of the Thermocouple Psychrometer is the poor 141 

accuracy at values of (negative) xylem water pressure close to zero 142 

(high relative humidity) and the sensitivity to temperature, which is a 143 

critical issue in field measurements (Martinez, et al., 2011).  144 

A direct measurement of xylem water pressure was attempted by 145 

(Balling and Zimmermann, 1990), using a pressure probe made of a 146 

capillary tube filled with water and silicon oil. However, the probe 147 

failed to register vessel water pressures below -0.65 MPa (Wei, et al., 148 

2001) and measurements lasted no more than a few hours due to 149 

cavitation occurring in the probe (Balling and Zimmermann, 1990). 150 

This was probably due to the absence of a high-air-entry porous 151 

interface, which is actually incorporated into high-capacity 152 

tensiometer used to measure uw in soil (Marinho, et al., 2008). 153 
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This paper presents a novel use of High-Capacity Tensiometer (HCT) 154 

to monitor the negative xylem water pressure in plants. The 155 

measurement of the HCT was validated against the Pressure Chamber 156 

over a relatively wide range of xylem water pressures via field and 157 

laboratory experiments. 158 

The HCT was then exploited to characterise the interaction between 159 

soil and plant by monitoring simultaneously the water pressure in the 160 

xylem and soil under energy limited (potential) and water-limited 161 

transpiration regimes. The aim was to demonstrate that the joined 162 

measurement can allow characterising the transpiration reduction 163 

function specific to given soil and plant  164 

2 Background 165 

The flow of water within the plant is driven by the water pressure 166 

differential between the soil and the leaves (Pickard, 1981). Water 167 

flows radially from the soil across the layers of root living cells, into 168 

the xylem at the centre of the root (Figure 2.a). It then flows upwards 169 

the stem through the xylem (Figure 2.b), which is part of the apoplast, 170 

the “dead” part of the plant. The xylem is characterized by a porous 171 

structure made of vessels (diameter Ø~300 μm) and tracheids 172 

(diameter Ø~40 μm). These are similar to capillary tubes (Canny, 173 

1977) and act as conduits for the transport of water. The water flows 174 

mainly vertically through the xylem, driven by the negative water 175 

pressure at the leaves. Under normal conditions, the water in the 176 

xylem is continuous and under tension and this allows the ascent of 177 
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water to considerable heights. If the xylem water tension becomes 178 

too high, embolism (cavitation) may occur in some of the transporting 179 

channels, preventing the flow of water to occur any further in the 180 

channel itself. When water reaches the leaves, it tends to evaporate 181 

from the wet surface of the Mesophyl cells (Figure 2.c). The CO2 and 182 

water exchange in the leaves, related to processes of photosynthesis 183 

and transpiration, is regulated by the guard cells, controlling the 184 

closing and opening of stomata. 185 

 186 

Figure 2: (a) radial flow from the soil to the root; (b) structure of the 187 

stem and flow through the xylem; (c) leaf structure: stomata and gas 188 

exchange. 189 
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 190 

3 Equipment 191 

3.1 High-Capacity Tensiometer 192 

The High-capacity Tensiometer (HCT) used in this experimental work 193 

is based on the design of (Tarantino and Mongiovi', 2002). The HCT is 194 

showed in Figure 3 and is composed of an integral strain gauge, a 195 

diaphragm 0.4mm thick and a ceramic filter with nominal air-entry 196 

value of 1.5 MPa.  When the instrument is put in contact with the 197 

xylem, the tension of the xylem water is transferred to the water 198 

reservoir, deflecting the diaphragm and deforming the strain gauge. 199 

HCT measures the ‘matric’ water pressure in the sample, thanks to 200 

the free diffusion of ions through the porous ceramic (Tarantino, 201 

2004). 202 

 203 

 204 

Figure 3. High-Capacity Tensiometer (after Tarantino and Mongiovi', 205 

2002) 206 
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3.2 Pressure Chamber  207 

The Pressure Chamber (PC) used in this experimental programme is 208 

commercialised by PMS Instrument Company (Model 1515D). The 209 

working principle of the PC is similar to the axis-translation technique 210 

used to measure matric suction in soils (Marinho, et al., 2008). On the 211 

plant, water in the leaf is under tension whereas the air surrounding 212 

the leaf is at atmospheric pressure (Figure 4a). When the leaf is 213 

excised, the water retracts into the petiole and menisci form at the 214 

interface between the cut end of the petiole and the atmosphere 215 

(Figure 4b). In the Pressure Chamber, only the last part of the petiole 216 

is left outside in direct contact with the atmosphere (Figure 4c). The 217 

air pressure in the chamber is then gradually incremented until water 218 

can be observed to form a flat meniscus on the excised end of the 219 

petiole (Figure 4c). The air pressure is then taken numerically equal 220 

to the water tension in the leaf before excision (Boyer, 1967). This 221 

technique is based on the assumption that the difference between 222 

the leaf water pressure and the surrounding air pressure remains 223 

constant throughout the whole procedure (Figure 4d,e) (Scholander, 224 

et al., 1965). 225 

The (negative) water pressure of the leaf measured by the pressure 226 

chamber may be used to assess the xylem water pressure on the stem 227 

at the base of the petiole, provided leaf transpiration is prevented 228 

and water in the leaf is allowed to reach equilibrium with the xylem 229 

at the junction with the stem (Lang and Barrs, 1965) (Richter, 1973). 230 
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The PC is a commonly used and trusted technique in plant science to 231 

measure the leaf and xylem water pressure and has often been used 232 

as a benchmark to validate several other measurement techniques 233 

(Scholander, et al., 1965) (Boyer, 1995) (Turner, et al., 1983), (Balling 234 

and Zimmermann, 1990), (Brown and Tanner, 1981). 235 

The absence of an independent reference measurement of the xylem 236 

water pressure makes it difficult to quantify the accuracy of the PC.  237 

It is only possible to assess the precision of the measurement when 238 

multiple leaves in comparable conditions are tested.   239 

 240 

 241 

Figure 4. Working principle of the Pressure Chamber (PC) technique 242 

for measurement of leaf water pressure. (a) leaf on the tree (water 243 

pressure is negative); (b) leaf excised (curved meniscus forming at the 244 

end of petiole); (c) air pressure increased around leaf (meniscus 245 

(a) (b) (c)

(d) (e)
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becomes flat). (d) Air and leaf water pressure on the branch. (e) Air 246 

and leaf water pressure in the PC at equilibrium when the reading is 247 

taken. 248 

4 Materials 249 

The results presented in this paper include one test in the field on a 250 

chestnut tree and two tests in the laboratory, on a pear tree and on 251 

a willow tree respectively. The three selected plants are 252 

angiorsperms, whose xylem is characterized by broad (150 μm) 253 

continuous vessels in a matrix of fibres. Vessel connectivity reduces 254 

potential local variability of xylem water potential.  255 

The chestnut (Castanea sativa mill.) belongs to the family of Fagaceae 256 

and is part of a chestnut plantation located in Penisola Sorrentina, 257 

Naples, Italy, at about 850 m above sea level. The age of the plant is 258 

approximately 15 years, the diameter of the trunk at breast height 259 

and the total height of the plant are around 20 cm and 8-10 m 260 

respectively. The soil is a pyroclastic soil, presenting a shallow layer 261 

of organic matter, a layer of cinerite and angular pumices with a 262 

thickness varying from a few millimetres to a few centimetres and an 263 

underlying layer of 3-4 cm angular pumices at least 1 m thick 264 

(Rodrigues Afonso Dias, 2019). 265 

The two plants tested in the laboratory were taken from a nursery. 266 

The pear tree (Pyrus communis) was tested in its original pot, which 267 

contained highly organic and lose soil (92 % organic matter, 8% sandy 268 

silt (68% silt, 32% sand)). At the time of the experiment, the plant was 269 
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approximately 2.30 m high, the diameter of the stem at 100 mm from 270 

the soil was around 17 mm. The shrub of willow (Salix cinerea) was 271 

transplanted into a pot of silty sand (73% sand, 23% silt, 4% clay) with 272 

hydraulic properties shown in Figure 5. The water retention curve was 273 

determined along a main drying path from local measurements of 274 

volumetric water content and pore-water pressure along the pot 275 

height; the unsaturated hydraulic conductivity is described through 276 

the Brooks and Corey equation (Brooks & Corey, 1964) with the 277 

parameters derived from by inverse analysis of the water flow in the 278 

soil generated by evaporation (to match the time variation of 279 

volumetric water content and pore-water pressure).  280 

 In the new container, the willow grew 2 main branches, reaching a 281 

height of about 150 cm. The diameter of the stem at 100 mm from 282 

the soil was around 16 mm.   283 

 284 

Figure 5: Water retention and hydraulic conductivity characteristics 285 

of the soil in the willow tree test. 286 
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 287 

5 Experimental procedures 288 

Tests aimed at comparing xylem water pressure measured by the 289 

HCTs and the Pressure Chamber respectively were carried out on a 290 

chestnut tree in the field and on a pear and willow trees respectively 291 

in the laboratory. The test aimed at investigating the interaction 292 

between soil and plant by joint measurement of water pressure in the 293 

soil and xylem only involved the willow tree.  294 

5.1 Xylem water pressure measurement 295 

5.1.1 High-Capacity Tensiometer  296 

Adequate saturation of HCTs was achieved by cycles of cavitation 297 

followed by prolonged periods of pressurisation at 4 MPa (Tarantino, 298 

2004). Before each measurement, the probe was zeroed following 299 

the procedure described by (Tarantino & Mongiovi, 2003). At the end 300 

of each test, the post-measurement checks were different depending 301 

on whether the HCT cavitated during the measurement. If cavitation 302 

did not occur, the HCT was placed in free-water to verify that zero 303 

pressure was recovered (a residual water pressure of 10-20 kPa was 304 

considered acceptable according to (Tarantino and Mongioví, 2001). 305 

If cavitation occured during the measurement, it was checked that 306 

the gauge pressure jumped to -100 kPa upon cavitation. 307 
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HCTs could be installed on trunks or branches provided their diameter 308 

was greater than about 15mm. The bark and the living tissues of the 309 

plant (phloem and cambium) were removed to expose the xylem 310 

underneath (Figure 6a). The xylem surface was then cleaned with 311 

some drops of distilled water. The xylem surface was usually kept 312 

moist during the installation to avoid excessive dehydration of the 313 

tissues. HCTs were applied to the stem using a thin film of kaolin clay 314 

paste at approximately the liquid limit interposed between the 315 

porous ceramic filter and the xylem (Figure 6b). A latex membrane 316 

was then used to cover the paste to avoid evaporation from the paste 317 

(Figure 6c). The paste ensured hydraulic continuity between the 318 

porous ceramic filter and the plant xylem. The water content of the 319 

paste was a compromise between two competing requirements, 320 

water content should be as high as possible for the paste to adhere 321 

to the irregular xylem surface and as low as possible to minimise the 322 

time required for hydraulic equilibration between the xylem and 323 

paste. 324 

 325 

Figure 6. HCT installation on stem. (a) exposure of xylem tissues. (b) 326 

HCT application. (c) sealing with latex membrane 327 
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5.1.2 Pressure Chamber 328 

Leaves were initially wrapped in aluminium foil for at least 10 min, as 329 

suggested by the manufacturer (Anon., n.d.). Leaf wrapping stops 330 

transpiration and allows water in the leaf to equilibrate with the 331 

branch. As a result, the water pressure recorded in the leaf is 332 

assumed to coincide with the water pressure in the branch at the 333 

base of the petiole (Richter, 1973). 334 

The leaf was then excised with a sharp blade and promptly inserted 335 

into the pressure chamber, apart from the end of the excised petiole 336 

that was kept outside the chamber at atmospheric pressure. The air 337 

in the chamber was gradually pressurised until a flat meniscus formed 338 

at the end of the excised petiole (Meron, et al., 1985). The air 339 

pressure in the chamber recorded when the flat meniscus appeared 340 

was assumed to be equal to the negative water pressure in the leaf 341 

before excision. 342 

5.2 Field test on Chestnut  343 

The experiment was carried out on a chestnut grove in Monte Faito, 344 

Naples, Italy. Two HCTs were applied 10 cm apart on the branch of a 345 

chestnut at around 1.5 m from the soil (Figure 7). The HCTs were kept 346 

in place for approximately 80 hours uninterruptedly to monitor the 347 

evolution of xylem water pressure at different times of the day. 348 

Measurements were recorded along four time intervals as shown in 349 

the timeline in Figure 9 (the data acquisition system was connected 350 

to the HCTs only at these times). Measurement of xylem water 351 

pressure by the PC were taken on sets of six leaves, sampled from the 352 
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same branch where HCTs were installed. The leaf wrapping time was 353 

set to 10 minutes. Leaves taken before dawn, in darkness, were not 354 

covered before excision as the stomata were assumed to be close 355 

overnight and the leaf not transpiring (Deloire and Heyns, 2011). 356 

 357 

Figure 7. Location of the HCTs installed on chestnut tree measuring 358 

site and of the area where the set of leaves were sampled for PC 359 

measurements. 360 

5.3 Laboratory experiments on Pear tree and Willow 361 

tree 362 

Experiments were carried out in a temperature-controlled room, with 363 

a growth lamp to mimic solar radiation. Transpiration was 364 

accelerated by exposing the trees to ventilation generated by a fan 365 

2m

1.5 m

HCT 1

Sampled 
leaves

HCT 2

10 cm
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(Table 2). Each test started with the soil in fully saturated conditions. 366 

A condition of drought was then let to develop by avoiding any 367 

watering of the soil for the whole duration of the test.  368 

Table 2. 'Atmospheric' Boundary Conditions imposed in the laboratory 369 

test 370 

Stage BC2 

First test: Pear tree  

Time interval (days) 0-7 

Forced ventilation (fan) Yes 

Second test: Willow tree  

Time interval (days) 0-89 

Forced ventilation (fan) Yes 

Daily cycle:  

Growth lamp (h) 14 

Darkness (h) 10 

Environmental conditions:  

Temperature (C) 20°C 

Relative humidity (%) ~45 %        

 371 

5.3.1 Pear tree 372 

Two HCTs were installed on the stem of a pear tree, in the position 373 

reported in Figure 8.a and Table 3.The experiment lasted for 8 days, 374 

with continuous monitoring of xylem water pressure by HCTs and 375 

discontinuous periodic monitoring of leaf water pressure using the 376 

PC. 377 

The leaves used for PC measurements were excised from branches 378 

above the HCTs. Measurement of leaf water pressure was carried out 379 

using two different procedures. The first procedure was the 380 

“standard” 10 min wrapping in aluminium foil (PC_10min). The 381 

second procedure was associated with a different test run in parallel 382 
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on the same setup, which is not discussed in this paper. Leaves were 383 

wrapped in aluminium foil and Parafilm for several days, 384 

unwrapped, exposed to air for a few minutes, and then excised for 385 

the measurement with the PC (PC_>1 day).   386 

5.3.2 Willow tree 387 

The willow was initially transplanted into a column holding a silty 388 

sand sample 295 mm diameter and 230 mm height and let grow into 389 

it for 2 months. Two HCTs were installed on the stem and periodical 390 

readings of leaf water pressure were taken using the PC (the position 391 

of the instruments is shown in Figure 8 and Table 3). Readings by PC 392 

were based on sets of 3 leaves with wrapping time of at least 2 hours, 393 

according to (Patakas, et al., 2005) who suggested a wrapping time 394 

greater than 1h for plants under stress (i.e. subjected to very low 395 

xylem water pressure).   396 

Additional HCTs were applied to the sides of the column at different 397 

depths to monitor the evolution of the negative pore-water pressure 398 

in the soil. The conditioning of the HCTs applied to the soil was 399 

analogous to the procedure used for the HCTs on the stem. The 400 

contact paste was made from the fine part of the silty sand used for 401 

the specimen (<53 m) (Marinho, et al., 2008). 402 

The column was placed on a balance to monitor the water loss over 403 

time and, hence, the transpiration rate. The soil surface was covered 404 

with a plastic film to prevent evaporation from the bare soil and allow 405 

the sole transpiration to take place from the leaves.  406 
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 407 

 408 

Figure 8: a) Pear tree setup and b) Willow tree setup for comparison 409 

of xylem water measurement; c) Willow tree setup for the 410 

investigation of the soil-plant interaction. 411 

 412 

 413 

Table 3. Location of HCTs and of leaves sampled for PC measurements 414 

in laboratory experiments 415 

Measurement Distance 

 Pear tree Willow tree 

HCT h1 40 cm 12 cm 

h2 50 cm 25 cm 

Leaves ℎ𝑙𝑒𝑎𝑓
𝑚𝑖𝑛  120 cm 35 cm 

ℎ𝑙𝑒𝑎𝑓
𝑚𝑎𝑥 190 cm 150 cm 

 416 

 417 
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6 Experimental results  418 

6.1 Comparison between HCT and PC measurements of 419 

xylem water pressure  420 

6.1.1 Field test on Chestnut  421 

Figure 9 shows the measurement of two HCTs together with the PC 422 

measurement (the average of each set of leaves is indicated by a 423 

cross) . Figure 9a shows the initial installation of the HCTs. The initial 424 

decrease in pressure from 13:00 to 16:30 is associated with the 425 

hydraulic equilibration between the branch xylem and the saturated 426 

paste, which loses water in favour of the xylem until the elements in 427 

contact are at the same water pressure. The increase in pressure 428 

recorded by the HCTs after 16:30 is an indicator of the achieved 429 

hydraulic equilibrium between the water pressure in the xylem and 430 

in the paste and, hence, the HCT. The increase in xylem water 431 

pressure after 16:30 is associated with the decrease of solar radiation 432 

occurring at the end of the afternoon. It is worth noticing that the first 433 

measurement with the PC (Figure 9a) was taken when the hydraulic 434 

equilibrium between the branch and the instrument was not 435 

achieved yet.  436 

Figure 9b shows the measurement at dawn, with an almost stable 437 

reading of approximately -200 kPa between 5:15 (start of the 438 

measurement) and 5:36 (sunrise). As soon as the sun rose, the xylem 439 

pressure started to decrease at a faster rate because of the exposure 440 
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of the leaves to sunlight and the consequent stomata opening. The 441 

xylem water pressure stabilised at around -400 kPa between 8:00 and 442 

13:30. The slight increase in xylem pressure between 9:30 and 11:00 443 

was associated with clouds that partially shadowed the canopy, 444 

showing a high sensitivity of the HCTs to xylem pressure adjustments. 445 

The PC measurements were taken at 5:40, before sunrise, and at 8:35 446 

and 13:00.  447 

Figure 9c shows that the measurement starting at 4:30 (night-time 448 

before dawn) is around 180 kPa. This is in line with values of leaf 449 

water pressure measured at pre-dawn by (Kocher, et al., 2009).which 450 

ranged from -100 to -1250 kPa depending on the broadleaf species 451 

considered. The pattern is similar to Figure 9b with the xylem water 452 

pressure decreasing significantly after sunrise. Figure 9d shows the 453 

last time interval including the post-measurement check.  454 

Overall, the two HCTs measured approximately the same xylem 455 

pressure. This was not surprising as the two HCTs were placed at a 456 

distance of only 10 cm on a branch segment with no twigs or 457 

secondary branches. The slight difference (25 kPa) measured during 458 

daytime when transpiration was taking place is consistent with the 459 

direction of water flow that goes from the trunk towards the leaves 460 

(HCT1 closer to the trunk recorded higher water pressures than HCT2 461 

closer to the leaves). During night-time, dawn, and after a short 462 

period after sunrise, the two HCTs recorded very close values, which 463 

is again consistent with no or little transpiration taking place through 464 

the leaves over these periods.  465 
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 466 

Figure 9. Measurements of xylem water pressure using HCT and leaf 467 

water pressure using PC on chestnut tree. Pressure chamber 468 

measurements are reported individually and average pressure 469 

chamber measurement is indicated by a cross. 470 

 471 

Figure 10 shows the measurements from the PC plotted against the 472 

measurement of water pressure by the HCTs recorded at the time of 473 

PC measurement (the average of each set of leaves is indicated by a 474 

cross). The first measurement by the PC was excluded because it was 475 

taken when HCTs where not yet in equilibrium with the xylem water 476 

pressure. The measurements fairly align along a 1:1 line. The 477 
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discrepancy between the HCT and the average PC measurement for 478 

each set is characterised by a standard deviation of 0.03 MPa. 479 

As shown in Figure 10, the comparison between HCT and PC was 480 

explored over a limited range of xylem water pressure, i.e. down to -481 

500 kPa only. The laboratory experiments illustrated below were then 482 

aimed at widening the range of measurements by purposely creating 483 

drought conditions.  484 

 485 

 486 

Figure 10. Comparison of PC and HCT measurements on Chestnut tree 487 

in the field. Pressure chamber measurements are reported against the 488 

average measurement of HCT and average pressure chamber 489 

measurement is indicated by a cross. 490 

 491 
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6.1.2 Laboratory test on Pear tree 492 

Figure 11 shows the measurements of the HCTs installed on the stem 493 

and the measurement of leaf water pressure by the PC. Xylem water 494 

pressure ranged from -300 kPa to -800 kPa.  495 

The non-shadowed areas represent the daytime from 6AM to 8PM 496 

where solar radiation was mimicked using a growth lamp, whereas 497 

the shadowed areas in the graph represent the ‘night time’ from 8PM 498 

to 6AM when the growth lamp was switched off. The daily cycles of 499 

xylem water pressure are consistent with the day/night cycles 500 

imposed by the growth lamp and consistent with similar experiments 501 

reported in the literature (Jones, 2006). When the lamp was switched 502 

on at 6AM, leaf stomata opened and the daily transpiration 503 

commenced. Accordingly, the xylem water pressure recorded by the 504 

HCTs started to decrease. At the beginning of the afternoon, the 505 

water pressure started increasing and kept increasing during night-506 

time.  507 

The values recorded by the two HCTs were very similar during night-508 

time whereas a pressure differential established during daytime, 509 

consistent with experimental results from the literature (Begg & 510 

Turner, 1970). The difference measured during daytime (100 kPa) 511 

when transpiration was taking place is consistent with the direction 512 

of water flow. 513 

The measurements of xylem water pressure using the PC on non-514 

transpiring leaves were consistent regardless of the wrapping 515 

procedure used, 10min or >1day wrapping time respectively. The 516 



29 
 

measurement on the leaf, which is assumed to coincide with the 517 

xylem pressure in the branch at the base of the excised petiole, was 518 

lower than the xylem pressure recorded by the HCTs, which is 519 

consistent with the gradients associated with transpiration flow. 520 

The relatively low repeatability of PC measurement on 26 January is 521 

likely due to leaves sampled from two different branches. PC 522 

measurements were similar for leaves excised from the same branch 523 

but different from one branch to another. This may not be surprising 524 

if one considers the variability of xylem conductivity that may exist 525 

between different branches. In any case, the leaf water pressure 526 

measured by the PC was significantly lower than the water pressure 527 

measured on the stem by the HCTs.  528 

The xylem pressure measured by the two HCTs and the PC showed 529 

significant hydraulic gradients during daytime. This is likely due to a 530 

low xylem hydraulic conductance of the pear tree, which resulted in 531 

high hydraulic gradients that need to be established along the stem 532 

to accommodate the daily transpiration rate. As result, HCT 533 

measurements could not be validated by comparison with PC 534 

measurements.  535 
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 536 

Figure 11. HCT and PC measurements on Pear tree (shadowed areas 537 

represent the ‘night time’ when the growth lamp is switched off). 538 

Pressure chamber measurements are reported individually and 539 

average pressure chamber measurement is indicated by a cross. 540 

 541 

6.1.3 Laboratory test on Willow Tree 542 

Figure 12 shows the water pressure recorded by HCTs installed on 543 

stem and by the PC on the leaves. The measurement lasted over two 544 

and a half months and high transpiration rate caused by the fan 545 

allowed generating relatively high xylem water pressure in the tree.  546 

The HCT readings show daily cycles similar to the ones observed in 547 

the pear tree. The two HCTs fluctuate in phase and read almost the 548 

same value of negative water pressure with discrepancies generally 549 

lower than 10kPa. In the period from 04/06/2018 to 18/06/2018, 550 

-1400

-1200

-1000

-800

-600

-400

-200

0

2
3

-0
1

-1
8

2
4

-0
1

-1
8

2
5

-0
1

-1
8

2
6

-0
1

-1
8

2
7

-0
1

-1
8

2
8

-0
1

-1
8

2
9

-0
1

-1
8

3
0

-0
1

-1
8

3
1

-0
1

-1
8

0
1

-0
2

-1
8

X
y
le

m
 W

at
er

 P
re

ss
u
re

 [
k
P

a]

Time [dd-mm-yy hh:mm] 

HCT 1
HCT 2
PC_10 min
average PC_10min
PC_>1 day
average PC_>1day



31 
 

differences in HCT reading are higher, reaching 40 kPa during 551 

daytime. The lower tensiometer (HCT1) records lower xylem water 552 

pressure than the upper tensiometer (HCT2). This would indicate a 553 

downward flux which does not make physical sense. A possible 554 

explanation is the change of computer connected via a USB port to 555 

the data acquisition/DC power supply unit. The change of computer 556 

might have changed the power supply to the unit and, hence, to the 557 

individual tensiometers, causing a slight change in offset of the 558 

instrument 559 

The variation of the HCT readings over a period of a week is shown in 560 

Figure 13. The pattern is similar to the one observed in the Pear tree. 561 

Xylem water pressure decreased during daytime and increases again 562 

as night-time was approaching. The HCT readings are very close, 563 

suggesting a relatively high hydraulic conductance of the xylem. One 564 

would therefore expect small gradients in xylem water pressure 565 

through the plant, from the stem up to the branches and leaves. 566 

Measurements of xylem water pressure at the base of the leaf petiole 567 

using the PC are indeed close to the measurements of xylem water 568 

pressure on the stem using the HCTs. As a result, HCT and PC 569 

measurements could be compared.  570 

 571 
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 572 

573 

Figure 12. HCT and PC measurements on Willow tree. Pressure 574 

chamber measurements are reported individually and average 575 

pressure chamber measurement is indicated by a cross.  576 
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 577 

Figure 13. Zoom of HCT and PC measurements on Willow tree 578 

(shadowed areas represent the ‘night time’ when the growth lamp is 579 

switched off) 580 

 581 

The xylem water pressure measured by the HCT is plotted against the 582 

xylem water pressure measured by the PC in Figure 14. The data 583 

points are aligned along the 1:1 line with the only exception of the 584 

data point at the lowest value of suction, where the PC measurement 585 

tends to overestimate the value recorded by the HCTs. The reason is 586 

not clear and may be associated with the reaction of the plant to the 587 

extremely wet conditions (stomata tend to close under very wet 588 

conditions (Bradford & Hsiao, 1982) (Else, et al., 1996)) and/or to local 589 

variability of xylem water pressure. Excluding the first value, the 590 
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the PC and the HCT is characterised by a standard deviation lower 592 

than 0.05 MPa. 593 

 594 

Figure 14. Comparison of PC and HCT measurements on Willow tree 595 

in the laboratory. Pressure chamber measurements are reported 596 

against the average measurement of HCT and average pressure 597 

chamber measurement is indicated by a cross.  598 

 599 

6.2 Soil-Plant continuum test 600 
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The water pressure in the soil and the tree is shown in Figure 15a. The 604 

solid symbols on the curves mark the water pressure at 6am, when 605 

the water pressure in the xylem reaches its daily maximum, at least 606 

in the period 0-40 days. The pressure at 6am can be considered a pre-607 

dawn value as the growth lamp used to mimic solar light was off 608 

overnight. The difference between the (average) water pressure in 609 

the xylem and the water pressure measured by the three HCTs in the 610 

soil, all recorded at 6am, is plotted in Figure 15b. Figure 15c shows 611 

the transpiration rate over time derived from the water loss 612 

measured by the balance.  613 
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614 

Figure 15. (a) Water pressure in soil and tree xylem under induced 615 

drought conditions. (b) Difference between the water pressure in the 616 

soil at 3 different depths and the average water pressure measured 617 

by two HCTs on the xylem. (c) transpiration rate. 618 
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xylem and the soil remains essentially constant. This is associated 622 

with a transpiration rate that also remains fairly constant at its 623 

maximum value. At the same time, xylem water pressure shows daily 624 

fluctuations, associated with the growth lamp that is switched on 625 

during the day and switched off at night. In this stage, the leaves are 626 

actively transpiring, the maximum (potential) transpiration is 627 

accommodated by the same pressure differential over the 38 days 628 

indicating that the hydraulic conductivity of the soil remains relatively 629 

high. The constant pressure differential between soil and xylem is 630 

associated with the energy-limited (potential) transpiration regime. 631 

In the second stage (days 38 to 62, from 15/07/18 to 08/08/18), the 632 

water pressure differential between soil and xylem significantly 633 

increases while the transpiration rate starts to decay. This is 634 

associated with the more rapid decrease in soil pore-water pressure 635 

in turn associated with the soil degree of saturation approaching its 636 

residual state. As the degree of saturation decreases, the soil 637 

hydraulic conductivity reduces and the plant increases the pressure 638 

differential in the attempt to sustain (unsuccessfully) the maximum 639 

transpiration rate. At this stage, daily fluctuations in xylem water 640 

pressure are noticeable indicating that transpiration is still active. The 641 

increase in the pressure differential between soil and xylem 642 

corresponds to the transition from the energy-limited to the water-643 

limited regime. 644 

In the last stage (days 62 to 70, from 08/08/18 to 16/08/18), the daily 645 

fluctuations disappear while the pressure differential keeps 646 

increasing and the transpiration rate decreases to very low values, 647 
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almost reaching a plateau of residual transpiration. A detail of this last 648 

stage is shown in Figure 16. Between 03/08/18 and 08/08/, daily 649 

cycles in the xylem water pressure are still visible although the xylem 650 

pressure increases only slightly overnight. After 08/08/18 (vertical 651 

dotted line), daily fluctuations are not detectable, indicating a 652 

condition of wilting of the leaf. 653 

 654 

Figure 16. Evolution of water pressure in soil and xylem under plant 655 

stress conditions (from 27/07/18 to 13/08/18). 656 

 657 
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The measurement of the xylem water pressure via the HCTs in 660 
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be used to represent transpiration as hydraulic boundary conditions 664 

in geotechnical models where interaction with the atmosphere is 665 

taken into account.  666 

The results presented in Figure 15 and Figure 16 suggest an approach 667 

to derive the two critical parameters of the Feddes reduction 668 

function, i.e. the parameters uw3 and uw4, via the joint measurement 669 

water pressure in the xylem and the soil.  670 

The differences between soil pore-water pressures measured by the 671 

three HCTs installed on the soil sample and xylem water pressure 672 

starts diverging on 15/07/18 (first dotted line in Figure 15.b), exactly 673 

at the time when the transpiration from the soil-plant system starts 674 

reducing (Figure 15c). The average soil pore-water pressure when the 675 

pressure differential between soil and xylem starts diverging is 676 

associated with the transition from the energy-limited to the water-677 

limited regime and therefore matches the parameter uw3. The pore-678 

water pressure at the entrance of the water limited regime on 679 

15/07/18 was not available and was derived by linear interpolation of 680 

the measurements available on 12/07/18 and 19/07/18 (uw3=-60 kPa 681 

as shown in Table 4). The water pressure of the soil was taken as an 682 

average of the values measured by the three HCTs installed on the 683 

soil sample considering that root biomass was present along the 684 

entire sample depth as detected by post-mortem visual inspection.  685 

The average soil pore water pressure at the start of the period from 686 

08/08/18 to 16/08/18 when xylem water pressure daily fluctuations 687 

disappear and transpiration rate reduces by ~75% (second dotted line 688 



40 
 

in Figure 15) can be tentatively assumed to represent uw4 (uw4=-312 689 

kPa as shown in Table 4). In order to evaluate the reliability of such 690 

an assumption, the reduction function derived experimentally, based 691 

on the measured values of transpiration rate and average soil pore-692 

water pressure, was compared with the Feddes function based on the 693 

average values of uw3 and uw4 inferred from HCT measurements. As 694 

shown in Figure 16, the linear branch of the reduction function in the 695 

range between uw3 and uw4 reasonably approximates the non-linear 696 

reduction function derived experimentally. 697 

Figure 16 also shows the Feddes function based on the parameters 698 

commonly adopted in geotechnical applications (uw3=-100 kPa, uw4=-699 

1500 kPa (Briggs, et al., 2016) (Nyambayo and Potts, 2010). The 700 

discrepancy with the experimental data is remarkable. The use of 701 

parameters taken from literature would predict a higher transpiration 702 

rate and, hence, a higher soil suction. This would lead to a non-703 

conservative estimation of shear strength and, hence, slope factor of 704 

safety.  705 

Figure 16 therefore highlights the importance of the experimental 706 

determination of the Feddes parameters via the simultaneous 707 

measurement of soil and xylem water pressure via HCTs. The 708 

parameter uw3 marks the transition from the energy-limited to the 709 

water limited regime. This transition occurs when the water pressure 710 

in the xylem reaches a threshold that causes the stomatal size to start 711 

reducing, which in turn abates the transpiration rate. This threshold 712 

is plant species-dependent but the water pressure in the soil when 713 
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this condition is attained also depends on the hydraulic 714 

characteristics of the soil. As result the parameter uw3 is likely to be 715 

dependent on the coupling between a specific soil and a specific-plant 716 

and therefore requires a joint measurement of water pressure in soil 717 

and plant to be determined. Same considerations apply to the 718 

parameter uw4 associated with a threshold pressure in the xylem that 719 

causes the leaf to wilt.  720 

 721 

 722 

 723 

Figure 17. Transpiration reduction function derived from experimental 724 

data, estimated using the parameters proposed by Feddes et al. 725 

(1978), and estimated using the parameters derived from HCT 726 

measurements in plant and soil. 727 

 728 

Table 4: Feddes function parameters used in geotechnical applications 729 
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 Typically adopted in 

geotechnical applications 

Experimentally derived from HCT measurement  

 Average of three HCTs 

in the soil 

uw3 −100     12/07/18 -51 

19/07/18 -73 

15/07/18 

(by linear interpolation) 

-60 

uw4 −1500     08/08/18 −312     

 731 

8 Conclusions 732 

The paper has demonstrated for the first time the use of High-733 

Capacity Tensiometer (HCT) for measuring xylem water pressure in 734 

plants. HCTs were installed on branch of a Chestnut in the field and 735 

on the trunk of a Pear tree and a Willow tree in the laboratory. The 736 

HCT measurement was compared to the measurement of xylem 737 

water pressure at the base of leaf petioles using the Pressure 738 

Chamber (PC) for validation. 739 

The HCTs were placed at closer distance (10cm) on the branch or 740 

stem and their measurement always showed to be very consistent. 741 

Both under field and laboratory conditions, the trend of xylem water 742 

pressure recorded by the HCTs was coherent with the boundary 743 
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conditions and the natural reaction of the plant (i.e. stomata closure 744 

and higher xylem water pressure at night time). 745 

The non-negligible gradients along the pear tree made the 746 

comparison between the PC and the HCTs unreliable. These gradients 747 

were assumed to be due to the low hydraulic conductance of the 748 

xylem.  749 

On the other hand, measurement of xylem water pressure by HCTs 750 

on the chestnut in the field and on the willow tree in the laboratory 751 

could be compared to the readings obtained by the PC. Data points 752 

representing the HCT measurement vs the PC measurement fairly 753 

aligned on the 1:1 line. This was taken as a validation of the HCT 754 

against the well-established PC technique. The HCT therefore seems 755 

to be a viable and convenient instrument for xylem water pressure 756 

measurement, although further validation involving different species 757 

and environmental conditions should be pursued. In addition, it 758 

would be beneficial to compare the HCT to other techniques (i.e. 759 

thermocouple psychrometer). 760 

A straightforward geotechnical application of the xylem water 761 

pressure measurement is the derivation of the parameters 762 

characterising the reduction function used to model transpiration as 763 

hydraulic boundary condition. The interpretation of the simultaneous 764 

measurement of water pressure in the soil and xylem allowed for an 765 

experimental determination the Feddes reduction function 766 

parameters, at least for the laboratory test presented in the paper. 767 

Further studies are required to validate the HCT-based method 768 



44 
 

suggested in the paper. However, this preliminary study has 769 

highlighted the relevance of the experimental determination of the 770 

reduction function parameters compared to the approach based on 771 

borrowing values from the agricultural literature, which can lead to 772 

misleading prediction of the transpiration rate and a non-773 

conservative prediction of soil shear strength and, hence, the slope 774 

factor of safety. 775 

The use of HCT on plants is a step change in the understanding and 776 

modelling the effect of plant transpiration on suction and moisture 777 

regime in a vegetated ground. HTCs have been used for more than 20 778 

years in geotechnical engineering and this instrument is available in 779 

many research laboratories. Installing HCTs on stems and branches is 780 

quite straightforward and this will allow analysing the soil and the 781 

plant as a continuum in a single experimental setup rather than 782 

borrowing transpiration models developed by plant scientists for 783 

their specific applications.  784 
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