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Abstract

Climate change is expected to alter precipitation patterns, making droughts more frequent

in some areas, which will expose trees to more severe water deficits which could result in the

catastrophic collapse of their water transport system and, eventually, mortality. To inform forest

management and tree species suitability to increase forest resilience requires a robust method

for understanding the time, duration and impact of water deficits. In this study, I discuss how an

application of Electric Circuit Theory (ECT) is a reliable and robust way to detect water deficit

in the Soil-Plant-Atmosphere Continuum (SPAC). Based on an electric closed-circuit analogy

of the SPAC, I define its ”hydraulic efficiency”, and when there is a water deficit. Using tree

sap flow and evapotranspiration from eddy covariance, I demonstrate the application of the

theory and the use of hydraulic efficiency to quantify how long trees and forest ecosystems

spend under water deficit conditions. Calculations of ECT-based hydraulic efficiency showed

that individual trees of an upland Sitka spruce plantation in N. England spent up to 80% of a

monitoring period during the growing season at water deficit in a non-drought year, depending

on their location within the stand. The results also showed that before a drought in 2018, the

spruce plantation was between 3 and 6% of the time under water deficit, increasing to 31%

in the year of the drought and dropping to 16% two years post-drought. Furthermore, using

a global database of sap flow measurements, I provide an approach which suggests a way

to compare hydraulic efficiency of species in different biomes. This dataset showed 6 out of

10 tropical rainforest species were under water deficit, compared to 5 out of 36 temperate

forest species. I discuss how ECT is similar to other supply/loss theories describing tree water

relations and conclude that combined with modern technology, it can provide a continuous

system for monitoring water deficit.
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1 Introduction

The climate is changing, and intra-annual and inter-annual precipitation patterns are changing

(Zhou et al., 2019). Trees can respond to environmental changes because of their physiological

plasticity (Kramp et al., 2022), although evolutionary responses to changes in the climate can

take hundreds of years, and the rapid changes in precipitation are giving limited time for trees to

adapt. These changes can result in severe water deficits impacting tree species performance,

leading to the catastrophic collapse of the tree water transport system (Arend et al., 2021) and,

ultimately, canopy dieback (Losso et al., 2022) or tree mortality (McDowell et al., 2008; Rowland

et al., 2015; Choat et al., 2018). In order to enhance forest resilience and thereby preserve future

forest resources, a quick and reliable method for quantifying water deficit is required to inform

forest management decisions on species suitability and drought hazard risk (van Oijen and Brewer,

2022).

Traditionally tree ecophysiological assessments of water stress use leaf-level gas exchange

(e.g., Rehschuh et al., 2020), leaf turgor loss (e.g., Zhu et al., 2018) or plant trait assessments

such as hydraulic safety and efficiency (e.g., Schumann et al., 2019; Fuchs et al., 2021a). These

approaches offer reliable measurements at the plant level, giving valuable insights into water regu-

lation mechanisms and quantification of individual species response (Irvine et al., 1998). However,

because of their mostly laboratory or leaf-based application, they offer data for a limited range of

environmental and growing conditions that are not sufficient to explore interactions of the whole

soil-plant-atmosphere-continuum (SPAC) during water-limited periods.

There are also other approaches and indices developed for monitoring drought and water

deficit. Many studies use transpiration (Nadezhdina, 1999), leaf water potential (Nel and Berliner,

1990), relative soil water content (Granier et al., 2000), canopy temperature (Reinert et al., 2012;

Drechsler et al., 2019), stem shrinkage (Zweifel et al., 2005; Alizadeh et al., 2021), tree sway

(Ciruzzi and Loheide, 2019) or energy balance models (Nieto et al., 2022). Remote sensing is

commonly used to detect drought at the stand or regional scales with spectral (Yang et al., 2020)

or radar sensors (Konings et al., 2021). However, to the best of my knowledge, there is no method
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that offers a way to capture all the fundamental drivers that lead to water deficit and potential

stress in a continuous, simple, cost-effective, robust and real-time method applicable at different

scales.

It is well known that vapour pressure deficit is the main driver for water loss, movement and

uptake (Grossiord et al., 2020) and hence one of the factors directly affecting water deficit levels,

whilst soil water potential regulates stomatal closure (Carminati and Javaux, 2020). In order to

develop a more broadly applicable and site-specific way of accessing water deficit and subse-

quently stress, I propose a method that integrates across the SPAC holistically by representing

three key elements: 1) quantify the resistance of the plant and assess how it changes over time

as water deficits increase, 2) quantify the soil water available for plant uptake and 3) quantify the

force the atmosphere applies across the SPAC and how it affects the levels of water deficit plants

are experiencing.

Electrical engineering theory offers suitable analogies to fulfil all three elements success-

fully. Although many mechanistic models already have adopted electric circuits to represent water

movement through the soil-plant continuum (Landsberg et al., 1976; Milne et al., 1983; Hunt et al.,

1991; Williams et al., 2001; Zhuang et al., 2014), their detailed approach does not offer an in-situ

quantification of the timing, duration and intensity of water deficit and potential stress. So, we

must look further into using some electrical engineering principles, also known as Electric Circuit

Theory (ECT) to devise a metric. Analogies of ECT have been used in other aspects of science,

such as connectivity and conservation (McRae et al., 2008; Dickson et al., 2018), plant and ani-

mal genetics (McRae and Beier, 2007) and biochemistry (Tang et al., 2021). Here, I am extending

some further ECT analogies into tree ecophysiology and, particularly, water movement that has

yet to be explored.

1.1 The proposed concept

I propose to adopt and adapt Electric Circuit Theory to determine the ”hydraulic efficiency” of the

SPAC. This novel application enables the definition of a single index to identify the point at which

transpiration losses balance with soil water supply. Knowing when water transport is balanced

allows for a quantified estimate of how long plants have been exposed to water deficit. Hydraulic

efficiency must not be confused with water use efficiency since the former considers water trans-
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port through the SPAC.

By adapting two concepts from ECT, electric power and efficiency, I propose to define the

hydraulic power of the SPAC as the energy required for moving water across a water potential

gradien per unit of time. Furthermore, I propose that hydraulic efficiency is defined as the power

used by the plant divided by the total power of the SPAC or simply the ratio of energy required for

water movement in the plant to the total energy of water flow in the SPAC.
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Figure 1: An electric closed-circuit analogy of the soil-plant-atmosphere continuum (SPAC) for
water flow with two resistors (Rsoil and Rplant) and one source (∆Ψsoil−air). ∆ΨSPAC is the water
potential difference of the SPAC (see Equation 2).

1.1.1 The electric closed-circuit analogy

Within the SPAC, I represent the water movement at a tree scale with a simple closed electric

circuit of two resistors and one source (Figure 1). This simplification allows the estimation of water

deficit based on continuous and reliable measurements of three circuit elements.

Since atmospheric vapour pressure deficit controls stomatal conductance and hence the move-

ment of water, I consider atmospheric water potential rather than leaf water potential as the ”neg-

ative” term of the potential difference (Figure 1). Similarly, I consider soil water potential as the

”positive” term of the potential difference, thereby representing a flow or a ”battery”. Note, the

potential difference is between soil and atmosphere without the plant. Precipitation is a recharg-

ing event of the source ”battery”. The two resistors of this simplified electric circuit analogy are
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the soil and plant. I assume that tree stem resistance is sufficient to represent plant resistance

(Jones, 1992; Zhuang et al., 2014), as the longest water conducting pathway. The advantage of

this approach is that all elements can be derived from continuous measurements of soil water,

transpiration, air temperature and relative humidity. Although the closed-circuit analogy of Figure

1 is based on tree-level hydraulics, a similar analogy can be made at an ecosystem level, where

transpiration is replaced by evapotranspiration.

1.1.2 Calculation of hydraulic efficiency

Using Ohm’s law, we calculate the flow of water (Q) as the ratio of the difference in water potential

between soil and the atmosphere to the sum of soil and plant resistance (Equation 1).

Q =
∆Ψsoil−air

Rsoil +Rplant
(1)

According to the voltage divider rule, which states that the voltage across any resistor con-

nected in series is equal to the product of the total supply voltage and the resistance of the resistor

divided by the total resistance of the circuit, we can calculate the difference in water potential of

the soil-plant-atmosphere continuum (SPAC) using Equation 2.

∆ΨSPAC = ∆Ψsoil−air
Rplant

Rsoil +Rplant
(2)

Since the power produced by a load resistor in an electric circuit is the product of voltage and

current, similarly, we calculate the power of the SPAC as the product of ∆ΨSPAC and the water

flow Q (Equation 3).

PSPAC = ∆ΨSPAC Q =
Rplant∆Ψ2

soil−air
(Rsoil +Rplant)2

(3)

Substituting ∆ΨSPAC in Equation 3 with Equation 2, we determine the SPAC power using its

resistance and the water potential difference between soil and air (∆Ψsoil−air). Replacing Rplant

with Rstem and rearranging to remove Rstem from the numerator, the hydraulic power of the plant
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is given by Equation 4.

Pplant =
∆Ψ2

soil−air

Rsoil

( √
Rsoil√
Rstem

+
√
Rstem√
Rsoil

)2 (4)

Similarly, we calculate soil power with Equation 5.

Psoil =
∆Ψ2

soil−air

Rstem

( √
Rsoil√
Rstem

+
√
Rstem√
Rsoil

)2 (5)

Finally, we calculate the hydraulic efficiency as the ratio of the plant’s power to the sum of soil

and plant power (Equation 6).

η =
Pplant

Pplant + Psoil
(6)

1.1.3 Thresholds of hydraulic efficiency classes

Before assessing when and for how long trees were exposed to water deficit, it was crucial to set

some theoretical hydraulic efficiency thresholds. By its definition, the new ECT-based hydraulic

efficiency is a dimensionless quantity which quantifies the balance between the transpirational

demand and soil water supply (Sperry and Love, 2015). The advantage is its inherent optimisa-

tion point, known as the Maximum Power Transfer (MPT, Figure 2), where plant xylem and soil

resistance are equal and Rplant/Rsoil = 1. The second advantage is that MPT can be identified

from timeseries data using widely available measurements from sap flow and soil water poten-

tial/content sensors.

The response function suggests that when Rplant/Rsoil > 1, the water supply is greater than

transpiration. Similarly, when Rplant/Rsoil < 1, water loss exceeds supply. We can then assign

η thresholds for defining efficiency classes. At the point of MPT, the response function shows

that η = 0.5. Starting from there and allowing a 30% variation on both sides, I defined the ”most

efficient” water transport (ηme) to span efficiency ratings 0.412 < η ≤ 0.565. The 30% on either

side of MPT is a reasonable assumption that allows the slope of the hydraulic efficiency function

within the most efficient class to reflect water balance, as presented in the stomatal optimisation

model by Sperry et al. (2017). Their model assumes that stomata maintain optimum transpiration

when canopy pressure is such that both carbon gain and soil water supply are in balance (Sperry
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Figure 2: Response function showing the relationship between the ratio of the plant (Rplant) to
soil (Rsoil) resistance and hydraulic efficiency. The Maximum Power Transfer (MPT) is defined
as the point where the ratio equals one (Rplant = Rsoil). Assuming a 30% variance around the
MPT we classify hydraulic efficiency in five classes including water deficit (0 < ηwd ≤ 0.412), most
efficient (0.412 < ηme ≤ 0.565), moderately efficient (0.565 < ηmde ≤ 0.75), moderately unrestricted
(0.75 < ηmu ≤ 0.89), and unrestricted water transport (0.89 < ηu ≤ 1). Each class is colour-coded,
and the same scheme is used throughout the illustrations.

et al., 2017, Figure 1b). Assuming this is the maximum power transfer point for water movement,

deviating 30% has similar implications for water transport, with a decrease suggesting stomatal

limitation resulting in lower transpiration in response to lower water supply. The class for ”water

deficit” (ηwd) is defined as η ≤ 0.412 . Conversely, when plant water resistance is three times

the soil water resistance, a point when the slope of the response function becomes small, we

can consider water supply as unrestricted. When 0.565 < η ≤ 0.75 the hydraulic efficiency is

defined as ”moderately efficient” ( ηmde), with anything between 0.75 < η ≤ 0.89 as ”moderately

unrestricted” ( ηmu). For η > 0.89, I considered it as ”unrestricted” water supply (ηu).

1.2 Objectives and aim of the study

In this study, based on the new proposed definition of hydraulic efficiency, I will first provide a

theoretical framework for determining when trees are most efficient at water uptake. Then, using
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field measurements at the tree level, I will apply the theoretical framework to investigate how long

a tree spends under water deficit conditions. Furthermore, using eddy covariance data, I will

apply the same principles at the ecosystem level and focus on a recent drought that occurred in

a mature stand of trees. Finally, using a global database of sap flow measurements, I will assess

the hydraulic efficiency of several species across various forest biomes and discuss what it means

for their water regime under a future water-limited climate.

The overall aim is to demonstrate the practical application of Electric Circuit Theory and de-

velop a methodology for quantifying the efficiency of water transport through the SPAC at different

spatial scales (tree, stand & biome). Furthermore, this study aims to provide a means of quantify-

ing the period of water deficit.

2 Material and methods

The theoretical focus of this study requires a range of data, from tree to ecosystem and biome

level. Therefore, I used data from tree-level field measurements, long-term ecosystem and mete-

orological data from an intensively monitored flux site and a sap flow measurements database. All

data manipulation, calculations, analyses and graphics were performed using the R software (R

Core Team, 2022) and its associate packages.

2.1 Study site

The Harwood Forest Conifer Research Platform is a flux monitoring site at a commercial upland

conifer plantation in Northumberland, North-East England. The data used here are from a 40 ha

second rotation, even-aged, mature Sitka spruce (Picea sitchensis (Bong.) Carr.), planted in 1973

on peaty-gley (cambic stagnohumic gley, WRB, FAO) soils. The top height of the stand was 26 m,

with a mean tree density of 1348 trees ha−1 and a leaf area index of 5.7. The site’s elevation is

290 m with a slope of 2o. In 2014, a 32 m scaffolding tower was installed to monitor the carbon,

energy and water fluxes with eddy covariance. For more information about the site, see Xenakis

et al. (2021).
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2.2 Data sources

2.2.1 Sap flow

In May 2021, ten sap flow sensors (Figure 3, SFM1, ICT International Ltd., Australia) were installed

assessing individual tree water flow using the heat pulse method (Burgess et al., 2001). Trees

were selected using a stratified sampling from a survey of tree diameter from two transects within

the footprint of the tower, with thirteen 5 m radius plots. Data were then split into five diameter

classes between 7 and 57 cm. Two sensors per diameter class were installed on trees with the

median diameter for the class. Before installation, a 5 mm diameter tree core was extracted with

a Pressler borer, and the sapwood was stained with indicator dye to calculate the sapwood area.

Sensors were installed following manufacturer instructions (Burgess and Downey, 2014) at breast

height (1.3 m).

Figure 3: SFM1 sensor used to measure stem sap flow in-situ in a Sitka spruce tree in a mature
upland plantation at the Harwood Forest site, N. England.

Heat velocity was calculated every 10 minutes in each tree between May and August 2021,

recorded on the onboard logger of each sensor device. Velocity was measured in two points

across the 35 mm long needle to capture any variability within the sapwood. Calculated sap ve-

locity was corrected for tree wounding during installation. Before data processing, sap velocities

were corrected for offset due to needle misalignment. To calculate the offset for each tree and

each of the two measurement points along the needle, mean sap velocity across the measure-

ment period for nights when the vapour pressure deficit was close to zero was obtained. Sap

flow was then calculated for each tree from the sapwood area split into two annuli based on the

measurement depth of each point along the 35 mm needle (cf. Burgess and Downey, 2014). If

the sapwood area was larger, and there was a leftover area unaccounted for, a linear interpolation
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was applied to estimate the sap flow form the inner point of the sensor to the end of the sapwood.

Due to technical issues, only six of the ten trees gave good quality data during the measurement

period.

2.2.2 Eddy covariance and meteorology

Evapotranspiration fluxes were measured with a conventional eddy covariance system at a fre-

quency of 10 Hz set up at 33 m above ground between 2015 and 2018 and at 38 m between

2019 and 2020 and associated air temperature, relative humidity, and precipitation measured ev-

ery 5 s and aggregated into 30-minutes to match the flux data. For a detailed description of the

equipment, set-up, data processing, and corrections, see Xenakis et al. (2021).

2.2.3 Soil water content

The soil water content near each of the ten trees was monitored with CS650 time-domain re-

flectometry sensors (Campbell Scientific Ltd., Shepshed, Leicestershire, UK). The sensors were

placed vertically into the soil surface, approximately 20 cm away from the stem of each tree, and

data were recorded with a CR1000 data logger (Campbell Scientific Ltd.). The length of the sensor

is 30 cm, so we can assume values are the mean soil moisture of this depth. For ecosystem level

calculations, the mean soil moisture from six CS605 sensors (Campbell Scientific Ltd.) placed in

a vertical direction every 5 m along a transect starting from the foot of the tower (Xenakis et al.,

2021) were used.

2.2.4 SAPFLUXNET

Data from the SAPFLUXNET database version 0.1.5 (Poyatos et al., 2021) was used to represent

the broader biome assessment The SAPFLUXNET database contains 202 timeseries for 174 tree

species. In addition, the database is accompanied by the ”sapfluxnetr” R package, which allows

accessing and extracting data and metadata at different temporal scales.

For this study, five biomes are represented: temperate forests, temperate grassland deserts,

tropical forest savannas, tropical rainforests, and woodland/shrublands. Extracted daily sapwood

area-based time series of sap flow, soil moisture, air temperature and humidity, and soil texture

information for each forest type were collated. Sites with no soil moisture data or soil texture
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information were excluded from the analysis. The final dataset contained time series from 71 sites

across 20 countries.

2.3 Additional calculations and analysis

Soil water potential was calculated using the generalised equations of Saxton et al. (1986) from

volumetric water content. Sand and clay proportions for Harwood Forest were set to 40% and

15%, respectively, following calibration of the process-based model 3PG-SoNWaL for the same

volumetric soil water content data (Morris et al. 2023, in preparation). To calculate ∆Ψsoil−air,

volumetric water content for soil without trees was calculated based on data of a forested and

a felled stand (Xenakis et al., 2021) of the same soil type and microclimate. Atmospheric water

potential was calculated from air temperature and humidity using the ideal gas law.

Soil resistance was calculating as the inverse of soil conductance. Soil conductance was

calculated from soil conductivity (Saxton et al., 1986) and measured volumetric water content,

assuming water flows in a ”pipe” of soil of 1 m length and 1 m2 surface area. Plant resistance was

also calculated as the inverse of plant conductance. It was assumed stem resistance is sufficient to

represent whole-plant resistance. Plant conductance was calculated from sap flow and ∆ΨSPAC .

Similar calculations were applied for the SAPFLUXNET. If sand and clay percentage was miss-

ing from each site’s metadata, a default value was set using each site’s soil texture description.

The default value was the mid-point for each soil texture description in the USDA soil texture

classification triangle (USDA, 1987). The site was excluded from the analysis if the soil texture

description was missing.

After calculating η for all datasets, empirical cumulative distribution functions (ECDF) using the

ecdf function of the ggplot2 package were obtained and plotted against the calculated efficiency.

From the intersection between the ECDF and the four η thresholds (see section 1.1.3), the total

percentage (of tree and ecosystem level measurements) within each hydraulic efficiency class

was obtained. Multiplying the percentage with the total number of days of the sample collection

gave the duration in each category. Finally, for the SAPFLUXNET sites, the mean η per species

was calculated and plotted against the five categories to assess each species’ overall hydraulic

efficiency.
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3 Results and discussion

3.1 Hydraulic efficiency classes

The hydraulic efficiency classes prescribed are not equidistant but dependent on the slope of the

response function (Figure 2). The response function shows a sharp decline in efficiency when

η≤0.412, suggesting that when efficiency drops below 30% of MPT, transpiration driven by high

vapour pressure deficit increases to such an extent that soil water is depleted rapidly. Eventually,

as the soil dries, transpiration ceases, resulting in no water movement; hence η = 0. Theoretical

work on demand/supply (Sperry and Love, 2015; Sperry et al., 2017) strongly support my pro-

posed hydraulic efficiency theory under water deficit conditions. Sperry and Love (2015)), using a

supply/loss theory, showed a sharp decline in transpiration as the soil dried. Sperry et al. (2017)

developed the theory further. They identified the optimum stomatal point when water supply and

carbon gain are in balance, which confirms the maximum power transfer as the point of optimal

stomatal regulation and efficient water movement. Although the hydraulic efficiency I present here

does not inherently include photosynthetic capacity, Sperry et al. (2017) findings infer that opti-

mal carbon gain must be achieved during MPT. It also explains what the water deficit class of

hydraulic efficiency represents. As canopy pressure increases, xylem water movement increases,

with stomatal conductance being the limiting factor, despite the high carbon gain, until a critical

point is reached when vulnerability to cavitation increases. Continuing transpiring at high rates will

lead to a drop in soil water availability and hydraulic efficiency. Based on this theory, maximum

stomatal conductance is achieved within the water deficit class. The close theoretical basis be-

tween the ECT-based hydraulic efficiency and the supply/loss theory of Sperry and Love (2015)

and Sperry et al. (2017) provides additional theoretical validation for its application as a water

deficit index. The advantage of ECT is its simplicity, which allows continuous, non-destructive and

real-time monitoring of water deficit and identification of periods of optimum water conditions for

growth.

Despite the strong theoretical basis of this new index, further work is needed to establish it

as the methodology for answering some fundamental questions regarding the impacts of water

deficits and drought events. For example, it is known that prolonged exposure to water-limited

conditions increases the probability of embolism (Arend et al., 2021), which can lead to mortal-
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ity (Rowland et al., 2015; Choat et al., 2018). However, more information is needed about the

minimum length of water deficit or how many water-limited periods trees are exposed to before

critical limitations to growth or mortality occur, which is likely to be functional type or species spe-

cific. Water manipulation experiments combining measurements of hydraulic efficiency and plant

physiological traits (e.g., photosynthetic capacity or water use efficiency) will help confirm when

water deficit impacts on tree physiology occur, how severe or how prolonged, and ultimately help

us understand if water limitation or carbon starvation is the primary driver of mortality.

3.2 Tree level

The simplistic theoretical basis of ECT hydraulic efficiency makes it applicable at different scales.

At the tree scale, it is helpful to highlight water deficit periodicity. Figure 4 shows the sap flow,

soil water and hydraulic efficiency for three of the six sample trees monitored at Harwood Forest
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Figure 4: Hydraulic efficiency (top, η unitless), sap flow (middle, Q, L hr−1) and volumetric water
content (bottom, θ, %) for three trees in Harwood Forest, Northumberland N. England, with dif-
ferent levels of soil water. Colour bands in the top three panels correspond to the colour-coded
hydraulic efficiency classes shown in Figure 2.
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between the end of May and mid-August in 2021. Three trees are highlighted in the analysis

as exemplars of efficiency shifts due to the magnitude of transpiration and soil moisture change

measured in-situ.
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Figure 5: Timeseries of 10-min vapour pressure deficit (D, kPa), air temperature (TA, oC) and
total precipitation (Pr, mm) during the period of sap flow measurements between May and August
2021 at Harwood Forest, Northumberland. All variables were measured over the forest canopy at
32 m above the ground.

Tree number 2 had the greatest sapwood area of the three, with 826 cm2, followed by trees 9

and 5, with 413 and 363 cm2, respectively. Before a long rainy period in early July, transpiration

reduced soil water content for all three trees but at different levels with approximately 30, 20 and

10% minimum θ for trees 5, 2 and 9, respectively. The difference in soil water content is because

of their location within the stand. Tree 5 was in a flat, less well-drained part of the stand, tree 2 was

on a slope of about 1o, and tree 9 was close to a gap in the canopy. For tree 5, the combination

of low transpiration and flat terrain resulted in the higher soil water content. For tree 2, the slope

likely contributed to diminishing soil water status, due to drainage. However, for tree 9, the gap

allowed more light to reach lower in the canopy and the ground, and possibly more air movement,

increasing the evaporation and transpiration components and resulting in lower soil availability.
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The magnitude of measured sap flow in this study was typical for Sitka spruce. Beauchamp et al.

(2013) found sap flow of a Sitka spruce tree with a similar sapwood area to that of tree 9 (419

cm2) transporting 4.3 L h−1 during August, very close to the value of 4 L h−1 found here. The high

sapwood area meant tree 2 transpired up to 7 L h−1 after the rainfall event between the 4 and

14 of July replenished the soil water reservoir (Figure 5). The increase in transpiration after the

rainfall was driven by an increase in vapour pressure deficit (Figure 5).

Calculations of the hydraulic efficiency showed that tree 5 did not reach the water deficit thresh-

olds throughout the sampling period. Hence its water transport was efficient although small (2-4

L h−1). Out of the three, tree 9 reached a large water deficit with a prolonged period of η be-

ing close to zero (Figure 4). Both trees 2 and 9 reached the threshold water deficit prior to the

rainfall event, with drought onset for tree 9 occurring more rapidly (Figure 4 and 6). During the

rainfall event, efficiency increased due to high water availability and low transpiration, meaning

water movement, although small, was unrestricted. After the rainfall event, efficiency started to

drop again, getting closer to the moderate and most efficient hydraulic efficiency classes for both
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Figure 6: Empirical cumulative density functions (FC) of hydraulic efficiency (η) plotted against
efficiency for the six Sitka spruce trees measured in Harwood Forest that had complete time-series
over the monitoring period. Colour bands correspond to the five hydraulic efficiency classes.
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Table 1: Number of days (N ) tree and ecosystem hydraulic efficiency was classified as water
deficit (ηwd), most efficient (ηme), moderately efficient (ηmde), moderately unrestricted (ηmu) and
unrestricted classes (ηmu), and the mean efficiency (η) during the monitoring period of Sitka spruce
trees in N. England. The number in parenthesis is the standard error of the mean. The number of
days was calculated for individual trees and for each year of available flux data at the ecosystem
level.

Nηs Nηme Nηmd
Nηmu Nηu η

Tree level
2 15 2 6 10 49 0.78
4 - - - - 82 1
5 - - - - 81 0.99
7 52 4 4 5 18 0.36
8 - - - 1 82 0.99
9 67 3 4 2 7 0.17

Ecosystem level
2015 13 5 11 36 301 0.91
2016 21 3 7 18 315 0.91
2017 24 11 15 32 283 0.88
2018 115 32 38 38 143 0.63
2019 43 27 35 66 195 0.79
2020 49 19 31 45 222 0.8

trees 2 and 9. Noticeable, however, is how quickly tree 9 returned to the water deficit class after

the rainfall event despite soil water going up to about 22%. Xenakis et al. (2021) found that the

average soil moisture for the stand during the extreme drought of 2018 was 23% at a compara-

ble soil depth. Soil water around tree 9 seemed to be below the average of a drought period,

which suggests, despite the high rates of transpiration (4-6 L h−1), the tree has been exposed to

prolonged water deficit conditions and hence more likely to suffer from either catastrophic xylem

failure (McDowell et al., 2008; Brodribb and Cochard, 2009; Arend et al., 2021).

To assess the total time spent under water deficit conditions with ECT-based hydraulic effi-

ciency we can employ empirical cumulative density functions (ECDF, Figure 6). This indicates that

for 70% of the monitoring period, tree 9 showed an efficiency of less than 0.1, with 82% within the

water deficit class (67 out of 82 days of monitoring, Table 1). Tree 2 was only 15 days in the ”water

deficit” class (18.4% of the sampling period). Both trees spent two to three days in the ”most effi-

cient water transport” class (Table 1). On the other hand, tree 2 was 49 days in the ”unrestricted

water transport” class, while tree 9 was only seven days. Out of the six trees monitored, four were

more than 50% of the time within the unrestricted water transport class and had a mean η of more

than 75% (Table 1). The organo-mineral peaty gley soil retains moisture preventing trees from
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being within the most efficient water transport class. Under future climatic drought, Sitka spruce is

expected to become water stressed relatively quickly because of its poor stomatal control (Beadle

et al., 1978). Monitoring hydraulic efficiency at individual tree-level assessments both in the field

and during in-situ manipulation experiments could provide better understanding of the impact of

repeated water deficit on growth and survival.

3.3 Ecosystem level

Hydraulic efficiency, calculated at the ecosystem level using six years of eddy covariance data,

showed evident water deficit during 2018 (Figure 7). The stand was under water deficit for 115

days (31% of the year) and 143 (40% of the year) unrestricted (Table 1). During 2018, the stand

spent 9% of the year in the most efficient class, the highest out of the six years. The three years

before the drought the stand was under water deficit between 3 and 6% of the year, while the two

years after drought was between 11 and 16%.
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Figure 7: Fingerprint plot (a) and empirical cumulative density functions (b) for stand level hydraulic
efficiency calculated from evapotranspiration measurements from the eddy covariance tower at
Harwood Forest, Northumberland. The colour bands in panel (b) correspond to the hydraulic
efficiency classes.

Water transport became more efficient for 32 days as the site was initially drying (Table 1).

However, as the site continued to dry, it entered a prolonged water deficit period that resulted

in 7% less photosynthesis and a drop in inherent water use efficiency by 73% compared to the

previous three years (Xenakis et al., 2021). In the following two years, the stand spent less time

under water deficit conditions which helped the recovery of photosynthesis to 2015 levels over

the subsequent two-year period (data not shown) (Aubinet et al., 2018).
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Annual ECDF analysis of the hydraulic efficiency with the results by Xenakis et al. (2021)

showed that Sitka spruce achieved high levels of photosynthesis (84 − 92 tCO2e ha−1) under

unrestricted water availability. However, when the stand was under water deficit for a third of the

year, there was a significant drop in carbon uptake and water use efficiency, despite the small drop

in photosynthesis. This has implications for tree growth and forestry contributions to government

national net zero targets under future climate (Bateman et al., 2022), where droughts will become

more frequent and water resources more sparse (Zhou et al., 2019). Therefore, it is important to

continue monitoring water deficit at ecosystem level using existing eddy covariance flux sites and

ECT-based hydraulic efficiency index.

3.4 Biome level

Drought-related research focuses on understanding the mechanisms developed by trees to man-

age available water resources effectively (Martı́nez-Vilalta et al., 2014; Sperry and Love, 2015;

Sperry et al., 2017; Mencuccini et al., 2019). Analysis of global datasets often offers a broader

range of variability, helping investigation of fundamental water regulation mechanisms within the

soil-plant continuum. At the biome level the ECT approach enables a comparison of species ef-

ficiency with respect to hydraulic mechanisms. The implication is that less efficient species may

become hydraulically compromised more rapidly under water deficit especially where limited nat-

ural adaptation occurs due to rapid climate changes. Hence, the ability to develop indices which

identifying species that are resilient to limited water resources are required.

The proposed method enables the quantification of the hydraulic efficiency for a wide range

of species across five biome types. Figure 8 illustrates the mean η for each species during their

respective measurement period. The analysis shows that measurements for most forest species

in the temperate zone indicated that η > 0.75 (5 out of 36). Values for two species were ”most

efficient” in water transport (0.412 < η ≤ 0.565), and five were under ”water deficit” (η ≤ 0.412).

The calculated mean η value for most of the tropical forest biome species were within the ”water

deficit” class (6 out of 10 species).

The mean efficiency of Sitka spruce was in the ”unrestricted hydraulic efficiency” class, which

confirms ecosystem-level findings (Xenakis et al., 2021), as it is usually growing in wet soil con-

ditions with transpirational losses rarely exceeding available water. The mean hydraulic efficiency
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Figure 8: Mean hydraulic efficiency of 75 species across 71 sites and five biomes based on the
SAPFLUXNET classification. Error bars show the standard error of the mean. Coloured points
show different biomes. Colour bands correspond to the five hydraulic efficiency classes shown in
Figure 2.

for both beech and Scots pine as a temperate forest and woodland/shrubland were between mod-

erately unrestricted (η = 0.76 and η = 0.92, respectively) and unrestricted (η = 1 and η = 0.8,

respectively), demonstrating a small variability in the efficiency of water transport through SPAC

likely due to climate zone and management. Aleppo pine and holm oak, two species widely found

in the Mediterranean region, are efficient in managing water resources (η = 0.55 and η = 0.46,

respectively) confirming adaptation strategies for efficient water regulation, which is important for

survival in water-limiting environments.

The implication of this global analysis is twofold. Firstly, it allows comparison between species

and provides an index which could be used to identify drought tolerance. Secondly, it allows a

quantified evaluation of alternative species choices to underpin decisions for adaptative manage-

ment under future climate. To date, our understanding of species drought tolerance has focussed
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on experiments (Viger et al., 2013; Zhu et al., 2018; Banks and Hirons, 2019), monitoring stud-

ies (Feiziasl et al., 2022) or studies using bio-climatic variables (Niinemets and Valladares, 2006;

Fuchs et al., 2021b). Standardised databases of water use such as SAPFLUXNET offer the op-

portunity for exploring a broader range of species. Species with high η are those with levels of

transpiration that rarely exceed the available soil water and, from an evolutionary ecological niche

perspective, such species have high vulnerability to drought (Choat et al., 2012) and hence will

not make the best option for future adaptation.

To improve upon such global analysis, ECT-based hydraulic efficiency needs to be linked more

strongly to elements of photosynthesis, carbon uptake and growth. Furthermore, it needs to con-

sider resource competition when trees are in mixtures or alternative uneven-aged canopy struc-

tures.

3.5 Further discussion

An important element when considering water movement within plants is stem water storage,

which is analogous to capacitance (Zhuang et al., 2014). It is known that capacitance contributes

to transpiration during water deficit periods, which can be between 2 and 5% (Salomón et al.,

2017). Capacitance, however, is not included in the ECT formulation presented. Electrical circuits

analogies of water plant movement are commonly open circuits, with several resistors representing

plant parts (e.g., roots, stem, branches and leaves, Landsberg et al., 1976; Milne et al., 1983; Hunt

et al., 1991) and with two points of potential difference, soil and leaf. The difference with the ECT

formulation is that it represents a closed circuit with the plant depicted as a single resistance.

At the same time, the soil is represented not only by a potential but also a resistance. So, the

contribution of the stem capacitance is inherently part of the plant resistor.

The ECT based definition of hydraulic efficiency presented in this study is unique in that it con-

siders how efficiently water is transported through the SPAC. Whilst simple concepts of electric

theory are presented, it conforms with the theoretical framework set by Sperry and Love (2015)

and Sperry et al. (2017) and the conditions identified by Anderegg et al. (2012) regarding the ap-

plication of water deficit to define when drought-induced mortality occurs. All these approaches

follow the fundamental principle of finding the balance point between input and output, supply and

loss, or Maximum Power Transfer. So, although supply/loss theory is a good insight into the un-
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derline physiological processes, ECT-based hydraulic efficiency offers a practical methodological

simplification of broad utility.

ECT-based hydraulic efficiency is easily transferable and applicable for large-scale monitoring

of forest drought using modern technology. The reduced cost of robust sensors that collect soil

and transpiration data allows long-term deployment across forest stands and regions. Moreover,

the continuous monitoring of hydraulic efficiency, combined with other continuous measurements

such as dendrometry (Bourbia and Brodribb, 2023) or stable water isotopes (Marshall et al., 2020),

offers the opportunity for monitoring water deficit impacts on photosynthesis and growth during

naturally occurring droughts or under water exclusion manipulation experiments. Access to global

datasets such as those offered by SAPFLUXNET, FLUXNET, and ICOS offer the possibility of as-

sessing the hydraulic efficiency of different ecosystems and species and investigating water deficit

impacts on carbon uptake. The application of ECT derived hydraulic efficiency can extend even

further into process-based modelling. Integration with either detailed models of water transport or

more simplistic yet drought-sensitive models such as the 3PG-SoNWaL model (Morris et al. 2023,

in preparation) will provide data for a probabilistic drought risk assessment (van Oijen and Brewer,

2022) based on the SPAC water balance. Finally, ECT-based hydraulic efficiency has the potential

for integrating with remote sensing assessments of stand-level (canopy) response as recent devel-

opments in improving radar backscatter measurement have the potential to offer a quantification

of above-canopy evapotranspiration losses and below-canopy soil moisture.

4 Conclusions

To assess the impact of climate change-induced water deficit on forest function, a reliable mon-

itoring system for its early detection is required. Because assessing the tree or stand resilience

is based on understanding the timing, duration, and impact of deficits, it is imperative to develop

a simple system that provides reliable and easy application. The Electric Circuit Theory-derived

definition of hydraulic efficiency proposed here provides a method for comparing species based

on functional water transport and a quantification of drought periodicity. The approach can further

advance understanding of the impact of duration and frequency of water deficit events not only on

mortality but on the reduction of productivity and the ability to regulate water balance at either the

tree or ecosystem level.
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