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Abstract. The projected increase in the intensity, frequency and duration of summer drought extremes under climate change

poses a growing risk to forest ecosystems, even in mesic regions such as the UK. To accurately predict the impact of future

summer droughts, it is necessary to account for both their immediate and legacy effects, as well as their influence on ecosystem

sensitivity to drought over time. We introduce a stomatal optimisation scheme, Profit-Max, within the Joint UK Land Environ-

ment Simulator (JULES) land surface model (LSM) to improve predictions of plant response to drought induced water stress.5

We further extend the model to represent drought legacy effects through two approaches to capture hydraulic impairment of

xylem. We evaluate these developments by simulating an old growth oak forest at the Alice Holt site in southern England

during the 2022 UK summer (July to September), when rainfall was substantially below average (77mm of rainfall compared

with a 1999-2018 median of 140mm) and national temperatures exceeded 40◦C for the first time. During the 2022 drought

year, the stomatal optimisation scheme predicted reductions in annual GPP and LE, −26% and −33% respectively, relative10

to an average year (2011-2017). This was larger than the measured reduction in LE of −6%. The hydraulic legacy schemes

simulated percentage loss of conductance of 9% to 40% ,with a carry-over effect on LE flux (−1% to −11%). We further

explored ecosystem responses under more extreme future summers, including zero rainfall in spring (similar to the meteorol-

ogy conditions of 2025) and a 50% reduction in rainfall over the remainder of the year. Despite substantial increases in the

percentage loss of conductance (10% to 55%), the simulated reductions in GPP and LE remained modest in 2023, consistent15

with observations. The magnitude of these legacy effects, however, was sensitive to the representation of hydraulic impair-

ment and recovery. Overall, our results demonstrate the feasibility of representing drought legacy effects within a LSM and

highlight the importance of hydraulic impairment assumptions in shaping projected ecosystem responses to extreme drought.

While the simulations suggest limited legacy impacts on carbon uptake and latent heat fluxes at Alice Holt following the 2022

drought, evaluation of the underlying plant water status and hydraulic function will require independent observations of water20

potential and hydraulic function across the soil-plant-atmosphere continuum, as flux tower data alone may not fully constrain

longer-term impacts on growth and resilience.
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1 Introduction

Climate change is increasing the frequency, intensity and duration of drought events, driving widespread forest mortality

across the globe (Hammond et al., 2022), including in temperate mesic systems such as European oak stands (Gentilesca et al.,25

2017). The effects of these changes in drought regimes are further amplified by the increasing co-occurrence of heatwaves,

which exacerbate plant water stress, and give rise to so-called "hot droughts", where elevated atmospheric evaporative demand

combined with depleted soil moisture substantially intensifies system stress and increases the risk of tree mortality (Adams

et al., 2017; McDowell et al., 2022). In recent decades, Europe has experienced several record-breaking extreme hot and dry

summers (e.g. 2003, 2005, 2018, 2022, 2024 and 2025), leading to marked reductions in ecosystem productivity (Ciais et al.,30

2005; Bastos et al., 2020), increased wildfire activity (Dupuy et al., 2019), and and broader disruptions to ecosystem structure,

functioning and health (Knutzen et al., 2025).

The shift towards more frequent compound heat-drought events means that summer atmospheric and climatic extremes

can no longer be viewed as independent events (Ogle et al., 2015; Werner et al., 2025). Furthermore, forest ecosystems are

increasingly exposed to new extreme events before having fully recovered from the previous disturbances (Schwalm et al.,35

2017; Seneviratne and Ciais, 2017). Predicting the resilience of forest ecosystems to future climate extremes thus requires

understanding the degree to which ecosystems remain conditioned by prior drought and heat exposure, including both short-

term seasonal legacies and longer-term multiyear legacy effects.

Forest responses to drought are complex and manifest across a wide range of timescales, giving rise to persistent legacy

effects. During drought events, forests often exhibit immediate declines in gross primary productivity (GPP) (Shao et al.,40

2024), alongside reductions in transpiration (Sulman et al., 2016; Sinacore et al., 2019) and leaf area (Martin-StPaul et al., 2013;

Wolfe et al., 2016) that typically recover within a couple of growing seasons. Legacy effects in ecosystem-scale carbon uptake

derived from eddy covariance observations are often weak or short-lived (Yu et al., 2017; Schwalm et al., 2017; Kannenberg

et al., 2019), implying that physiological processes that were downregulated during drought stress recover rapidly (Ruehr et al.,

2019). In contrast, reductions in radial stem growth inferred from tree rings can persist for more than five years following a45

drought event (Anderegg et al., 2016), due to shifts in carbon allocation to and leaf and root recovery (Ogaya and Penuelas,

2006; Rao et al., 2026).

Yet, our understanding of how drought legacy effects persist and influence recovery and subsequent future response to

drought remains incomplete. Increasing empirical evidence demonstrates that the impacts of severe drought can persist for

months to years beyond the recovery of meteorological conditions, with consequences for growth, mortality risk, hydraulic50

function, and community composition (Anderegg et al., 2012; Ogle et al., 2015; Anderegg et al., 2020). These drought legacy

effects can modify ecosystem sensitivity to subsequent climate extremes, potentially amplifying or dampening future responses

and contributing to nonlinear dynamics and threshold behaviour that are difficult to predict from immediate drought responses

alone (Reyer et al., 2015). Despite growing recognition of their ecological significance, the mechanisms controlling the mag-

nitude, persistence, and spatial variability of drought legacies remain poorly understood.55
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On the one hand, most experimental studies have focused either on the direct impact of drought, or on relatively shorter-term

manipulations (Ruehr et al., 2019). On the other hand, whilst observation networks such as FLUXNET (Baldocchi et al., 2001)

provide valuable insight into the multi-year time course of forest surface fluxes, direct comparison between drought events

across both time and space is complicated by large differences in the conditions prior to drought, the severity of the drought

event, species responses and the meteorological conditions during recovery. Consequently, it remains challenging to develop60

and test mechanistic theories of drought legacies and their representation in ecosystem models, limiting our ability to predict

forest resilience under increasingly frequent and severe summer droughts.

Land Surface Models (LSMs) provide a key framework for quantifying the response of terrestrial ecosystems to meteoro-

logical forcing, representing coupled exchanges of energy, water, and carbon between vegetation, soils, and the atmosphere.

However, many LSMs have historically struggled to represent both the magnitude and persistence of drought impacts, often65

simulating an overly rapid decline in carbon uptake during drought while failing to capture longer-term legacy effects that per-

siste after environment conditions recover (Huang et al., 2016; Ukkola et al., 2016; Kolus et al., 2019). Recent developments

have incorporated more mechanist representations of plant hydraulics, in some cases coupled with stomatal optimisation ap-

proaches (see Sabot et al., 2022a), to improve the representation of plant responses to water stress (Eller et al., 2020; Kennedy

et al., 2019; De Kauwe et al., 2022; Alléon et al., 2025). These approaches have substantially improved simulations of GPP70

and latent heat (LE) during drought events (De Kauwe et al., 2020a).

One key process underlying drought legacy is the long-term impairment of xylem hydraulic transport capacity by embolisms

formation, which reduces whole-plant hydraulic conductivity and is a major contributor to drought-induced plant mortality

(McDowell et al., 2008; Anderegg et al., 2012). However, directly linking plant mortality to the passing of a specific hydraulic

threshold remains difficult with additional factors, such as defoliating insect outbreaks, contributing to drought-induced mortal-75

ity (Anderegg et al., 2015). Several hydraulic impairment approaches have been developed to represent these hydraulic legacy

effects in ecosystem models. Those can broadly be grouped according to how hydraulic damage is represented and whether

recovery is allowed.

Existing modelling approaches to hydraulic drought legacies broadly fall into two categories. A first set of approaches

represents hydraulic impairment as a reversible or partially reversible shift in vulnerability to water stress. For example, Mackay80

et al. (2015) reduced hydraulic conductivity as a function of predawn water potentials, allowing for daily recovery, effectively

modifying the shape and maximum of the hydraulic vulnerability curve. Similarly, Lu et al. (2020) constrained hydraulic

conductance based on the historic minimum water potential over a reference time window varying from daily to seasonal (see

Sabot et al., 2022b, for a practical test of this time window), with fractional recovery occurring when water potentials become

less negative. Yao et al. (2025) adopted a related approach by constraining recovery of both hydraulic conductance and an85

empirical drought stress factor following drought. Although these models differ in implementation, they all assume hydraulic

impacts can recover, at least partially, following the alleviation of water stress.

A second group of models assumes that drought induces more persistent, irreversible damage. Ruffault et al. (2022) and

(Paschalis et al., 2024) modelled embolism as a largely irreversible loss of hydraulic conductance, with recovery occurring

only through the production of new xylem tissue in the latter model. Such formulations allow stronger and longer-lasting90
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legacy effects, including the emergence of hydraulic mortality thresholds, and are more consistent with the view that embolism

removal is limited and that recovery commonly requires xylem turnover rather than rapid repair processes.

Despite these developments, uncertainty remains regarding the physiological mechanisms underlying hydraulic recovery

and drought legacies. Recent evidence suggests that hydraulic safety traits exhibit only limited plasticity across environmental

conditions, raising questions about model formulations that represent drought legacies through shifts in vulnerability charac-95

teristics or hydraulic safety thresholds (Ramírez-Valiente et al., 2025). Likewise, empirical support for widespread refilling of

embolised xylem remains limited, and the extent to which embolism can be routinely repaired under tension is still debated.

An alternative and increasingly explored view is that recovery of hydraulic function occurs primarily through the production of

new conductive tissue, with embolised xylem persisting until it is replaced through xylem turnover (Deans et al., 2026). If so,

drought-induced hydraulic damage may be considerably more persistent than assumed in models that permit rapid recovery of100

conductance following rewetting. These findings highlight the need for closer alignment between model assumptions and the

emerging empirical understanding of hydraulic legacies.

Here, we implement the stomatal optimisation scheme (Profit-Max) of Sperry et al. (2017) within the JULES (Joint UK

Land Environment Simulator) LSM (Clark et al., 2011). Building on this framework, we then develop and implement two

alternative models of hydraulic impairment to capture the long-term legacy effects of drought stress on a tree’s hydraulic105

transport capacity. The first model, termed "kmax-impaired", extends the framework of Mackay et al. (2015) by assuming

that that xylem conductance declines progressively as a function of a tree’s instantaneous hydraulic state. In contrast, the

second approach, termed "Trunk-impaired", assumes that hydraulic damage occurs instantaneously and cannot be recovered.

This formulation additionally accounts for vertical variations in hydraulic impairment along the unsegmented tree trunk due to

increasingly negative water potentials when moving up the trunk.110

We evaluate model predictions against eddy-covariance observations from the Alice Holt old-growth oak Forest in southern

England during the extreme 2022 summer drought (Tripathy and Mishra, 2023). Specifically, we quantify both the immediate

reduction in ecosystem-scale fluxes during 2022 and the legacy effects on fluxes during 2023. We then use the model to

explore a range of more severe drought scenarios representative of future UK climate extremes for the region, examining

how different representations of hydraulic impairment alter projected tree resilience. We hypothesise that the relatively high115

hydraulic resistance to stress of the site’s oaks will buffer against hydraulic failure under moderate drought events experienced

in the UK. Consequently, we expect larger legacy effects to emerge primarily through cumulative reductions in hydraulic

conductance, rather than irreversible loss of function during a single drought event.

2 Methods

2.1 Alice Holt site120

Located in southern England (51◦ 07
′

N, 0◦ 51
′

W), Alice Holt is a research forest managed by Forest Research. Between 1971

and 2000, Alice Holt experienced a mean annual average temperature of 10◦C (annual range: −0.5◦C to 22.5◦C) and a mean

annual average rainfall of 800mm. As part of a long-term carbon dioxide flux monitoring initiative, an eddy- covariance tower
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began continuous observation of an enclosure called “the Straits” inclosure in 1998 (Wilkinson et al., 2012). The 90-hectare

Straits enclosure is primarily composed of oak (Quercus robur), with a smaller area of mixed conifers, including Corsican pine125

(Pinus nigra subsp laricio Maire) and Scots pine (Pinus sylvestris L.) The understory is dominated by hazel (Corylus avellana

L.) and hawthorn (Crataegus monogyna Jacq.).

The stands are managed as a commercial oak woodland with the eastern and western halves thinned in 2007 and 2015,

respectively. The site was also impacted by a severesever defoliation event linked to moth caterpillars in 2009 and 2010,

leading to a reduction in observed GPP (Wilkinson et al. 2012), which was subsequently recovered in 2011. To to avoid these130

defoliation events impacting our simulations,this we limited the eddy-covarianceflux data used to evaluate the model to the

period 2011 to 2017 inclusive, and to the year 2022. We note that the data for the period 2018 to 2021 was not available at the

time of writing.

A leaf area index (LAI) climatology for Alice Holt was constructed from MODIS LAI data (Myneni et al., 2021) covering

the period 1999-01-01 to 2020-01-01, as described in appendix A.135

Volumetric soil water content at the site was measured half-hourly using the time-domain measurement method for the

period 2022 to 2023. Measurements from CS616 sensors are collected and stored on a CR3000 datalogger (both Campbell

Scientific, Shepshed, UK). Aditional volumetric soil water content measurements for the site were obtained from the Cosmic-

ray soil moisture monitoring network UK data base (Cooper et al., 2021). Observations of atmospheric CO2 concentration

were obtained from the Mauna Loa CO2 records (Mauna Loa Observatory).140

2.2 2022 UK summer drought

The UK summer of 2022 was one of the hottest and driest on record in the UK. With an average maximum daily temperature

of 20◦C, it ranks as the third-warmest summer of the last 20 years (Hollis et al., 2019) and, at the time, included the highest

temperature ever recorded in the UK, 40.3◦C (recorded on July 19th in Coningsby, Lincolnshire). It was also exceptionally

dry, with total summer rainfall averaging 161 mm across the UK, compared with 264 mm for summers from 2006 to 2025.145

The Alice Holt site experienced similar extreme conditions to the wider UK during the summer of 2022. Mean daily max-

imum temperature was 23◦C (Fig 1a), and the cumulative rainfall for the summer of 2022 was substantially lower than the

average for the period 2011 to 2017, that is, 77 mm compared with 140 mm. This marked reduction in rainfall started in

April/May, with the rainfall starting to recover after September (Fig 1b). Consequently the cumulative climactic water deficit

for 2022 reached was higher than the average for the period 2011 to 2017, 300 mm compared with 2 mm(Fig 1d).150

2.3 2023 post drought year

2023 in the UK was characterised by the driest February in 30 years followed by the sixth wettest March on record. Summer

temperatures peaked in June at 32◦C, below 2022’s peak of 40.3◦C. Over the summer Alice Holt experienced a mean daily

maximum temperature of 21◦C, 2 ◦C lower than 2022. Alice Holt recorded a total summer rainfall of 164mm, higher than the

average 140mm.155
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2.4 Model description

The Joint UK Land Environment Simulator (JULES; Best et al., 2011; Clark et al., 2011) is a community LSM that simulates

the exchange of carbon, water, energy, and momentum between the land surface and atmosphere. JULES can be run as both a

stand-alone model or as the land surface scheme within the Met Office’s Unified Model (a weather and climate model).

In this study, we use JULES version 7.4 as a stand-alone model. Briefly, all simulations used the "big leaf" canopy scheme160

(Clark et al., 2011) to scale leaf-level carbon and water fluxes to the canopy. Photosynthesis in C3 plants follows the Farquhar,

von Caemmerer, and Berry model (Farquhar et al., 1980), where assimilation is determined by the minimum of three limiting

rates; RuBisCO-limited, electron transport-limited, and triose phosphate utilisation-limited. In the default model configuration

("CRTL"), stomatal conductance is represented using the semi-empirical stomatal modelformulation of MEDLYN et al. (2011),

with photosynthetic capacity down regulated as soil moisture declines. Soil water and heat fluxes are solved using the Richards165

equation across six soil layers. Based on site information, total root depth was set to 1.0m and divided into six layers (0.05,

0.074, 0.11, 0.163, 0.242, and 0.361 m in order from the top to bottom layers) to capture subsurface hydrological dynamics.

Biogeochemistry (e.g., nitrogen and phosphorus cycling; Nakhavali et al., 2020) and dynamic vegetation schemes (Argles

et al. e.g., REDD 2020, Cox TRIFFID 2001), were not included in the model configuration used here. Comprehensive model

details for the CTRL model are provided in Best et al. (2011) and Clark et al. (2011).170

To simulate the Alice Holt site, we represent the vegetation as a pure oak stand (Quercus robur), based on the dominant

tree cover. As JULES does not include an explicit oak PFT, we used the broadleaf tree PFT as the basis for the simulation,

assigning it a fractional cover of 1.0 to represent a pure oak stand (Quercus robur). Vcmax (µmol m−2s− 2) was estimated

based on KATTGE et al. (2009) using foliar N concentrations in area basis based on an intercept (vint = 3.9 Harper et al.,

2016), a slope (vsl = 47.62) and a leaf mass per area of 67.6 (Glopnet Quercus Robur average; Wright et al., 2005).175

Carboxylation capacity at the reference temperature of 25◦C is calculated as in KATTGE et al. (2009), with a leaf mass

area of 67.6 g m−2, an intercept and a vsl of 47.62 CO2 m−2 s−1 We embedded a representation of plant hydraulics and

two stomatal optimisation models as alternatives to the CTRL (see below), which we parameterised using P50 and P88 traits

(the water potentials at which the xylem conductance reduces by 50% and 88%, respectively) for Quercus robur, −4.74MPa

and −5.51MPa respectively (Lobo et al., 2018). For the Profit-Max and legacy impairment models, kmax was calibrated to180

0.5× 10−3mol −2 s−1 MPa−1 by visually fitting the modelled GPP and LE to observed values over the period 2011 to 2017,

with the same kmax applied across both the stomatal optimisation and legacy impairment configurations.

2.4.1 Hydraulics and stomatal optimisation implementation

To improve the representation of the short-term response of trees to drought induced water stress, we implemented a simplified

version of the Profit-Max optimisation scheme (ProfitMax Sperry et al., 2017) in JULES, consistent with the formulation used185

in the CABLE LSM (Sabot et al., 2020; De Kauwe et al., 2022).

Stomatal optimization models hypothesise that plants regulate their gas exchange and all relevant biophysical variables, for

example, stomatal conductance, leaf water potential (ψl; MPa), and intercellular CO2 concentration, on an instantaneous basis
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(i.e. each model timestep) by balancing marginal carbon gain (CG(ψl); unitless) against hydraulic cost (HC(ψl); unitless) to

maximise net profit. The Profit-Max model defines profit as:190

Profit(ψl) = CG(ψl)−HC(ψl) (1)

Carbon gain is defined as the net carbon dioxide (CO2) assimilation (An; mol m−2 s−1) rate at a given ψl normalised by the

maximum assimilation rate achievable for fully open stomata under the prevailing environmental conditions:

CG(ψl) =
An(ψl)

max(An(ψl))
(2)

The hydraulic cost function is given by:195

HC(ψl) =
k(ψs)− k(ψl)

k(ψs)− kcrit
(3)

where k(ψs) is the maximum plant hydraulic conductance (mmol m−2 s−1 MPa−1) achieved at the current soil wa-

ter potential (ψs; MPa), kcrit is the critical hydraulic conductance (mmol m−2 s−1 MPa−1) that characterised hydraulic

failure, (set to 5% of the maximum hydraulic conductance) (Brodribb and Cochard, 2008; Sabot et al., 2020) and k(ψl)

(mmol m−2 s−1 MPa−1) is the hydraulic conductance at the ψl (MPa).200

The plant hydraulic conductance for a given water potential (either the ψl, or the ψs) is modeled by a cumulative Weibul

distribution:

k(ψ) = kmaxe
−(ψb )

c

(4)

where kmax is the maximum hydraulic conductance (mmol m−2 s−1 MPa−1), reached when ψ = 0.

Unlike (Sperry et al. (2017), who calculate profit for a range of uniformly sampled ψl, our implementation calculates profit205

for a range of uniformly sampled intercellular CO2 concentrations (n= 1000). This reduces the computation time by avoiding

the need to co-optimise the intercellular CO2 concentration and stomatal conductance as described by in (De Kauwe et al.,

2022). The calculation of ψl from the transpiration rate differs from the implementation in CABLE (De Kauwe et al., 2022) as

we solve for ψl using a Newton Raphson approximation (see appendix C). The optimal leaf state is identified by selecting the

intercellular CO2 concentration with the greatest profit (equation 1).210

2.4.2 Soil to root conductance model

To obtain a representative value of the root-zone, ψs, we calculate a weighted average of the water potential over N soil layers

(see De Kauwe et al., 2015);
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ψs =

∑N
i=1wiψsi∑N
i=1wi

(5)

where ψsi is the water potential in the ith soil layer, and wi the weighting of the ith soil layer. The weighting, wi, for each215

soil layer is calculated as the water uptake from the ith soil layer if the root zone water potential is equal to the roots critical

water potential (ψscrit; MPa).

wi = (ψsi−ψscrit)ki (6)

Where ksi (mmol m−2 s−1 MPa−1) is the conductance between the soil and the root in the ith soil layer calculated following

(Bonan et al., 2014). We note that the minimum weight, wi, for any soil layer is set to 10−9 and ψs is set to ψscrit when220

ψsi < ψscrit to prevent negative weights. ψscrit was set to −3MPa. for this work. This approach places greater emphasis on

water potential in the upper soil layers when the root zone is moist but progressively shifts weighting to deeper layers as drying

occurs and hydraulic resistance in the upper soil increases (see De Kauwe et al., 2015, 2020b).

2.4.3 Dry soil approximation

Under extremely dry soil water conditions, the two-phase water retention curves used in JULES to calculate soil water potential225

(Brooks and Corey 1966; Genuchten 1980, all simulations in this study uses the Van Genuchten water retention curve) produces

unrealistically low values of ψs. To address this, we implement a dry soil approximation following Webb (2000) and Schneider

and Goss (2012), which model the log of the soil water potential as a linear function of the volumetric soil water content below

a specific dry threshold;

log(ψs) =
log(ψ0

s)− log(ψ∗
s )

S∗
l

Sl+ log(ψ0
s) (7)230

where ψs is the soil water potential (MPa), ψ0
s is the soil water potential at zero volumetric soil water content (MPa), S∗

l and

ψ∗
s are the soil water content (m3m(−3)) and soil water potential (MPa) bellow which the dry soil approximation applies. The

values of S∗
l and ψ∗

s are chosen to satisfy the following conditions: one, the soil water potential is equal for both the dry soil

approximation and the two-phase water retention curve at Sl = S∗
l ; two, the gradient of the dry soil approximation is equal to

the gradient of the two-phase water retention curve at Sl = S∗
l , e.g.;235

d log(ψs)
dSl

∣∣∣∣
Sl=S∗

l ,ψs=ψ
∗
s

=
log(ψ0

s)− log(ψ∗
s )

S∗
l

(8)

2.4.4 Xylem impairment models

Hydraulic conductance models in LSMs typically assume instantaneous recovery of conductance post drought stress. As a

result, the xylem conductance function k(ψ) does not change with time. However, any embolism that causes xylem impairment
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could persist over a prolonged to indefinite period. Here, we implement two xylem impairment schemes in JULES to capture240

longer-term hydraulic damage.

The first impairment model, "kmax-impaired", is a modification of that described by Mackay et al. (2015). It assumes that

impairment accumulates progressively as the drought develops, such that the magnitude of drought legacy effects depends on

both drought intensity and duration. The kmax-impaired formulation also allows for partial recovery of hydraulic conductance

following stress release.245

The second impairment model, "Trunk-impaired", assumes hydraulic damage is determined by the most severe drought

stress experiences, with legacy effects governed by the minimum conductance reached during the event. As with the Kmax-

impaired, successive droughts can further reduce conductance if they generate more severe stress than previously experienced.

However, unlike kmax-impaired, conductance cannot recover once impaired; instead, it is constrained by the historic minimum

value it reached during the stress. Consequently, recovery can only occur through processes not represented in the current250

implementation, such as the production of new xylem tissue.

2.4.4.1 kmax-impaired

The model operates in a sequence: (i) first it determines an impaired maximum conductance, kmax(t+∆t); and (ii) then

it updates the scale and shape parameters of the hydraulic vulnerability curve (b and c). Mackay et al. (2015) calculated

kmax(t+∆t) as the unimpaired conductance at the predawn ψl each day. Here, instead of updating kmax to be equal to that of255

the unimpaired predawn kmax, we modify the Mackay et al. (2015) model to update kmax each time step based on the impaired

kmax and the current conductance in both the leaves, kl and roots, kr. The aim of this modification is to capture the potential

impact of daily water stress in the canopy due to high VPD as a canopy stressor, following the hypothesis that it may be a key

contributor to embolism under specific hot and dry conditions (Schönbeck et al., 2022). To update the maximum conductance

for the next time step, kmax(t+∆t), we first calculate a stem conductance as the weighted average of the hydraulic conductance260

at the leaf and root water potentials:

kstem(t) = wlkl(t)+ (1−wl)kr(t) (9)

where wl is the weighting of the leaf conductance, set to 0.4 to represent a balanced contribution of leaf and root hydraulic

limitations under well-watered conditions.

To allow for gradual impairment, the maximum conductance is then calculated as the weighted average of kstem(t) and the265

current maximum conductance:

kmax(t+∆t) = wkstemkstem(t)+ (1−wkstem)kmax(t) (10)

9
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Where wkstem is the weight of the current conductance and kmax(t) is the maximum conductance at the current time step.

The value of wkstem , set to 0.01 for this study, controls the rate of impairment, with no impairment when wkstem = 0 and

instantaneous impairment when wkstem = 1.270

Updating the maximum conductance in this way leads to a small but continuous loss of conductance for trees under nor-

mal conditions. This behaviour reflects a simplification of the impairment process, whereby conductance loss accumulates

progressively in response to hydraulic stress. In reality, embolism formation may be more strongly associated with exposure

to severe drought thresholds than with continuous impairment across the full range of water potentials (Dietrich et al., 2019;

Schuldt et al., 2020; Guan et al., 2022). Consequently, this formulation may overestimate low levels of conductance loss under275

non-drought conditions. This continuous loss of conductance is due to kl(t) and kr(t) only equalling kmax(t) at night under

well watered conditions and less than kmax(t) otherwise. To prevent a continuous minor loss of conductance, a minimum con-

ductance loss threshold is imposed (set to 6% of the unimpaired kmax for this work). The new maximum conductance bound

by the minimum change threshold is given by the following equation;

k′max(t+∆t) =





kmax(t)
kmax(t)−∆kmax

kmax(t+∆t), kmax(t)− kmax(t+∆t)≥∆kmax

kmax(t), kmax(t)− kmax(t+∆t)≤∆kmax

(11)280

Where ∆kmax is the minimum conductance loss threshold. The inclusion of the fraction in the first case keeps the function

continuous at the point where kmax(t)− kmax(t+∆t) = ∆kmax

After calculating the new kmax, Mackay et al. (2015) recalculated the hydraulic vulnerability curve so that it retained the

original shape at low levels of stress but reflected the reduced maximum conductance caused by impairment. Reproducing

this procedure exactly requires repeatedly fitting a new vulnerability curve following each conductance update. To reduce285

computational cost, we instead used an approximation that preserves the overall shape of the impaired curve. Specifically,

the parameters of the impaired vulnerability curve were chosen so that its midpoint and local slope matched those of the

original vulnerability curve at an equivalent relative conductance (Fig. A1). This approach closely reproduces the behaviour of

the original method while being computationally efficient. The equations used to calculate the impaired curve parameters are

provided in appendix D.290

Following sensitivity analysis of the parameters wl, wkstem and ∆kmax, outlined in appendix G, we set their values to 0.5,

0.04 and 4% of the unimpaired kmax. This set of parameter values was chosen to induce a legacy change in PLC during 2022

but not during an average, non-drought, year.

2.4.4.2 Trunk-impaired

This model is built on two assumptions. One, xylem conductance does not recover post stress, it remains equal to that associated295

with the historic minimum water potential. Two, within a tree’s water transport system, xylem impairment varies continuously

with height, reflecting the smooth gradient between ψs and ψl (Fig 2). Since xylem impairment depends on the historical water
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potential it follows that the impairment profile must also vary smoothly along the vertical axis. Here we propose an analytic

model to implicitly account for variation in impairment along a tree’s trunk without the need to explicitly segment the tree.

The first step is to define the impaired xylem conductance at some arbitrary height within the tree. We chose to model the300

impaired conductance, kimpaired(h), as equal to the unimpaired conductance for the historic minimum water potential at that

height, k(ψmin(h)).

kimpaired(h) = k(ψmin(h)) (12)

Essentially, under water stress, xylem vessels are instantly and permanently damaged fixing their conductance at the current

value. The xylem conductance remains at this impaired value until the tree experiences a greater level of water stress further305

reducing xylem conductance.

For a thin slice at some height h the flow of water through flow of water is given by Darcy’s law;

E =
k(ψmin(h))

∆h
∆ψ (13)

where the through flow of water E is equal to the transpiration rate, ∆h is the thickness of the slice, and ∆ψ is the change

in water potential across the slice. ∆h is thin enough for the conductance k(ψmin(h)) to be constant within the slice. We can310

repeat the same equation, this time for the slice under the historic extreme (minimum) water potential,

Eextreme =
k(ψmin(h))

∆h
∆ψextreme (14)

where, Eextreme is the historic transpiration rate and ∆ψextreme the historic change in water potential across the slice when

the water potential was at its historic minimum. Since the conductance and width of the slice are equal in both equations, we

can remove these by dividing the current transpiration rate by the historic transpiration rate.315

E

Ehistoric
=

∆ψ

∆ψhistoric
(15)

This means the ratio of the change in water potential across the thin slice at the current and historic extreme conditions

is constant with height. This ratio holds true for any slice along the trunk irrespective of size (see appendix E). Hence, by

considering the difference in water potential across the whole trunk the current impaired transpiration rate is given by

E =
ψl−ψs

ψlmin−ψrmin
Ehistoric (16)320

where, ψl and ψs are the current leaf and root zone water potentials, and ψl min and ψs min are the historic minimum leaf

and root zone water potentials. The historic transpiration rate can be calculated by integrating the unimpaired conductance

curve from the historic minimum root to leaf ψl such that,
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E =
ψl−ψs

ψlmin−ψrmin

ψlmin∫

ψrmin

k(ψmin)dψmin (17)

Tracking the level of xylem impairment within this model is done by updating the historic minimum leaf and root water325

potentials each time the current leaf or root water potential is less than the historic minimum. Changing the equation for

the transpiration rate to equation 17 complicates the Newton Raphson estimation of the ψl from the transpiration rate. This

complication arises from the fact that the value of the ψl may or may not be less than the historic minimum ψl. An updated

version of the Newton Raphson method capable of accounting for this is given in the appendix F.

2.4.5 Impairment and the hydraulic cost function330

The hydraulic cost function in the Profit-Max model (equation 3) depends directly on the plant hydraulic conductance. We

choose to evaluate the hydraulic cost function using the unimpaired conductance curve for both the healthy and impaired

cases, rather than the impaired conductance. This formulation assumes that stomatal regulation responds to leaf water content

(proxied by ψl) as an integrated indicator of hydraulic stress, rather than directly sensing changes in hydraulic conductance.

In this framework, hydraulic impairment influences stomatal behaviour indirectly through its effects on leaf water potential335

and the associated hydraulic risk. This is consistent with stomatal optimization theories, which assume that stomatal regulation

responds to leaf water status rather than directly sensing xylem hydraulic conductance.

Although the impaired conductance curve is not explicitly used in the hydraulic cost function, hydraulic impairment still

influences the optimisation indirectly through its effect on the ψl required to sustain a given flux. Consider two identical trees

under the same environmental conditions, one healthy and the other hydraulically impaired. For a given stomatal conductance340

both trees exhibit identical carbon assimilation and transpiration rates, and thus identical carbon gain. However, because the

impaired tree has lower hydraulic conductance , it must operate at a more negative ψl to sustain the same transpiration rate.

This increases the hydraulic cost and reduces the profit relative to the healthy tree. As a result, hydraulic impairment shifts

the Profit-Max solution towards lower stomatal conductance and less negative ψl. The models therefore predict that, following

hydraulic impairment, trees reduce water usage to avoid further hydraulic stress, even at the expense of reducing carbon gain.345

3 Model experiments

3.1 2022 summer drought

To assess the predictive capability of the CTRL, stomatal optimisation and legacy impairment model versions, we construct

a three-year forcing ensemble consisting of the 2022 drought year preceded and followed by all possible combinations of the

years 2011-2017. Including a non-drought year before 2022 also allows us to capture any background hydraulic impairment at350

the onset of the drought.
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Model GPP RMSE

(g C m−2 d−1)

GPP R2 LE RMSE (W m−2) LE R2

CTRL 4.15 0.23 47.7 0.03

Profit-Max 2.21 0.783 38.4 0.37

Table 1. Goodness of fit to flux tower observations for the CTRL and Profit-Max model GPP and LE predictions during the summer (June to

September) for the average year (2011 to 2017). All data was averaged over a daily time scale, including night tine data, before calculating

the respective goodness of fit measures

To estimate the predicted immediate and legacy impact of the 2022 drought on GPP and LE, we generate a corresponding

non-drought forcing data set by replacing the 2022 drought year with a randomly selected year from 2011-2017. This process

is repeated three times for each drought ensemble member. Impacts are then calculated as the difference between drought and

non-drought simulations and averaged across all ensemble members.355

3.2 Simulating more extreme drought scenarios

To explore modelled responses to future droughts more extreme than the 2022 drought, we constructed a three-year sequence

of increasing drought intensity by repeating the 2022 forcing data, with precipitation in the second and third years reduced to

one-half and one-quarter of the original 2022 totals respectively. To represent the dry spring conditions observed in 2025, all

rainfall from March to May is removed from the second and third drought years. As with the previous experiment, an average360

year non-drought year is prepended to capture any background impairment.

We further extend the 2022 drought experiment by substituting the modified half- and quarter- precipitation years for the

original 2022 forcing, allowing us to isolate the effects of increased drought severity on GPP and LE.

Initial conditions (e.g. soil water content) for each experiment were obtained by separately running the CTRL and Profit-

Max models for the period 2011 to 2017. No xylem impairment model was applied during this ‘spin-up’ period, ensuring zero365

impairment at the start of each experiment.

4 Results

During the first half of the average year (i.e. the year prior to the drought), all models overestimate GPP and LE relative to

observations (Fig 3), likely due to the satellite-derived LAI climatology imposing an earlier onset of growth than is evident in

the GPP and LE fluxes.370

During the summer months of the average year, the CTRL model shows a marked under estimation of GPP and LE relative

to observations (Fig 3), reflecting an over-sensitivity to soil moisture stress. In contrast, both stomatal optimisation models

show a much smaller under-prediction of GPP and LE during the summer months compared with observations (Table 1).

The inclusion of the impairment model did not significantly impact simulated GPP and LE under normal conditions prior

to a drought. The unimpaired Profit-Max model predicted an average GPP and LE for the normal year prior to drought of375
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2,130g C m−2 d−1 and 37W m−2, respectively, with the kmax-impaired and Trunk-impaired models predicting annual GPP

of 2,130 and 2,130 g C m−2 year−1 and annual LE of 36 and 37 W m−2, respectively.

4.1 Ecosystem flux response to the 2022 drought

The Profit-Max model better predicts LE during the 2022 drought compared to the CTRL model (Fig 3). Comparing the CTRL

model’s LE to observations for the whole drought year gives a RMSE and R2 values of 28W m−2 and 0 respectively. In380

contrast, the Profit-Max model gives a RMSE and R2 values of 22W m−2 and 0.4 respectively.

During the drought, both impairment models simulate a small increases GPP and LE compared to the unimpaired model.

For the kmax and whole trunk impairment models the average difference in prediction to the unimpaired Profit-Max model

was, 1.6 and 0.1 g C m−2 d−1 for GPP and 7 and 1 W m−2 for LE, respectively. These small differences in fluxes indicate

that drought (and atmospheric) conditions, rather than the representation of hydraulic impairment, is the main contributor to385

the predicted GPP and LE. Hydraulic impairment acted primarily as a secondary modifier of these responses, resulting in only

modest divergence among model formulations.

4.2 Soil water content during the 2022 drought

During the 2022 drought the Ctrl and profit-max models predict comparable dry downs to observations in the top layers (fig ??).

In the deeper soil layers both models under predict water content, implying unrealistically large amounts of water extraction390

at depth. Following the drought (and other periods with a lack of rain) both models predict an unrealistically fast recovery in

volumetric soil water content, compared to observation.

4.3 Impact of 2022 drought on hydraulic impairment

While both impairment models showed a sustained loss of hydraulic conductivity following the average year, the trunk-

impaired model maintained a percentage loss of conductance (PLC) of 8% while the kmax-impaired model partially recovers395

from a peak PLC of 9% to an end of year PLC of 1% (Fig 5). This difference reflects the contrasting recovery assumptions

in the two formulations: the kmax-impaired model permits partial recovery of conductance following drought, whereas the

trunk-impaired model does not.

During the 2022 drought, the predicted PLC peaked near the end of the drought period (Fig 5), when water stress was

greatest. Peak PLC for the trunk-impaired model (9%) was slightly lower than the unimpaired model’s peak PLC (10%). This400

reduction occurs because the loss of conductance in the average year decreases transpiration and water uptake from the soil

leading to an increased water availability during the drought. In contrast, the peak PLC for the kmax-impaired model (40%) is

larger than that of the unimpaired model (10%) despite reaching a less negative ψl because the impaired vulnerability curve

has a reduced kmax (Fig 3).
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During 2023, both impairment models simulate a sustained loss of conductivity. The kmax-impaired model shows a maxi-405

mum PLC of 53% relative to the unimpaired models 9%, while the whole trunk impairment model maintains a constant PLC

of 9% through the year (Fig 5).

4.4 Legacy of the 2022 drought

Of the two impairment models, the kmax-impaired model simulated an average legacy change in both GPP and LE of −250

g C m−2 year−1 and −3 W m−2 respectively, in 2023. The magnitude of this legacy impact however is dependent on the410

choice of weightings used in the impairment model (appendix G). Increasing wkstem or wl will increase the legacy impact of

the drought while increasing ∆kmax will decrease the legacy impact. By contrast, the whole trunk impairment model simulated

no significant legacy change in fluxes.

4.5 Assessing ecosystem resilience under intensified 2022 drought conditions.

We generated more extreme drought scenarios than observed (by intensifying the 2022 drought conditions) with the aim to415

explore potential future drought resilience in European oaks by experimentally intensifying the 2022 drought (see methods).

In these scenarios, progressive rainfall reduction leads to increasing hydraulic stress, most clearly observed through rising

PLC in the later stages of the drought scenarios (Fig 7). Peak PLC reaches 11%, 55% and 10% for the unimpaired, kmax-

impaired and trunk-impaired models respectively under the half-rainfall scenario, increasing further to 13%, 61% and 13% re-

spectively under the quarter-rainfall scenario. These differences indicate substantially greater vulnerability to drought-induced420

hydraulic failure in the kmax-impaired configuration.

This escalation in the hydraulic stress is not apparent during the early part of the simulation. Peak GPP and LE show only

small reductions across drought scenarios for both the unimpaired and impaired models (Fig 8), with a mid-April maximum

occurring prior to the onset of the 2022 drought period. Root zone water potential remains close to zero across all models at

this time, indicating near-saturated soil conditions and the absence of water limitation. Consequently, early-season fluxes are425

largely insensitive to imposed rainfall reductions.

Consistent with earlier results, the impaired models exhibit more conservative water use strategies relative to the unimpaired

model (Fig 9). This is reflected in their less negative water potentials under extreme drought, particularly in the quarter rainfall

scenario, where stress in the unimpaired model becomes significantly severe that its GPP falls below that of the impaired con-

figurations from August onwards. While this conservative hydraulic behaviour buffers against hydraulic failure under extreme430

drought, it incurs a trade-off under well-watered conditions post drought, where impairment models achieve lower GPP due to

restricted water use capacity (Fig 9). Under the half rainfall scenario, the kmax-impaired model simulates a significant legacy

reduction in GPP and LE of −21% and −14% respectively. This legacy reduction increases to −26% and −14% under the

quarter rainfall scenario. In contrast, the trunk-impaired model simulates a consistent small reduction in GPP and LE, −1% and

−2% respectively, under the half rainfall scenario. Similar reductions in GPP and LE are modelled under the quarter rainfall435

scenario, −1% and −2% respectively.
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To test these results are driven by 2023’s climatology we repeat the experiment replacing 2023 with an average year (Fig 9).

The results show no significant difference in PLC when compared to 2023.

5 Discussion

To predict the immediate and legacy effects of drought, we implemented a stomatal optimisation model (Profit-Max; Sperry440

et al., 2017) into the JULES LSM, extending this scheme to account for long term hydraulic impairment of the plant water

transport system. We evaluated these modelling approaches against observation from the UK summer drought of 2022 at an

oak woodland flux tower site in south-east England.

Consistent with previous studies incorporating plant hydraulics and stomatal optimisation into LSMs (De Kauwe et al.,

2020a; Kennedy et al., 2019; Sabot et al., 2020; Alléon et al., 2025), profit max improved predictions of LE both before and445

during the 2022 drought compared to the standard CTRL model (RMSE: 18 and 27 W m−2 respectively verses observed LE).

Of the two legacy impairment formulations, only the kmax-impaired model simulated a significant legacy reduction in GPP

(−250 gC m−2year−1) and LE (−1.5 W m−2) with a post drought PLC of 32% compared to 9% for the whole trunk legacy

impairment model.

To explore future resilience under more extreme drought conditions, we repeated the experiment with reduced rainfall during450

the 2022 drought period. When spring rainfall was removed (similar to conditions in 2025) and precipitation was halved for

the remainder of 2022, the kmax-impaired model simulated substantial legacy effects, with reductions of −21% and −14% in

GPP and LE respectivly in 2023 (Fig 9), driven by sustained increases in PLC to 55%. In contrast, the trunk-impaired model

showed minimal legacy impacts (a 1% and 2% reduction in GPP and LE respectively), with a lower post-drought PLC (10%).

Under the imposed extreme drought scenario, substantial conductance losses were simulated despite the maintenance of455

positive hydraulic safety margins. This reflects the assumptions of the model parametrisation and impairment formulations,

which permit conductance losses before hydraulic safety margins approach zero. Whether the magnitude of simulated PLC

under these conditions is consistent with observed hydraulic responses remains uncertain and warrants further evaluation

against empirical site measurements.

Overall, our results suggest that the simulated hydraulic impacts of the 2022 drought at Alice Holt were modest, with both460

impairment schemes remaining below critical hydraulic failure thresholds (88% PLC). However, the magnitude and persistence

of these responses were sensitive to the choice of impairment formulation and drought severity. Under intensified drought

conditions, the kmax-impaired formulation simulated substantially larger legacy effects and greater hydraulic dysfunction,

highlighting the potential importance of hydraulic memory processes for ecosystem carbon and water fluxes. These results

emphasise the value of explicitly representing hydraulic legacy processes in LSMs, while also underscoring the need for465

further evaluation of modelled hydraulic responses against site-level observations.

16

https://doi.org/10.5194/egusphere-2026-4729
Preprint. Discussion started: 31 August 2026
c© Author(s) 2026. CC BY 4.0 License.



5.1 Drought impact on UK Oak forests

Overall, our simulations indicated diverging hydraulic impact from the 2022 drought (maximum PLC values of 40% and 9%

for the kmax-impaired and trunk-impaired models respectively). As the UK faces an increasing likelihood of similar droughts,

robust assessment of species vulnerability to extreme events is essential. Only the kmax-impaired model produced significant470

post-drought legacy effects, and these were relatively small, suggesting that the simulated ecosystem responses at Alice Holt

were driven primarily by the direct effects of drought rather than persistent hydraulic impairment. However, these findings

should be interpreted cautiously, as the hydraulic responses have not been evaluated against site-level measurements of plant

water status, hydraulic function, or growth. Furthermore, oak species are comparatively drought tolerant (Urli et al., 2014),

and broader cross-species analyses will be required to assess the generality of these results. Under a more extreme drought475

scenario, long-term PLC increased to 55% and 10% for the kmax-impaired and trunk-impaired models, respectively, indicating

that projected responses are sensitive to both drought severity and assumptions regarding hydraulic impairment and recovery.

5.2 Comparison with existing drought legacy schemes

The two models of xylem impairment we tested make contrasting assumptions regarding the rate at which xylem impairment

accumulates under stress. The whole trunk model assumes instantaneous impairment, whereas the kmax-impaired model simu-480

lates progressive impairment through time. The kmax-impaired model approaches an instantaneous impairment formulation as

the conductance weighting parameter (wkstem in equation 10) approaches one. However, under such parametrisations a constant

water potential can repeatedly reduce conductance at successive timesteps, resulting in runaway impairment. The impairment

threshold ∆kmax (equation 11) was therefore introduced to prevent this behaviour. Alternatively, Mackay et al. (2015) avoided

this issue by linking impairment to predawn water potential and the associated unimpaired conductance. The behaviour of the485

kmax-impaired formulation is sensitive to the choice of weights, highlighting the importance of better empirical constraints on

hydraulic impairment dynamics and motivating the parameter sensitivity analysis (fig A2).

A limitation of our choice of a small impairment threshold (6%) is that it enables conductance losses even under relatively

benign conditions, whereas empirical evidence suggests that embolism formation may be concentrated during periods of severe

drought (Dietrich et al., 2019; Schuldt et al., 2020; Guan et al., 2022). Future model developments could explore threshold-490

based representations of embolism formation that better separate mild hydraulic stress from the onset of significant xylem

dysfunction.

By using predawn water potential to determine kmax-impaired, Mackay et al. (2015) effectively assume that legacy xylem

impairment is governed by the soil water potential. While predawn water potential may largely reflect prior hydraulic stress,

it dampens the influence of extreme diurnal daytime ψl on hydraulic impairment, particularly towards the top of the tree.495

Consequently, this modelling approach may underestimate the impact of transient but severe diurnal declines in ψl.

In contrast, the models by Lu et al. (2020) and Yao et al. (2025) determine legacy impairment based on the ψl. While ψl

partially depends on the soil water potential it most closely reflects the transient impact of VPD on water stress towards the top

of the tree. Consequently, this modelling approach may overestimate the impact of transient but severe diurnal declines in ψl.
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Our kmax-impaired model is designed to capture the impact on legacy impairment of both the leaf and soil water potentials500

with a weighted average of the leaf and root conductance (equation 9) to calculate impairment. Though this allows for differing

impacts of the leaf and root conductance’s on legacy impairment it introduces an additional fit parameter not directly related to

a tree’s physical traits.

Ruffault et al. (2022) and Paschalis et al. (2024) partition the hydraulic model by tree organ to capture the impact of differing

organ conductance and hydraulic impairment. Such partitioning enables testing of the ‘hydraulic segmentation’ hypothesis505

which posits that: plants protect the stem by increasing hydraulic resistance and vulnerability in expendable organs such as

leaves (Zhao et al., 2026). Subsequently by not segmenting by organ our impairment models may overestimate the legacy

impact on the trunk.

The models by Ruffault et al. (2022) and Paschalis et al. (2024) approximate conductance within each organ as constant (done

to enable the modelling of hydraulic capacitance). This approximation falters when the difference in water potential across the510

organ is large, as is common within the trunk. This can be solved by sub-partitioning the trunk enabling conductance, and

hence hydraulic impairment, to change, moving up the trunk. The whole trunk impairment model implicitly tracks hydraulic

impairment as a function of height avoiding the need to segment the trunk. This enables the model to capture how the relative

impacts of ψs and ψl on hydraulic impairment changes moving up the tree. The model does however assume that the extreme

leaf and soil water potentials occur at the same time. It is also not clear how to mathematically include hydraulic capacitance515

in this model without segmentation, as in the models by Ruffault et al. (2022) and Paschalis et al. (2024).

Our results showed that despite impairment of xylem function (PLC of 40% and 9% at the end of 2022 for kmax and whole

trunk impairment respectively), only the kmax-impaired model predicted a significant legacy effect on GPP and LE fluxes (Fig

6). This is consistent with the limited legacy effects predicted by Sabot et al. (2022b) where, despite significant canopy PLC,

simulated hydraulic legacy effects were small and short-lived (2 months). In contrast, the legacy impairment model proposed520

by Paschalis et al. (2024) predicted a systematic reduction in GPP post drought and all three legacy models described by Yao

et al. (2025) predict systematic reductions in fluxes following the drought period. The simplest explanation for the apparent

discrepancy, is that the 2022 drought we examined was less extreme than the summer events simulated by those studies.

Notably, while our study found consistency between the impairment model predictions and the LE fluxes, Paschalis et al.

(2024) found that the observed GPP was better simulated by their non-legacy model. Yao et al. (2025) found a more mixed525

picture, for the 40 days immediately following the drought, transpiration was best simulated by non-legacy models while GPP

was better predicted by two of their three legacy impairment models. Notably the magnitude of drought legacy is sensitive not

only to the drought itself but the impacted species and weather conditions following the drought (Jiao et al., 2021). Studies

on drought legacy impact on GPP fluxes have found a mix of positive, negative and no significant legacy effects (Yao et al.,

2025). These studies, alongside ours, highlight the complexity of evaluating approaches designed to capture drought legacy530

effects when analysis is limited to ecosystem-scale fluxes alone. Resolving drought legacy effects therefore requires concurrent

measurements of plant water status, hydraulic function (including embolism or loss of conductivity), and structural turnover.

This gap may be partially addressed using optical cavitation imaging approaches (Brodribb et al., 2016, 2017) , applied to leaf

petioles or minor veins, which can provide high-resolution, time-resolved observations of embolism formation and spread.
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5.2.1 Choice of hydraulic cost function535

When incorporating xylem impairment into the stomatal optimisation framework we chose to calculate the hydraulic cost

function (equation 3) using the unimpaired vulnerability curve. Preliminary testing indicated that this modelling decision

substantially alters post-drought stomatal behaviour. Specifically, updating the hydraulic cost function to reflect the impaired

vulnerability curve causes trees to tolerate greater hydraulic risk and maintain higher stomatal conductance following drought.

In contrast, calculating the hydraulic cost function from the unimpaired vulnerability curve promotes more conservative stom-540

atal regulation and lower hydraulic risk. Consequently, the magnitude of simulated drought legacy effects is sensitive not only

to the representation of hydraulic impairment itself, but also to how impairment is coupled to stomatal regulation. Further work

is required to determine which assumption is most consistent with observed post-drought stomatal behaviour.

By adopting the unimpaired vulnerability curve in the cost function, we implicitly assume that the stomata respond solely

to leaf water content (proxied by ψl in stomatal optimisation models) and are not directly sensitive to the degree of hydraulic545

impairment elsewhere in the hydraulic pathway. Under this interpretation, cumulative xylem damage influences stomatal regu-

lation indirectly through its effects on water transport and leaf water content, rather than through an explicit impairment signal.

This assumption is consistent with the view that stomata respond primarily to local hydraulic status rather than directly to

whole-plant hydraulic dysfunction.

5.2.2 Mechanisms of xylem recovery550

Our tested modeling approach focuses on defining legacy in the year post a specific event. In the long-term, the incorporation

of xylem impairment into LSMs is done with the goal of producing more robust, operational forecasts of drought impacts,

as one summer extreme blends into the next due to a changing climate. To achieve this aim, any approach will need to be

extended to predict long-term xylem recovery. Recovery of hydraulic conductance following embolism has been hypothesised

to occur through either embolism refilling (Klein et al., 2018) or the production of new conductive tissue through xylem growth555

(Brodribb et al., 2010; Trugman et al., 2018). However, the prevalence of embolism refilling under field conditions remains

debated, and recent work has argued that long-term recovery of hydraulic function is more commonly achieved through xylem

replacement rather than repair of embolised conduits (Deans et al., 2026). Mackay et al. (2015) represent recovery through a

refilling-like process by resetting the impaired vulnerability curve according to the unimpaired conductance associated with

the predawn water potential each day. As discussed by Mackay et al. (2015) a better approach than refilling at a given time560

each day would be to model refilling when a set of appropriate conditions are met, for example applying refilling when water

potential exceeds a given threshold. In addition to when refilling occurs any model would also need to consider the rate at

which xylem refill.

Over a longer timescale, the continued growth of new xylem by a tree will restore (and potentially increase) its hydraulic

conductivity. In dynamic vegetation models that explicitly simulate stem wood growth and partitioning between sapwood and565

hard wood, impairment schemes could be readily incorporated. However, this is not typically the case in many LSMs, including

JULES. Paschalis et al. (2024) model how the growth of xylem impact hydraulic recovery by separately tracking the level of
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impairment of groups of xylem grown at different times (xylem grown before a drought will be more impaired than those grown

after). The conductivity of the tree is calculated by treating the different age groups of xylem in parallel. This segmentation

of xylem by date of growth is better able to capture the nuanced impact of differing historic drought exposure and changes in570

xylem growth rate compared to simply (partially) restoring the impaired vulnerability curve. The model could also be extended

to include the influence of changes in xylem structure (Oberleitner et al., 2022, e.g. reduced diameter) on conductance and

hydraulic vulnerability in response to drought stress.

Partial hydraulic recovery immediately following reduced hydraulic stress is present in several impairment models (Mackay

et al., 2015; Lu et al., 2020; Yao et al., 2025), including our kmax-impaired model. These approaches arguably lack theory575

(or a solid data underpinning) about how and to what extent recovery is achievable Insight into potential mechanisms for

instantaneous partial recovery of hydraulic conductance post drought is necessary to build more realistic hydraulic legacy

models.

5.3 Future directions

While this work has sought to improve how the JULES LSM simulates stomatal dynamics and legacy damage to hydraulic580

transportation, trees have evolved additional strategies to avoid hydraulic failure under drought stress. For example, a tree’s

internal water storage (capacitance) helps maintain stable internal water potentials, buffering stomatal response to atmospheric

moisture stress, and potentially delaying the onset of hydraulic impairment. Currently, JULES does not represent this process,

highlighting an important avenue for model improvement.

During drought, some trees shed their leaves to reduce water loss and lower hydraulic vulnerability. Using a stomatal op-585

timisation model, Sabot et al. (2022b) showed that leaf shedding, suppressed foliage growth or a reducing crown size over

time, can act as a strategy to mitigate drought risk in a Eucalyptus woodland in Australia. LSMs, including JULES, incorporate

parametrisation to capture drought-induced deciduousness (not enabled in this study); however, the thresholds triggering this

process lack a strong theoretical or empirical support, sometimes resulting in unrealistic behaviour (De Kauwe et al., 2017).

6 Conclusion590

We introduced a stomatal optimisation scheme and two representations of drought-induced hydraulic impairment into the

JULES LSM and assessed their effects on ecosystem carbon and water fluxes following the 2022 UK summer drought and

under more severe future drought scenarios. The stomatal optimisation scheme improved simulations of GPP and LE relative

to the standard JULES configuration (RMSE values for predicted GPP improved from 4.15 to 2.21 gC m−2 d−1 during the

summer, table 1), while the hydraulic impairment schemes enabled the representation of drought legacy effects arising from595

persistent reductions in xylem conductance. Although both hydraulic schemes predicted sustained losses of hydraulic conduc-

tance following drought (reaching 9− 32% following the 2022 drought and 13− 56% under the extreme drought scenario),

the resulting legacy effects on GPP and LE were generally modest. The magnitude and persistence of these effects depended

on assumptions regarding hydraulic impairment and recovery, highlighting a key source of uncertainty in projections of for-
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est drought responses. Under more severe drought scenarios, hydraulic dysfunction increased substantially and differences600

between impairment formulations became more pronounced, but effects on ecosystem carbon uptake and evapotranspiration

remained comparatively limited. Overall, our results suggest that the 2022 drought caused only modest long-term impacts on

carbon and water fluxes at the Alice Holt oak forest, while demonstrating the feasibility of representing hydraulic legacy pro-

cesses within a LSM. More broadly, our findings highlight the difficulty of evaluating hydraulic legacy schemes using ecosys-

tem flux measurements alone. Robust assessment of modelled hydraulic impairment and recovery will require complementary605

observations of plant water status, hydraulic conductivity, embolism occurrence, and growth across the soil-plant-atmosphere

continuum.

Code availability. The model source code can be accessed freely after registration at https://jules-lsm.github.io/access_req/JULES_access.

html. In this paper we used the JULES branch found at: https://code.metoffice.gov.uk/svn/jules/main/branches/dev/jakebaguley/Xylem_

imparement. All analysis code is freely available from: https://github.com/CaleBaguley/UK-Ham_stom_opt_work.610

Appendix A Leaf area index phenology construction

The spacial and temporal resolutions of the MODIS data set are 500m by 500m and four days respectively. We first select those

LAI observations flagged within the MODIS catalogue as good quality and without significant cloud cover. We calculate the

daily average LAI of pixels within 500m of the Alice Holt site (51°10’34.8"N 0°50’25.5"W). The full time series is converted

to a daily phenology by averaging LAI for each day of the year, across all years. Any days without observations at this stage615

are filled using liner interpolation. Finally, a 100-day moving average is applied to smooth the phenology with the smoothing

window wrapping around the start and end of the year to avoid a discontinuity.

Appendix B Vulnerability curve parameter calculation from P50 and P88

For the cumulative Weibull distribution used by the Profit max model, the shape and scale parameters, c and b respectivly, can

be calculated as follows:620

c=
ln
(

ln(0.5)
ln(0.12)

)

ln
(
P50

P88

) =
−1.118

ln
(
P50

P88

) (B1)

b=
P50

(− ln(0.5))
1/c

=
P88

(− ln(0.12))
1/c

(B2)

For the hydraulic vulnerability curve used by the SOX model, the scale parameter b is equal to the P50 and the shape

parameter c can be calculated as follows:
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c=
ln
(

1
0.12 − 1

)

ln(P88)− ln(P50)
=

1.992

ln(P88)− ln(P50)
(B3)625

Appendix C Newton Rapshon method for estimating leaf water potential from transpiration

For both hydraulic vulnerability curves there is no analytic solution for calculating the leaf water potential ψl from the tran-

spiration rate E and root zone water potential ψr. Instead, we approximate ψl using a Newton-Raphson method. In the case of

the leaf water potential, ψl, the update step for the Newton Raphson method takes the form;

ψl n+1 = ψl n−
E(ψl n)−Etarget

dE
dψl

|ψl=ψl n
(C1)630

where Etarget id the transpiration rate calculated from the stomatal conductance and vapour pressure deficit, E(ψl n) is given

by intergrating over the vulnerability curve;

E(ψl) =

ψl∫

ψr

k(ψ)dψ (C2)

and dE
dψl

is given by the hydraulic conductance at the current leaf water potential, k(ψl n).

For the cumulative weibull distribution, used by the Profit max model, the integral over the vulnerability curve takes the635

form;

E(ψl) = kmax

[
γ

(
1

c
,

(
ψ

b

)c)]ψ=ψl

ψ=ψr

(C3)

where γ is the lower incomplete gamma function.

For the hydraulic vulnerability curve used by the SOX model, the integral over the vulnerability curve takes the form;

E(ψl) = kmax

[
ψ 2F1

(
1,

1

c
;1+

1

c
;−

(
ψ

b

)c)]ψ=ψl

ψ=ψr

(C4)640

where 2F1 is the Gaussian Hypergeometric series.

We note that for both hydraulic vulnerability curves, the initial guess for the leaf water potential is set to the root zone water

potential. We chose to iterate a total of three times, as opposed to iterating until some convergence criteria, as this was found

to be sufficiently accurate for our purposes and reduces computational cost of repeatedly checking convergence for all 1000

sample points per pft and tile.645
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Appendix D kmax-impaired updated scale and shape parameters

The equations for calculating the scale and shape parameters from the new impaired k+max and unimpaired vulnerability

curve for the cumulative Weibull distribution are listed below.

The new scale parameter, b′, is given by,

b′ = b

(
1− ln

k′max
kmax

) 1
c

(D1)650

where, b is the original scale parameter, k′max and kmax are the new impaired and unimpaired maximum conductance respec-

tively and c is the original shape parameter.

The new shape parameter, c′, is given by,

c′ = c

(
b′

c′

)c
(D2)

Appendix E Extending from a thin slice to the full trunk for the whole trunk impairment model.655

As described in the main text, the ratio of the imparied transpiration that under the historic extreme leaf and root water potentials

is equal to the ratio of the current change in water potential to the historic change in water potential for a thin slice of the trunk

at any height.

E

Ehistoric
=

∆ψ(h)

∆ψhistoric(h)
(E1)

where the height dependence of the change in water potential has been made explicit. To extend this from a thin slice consider660

two thin slices at different heights, h1 and h2. We can write the ratio of the combined current difference in water potential at

both heights to the combined historic difference in water potential at both heights as follows;

∆ψ(h1)+∆ψ(h2)

∆ψhistoric(h1)+∆ψhistoric(h2)
(E2)

Using the height independence of the ratio of the current change in water potential to the historic change in water potential

for a thin slice, we can rewrite this as follows;665

∆ψ(h1)+∆ψ(h2)

∆ψhistoric(h1)+∆ψhistoric(h2)
=

∆ψ(h1)+∆ψ(h1)
∆ψhistoric(h2)
∆ψhistoric(h1)

∆ψhistoric(h1)+∆ψhistoric(h1)
∆ψ(h2)
∆ψ(h1)

(E3)

Rearranging this equation gives the following;
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(
∆ψ(h1)+∆ψ(h2)

∆ψhistoric(h1)+∆ψhistoric(h2)

)2

=

(
∆ψ(h1)

∆ψhistoric(h1)

)2

(E4)

Taking the square root of both sides we can see that the ratio of the combined current change in water potential to the

combined historic change in water potential for two thin slices is equal to the ratio of the current change in water potential to670

the historic change in water potential for a single thin slice;

∆ψ(h1)+∆ψ(h2)

∆ψhistoric(h1)+∆ψhistoric(h2)
=

∆ψ(h1)

∆ψhistoric(h1)
=

∆ψ(h2)

∆ψhistoric(h2)
(E5)

Given this works for two thin slices we can extend this to any number of thin slices, including the full trunk such that;

E

Ehistoric
=

ψl−ψr
ψl historic−ψr historic

(E6)

By rearranging this equation we get the equation for the current impaired transpiration, E, in the main text.675

Appendix F Whole trunk impairment update to Newton Raphson method.

When solving for the leaf water potential first we check if the new rootzone water potential is less than the historic rootzone

water potental, we update the historic rootzone water potential to the current rootzone water potential. For the leaf water

potential there are two possible situations, ether the current leaf water potnetial is less negative than the historic leaf water

potential, or the current leaf water potential is grater than the historic leaf water potential. Since we don’t know which of these680

situations is correct a priori, we need to solve both cases and then check which is correct.

For the first case when the current leaf water potential is grater than the historic leaf water potential, its value is simply given

by;

ψl = ψr +
Etarget
Ehistoric

(ψl historic−ψr historic) (F1)

where Etarget is the transpiration rate calculated from the stomatal conductance and vapour pressure deficit, and Ehistoric is685

the transpiration rate calculated under the historic extreme leaf and root water potentials.

Ehistoric =

ψl historic∫

ψr historic

k(ψ)dψ (F2)

If the value for ψl calculated in this way is grater than the historic minimum leaf water potential ψl historic then this is the

correct solution, otherwise we need to use the Newton Raphson method to solve for ψl as described in appendix C, but with

the following change to the transpiration equation;690
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E(ψl) =
ψl−ψr

ψl−ψr historic

ψl∫

ψr historic

k(ψ)dψ (F3)

Where the historic leaf water potential has been replaced by the current leaf water potential as it is the new extreme.

Appendix G kmax impairment model parameter sensitivity investigation

To test the sensitivity of the kmax impairment model to the parameters wl, wkstem and ∆kmax we ran a series of 2022

simulations, systematically varying the three parameters. The parameters wl, wkstem and ∆kmax were varied over the ranges695

0 to 1, 0 to 0.1, and 0 to 0.1 respectively. We limit wkstem to the range 0 to 0.1 to avoid significant conductance loss under

normal (non-drought) conditions and ∆kmax to the range 0 to 0.1 as beyond 0.1 it prevents any legacy PLC during 2022.

For each combination of the three model parameters we simulated a single 2022 drought year, recording the maximum PLC

reached during the year and the PLC at the end of 2022. To investigate the sensitivity of each individual parameter we calculate

the median of the maximum simulated PLC in 2022, and the simulated PLC post 2022, averaging across the two non-varying700

parameters (figure A2).

Results of our sensitivity analysis show, increasingwl leads to an increased PLC due to the conductance in the leaf being less

than that of the roots resulting in a more negative kstem. Increasing wkstem leads to no apparent increase in PLC over the small

range simulated, beyond this range we expect increasing wkstem to increase the maximum PLC reached (the higher wkstem
the faster impairment occurs). When wkstem is set to zero no impairment occurs irrespective of the other parameters. Finally,705

increasing ∆kmax leads to a reduction in simulated PLC the system being insufficiently stressed for the loss of conductance to

exceed larger thresholds.

Excluding simulations where wkstem = 0 we find a median Maximum PLC reached of 10% and median post 2022 PLC of

0.7%. Both occurred when wl = 0.5, wkstem = 0.04, and ∆kmax = 0.04kmax.
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Figure 1. Observed maximum daily temperature (a), cumulative rainfall (b), monthly Standardised Precipitation-Evapotranspiration Index

(c, Vicente-Serrano et al., 2010) and cumulative water deficit (d) for the year 2022 (red) compared to the average over the period 1999 to

2019 (black) The shaded grey region indicates one standard deviation from the average for the period 1999 to 2019.
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Figure 2. Schematic depicting the whole trunk impairment model Panel a depicts water potential along the height of the trunk under the

historic extreme (minimum) water potential (blue) and the impaired water potential (orange) The unimpaired vulnerability curve (solid grey

line) and impaired vulnerability curve (dashed grey line) depict conductance at four different heights along the trunk Panel b depicts the

historic extreme (minimum) water potential conductance curve (blue) and the impaired curve (orange) for the leaf and root water potentials

shown in the left panel The unimpaired vulnerability curve is shown as a solid grey line The impaired vulnerability curve at four different

heights is shown by the dashed grey line.
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Figure 3. Predicted grose Primary Productivity (a), and latent energy flux (b) for an average year (2011 to 2017, inclusive) and the 2022

drought year Predictions for the CTRL, Profit-Max, kmax impairment and whole trunk impairment models, are shown in blue, red, purple

and orange, with observed GPP and Latent heat in black The Profit-Max (red) and kmax-impaired (purple) models tend to be obscured by

the whole trunk impairment model (orange) Shaded regions indicate one standard deviation across the ensemble Panel c shows the fractional

soil moisture content for the CTRL model as a solid blue line Panel c also shows mid day leaf and root zone water potentials as a solid and

dashed line respectively for models other than the CTRL model.
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Figure 4. Volumetric soil water content measured at multiple depths (5cm, 10cm, 20cm, 50cm and 100cm from top down). Observations

of volumetric soil moisture content using CS616 sensors (Campbell Scientific, Shepshed, UK) and from the Cosmic-ray soil moisture

monitoring network UK data base (Cooper et al., 2021) are plotted as a solid dark and light grey line respectively. The dotted lines show

observed volumetric soil water content during an average year. Predicted volumetric soil water content by the Ctrl and profit-max model are

plotted in blue and red respectivly.
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Figure 5. Predicted percentage loss of conductance in the leaf by the Profit-Max (red), kmax-impaired (purple) and whole trunk impairment

(orange) models during an average year and the 2022 drought year Shaded regions indicate one standard deviation across the ensemble of

average years.
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Figure 6. Percentage difference in GPP (a) and Latent energy (d) for the 2022 drought year compared to an average year. Percentage

difference in GPP (b) and Latent energy (e) for 2023 compared to 2023 following another average year. Percentage difference in GPP (c) and

Latent energy (f) for an average year following 2022 compared to an average year following another average year. Zero percentage difference

is indicated by a dashed black line.
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Figure 7. Percentage loss of conductivity at the ψl predicted by the Profit-Max (red), kmax-impaired (purple) and whole trunk impairment

(orange) models during the 2022 drought year, 2022 with half rainfall and no spring rainfall, and 2022 with a quarter rainfall and no spring

rainfall respectivly
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Figure 8. Predicted grose Primary Productivity (a), and latent energy flux (b) for the 2022 drought year, 2022 with half rainfall and no spring

rainfall, and 2022 with a quarter rainfall and no spring rainfall The CTRL, Profit-Max, kmax impairment and whole trunk impairment model

predictions are shown in blue, red, purple and orange respectively Panel c shows the fractional soil moisture content for the CTRL model as

a solid blue line Panel c also shows midday leaf and root zone water potentials as a solid and dashed line respectively for models other than

the CTRL model As in Fig. 3, the Profit-Max (red) and $k_{max} impairment (purple) model predictions are often obsscured by the whole

trunk impairment model prediction.
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Figure 9. Predicted percentage difference in GPP (a) and leatent heat (d) between each drought scenario and an average year Predicted

difference in GPP (b) and LE (e) between 2023 preceded by each drought scenario and 2023 preceded by an average year. Predicted

difference in GPP (c) and LE (f) between an average year preceded by each drought scenario and an average year preceded by another

average year. For each model the three drought scenarios are, left to right, the 2022 drought year, 2022 with half rainfall and no spring

rainfall, and 2022 with a quarter rainfall and no spring rainfall.
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Figure A1. kmax-impaired model schematic. The new impaired hydraulic vulnerability curve (solid orange line) is shown compared to the

unimpaired vulnerability curve (solid grey line) and the new maximum conductance (dashed grey line).
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Figure A2. Simulated maximum PLC reached during 2022 (subplots a, b, and c) and PLC at the end of 2022 (subplots d, e, and f) as a

function of each kmax impairment model parameter, wl (subplots a, and d), wkstem (subplots b, and e) and ∆kmax (subplots c, and f). The

median PLC (solid black line) and one standard deviation (shaded grey area) were calculated for each parameter by averaging across the two

non-varying parameters.
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