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Abstract

Drought conditions caused by soil moisture stress and/or high vapour pressure deficit pose a challenge to many terrestrial

ecosystem models (TEMs). The Canadian LAnd Surface Scheme Including biogeochemical Cycles (CLASSIC) employs an

empirical approach to link soil moisture stress with stomatal conductance. Such soil moisture-based empirical approaches

typically perform poorly during drought. Here, we implemented an explicit plant hydraulics parameterization, i.e., Stomatal

Optimization based on Xylem hydraulics (SOX), in CLASSIC, thereby connecting the soil-plant-atmosphere continuum through

plant hydraulic traits. Performance of the resulting CLASSIC$ {SOX}$ was evaluated against carbon and water fluxes measured

with eddy covariance at eight boreal forest flux tower sites in North America. Compared to CLASSIC, CLASSIC$ {SOX}$
better simulated gross primary productivity (GPP) across all sites, i.e., coefficient of determination (R$ˆ{2}$) increased (0.51

to 0.59), root mean square error (RMSE) and bias decreased (1.85 to 1.54 g C m$ˆ{-2}$ d$ˆ{-1}$) and (-0.99 to -0.58 g C

m$ˆ{-2}$ d$ˆ{-1}$), respectively. Under drought conditions, identified using the Palmer drought severity index, GPP simulated

with CLASSIC$ {SOX}$ improved compared to CLASSIC, i.e., R$ˆ{2}$ increased (0.51 to 0.60), and RMSE and bias decreased

(1.79 to 1.46 g C m$ˆ{-2}$ d$ˆ{-1}$) and (-0.97 to -0.53 g C m$ˆ{-2}$ d$ˆ{-1}$), respectively. In contrast, CLASSIC$ {SOX}$
simulated evapotranspiration worsened, i.e., R$ˆ{2}$ decreased (0.61 to 0.42), RMSE increased (0.54 to 0.62 mm d$ˆ{-1}$),

and bias changed direction (0.09 to -0.09 mm d$ˆ{-1}$). As evaporation is a highly parameterized process in CLASSIC, it

likely needs to be re-parameterized to account for the SOX transpiration behaviour.
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3Département des Sciences de l’Environnement, Université du Québec à Trois-Rivières (UQTR),10
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Abstract24

Drought conditions caused by soil moisture stress and/or high vapour pressure deficit25

pose a challenge to many terrestrial ecosystem models (TEMs). The Canadian LAnd Sur-26

face Scheme Including biogeochemical Cycles (CLASSIC) employs an empirical approach27

to link soil moisture stress with stomatal conductance. Such soil moisture-based empir-28

ical approaches typically perform poorly during drought. Here, we implemented an ex-29

plicit plant hydraulics parameterization, i.e., Stomatal Optimization based on Xylem hy-30

draulics (SOX), in CLASSIC, thereby connecting the soil-plant-atmosphere continuum31

through plant hydraulic traits. Performance of the resulting CLASSICSOX was evalu-32

ated against carbon and water fluxes measured with eddy covariance at eight boreal for-33

est flux tower sites in North America. Compared to CLASSIC, CLASSICSOX better sim-34

ulated gross primary productivity (GPP) across all sites, i.e., coefficient of determina-35

tion (R2) increased (0.51 to 0.59), root mean square error (RMSE) and bias decreased36

(1.85 to 1.54 g C m−2 d−1) and (-0.99 to -0.58 g C m−2 d−1), respectively. Under drought37

conditions, identified using the Palmer drought severity index, GPP simulated with CLASSICSOX38

improved compared to CLASSIC, i.e., R2 increased (0.51 to 0.60), and RMSE and bias39

decreased (1.79 to 1.46 g C m−2 d−1) and (-0.97 to -0.53 g C m−2 d−1), respectively. In40

contrast, CLASSICSOX simulated evapotranspiration worsened, i.e., R2 decreased (0.6141

to 0.42), RMSE increased (0.54 to 0.62 mm d−1), and bias changed direction (0.09 to42

-0.09 mm d−1). As evaporation is a highly parameterized process in CLASSIC, it likely43

needs to be re-parameterized to account for the SOX transpiration behaviour.44

Plain Language Summary45

Most terrestrial ecosystem models (TEMs) perform poorly during drought condi-46

tions in terms of simulating gross primary production (GPP), which is linked to their47

soil moisture stress (SMS) functions. Soil moisture stress functions implemented in TEMs48

empirically relate the effect of soil water stress on stomatal conductance. An alternative49

to SMS function is a plant hydraulics parameterization (e.g. Stomatal optimization based50

on Xylem hydraulics - SOX), which connects the soil-plant-atmosphere in a single con-51

tinuum using plant hydraulic traits. In this study, we implemented SOX in the Cana-52

dian Land Surface Scheme Including biogeochemical Cycles (CLASSIC) TEM replac-53

ing its SMS function. The original CLASSIC and CLASSIC with the new plant hydraulics54

parameterization (CLASSICSOX) were evaluated at eight boreal forest flux tower sites55

in North America. CLASSICSOX improved GPP compared to CLASSIC, especially dur-56

ing drought conditions. However, CLASSICSOX needs further refinement for evapotran-57

spiration by re-parameterizing the evaporation scheme corresponding to SOX transpi-58

ration. Overall, plant hydraulics parameterization improved simulated GPP while us-59

ing fewer parameters and increased ecological realism compared to the SMS function.60

Keywords: Terrestrial ecosystem model, plant hydraulics, drought conditions, bo-61

real forest, carbon and water fluxes, soil moisture stress62

1 Introduction63

Intensification of the hydrological cycle and the projected increase in the frequency64

and severity of extreme events such as droughts challenge our ability to predict land-atmosphere65

interactions (Rahmstorf & Coumou, 2011; He et al., 2017; Anderegg et al., 2019; Miralles66

et al., 2019). Most TEMs, including the Canadian Land Surface Scheme Including bio-67

geochemical Cycles (CLASSIC; Melton et al. (2020)), use an empirical soil moisture stress68

(SMS) function in their optimality-based photosynthesis scheme to constrain carbon as-69

similation through photosynthesis (A) and stomatal conductance (gs) (e.g., Cox et al.,70

1998; Medlyn et al., 2016; Best et al., 2011; Clark et al., 2011; Ronda et al., 2001). How-71

ever, SMS functions have only limited theoretical support (Medlyn et al., 2016; Anderegg72

& Venturas, 2020), and tend to underestimate gross primary production (GPP) during73
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natural and experimental drought conditions (Ukkola et al., 2016; Eller et al., 2018; Trug-74

man et al., 2018). This limited skill has led to a growing demand for increased ecolog-75

ical realism in TEMs to improve model simulations under drought conditions, often ad-76

dressed by replacing SMS functions with explicit representations of plant hydraulics (Kennedy77

et al., 2019; Eller et al., 2020; Sabot et al., 2020; Green et al., 2024; Paschalis et al., 2024).78

Stomatal conductance quantifies stomatal opening and thus is a key parameter that con-79

nects the terrestrial carbon and water cycles (Sellers et al., 1996; Cox et al., 1999). Wa-80

ter moves from soils to plants through the rhizosphere and the plant hydraulic system,81

which is composed primarily of xylem tracheary elements (Williams et al., 1996). Once82

the water reaches the leaves, it enters the atmosphere through the stomata by evapo-83

ration, thus connecting the soil-plant-atmosphere continuum (Williams et al., 1996). Stom-84

atal conductance responds dynamically to soil moisture, atmospheric CO2 concentration85

(ca), and meteorological conditions, allowing plants to regulate carbon gain and water86

loss over a wide range of environmental conditions (Grantz, 1990; Field et al., 1995; Buck-87

ley, 2019). Several plant photosynthetic and hydraulic traits, such as xylem hydraulic88

conductance and vulnerability to embolism, are coupled with stomatal regulation (Ethier89

et al., 2006; Brodribb & Jordan, 2008; Mart́ınez-Vilalta et al., 2014; Martin-StPaul et90

al., 2017).91

In addition to implementing soil moisture stress through SMS functions, optimality-based92

photosynthesis schemes can simulate stomatal conductance response to environmental93

conditions without explicitly including plant hydraulics (Cowan & Farquhar, 1977; Le-94

uning, 1995; Medlyn et al., 2011). Optimality-based photosynthesis schemes simulate stom-95

atal conductance response to the environment by maximizing an objective function (Dewar96

et al., 2009; Prentice et al., 2014; Buckley, 2017; Franklin et al., 2020). Cowan and Far-97

quhar (hereafter CF) (Cowan & Farquhar, 1977) introduced an approach for optimiz-98

ing the stomatal conductance response, which has been adopted in many TEMs (Medlyn99

et al., 2001, 2011; Melton et al., 2020). The objective function (A-λT) in the CF approach100

maximizes carbon gain and postulates that plants try to maintain a constant marginal101

water use efficiency, λ. The CF approach effectively simulates the stomatal conductance102

response to meteorological conditions based upon available water (Farquhar et al., 1980)103

and has laid the foundation for several widely used photosynthesis schemes (Jacobs, 1994;104

Leuning, 1995; Medlyn et al., 2011). However, CF simulates an increase in gs under an105

increase in ca, a response contrary to most observations (Mott, 1988; Medlyn et al., 2001).106

Furthermore, λ in the CF approach is not linked with plant hydraulic traits, which form107

the basis for how plants transport water from their roots to stomata (Buckley, 2017).108

Stomatal conductance can be modelled using photosynthesis schemes that consider both109

structural and functional plant traits within physiological constraints (Dewar, 2010; Sabot110

et al., 2022). Various photosynthesis schemes based on plant hydraulics have been pro-111

posed in the last decade to overcome the limitations of empirical functions and optimality-112

based photosynthesis schemes by directly accounting for the loss of capacity to trans-113

port water from soil to leaf during drought conditions (Mencuccini, Manzoni, & Christof-114

fersen, 2019; Sabot et al., 2022). Hydraulics-based photosynthesis schemes use plant hy-115

draulic traits to produce realistic stomatal conductance response to environmental con-116

ditions (Choat et al., 2012; Manzoni, Vico, Katul, et al., 2013; Lin et al., 2015; Sperry117

et al., 2017; Eller et al., 2018; Mencuccini, Manzoni, & Christoffersen, 2019; Wang et al.,118

2019; Eller et al., 2020; Sabot et al., 2020). One example of a hydraulics-based photo-119

synthesis scheme is the Stomatal Optimization based on Xylem hydraulics (SOX; Eller120

et al. (2018)). In brief, SOX is based on the Sperry et al. (2017) approach but incorpo-121

rates a numerical routine similar to the PGEN model (a leaf-scale model of photosyn-122

thesis, respiration, transpiration, stomatal conductance, and energy balance; Friend, 1995).123

The SOX approach uses three xylem hydraulic parameters to optimize the product of124

A and the cost associated with the xylem hydraulic conductance loss, which is represented125

as a function of water potential (Ψ) (Eller et al., 2018).126

Limited research has been conducted to adequately simulate gs using plant hydraulics127

in the boreal biome due to cold winters, summer droughts, and scarcity of in-situ plant128
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hydraulic observations (Manzoni, Vico, Porporato, & Katul, 2013; Lin et al., 2015; Sabot129

et al., 2020; Lambert et al., 2022). In this study, we integrated SOX with CLASSIC to130

simulate gs using plant hydraulics and stomatal optimization, resulting in CLASSICSOX .131

We evaluated both CLASSIC and CLASSICSOX at eight boreal forest flux tower sites132

in North America (Qu, Roy, Melton, Black, et al., 2023). By enhancing the ecological133

realism in CLASSICSOX , our goal was to improve the performance of CLASSIC regard-134

ing daily evapotranspiration (ET) and GPP. To meet our goal, our two objectives were135

to:136

1. examine the response of gs to environmental conditions in SOX compared to the137

SMS function used in CLASSIC and138

2. evaluate the performance of CLASSICSOX compared to CLASSIC against observation-139

based estimates of daily GPP and ET with a focus on drought conditions iden-140

tified with the Palmer drought severity index (Palmer, 1965; Wells et al., 2004).141

2 Materials and Methods142

2.1 The Canadian Land Surface Scheme Including biogeochemical Cy-143

cles (CLASSIC)144

CLASSIC is an open-source community model and successor to the Canadian Land145

Surface Scheme (CLASS) and the Canadian Terrestrial Ecosystem Model (CTEM) (Melton146

et al., 2020; Seiler et al., 2021). CLASSIC uses a photosynthesis scheme derived from147

Collatz et al. (1991, 1992) for C3 and C4 plants, calculating the maximum carbon as-148

similation rate allowed by light, RuBisCO, and electron transport capacity (Melton &149

Arora, 2016). The maximum catalytic capacity of RuBisCO (Vm, mol CO2 m−2 s−1)150

is calculated as:151

Vm =
Vmaxf25(2.0)Sroot(θ)× 10−6

[1 + e0.3(Tc−Thigh)][1 + e0.3(Tlow−Tc)]
(1)152

where Tc (◦C) is the canopy temperature, Tlow (◦C) and Thigh (◦C) are the plant func-153

tional type (PFT)-dependent lower and upper-temperature limits for photosynthesis, f25154

is the standard Q10 function at 25 ◦C, and Vmax is the PFT-dependent maximum rate155

of carboxylation by the RuBisCO enzyme (mol CO2 m−2 s−1). The constant 10−6 con-156

verts Vmax from units of µmol CO2 m−2 s−1 to mol CO2 m−2 s−1. The effect of soil mois-157

ture on carbon assimilation rate is introduced through a multiplier for Vm (Sroot(θ), which158

is given as:159

Sroot(θ) =

g∑
i=1

S(θi)ri (2)160

161

S(θi) = [1− [1− Φi]]
ϱ (3)162

where Sroot(θ) is calculated by weighting S(θi) with the fraction of roots (ri) in each soil163

layer, i, and ϱ is a PFT-specific sensitivity to soil moisture stress (Melton & Arora, 2016).164

Φi is the degree of soil saturation (wetness) and given as:165

Φi(θi) = max

[
0,min

(
1,

θi − θi,wilt

θi,field − θi,wilt

)]
(4)166

where θi is the volumetric soil moisture (m3 m−3) of the ith soil layer and θi,field and167

θi,wilt are the soil moisture at field capacity and wilting point, respectively.168

CLASSIC employs the approach of Leuning (1995) for photosynthesis-canopy conduc-169

tance coupling. Canopy conductance (gc, mol m−2 s−1) is calculated as a function of net170

photosynthesis rate (Gcanopy,net, mol CO2 m−2 s−1), as below:171

gc = m
Gcanopy,netPatm

(cs − Γ)

1

(1 + V PD/V PDo)
+ bLAI (5)172
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where m and b are fitting parameters. The value of m is: 9.0 (for needle-leaved trees),173

12.0 (for other C3 plants), and 6.0 (for C4 plants), and the value of b is 0.01 and 0.04174

for C3 and C4 plants, respectively. Surface atmospheric pressure is represented by Patm175

(Pa). VPD is vapour pressure deficit (kPa), and parameter VPDo is 2000 Pa for trees176

and 1500 Pa for crops and grasses. Γ is the CO2 compensation point (CO2 partial pres-177

sure where photosynthetic uptake equals the leaf respiratory losses), and LAI is leaf area178

index (m2 of leaf m−2 of ground). The CO2 partial pressure at the leaf surface, cs, is cal-179

culated as:180

cs = cap −
1.37Gcanopy.netPatm

gb
(6)181

where cap is CO2 atmospheric partial pressure (Pa) and gb is the aerodynamic conduc-182

tance (mol CO2 m−2 s−1). Intercellular CO2 concentration, ci (Pa), is calculated as:183

ci = cs −
1.65Gcanopy,netPatm

gc
(7)184

as the calculations of ci and Gcanopy,net depend on each other; the equations are solved185

iteratively for photosynthesis-canopy conductance coupling. The initial value of ci is the186

value from the previous time step or, lacking that, is taken as 0.7cap. For more details187

on CLASSIC configuration and parameter values, see Melton and Arora (2016) and Qu,188

Roy, Melton, Baltzer, et al. (2023).189

2.2 Stomatal Optimization based on Xylem hydraulics190

Over the last three decades, the ecological realism in various TEMs has been en-191

hanced through explicit plant hydraulics parameterizations (Williams et al., 1996; Hick-192

ler et al., 2006; Bonan et al., 2014; Kennedy et al., 2019; Eller et al., 2020; Sabot et al.,193

2022). Often, the motivation to implement an explicit plant hydraulics parameteriza-194

tion was to address the overestimation of drought impacts on GPP due to SMS func-195

tions (Eller et al., 2018, 2020). We considered four different plant hydraulics parame-196

terizations for inclusion in CLASSIC. Hickler et al. (2006) introduced plant hydraulics197

in the LPJ-DGVM model and used the hypothesis of maximizing conductance based on198

the xylem vulnerability curve (Tyree & Sperry, 1989; Tyree et al., 1994; Sperry et al.,199

1998). The LPJ-DGVM approach has six parameters from three plant structures (leaf,200

stem, root) and is of relatively high complexity. Bonan et al. (2014) implemented the201

soil-plant-atmosphere model with CLM4.5 (SPA; Williams et al. (1996, 2001)) as a pho-202

tosynthesis scheme based on optimized water use efficiency and constrained leaf water203

potential. This implies a strict isohydric behaviour (isohydric plants maintain constant204

leaf water potential during drought and non-drought conditions by controlling stomatal205

conductance and transpiration.) similar to the LPJ-DGVM approach of Hickler et al.206

(2006). The plant hydraulic stress (PHS) approach implemented in CLM5.0 (Kennedy207

et al., 2019) included vapour pressure deficit (VPD) in its water stress function, not con-208

sidered by Bonan et al. (2014). High VPD causes an increase in the water potential gra-209

dient between the soil and the atmosphere with consequences for stomatal conductance210

response. Due to the projected increase of VPD associated with global warming, it will211

be essential to represent VPD in plant hydraulics parameterizations for stomatal opti-212

mization (Seager et al., 2015; Ficklin & Novick, 2017). The PHS approach used plant213

hydraulics with soil moisture stress, which is a highly detailed parameterization in three214

plant structures (leaf, stem, and roots) and involves four parameters (Kennedy et al.,215

2019). Eller et al. (2018, 2020) introduced the SOX approach with numerical optimiza-216

tion and analytical approximation. The plant hydraulics parameterization introduced217

through SOX considers how both VPD and soil water potential regulate plant hydraulic218

conductance in a single compartment (Section 2.3). Sabot et al. (2022) compared sev-219

eral empirical and plant hydraulics parameterizations for photosynthesis using a single220

TEM. The SOX numerical approach has been identified as being among the most effec-221

tive plant hydraulics parameterizations during drought and non-drought conditions (Wang222

et al., 2020; Sabot et al., 2022).223
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We used three criteria to select an appropriate plant hydraulics parameterization for in-224

clusion in CLASSIC: 1) a small number of parameters to limit issues related to param-225

eter uncertainty and equifinality, 2) moderate complexity to match the general approach226

of CLASSIC, and 3) potential applicability across diverse landscapes (Kyker-Snowman227

et al., 2022). Based upon these criteria, we decided to integrate SOX with CLASSIC due228

to its relatively parsimonious parameterization compared to the SMS function in CLAS-229

SIC (Eller et al., 2018; Melton et al., 2020). In addition, SOX is of reasonable complex-230

ity and previous studies demonstrated its applicability in tropical and temperate biomes231

(Eller et al., 2018, 2020).232

2.3 CLASSIC with Stomatal Optimization based on Xylem hydraulics233

(CLASSICSOX)234

Calculation of gc, assimilation (A), and transpiration (T) through SOX requires235

five steps: 1) calculation of SOX parameters using wood density (WD; Text A1, A2), 2)236

calculation of A using ci values, 3) calculation of a cost function based on xylem hydraulic237

conductance loss (kcost) using equations 12, 13, and 14, 4) calculation of optimum ci us-238

ing A and kcost (equation 15), and 5) calculation of gc, and T using optimum ci and A.239

The SOX approach uses changes in xylem hydraulic conductance to find the optimal stom-240

atal conductance (gs, mol m−2 s−1) value for the current environmental conditions (Eller241

et al., 2018). The SOX approach calculates optimal gs by maximizing the product of car-242

bon assimilation (A, mol m−2 s−1 and (kcost) using a numerical optimization algorithm243

(Friend, 1995; Eller et al., 2018). The SOX approach can be used with any TEM that244

calculates A using ci (Pa) and meteorological conditions. Here, SOX is implemented into245

CLASSIC via its photosynthesis scheme. Stomatal conductance and transpiration (T,246

mol H2O m−2 s−1) are derived by using A, ci, ca (Pa), and VPD as:247

gs =
A

ca − ci
(8)248

249

T = 1.6gsV PD (9)250

where the value 1.6 represents the ratio between water vapour and CO2 diffusion in the251

air.252

Using Darcy’s Law, leaf water potential (Ψl, MPa) is calculated using T assuming steady-253

state conditions (without considering stored water in plants for T ):254

Ψl = Ψl,pd −
T

ksl
(10)255

where ksl is the xylem hydraulic conductance from soil to leaf (mol m−2 s−1 MPa−1),256

and Ψl,pd is the predawn leaf water potential (MPa) calculated using root water poten-257

tial (Ψr, MPa) reduced by the water potential gradient induced by canopy height (h, m):258

Ψl,pd = Ψr − hρg × 10−6 (11)259

where ρ is the density of water (1000 kg m−3), g is the acceleration due to gravity (9.8260

m s−2), and 10−6 is for unit conversion from Pa to MPa. Following a simple and param-261

eter parsimonious approach for SOX, we assumed root water potential (Ψr) is approx-262

imately equal to the soil water potential (Ψs, MPa) (Ψr ≈ Ψs).263

As Ψl and ksl depend on each other for their computation, thus a drought-induced re-264

duction in Ψl leads to a decrease in ksl, and vice-versa (equation 10; Sperry & Tyree,265

1988). The inverse polynomial function from Manzoni, Vico, Katul, et al. (2013) is used266

to represent ksl:267

ksl = ksl,max

[
1 +

(
Ψl,mid

Ψ50

)a]−1

(12)268

where the parameter Ψ50 is the water potential at 50 % loss of maximum hydraulic con-269

ductance (i.e., 0.5ksl,max), and a is the vulnerability curve parameter which controls the270

–6–
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shape of the hydraulic conductance loss curve with decreasing Ψl. The parameter a is271

calculated using Ψ50 following empirical relationship (Text A1, Christoffersen et al., 2016).272

In-situ observations of Ψ50 for boreal forests are scarce. Thus, WD (g cm−3) was used273

to calculate Ψ50 based on an empirical relationship (Text A1, Christoffersen et al., 2016).274

Wood density was also used to calculate ksl,max based on an empirical relationships (Text275

A2, Savage et al., 2010; Christoffersen et al., 2016). This approach decreases the num-276

ber of required parameters for SOX to only one (WD). CLASSICSOX uses ksl from the277

previous time-step to calculate the Ψl and determines ksl for the current time-step us-278

ing equations 10 to 12.279

Following Eller et al. (2018), we assume the gradual drop of water potential in plants280

using the middle value of the Ψl and Ψl,pd (Ψl,mid):281

Ψl,mid =
Ψl,pd +Ψl

2
(13)282

For the cost of stomatal opening (kcost), the ksl is calculated using equation 12 and nor-283

malized with the ksl,max:284

kcost =
ksl

ksl,max
(14)285

The SOX approach maximizes the product of A and kcost as a function of ci by evalu-286

ating it in the interval (0, ca) as used by others (Friend, 1995; Eller et al., 2018). For the287

maximum value of the product of A and kcost, the optimum ci (ci,opt) can be found at:288

∂(A.kcost)

∂(ci)
= 0 (15)289

ci,opt is then used to calculate optimum A, gs, T , and Ψl using the photosynthesis scheme290

(Collatz et al., 1991, 1992; Melton & Arora, 2016) and equations 8, 9, and 10.291

We calculated soil liquid fraction (between 0 to 1, unitless) to constrain gc, A, and RmL292

during freezing conditions.293

SLfrac =
θliq

θliq + θice
(16)294

295

gc = gc × SLfrac (17)296

297

A = A× SLfrac (18)298

299

RmL = RmL × SLfrac (19)300

For the implementation in CLASSIC, SOX then replaces the CLASSIC calculations found301

in equations 1 to 7 expressing SMS function (Sroot(θ)) and computes gc from plant hy-302

draulic traits and meteorological variables using equations 8 to 15 (Fig. 1).303

2.4 Parsimonious parametrization304

Our implementation of SOX in CLASSIC (CLASSICSOX) is a parameter parsimo-305

nious approach compared to the SMS function in the original version of CLASSIC. Three306

additional parameters are needed by SOX: Ψ50, ksl,max, and canopy height (h). CLAS-307

SIC updates h daily based upon growing conditions for the vegetation. Using empirical308

relationships, we calculated ksl,max from Ψ50 and WD (Savage et al., 2010; Christoffersen309

et al., 2016; Eller et al., 2018). Thus, the total parameters in CLASSICSOX was one (WD)310

compared to four in CLASSIC (ρ for PFT-specific sensitivity to soil moisture stress, equa-311

tion 3; m, b, and Vo for photosynthesis and canopy conductance coupling, equation 5).312

The fewer parameters in CLASSICSOX compared to CLASSIC can be advantageous for313

avoiding problems related to parameter uncertainty and equifinality.314

–7–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Figure 1. Equations and parameters used to calculate canopy conductance (gc) using a)

CLASSIC and b) CLASSICSOX . All symbols are defined in the model explanation sections 2.1

and 2.3 except air O2 concentration (Oa). In CLASSICSOX , the blue line shows a water channel

from soil to plants and then to the atmosphere using plant hydraulic traits and soil (Ψs) and leaf

water potential (Ψl).
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2.5 Boreal forest flux tower sites315

We used eddy covariance measurements from eight boreal forest flux tower sites316

with a total of 65 site years (ranging from 1994-2019) to evaluate fluxes simulated with317

CLASSIC and CLASSICSOX (Fig. S1, Table S1). Site characteristics, meteorological,318

and water and carbon flux data used for model parameterization, forcing and evaluation319

were obtained from a recently compiled boreal forest model benchmarking dataset for320

North America (Qu, Roy, Melton, Black, et al., 2023, See Table S1 for further details about321

the sites), respectively.322

Wood density data for all Canadian sites was obtained from the National Forest Inven-323

tory archives (NFI, accessed 08 25, 2022). For the three Alaskan sites (US-BZS, US-Prr,324

US-Uaf), the WD for black spruce is assumed to be the same as the Canadian boreal325

forest sites. For evergreen needle-leaf (ENF, black spruce) trees, the WD is 0.332 g cm−3
326

for all sites except CA-Qfo, where it is 0.444 g cm−3 due to higher aridity index (AI).327

The western boreal biome had a lower AI (i.e., drier) compared to the higher AI (i.e.,328

more humid) eastern boreal biome (Fig. S1; Zomer et al., 2022). For deciduous needle-329

leaf (DNF, tamarack) trees at CA-Obs, WD is 0.267 g cm−3. For other PFTs (evergreen330

broad-leaf shrubs (EBS), deciduous broad-leaf shrubs (DBS), and C3 grass (C3G)) at331

all sites, the plant hydraulic parameters were used following Eller et al. (2020).332

2.6 Experimental design333

Four experiments are conducted (Table 1), each with a different model configura-334

tion. Experiments 1 and 2 are stand-alone outside of CLASSIC, while experiments 3 and335

4 are based on CLASSIC. The experiments are: 1) CLASSIC’s SMS function and pho-336

tosynthesis scheme using constant meteorological conditions (Section 2.1, Table S2), 2)337

SOX approach using constant meteorological conditions (Section 2.3, Table S2), 3) CLAS-338

SIC (Section 2.1), and 4) CLASSIC with SOX implemented (CLASSICSOX , Section 2.3).339

Experiments 3 and 4 (Table 1) used the same initial conditions after spinning up the model340

using site-level meteorological forcing data for 200 years at each site.341

Table 1. Experimental Design. All four experiments used the same photosynthesis scheme

implemented in Canadian Land Surface Scheme Including biogeochemical Cycles (CLASSIC;

Collatz et al., 1991, 1992). Constant and observed meteorological conditions are used as forc-

ings in the model. SMS represents Soil Moisture Stress function and SOX represents Stomatal

Optimization based on Xylem hydraulics.

Experiments SMS SOX CLASSIC
model

constant
meteorology

observed
meteorology

1- SMS Yes No No Yes No
2- SOX No Yes No Yes No
3- CLASSIC Yes No Yes No Yes
4- CLASSICSOX No Yes Yes No Yes

2.7 Model evaluation342

We examined the response of gs in experiments 1 (SMS) and 2 (SOX) to constant343

meteorological conditions (Tc, VPD, incident photosynthetically active radiation mea-344

sured as photosynthetic photon flux density (IPAR, µmol m−2 s−1)), ca, and Ψs while345

varying the SOX parameters. The canopy conductance response to site-level meteoro-346

logical conditions, ca, and Ψs was also examined at all eight study sites for CLASSIC347

and CLASSICSOX . The results from experiments 3 and 4 (CLASSIC and CLASSICSOX ,348

respectively) were evaluated against daily net ecosystem exchange-derived GPP (here-349
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after NEE-derived GPP) and ET obtained from eddy covariance measurements. Coef-350

ficient of determination (R2), root mean square error (RMSE), and bias describe the model351

results by season (spring: March-April-May [MAM], summer: June-July-August [JJA],352

and autumn: September-October-November [SON]) and all seasons combined (All).353

The Palmer drought severity index (PDSI; Palmer, 1965; Wells et al., 2004) was used354

to identify drought conditions based on observed meteorological conditions at the flux355

tower sites (Fig. S2). The PDSI has seven categories with increasing water stress: wet356

periods (W; PDSI ≥ 0.50), normal conditions (N; 0.50 > PDSI > -0.50), incipient drought357

(A; -0.5 ≥ PDSI > -1.0), mild drought (B; -1.0 ≥ PDSI > -2.0), moderate drought (C;358

-2.0 ≥ PDSI > -3.0), severe drought (D; -3.0 ≥ PDSI > -4.0), and extreme drought (E;359

PDSI ≤ -4.0) (Wells et al., 2004). Two groups were created using the PDSI categories360

to plot and compare the results between drought (C, D, and E) and non-drought con-361

ditions (W, N, A, and B). Five sites (CA-Obs, CA-Man, CA-Qfo, US-BZS, US-Uaf) ex-362

perienced drought conditions during the available observational periods (Fig. S2). The363

results for drought and non-drought conditions were plotted and compared with statis-364

tics between outputs from CLASSIC and CLASSICSOX to evaluate the impact of re-365

placing SMS function by SOX during drought conditions.366

3 Results367

3.1 Experiments 1 (SMS) and 2 (SOX)368

Stomatal conductance response to changes in IPAR, ca, Tc, VPD, and Ψs for Ex-369

periment 1 (SMS) and Experiment 2 (SOX) with minimum, average, and maximum WD370

is shown in figure 2. SOX simulates increasing gs and decreasing Ψl with increasing IPAR371

(Fig. 2a, b). The response curves become more shallow as WD decreases (Fig. 2a, b).372

The slope of gs with respect to increasing IPAR for SOX is lower than the SMS function,373

which makes gs higher at low IPAR and slightly lower at high IPAR (Fig. 2a). SOX sim-374

ulates decreasing gs and increasing Ψl with increasing ca and WD, which can be corrob-375

orated by equation 8-10 (Fig. 2c, d). The SMS function simulates decreasing gs with in-376

creasing ca, similar to SOX curve of maximum WD (Fig. 2c). The response of gs to Tc377

for SOX and SMS function is regulated by the relationship between Vm and Tc in the378

photosynthesis scheme (equation 1), resulting in higher gs and lower Ψl at higher tem-379

peratures (Fig. 2e,f).380

The stomatal conductance response to atmospheric demand represented by VPD resulted381

in decreasing gs and Ψl for SOX and the SMS function as the atmosphere becomes drier382

with increasing VPD (Fig. 2g,h). In CLASSIC, gs is higher (0.25 < VPD (kPa) < 5)383

and lower (0.25 > VPD (kPa) > 5) than SOX with maximum WD (Fig. 2g). The gs for384

lower WD curves (0.18 and 0.35 g cm−3) is lower for SOX than CLASSIC (Fig. 2g). In385

SOX, gs and Ψl decreases with decreasing Ψs (Fig. 2i, j). The response of gs to Ψs for386

SOX is more pronounced than for each of the meteorological variables due to higher gs387

compared to the SMS function at low Ψs (Fig. 2i, j).388

The relationship between gc and IPAR, ca, Tc, VPD, and Ψs highlights the increase in389

gc for CLASSICSOX at all sites (Fig. S3). Overall gc increased from 0.15 mol C m−2 s−1
390

with CLASSIC to a maximum of 0.4 mol C m−2 s−1 for CLASSICSOX (Fig. S3).391

3.2 Evaluation of CLASSICSOX392

CLASSICSOX simulated higher daily GPP than CLASSIC at all sites (Fig. 3, S4a,393

S5). During peak summer (around July), CLASSICSOX -simulated GPP was closer to394

observed NEE-derived GPP compared to CLASSIC (Fig. 3). At the two Alaskan sites,395

US-BZS and US-Uaf, both model versions underestimated the simulated GPP during396

peak summer. Even though CLASSICSOX simulated higher GPP than CLASSIC at US-397

BZS and US-Uaf, both versions of CLASSIC considerably underestimated GPP compared398

to the NEE-derived GPP (Fig. 3f, h, S5f, h). The bias between CLASSICSOX and NEE-399
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Figure 2. Response functions for stomatal conductance (gs) and leaf water potential (Ψl)

with meteorological variables (incident photosynthetically active radiation (IPAR), canopy tem-

perature (Tc), vapour pressure deficit (VPD)), atmospheric CO2 concentration (ca), and soil

water potential (Ψs) for experiment 1 and 2. All other input variables and parameters are kept

constant at their default values (Table S2). Canopy water potential at 50 % of hydraulic con-

ductance loss (Ψ50) and vulnerability curve parameter (a) values for the respective wood density

(WD) values are: WD = 0.18 g cm−3, Ψ50 = -1.59 MPa, a = 2.32; WD = 0.35 g cm−3, Ψ50 = -

2.60 MPa, a = 2.05; WD = 0.52 g cm−3, Ψ50 = -4.03 MPa, a = 1.84. The WD values correspond

with the minimum (0.18 g cm−3), average (0.35 g cm−3), and maximum (0.52 g cm−3) from the

NFI dataset over the Canadian boreal forest (NFI, accessed 08 25, 2022). SMS represents the

CLASSIC’s soil moisture stress function.
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Figure 3. Mean annual observed NEE-derived gross primary production (GPP) compared to

mean annual simulated daily GPP with CLASSICSOX and CLASSIC. The size and hue of the

NEE-derived GPP dots represent the percentage of observations available across possible days for

the site years with larger and darker dots representing periods with a greater number of observa-

tions. DOY is day-of-year.

derived GPP during peak summer decreased for CA-Obs and CA-SMC than CLASSIC400

(Fig. 3a, d, S5a, d), but CLASSICSOX adequately matched the observations at the re-401

maining sites (Fig. 3b, c, e, and g). At most sites, R2, RMSE, and bias improved using402

CLASSICSOX compared to CLASSIC (Fig. S5). A combined scatterplot for all sites re-403

vealed improved statistics for GPP, i.e., R2 increased from 0.51 to 0.59 (16 %), while RMSE404

and bias decreased from 1.85 to 1.54 g C m−2 d−1 (17 %) and -0.99 to -0.58 g C m−2
405

d−1 (41 %), respectively, between CLASSICSOX and CLASSIC against NEE-derived GPP406

(Fig. S4a). The seasonal (MAM, JJA, SON, and All) R2, RMSE, and bias showed that407

MAM and SON have better results compared to JJA (Fig. S7a-c, 3). Overall, cumula-408

tive GPP increased from 23.54 kg C m−2 to 27.14 kg C m−2 for eight sites (65 site-years)409

compared to NEE-derived cumulative GPP of 32.12 kg C m−2, which is 15 % (42 % of410

the total difference between CLASSIC and observations) increased results using CLASSICSOX411

compared to CLASSIC.412

For ET, three sites (CA-Obs, CA-Man, and CA-Qfo) showed underestimation at413

peak summer with a negative bias and lower R2 for CLASSICSOX than CLASSIC (Fig.414

4a-c, S6a-c). However, the remaining sites showed similar results for CLASSICSOX and415

CLASSIC (Fig. 4d-h, S6d-h). For all sites combined, the R2 decreased from 0.61 to 0.42416

(31 %), RMSE increased from 0.54 to 0.62 mm d−1 (15 %), and bias changed from over-417

estimation to underestimation (0.09 to -0.09 mm d−1) between CLASSIC and CLASSICSOX418

when compared against observations (Fig. S4b). The seasonal (MAM, JJA, SON, and419

All) R2, RMSE, and bias showed a weaker relationship for CLASSICSOX at CA-Obs,420

CA-Man, and CA-Qfo than CLASSIC against observations (Fig. 4a-c, S7d-f). However,421

the remaining sites showed approximately similar seasonal statistics for CLASSICSOX422

and CLASSIC (Fig. 4d-h, S7d-h).423

For all sites combined, the GPP-ET relationship for flux tower observations, CLASSICSOX ,424

and CLASSIC showed increased R2 (from 0.21 to 0.42) for CLASSIC than CLASSICSOX425

compared to the observed R2 of 0.61. However, the slope and intercept increased (from426

1.08 to 1.12, and 1.29 to 1.86, respectively) for CLASSICSOX than CLASSIC compared427
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Figure 4. Mean annual observed evapotranspiration (ET) compared to mean annual simu-

lated daily ET with CLASSICSOX and CLASSIC. The size and hue of the ET dots represent the

percentage of observations available across possible days for the site years with larger and darker

dots representing periods with a greater number of observations. DOY is day-of-year.

Figure 5. Kernel density plots describing the relationship between gross primary production

(GPP) and evapotranspiration (ET) at all sites for flux tower observations (a), CLASSICSOX

(b), and CLASSIC (c). As a visual guide, the black dotted line is the 2:1 line between GPP and

ET (GPP = 2 × ET).
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to the observed slope and intercept of 2.41 and 0.73, respectively (Fig. 5). The under-428

estimated ET for CLASSICSOX is reflected in the GPP-ET relationship with decreased429

R2 (Fig. 5). The higher intercept for CLASSICSOX shows higher evaporation (when T430

is zero on the Y-axis) than CLASSIC and observations (Fig. 5b).431

3.3 Model responses during drought432

CLASSICSOX simulated GPP considerably better, under drought and non-drought433

conditions, than CLASSIC (Fig. 6a,b). The statistics for CLASSICSOX compared to CLAS-434

SIC were also higher for the drought than non-drought conditions, i.e., R2 increased from435

0.51 to 0.60, while RMSE and bias decreased from 1.79 to 1.46 g C m−2 d−1 and -0.97436

to -0.53 g C m−2 d−1, respectively (Fig. 6a). Under non-drought conditions, the statis-437

tics for CLASSICSOX compared to CLASSIC were comparatively lower, i.e., R2 increased438

from 0.51 to 0.58, while RMSE and bias decreased from 1.87 to 1.56 g C m−2 d−1 and439

-1.0 to -0.59 g C m−2 d−1, respectively (Fig. 6b). For ET, similar to what can be seen440

in figure 4, CLASSICSOX performance when compared for the drought and non-drought441

conditions showed poorer with observations than CLASSIC (Fig. 6c,d). Under drought442

conditions CLASSICSOX compared to CLASSIC saw ET R2 decreased from 0.60 to 0.43,443

while RMSE and bias increased from 0.53 to 0.59 (mm d−1) and 0.08 (overestimation)444

to -0.14 (mm d−1) (underestimation). Under non-drought conditions, ET R2 decreased445

from 0.61 to 0.41, RMSE and bias increased from 0.55 to 0.63 (mm d−1) and 0.09 (over-446

estimation) to -0.08 (mm d−1) (underestimation).447

4 Discussion448

Our study focused on two objectives which will be discussed here: 1) to examine449

the response of gs to environmental conditions in SOX compared to the SMS function450

used in CLASSIC, and 2) to evaluate the performance of CLASSICSOX compared to CLAS-451

SIC against observation-based estimates of daily GPP and ET with a focus on drought452

conditions identified with the PDSI.453

Stomatal conductance (gs) response for SOX (for cases of higher and lower WD) and the454

SMS function of CLASSIC to each environmental condition is essential to understand455

before site-level analysis (Experiments 1 and 2, Fig. 2). The stomatal conductance re-456

sponse to Tc for SOX is not following the parabolic curve of the SMS function at higher457

Tc; SOX shows an effect of hydraulic-induced stomatal closure at higher Tc varying with458

WD (where the VPD would get higher at higher Tc, which would increase T and Ψl and459

make the stomata close later for higher WD than SMS function) (Fig. 2e, f). The stom-460

atal conductance response to increasing VPD in SOX for plants vulnerable to cavitation461

(characterized by low WD and high Ψ50) is captured through a reduction in their hy-462

draulic conductance, even at high Ψl, which results in a lower gs compared to the SMS463

function (Fig. 2g, h). Plants with a higher WD (and thus a lower Ψ50) can maintain more464

open stomata in SOX despite higher atmospheric demand for water (higher VPD), lead-465

ing to a higher gs, T , hydraulic conductance, and lower Ψl (Fig. 2g, h). However, in the466

SMS function, the rate of decrease for gs with respect to VPD is higher than the more467

gradual gs decrease in SOX, which makes the SMS function simulated gs higher for mod-468

erate atmospheric demand (VPD) than simulated by SOX (Fig. 2g, h). The higher gs469

simulated by SOX at both high and low Ψs, shows that even at very low Ψs of -5 MPa470

under drought conditions (Fig. 2i), plants can continue photosynthesis and retain higher471

gs for SOX compared to SMS function. Higher gs is achieved by using the ksl in SOX,472

which varies according to the plant hydraulic parameters and Ψs, instead of using the473

SMS function, which restricts photosynthesis earlier as the Ψs reaches the wilting point474

(Fig. 2i, j). For the combined effect of the meteorological variables (Tc, VPD, and IPAR),475

ca, and Ψs at all eight sites, gc is simulated higher by CLASSICSOX than CLASSIC (Fig.476

S3), which might be due to Ψs (considering its higher gs for SOX) compared to other477

meteorological variables (Fig. 2).478
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Figure 6. Model response to drought (a,c) and non-drought (b,d) categories for daily gross

primary production (GPP, top row) and evapotranspiration (ET, bottom row). The drought

categories are defined using the Palmer drought severity index (PDSI). Drought is categorized as

extreme (E), severe (D), and moderate (C), while non-drought conditions include mild (B), incip-

ient (A), normal (N) and wet spells (W). The black dotted line is the 1:1 line between modelled

and observed data.
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The difference in mean annual GPP for both CLASSICSOX and CLASSIC compared to479

mean annual NEE-derived GPP during peak summer might be due to uncertainties as-480

sociated with CLASSICSOX and CLASSIC parameters (Section 2.1, 2.3). Comparing481

the simulated GPP against NEE-derived GPP observations across all sites shows improved482

GPP for CLASSICSOX , i.e., improved R2, RMSE, and bias compared to CLASSIC (Fig.483

S4a). This finding is mainly due to the high gc of CLASSICSOX at low Ψs compared484

to CLASSIC (Fig. S3e). The underestimation of GPP at US-BZS and US-Uaf might be485

due to the WD parameter because we assumed the WD of the Alaskan boreal forest sites486

is similar to that of the Canadian boreal forest sites. Both CLASSICSOX and CLAS-487

SIC underestimated GPP at US-BZS and US-Uaf, indicating probably a structural lim-488

itation of CLASSIC. The underestimation of GPP might be linked with higher obser-489

vations (which itself derived from NEE, i.e., modelled), as the mean annual GPP unex-490

pectedly increases from 5 to 8 g C m−2 d−1 from a nearby site experiencing similar en-491

vironmental conditions (US-Prr, Fig. 3f-h). Moreover, the mean annual GPP from US-492

BZS and US-Uaf is even higher than the CA-Obs, CA-Man, and CA-Qfo sites, charac-493

terized by dense tree cover, higher AI, and MAT than US-BZS and US-Uaf (Fig. 3, Ta-494

ble S1). There might be uncertainties related to the WD parameter in SOX (Section 4.2)495

along with the issue of other hydraulic compartments of the soil-plant-atmosphere con-496

tinuum being important during drought (e.g., the soil-root hydraulic conductance might497

decline very fast during drought; Carminati & Javaux, 2020). Higher gs at low Ψs might498

be due to the structural limitation of SOX because SOX assumes Ψr ≈ Ψs and excludes499

the decline of soil-root hydraulic conductance during drought conditions (Eller et al., 2018;500

Carminati & Javaux, 2020). While CLASSICSOX demonstrably improved GPP compared501

to CLASSIC using an SMS function, CLASSICSOX simulated poorer water fluxes with502

an underestimated peak summer ET at CA-Obs and CA-Man (Fig. 4, S6). The under-503

estimated ET can be attributed to the CLASSIC’s evaporation scheme being effectively504

‘tuned’ for the SMS transpiration behaviour. As transpiration changes under the SOX505

representation, CLASSIC’s canopy and ground evaporation scheme likely needs to be re-506

assessed. The poorer ET impacted the GPP-ET relationship with a lower R2 for CLASSICSOX507

(Fig. 5). The slope between GPP and ET slightly increased due to the higher GPP for508

CLASSICSOX compared to CLASSIC (Fig. 5).509

The CLASSICSOX relationship between gc and Ψs indicates that during low soil water510

potential (i.e., drought conditions), CLASSICSOX simulated higher gc because it used511

plant hydraulic traits instead of the SMS function used in CLASSIC (Fig. S3). More-512

over, higher gs for SOX during drought conditions is depicted in gs response curves (Fig.513

2i), where the gs becomes approximately zero for the SMS function when the Ψs reaches514

the wilting point. While SOX simulated higher gs even at very low Ψs of -5.0 MPa, and515

low wood density (WD = 0.18 g cm−3, with Ψ50 = -1.59 MPa and a = 2.32, Fig. 2i).516

At higher VPD, the plants with higher WD keep their stomates open longer meaning517

their simulated gs is higher for SOX compared to CLASSIC (Fig. 2g). All of the results518

for CLASSICSOX better simulate stomatal conductance response under drought condi-519

tions using plant hydraulics which was underestimated with the SMS function in CLAS-520

SIC (Fig. 2, S3).521

4.1 CLASSICSOX limitations522

In this study, we tested an implementation of SOX in CLASSIC at eight boreal for-523

est flux tower sites. Implementing an explicit plant hydraulics parameterization in the524

boreal biome adds challenges to the model simulations. One of the main challenges is525

obtaining plant functional type/species-specific parameters (i.e. Ψ50 and ksl,max) for veg-526

etation in the boreal biome, as they are missing from the available plant hydraulic trait527

databases (Lin et al., 2015; Mencuccini, Rosas, et al., 2019; Choat et al., 2012; Manzoni,528

Vico, Porporato, & Katul, 2013). To address this challenge, we obtained WD data from529

NFI for the entire Canadian boreal forest and used empirical equations from Christoffersen530

et al. (2016) to calculate Ψ50 and ksl,max for each study site. Using WD to calculate val-531

–16–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

ues for plant hydraulic parameters, rather than the observed values, adds uncertainty532

to parameter values. Further uncertainties are due to mapping parameter values from533

species to PFTs, differences within the same species due to edaphic, climatic, or phe-534

notypical factors, and measurement uncertainties. In addition, we used the SOX param-535

eter values for shrubs, sedges, and C3 grasses from Eller et al. (2020).536

CLASSICSOX is significantly computationally more expensive than CLASSIC due to a537

higher number of optimizations required to determine the ci. The lack of an efficient op-538

timization algorithm (e.g. feedback control to stomatal optimization) should be addressed539

in future studies to ensure the model is computationally efficient enough for high-resolution540

large domain studies (Jones et al., 2022).541

5 Conclusions542

We implemented a plant hydraulics parameterization, SOX, in CLASSIC and tested543

the resulting CLASSICSOX at the eight boreal forest flux tower sites in North Amer-544

ica. Our study used wood density and plant hydraulic traits data, which connects the545

soil, plant, and atmosphere continuum in a single compartment. An explicit connection546

of soil and atmosphere through plants was previously missing in the existing empirically-547

based soil moisture stress function of CLASSIC that was used to limit photosynthesis.548

The plant hydraulics parameterization also proved to be more parameter parsimonious549

than the soil moisture stress function used in CLASSIC, reducing the number of param-550

eters from four to one in CLASSICSOX . Experimental results for GPP at all sites were551

more consistent with the NEE-derived observations, especially under drought conditions552

with low soil water potential and high vapour pressure deficit. Annual accumulated GPP553

using the plant hydraulics parameterization (CLASSICSOX) at all eight sites (65 site-554

years) improved by 15 % compared to CLASSIC when evaluated against the NEE-derived555

observed GPP. While CLASSICSOX improved simulated GPP under all moisture con-556

ditions (i.e. drought and non-drought), it further underestimated ET than the original557

CLASSIC, likely due to the evaporation scheme of CLASSIC being tailored to the ex-558

isting soil moisture stress function-based transpiration scheme. Further research is needed559

to investigate SOX across the boreal biome and its impact upon historical and future560

carbon fluxes.561
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Text S1. The shape of the leaf water potential (Ψl) vulnerability curve parameter (a) can

be calculated as a function of the xylem water potential (Ψ50) using empirical relationship

from Christoffersen et al. (2016). The relation between the Ψ50 and the slope for the linear

portion of the vulnerability function is given as:

sx = 65.15(−Ψ50)
−1.25 (1)

then a can be calculated as:

a = −4
sx
100

Ψ50 (2)

due to the scarcity of observed Ψ50 data, we calculated it following the empirical rela-

tionship from Christoffersen et al. (2016) using observed wood density (WD, g cm−3)

as:

Ψ50 = −(3.57WD)1.73 − 1.09 (3)

Text S2. The plant maximum xylem hydraulic conductance (ksl,max) was calculated us-

ing the same equations as in Eller et al. (2018) followed by Christoffersen et al. (2016)

and Savage et al. (2010). It was calculated on a leaf-area basis from the maximum
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canopy height (h; m), maximum petiole-level hydraulic conductivity (Kpet,max; mol m−1

s−1 MPa−1), huber value (Hv) which is calculated as the ratio between active xylem area

(sapwood area - As; m
2m−2) and the leaf area (Al; m

2m−2), and a tapering factor (Xtap;

unitless) which accounts for the changes in conduit diameter as the plant height changes

from bottom to the top of the tree.

ksl,max =
Kpet,maxhv

h
Xtap (4)

Kpet,max is calculated using maximum branch xylem conductivity (Kx,max; mol m−1 s−1

MPa−1) following Christoffersen et al. (2016):

Kpet,max =

[
rint,pet
rint,ref

]2
Kx,max (5)

where rint,pet is the petiole conduit radius (10 µm) and rint,ref is the conduit radius of the

terminal branches (22 µm), to represent conduit tapering from branch to petiole (Friend,

1995). The Kx,max can be calculated using an empirical function from Christoffersen et

al. (2016) as:

Kx,max =
0.0021e−26.6WD/Amax

AlAs

(6)

where WD is the wood density (g cm−3) and Amax is the maximum photosynthetic ca-

pacity (µmol m−2 s−1). The hydraulic tapering factor (Xtap) is calculated as:
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Xtap =
Xtap:notap(h)

Xtap:notap(1)
(7)

where Xtap:notap(h) and Xtap:notap(1) are factors that represent the ratio of the theoretical

whole tree conductance with taper (Kmax,tap) to that without taper (Kmax,notap) at height

h and 1 m, respectively. These factors are calculated following the Savage et al. (2010)

and Christoffersen et al. (2016).

Kmax = a(n
N/2
ext )

b (8)

where a and b are constants set to 7.2×10−13 and 1.32, to calculate Kmax,notap and

6.6×10−13 and 1.85 for Kmax,tap (Christoffersen et al., 2016). The next represents the

branching patterns in the Savage et al. (2010) model and is set to 2. The N is the total

number of branching levels, calculated as a function of h:

N =
3ln

[
1− h

Lpet
(1− n

1/3
ext )

]
ln(next)

− 1 (9)

where Lpet is petiole length set to 0.04 m (Savage et al., 2010).
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Figure S1. Eight flux tower sites used in the study with aridity index from Zomer et al. (2022)

.
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Figure S2. Palmer drought severity index (PDSI) for all sites.*W indicates all the categories

under wet conditions. Grey and white bars represent each year.
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Figure S3. Histograms and kernel density estimates between canopy conductance (gc) and

meteorological variables (incident photosynthetic active radiations (IPAR), canopy temperature

(Tc), vapour pressure deficit (VPD)), atmospheric CO2 concentration (ca), and soil water poten-

tial (Ψs).
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Figure S4. Combined scatter plots of GPP and ET for all sites. The black dotted line is the

1:1 line between modelled and observed data.
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Figure S5. Scatter plots of NEE-derived GPP with CLASSIC and CLASSICSOX simulations

for all sites. The black dotted line is the 1:1 line between modelled and NEE-derived GPP.
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Figure S6. Scatter plots of observed ET with CLASSIC and CLASSICSOX simulations for all

sites. The black dotted line is the 1:1 line between modelled and observed ET.
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Figure S7. R2, RMSE, and bias of GPP and ET for March-April-May (MAM), June-July-

August (JJA), September-October-November (SON), and all seasons combined (All) for all sites.
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Figure S8. Water potential at 50 % loss of maximum hydraulic conductance (Ψ50) and vul-

nerability curve parameter (a) are calculated using wood density following empirical relationship

from (Christoffersen et al., 2016).
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Table S2. Input variables and parameters used in the stomatal response curves for SMS

function of CLASSIC and SOX standalone simulations, which are shown in figure 2 and discussed

in Section 3.1.
Variables/Parameters Name Value
input variables incident photosynthetic radiation (IPAR) 2000 µmol m−2 s−1

atmospheric CO2 concentration (ca) 40 Pa
canopy temperature (Tc) 20◦C
vapour pressure deficit (VPD) 0.5 kPa
soil water potential (Ψs) - 0.1 MPa
atmospheric pressure (Patm) 0.1 MPa
air O2 concentration (Oa) 0.2 mol mol−1

input parameters maximum rubisco carboxylation at 25◦C (Vmax) 5 x 10−4 mol m−2 s−1

leaf scatter coefficient (v) 0.15
high temperature photosynthesis limit (Thigh) 40◦C
low temperature photosynthesis limit (Tlow) 10◦C
quantum efficiency (ϵ) 0.1 mol mol−1

plant height (h) 20 m
maximum soil-to-leaf hydraulic conductance
(ksl,max)

0.01 mol m−2 s−1

MPa−1

photosynthesis canopy conductance coupling pa-
rameter (m)

9.0

photosynthesis canopy conductance coupling pa-
rameter (b)

0.01

photosynthesis canopy conductance coupling pa-
rameter (Vo)

2000 Pa

PFT specific sensitivity to soil moisture stress (ϱ) 2.0
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