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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$"{2}$) increased (0.51
to 0.59), root mean square error (RMSE) and bias decreased (1.85 to 1.54 g C m$°{-2}$ d$"{-1}3) and (-0.99 to -0.58 g C
m$"{-2}$ d$"{-1}$), respectively. Under drought conditions, identified using the Palmer drought severity index, GPP simulated
with CLASSIC$_{SOX}$ improved compared to CLASSIC, i.e., R$"{2}$ increased (0.51 to 0.60), and RMSE and bias 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. In contrast, CLASSICS_{SOX}$
simulated evapotranspiration worsened, i.e., R$"{2}$ decreased (0.61 to 0.42), RMSE increased (0.54 to 0.62 mm d$"{-1}$),
and bias changed direction (0.09 to -0.09 mm d$"{-1}$). 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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Key Points:

« A plant hydraulics parameterization was included in the Canadian Land Surface
Scheme Including biogeochemical Cycles

« Evaluated at eight boreal forest flux tower sites, the new parameterization improved
overall simulation of gross primary production

¢ During drought periods, in particular, the new plant hydraulics parameterization
outperforms the original soil moisture stress-based approach
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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 Sur-
face Scheme Including biogeochemical Cycles (CLASSIC) employs an empirical approach
to link soil moisture stress with stomatal conductance. Such soil moisture-based empir-
ical approaches typically perform poorly during drought. Here, we implemented an ex-
plicit plant hydraulics parameterization, i.e., Stomatal Optimization based on Xylem hy-
draulics (SOX), in CLASSIC, thereby connecting the soil-plant-atmosphere continuum
through plant hydraulic traits. Performance of the resulting CLASSICgox was evalu-
ated against carbon and water fluxes measured with eddy covariance at eight boreal for-
est flux tower sites in North America. Compared to CLASSIC, CLASSICgox better sim-
ulated gross primary productivity (GPP) across all sites, i.e., coefficient of determina-
tion (R?) increased (0.51 to 0.59), root mean square error (RMSE) and bias decreased
(1.85to 1.54 ¢ C m=2 d!) and (-0.99 to -0.58 ¢ C m~2 d~!), respectively. Under drought
conditions, identified using the Palmer drought severity index, GPP simulated with CLASSICgox
improved compared to CLASSIC, i.e., R? increased (0.51 to 0.60), and RMSE and bias
decreased (1.79 to 1.46 ¢ C m~2 d~!) and (-0.97 to -0.53 g C m~2 d~1), respectively. In
contrast, CLASSICgox simulated evapotranspiration worsened, i.e., R? decreased (0.61
to 0.42), RMSE increased (0.54 to 0.62 mm d~!), and bias changed direction (0.09 to
-0.09 mm d~!). As evaporation is a highly parameterized process in CLASSIC, it likely
needs to be re-parameterized to account for the SOX transpiration behaviour.

Plain Language Summary

Most terrestrial ecosystem models (TEMs) perform poorly during drought condi-
tions in terms of simulating gross primary production (GPP), which is linked to their
soil moisture stress (SMS) functions. Soil moisture stress functions implemented in TEMs
empirically relate the effect of soil water stress on stomatal conductance. An alternative
to SMS function is a plant hydraulics parameterization (e.g. Stomatal optimization based
on Xylem hydraulics - SOX), which connects the soil-plant-atmosphere in a single con-
tinuum using plant hydraulic traits. In this study, we implemented SOX in the Cana-
dian Land Surface Scheme Including biogeochemical Cycles (CLASSIC) TEM replac-
ing its SMS function. The original CLASSIC and CLASSIC with the new plant hydraulics
parameterization (CLASSICgox) were evaluated at eight boreal forest flux tower sites
in North America. CLASSICgpx improved GPP compared to CLASSIC, especially dur-
ing drought conditions. However, CLASSICgox needs further refinement for evapotran-
spiration by re-parameterizing the evaporation scheme corresponding to SOX transpi-
ration. Overall, plant hydraulics parameterization improved simulated GPP while us-
ing fewer parameters and increased ecological realism compared to the SMS function.

Keywords: Terrestrial ecosystem model, plant hydraulics, drought conditions, bo-
real forest, carbon and water fluxes, soil moisture stress

1 Introduction

Intensification of the hydrological cycle and the projected increase in the frequency
and severity of extreme events such as droughts challenge our ability to predict land-atmosphere
interactions (Rahmstorf & Coumou, 2011; He et al., 2017; Anderegg et al., 2019; Miralles
et al., 2019). Most TEMs, including the Canadian Land Surface Scheme Including bio-
geochemical Cycles (CLASSIC; Melton et al. (2020)), use an empirical soil moisture stress
(SMS) function in their optimality-based photosynthesis scheme to constrain carbon as-
similation through photosynthesis (A) and stomatal conductance (gs) (e.g., Cox et al.,
1998; Medlyn et al., 2016; Best et al., 2011; Clark et al., 2011; Ronda et al., 2001). How-
ever, SMS functions have only limited theoretical support (Medlyn et al., 2016; Anderegg
& Venturas, 2020), and tend to underestimate gross primary production (GPP) during
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natural and experimental drought conditions (Ukkola et al., 2016; Eller et al., 2018; Trug-
man et al., 2018). This limited skill has led to a growing demand for increased ecolog-
ical realism in TEMs to improve model simulations under drought conditions, often ad-

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

et al., 2019; Eller et al., 2020; Sabot et al., 2020; Green et al., 2024; Paschalis et al., 2024).
Stomatal conductance quantifies stomatal opening and thus is a key parameter that con-
nects the terrestrial carbon and water cycles (Sellers et al., 1996; Cox et al., 1999). Wa-
ter moves from soils to plants through the rhizosphere and the plant hydraulic system,
which is composed primarily of xylem tracheary elements (Williams et al., 1996). Once
the water reaches the leaves, it enters the atmosphere through the stomata by evapo-
ration, thus connecting the soil-plant-atmosphere continuum (Williams et al., 1996). Stom-
atal conductance responds dynamically to soil moisture, atmospheric COy concentration
(ca), and meteorological conditions, allowing plants to regulate carbon gain and water

loss over a wide range of environmental conditions (Grantz, 1990; Field et al., 1995; Buck-
ley, 2019). Several plant photosynthetic and hydraulic traits, such as xylem hydraulic
conductance and vulnerability to embolism, are coupled with stomatal regulation (Ethier
et al., 2006; Brodribb & Jordan, 2008; Martinez-Vilalta et al., 2014; Martin-StPaul et

al., 2017).

In addition to implementing soil moisture stress through SMS functions, optimality-based
photosynthesis schemes can simulate stomatal conductance response to environmental
conditions without explicitly including plant hydraulics (Cowan & Farquhar, 1977; Le-
uning, 1995; Medlyn et al., 2011). Optimality-based photosynthesis schemes simulate stom-
atal conductance response to the environment by maximizing an objective function (Dewar
et al., 2009; Prentice et al., 2014; Buckley, 2017; Franklin et al., 2020). Cowan and Far-
quhar (hereafter CF) (Cowan & Farquhar, 1977) introduced an approach for optimiz-

ing the stomatal conductance response, which has been adopted in many TEMs (Medlyn
et al., 2001, 2011; Melton et al., 2020). The objective function (A-AT) in the CF approach
maximizes carbon gain and postulates that plants try to maintain a constant marginal
water use efficiency, A. The CF approach effectively simulates the stomatal conductance
response to meteorological conditions based upon available water (Farquhar et al., 1980)
and has laid the foundation for several widely used photosynthesis schemes (Jacobs, 1994;
Leuning, 1995; Medlyn et al., 2011). However, CF simulates an increase in gs under an
increase in ¢4, a response contrary to most observations (Mott, 1988; Medlyn et al., 2001).
Furthermore, A in the CF approach is not linked with plant hydraulic traits, which form
the basis for how plants transport water from their roots to stomata (Buckley, 2017).
Stomatal conductance can be modelled using photosynthesis schemes that consider both
structural and functional plant traits within physiological constraints (Dewar, 2010; Sabot
et al., 2022). Various photosynthesis schemes based on plant hydraulics have been pro-
posed in the last decade to overcome the limitations of empirical functions and optimality-
based photosynthesis schemes by directly accounting for the loss of capacity to trans-

port water from soil to leaf during drought conditions (Mencuccini, Manzoni, & Christof-
fersen, 2019; Sabot et al., 2022). Hydraulics-based photosynthesis schemes use plant hy-
draulic traits to produce realistic stomatal conductance response to environmental con-
ditions (Choat et al., 2012; Manzoni, Vico, Katul, et al., 2013; Lin et al., 2015; Sperry

et al., 2017; Eller et al., 2018; Mencuccini, Manzoni, & Christoffersen, 2019; Wang et al.,
2019; Eller et al., 2020; Sabot et al., 2020). One example of a hydraulics-based photo-
synthesis scheme is the Stomatal Optimization based on Xylem hydraulics (SOX; Eller

et al. (2018)). In brief, SOX is based on the Sperry et al. (2017) approach but incorpo-
rates a numerical routine similar to the PGEN model (a leaf-scale model of photosyn-
thesis, respiration, transpiration, stomatal conductance, and energy balance; Friend, 1995).
The SOX approach uses three xylem hydraulic parameters to optimize the product of

A and the cost associated with the xylem hydraulic conductance loss, which is represented
as a function of water potential (¥) (Eller et al., 2018).

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

in the boreal biome due to cold winters, summer droughts, and scarcity of in-situ plant
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hydraulic observations (Manzoni, Vico, Porporato, & Katul, 2013; Lin et al., 2015; Sabot
et al., 2020; Lambert et al., 2022). In this study, we integrated SOX with CLASSIC to
simulate g¢ using plant hydraulics and stomatal optimization, resulting in CLASSICgsox.
We evaluated both CLASSIC and CLASSICgox at eight boreal forest flux tower sites

in North America (Qu, Roy, Melton, Black, et al., 2023). By enhancing the ecological
realism in CLASSICgox, our goal was to improve the performance of CLASSIC regard-
ing daily evapotranspiration (ET) and GPP. To meet our goal, our two objectives were
to:

1. examine the response of g, to environmental conditions in SOX compared to the
SMS function used in CLASSIC and

2. evaluate the performance of CLASSICgpx compared to CLASSIC against observation-
based estimates of daily GPP and ET with a focus on drought conditions iden-
tified with the Palmer drought severity index (Palmer, 1965; Wells et al., 2004).

2 Materials and Methods

2.1 The Canadian Land Surface Scheme Including biogeochemical Cy-
cles (CLASSIC)

CLASSIC is an open-source community model and successor to the Canadian Land
Surface Scheme (CLASS) and the Canadian Terrestrial Ecosystem Model (CTEM) (Melton
et al., 2020; Seiler et al., 2021). CLASSIC uses a photosynthesis scheme derived from
Collatz et al. (1991, 1992) for C3 and C4 plants, calculating the maximum carbon as-
similation rate allowed by light, RuBisCO, and electron transport capacity (Melton &
Arora, 2016). The maximum catalytic capacity of RuBisCO (V,,, mol COy m~2 s71)

is calculated as:
VmafoS(Q'O)Sroot(a) X 1076

[+ 03Te=Tnign][1 + 03(Tiou—To)] (1)

Vin =

where T, (°C) is the canopy temperature, Tjo, (°C) and Th,gp (°C) are the plant func-
tional type (PFT)-dependent lower and upper-temperature limits for photosynthesis, fo5

is the standard Qg function at 25 °C, and V4. is the PFT-dependent maximum rate

of carboxylation by the RuBisCO enzyme (mol COz m~2 s=1). The constant 10~% con-
verts Vinaez from units of pmol COs m™2 s7! to mol COy m™2 s~!. The effect of soil mois-
ture on carbon assimilation rate is introduced through a multiplier for V,,, (S;c0t(8), which
is given as:

Sroot(0) = _Z S(0;)r; (2)
S(0;) =1 —[1— ;] (3)

where S;.50¢(0) is calculated by weighting S(6;) with the fraction of roots (r;) in each soil
layer, i, and p is a PFT-specific sensitivity to soil moisture stress (Melton & Arora, 2016).
®; is the degree of soil saturation (wetness) and given as:

®,;(6;) = max [0, min (1) ‘Hﬂjzlt)} ”

i, ietd — 0 witt

where 6; is the volumetric soil moisture (m® m=3) of the ith soil layer and 6;, field and
0;.wiix are the soil moisture at field capacity and wilting point, respectively.

CLASSIC employs the approach of Leuning (1995) for photosynthesis-canopy conduc-
tance coupling. Canopy conductance (g., mol m~2 s~1) is calculated as a function of net

photosynthesis rate (Geanopy,net, mol CO4 m~2 s71), as below:

Gcanopy netpatm 1
: bLAI )
(s T) (1+VPD/VPD,) 5)

ge=m
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where m and b are fitting parameters. The value of m is: 9.0 (for needle-leaved trees),
12.0 (for other C3 plants), and 6.0 (for C4 plants), and the value of b is 0.01 and 0.04
for C3 and C4 plants, respectively. Surface atmospheric pressure is represented by P,tm
(Pa). VPD is vapour pressure deficit (kPa), and parameter VPD,, is 2000 Pa for trees
and 1500 Pa for crops and grasses. I" is the CO5 compensation point (COq partial pres-
sure where photosynthetic uptake equals the leaf respiratory losses), and LAI is leaf area
index (m? of leaf m~2 of ground). The CO, partial pressure at the leaf surface, c, is cal-

culated as:
_ 1'37Gcanopy.netpatm
Cs = Cap — (6)
9o
where ¢, is COy atmospheric partial pressure (Pa) and g; is the aerodynamic conduc-
tance (mol COy m~2 s71). Intercellular CO5 concentration, ¢; (Pa), is calculated as:
ci = cy — 1-65Gcanopy,netpatm (7)
Ye
as the calculations of ¢; and Geanopy,net depend on each other; the equations are solved
iteratively for photosynthesis-canopy conductance coupling. The initial value of ¢; is the
value from the previous time step or, lacking that, is taken as 0.7c,;,. For more details
on CLASSIC configuration and parameter values, see Melton and Arora (2016) and Qu,
Roy, Melton, Baltzer, et al. (2023).

2.2 Stomatal Optimization based on Xylem hydraulics

Over the last three decades, the ecological realism in various TEMs has been en-
hanced through explicit plant hydraulics parameterizations (Williams et al., 1996; Hick-
ler et al., 2006; Bonan et al., 2014; Kennedy et al., 2019; Eller et al., 2020; Sabot et al.,
2022). Often, the motivation to implement an explicit plant hydraulics parameteriza-
tion was to address the overestimation of drought impacts on GPP due to SMS func-
tions (Eller et al., 2018, 2020). We considered four different plant hydraulics parame-
terizations for inclusion in CLASSIC. Hickler et al. (2006) introduced plant hydraulics
in the LPJ-DGVM model and used the hypothesis of maximizing conductance based on
the xylem vulnerability curve (Tyree & Sperry, 1989; Tyree et al., 1994; Sperry et al.,
1998). The LPJ-DGVM approach has six parameters from three plant structures (leaf,
stem, root) and is of relatively high complexity. Bonan et al. (2014) implemented the
soil-plant-atmosphere model with CLM4.5 (SPA; Williams et al. (1996, 2001)) as a pho-
tosynthesis scheme based on optimized water use efficiency and constrained leaf water
potential. This implies a strict isohydric behaviour (isohydric plants maintain constant
leaf water potential during drought and non-drought conditions by controlling stomatal
conductance and transpiration.) similar to the LPJ-DGVM approach of Hickler et al.
(2006). The plant hydraulic stress (PHS) approach implemented in CLM5.0 (Kennedy
et al., 2019) included vapour pressure deficit (VPD) in its water stress function, not con-
sidered by Bonan et al. (2014). High VPD causes an increase in the water potential gra-
dient between the soil and the atmosphere with consequences for stomatal conductance
response. Due to the projected increase of VPD associated with global warming, it will
be essential to represent VPD in plant hydraulics parameterizations for stomatal opti-
mization (Seager et al., 2015; Ficklin & Novick, 2017). The PHS approach used plant
hydraulics with soil moisture stress, which is a highly detailed parameterization in three
plant structures (leaf, stem, and roots) and involves four parameters (Kennedy et al.,
2019). Eller et al. (2018, 2020) introduced the SOX approach with numerical optimiza-
tion and analytical approximation. The plant hydraulics parameterization introduced
through SOX considers how both VPD and soil water potential regulate plant hydraulic
conductance in a single compartment (Section 2.3). Sabot et al. (2022) compared sev-
eral empirical and plant hydraulics parameterizations for photosynthesis using a single
TEM. The SOX numerical approach has been identified as being among the most effec-
tive plant hydraulics parameterizations during drought and non-drought conditions (Wang
et al., 2020; Sabot et al., 2022).
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We used three criteria to select an appropriate plant hydraulics parameterization for in-
clusion in CLASSIC: 1) a small number of parameters to limit issues related to param-
eter uncertainty and equifinality, 2) moderate complexity to match the general approach
of CLASSIC, and 3) potential applicability across diverse landscapes (Kyker-Snowman
et al., 2022). Based upon these criteria, we decided to integrate SOX with CLASSIC due
to its relatively parsimonious parameterization compared to the SMS function in CLAS-
SIC (Eller et al., 2018; Melton et al., 2020). In addition, SOX is of reasonable complex-
ity and previous studies demonstrated its applicability in tropical and temperate biomes
(Eller et al., 2018, 2020).

2.3 CLASSIC with Stomatal Optimization based on Xylem hydraulics
(CLASSICs0ox)

Calculation of g., assimilation (A), and transpiration (T) through SOX requires
five steps: 1) calculation of SOX parameters using wood density (WD; Text Al, A2), 2)
calculation of A using c; values, 3) calculation of a cost function based on xylem hydraulic
conductance loss (k.ost) using equations 12, 13, and 14, 4) calculation of optimum c; us-
ing A and k.5 (equation 15), and 5) calculation of g., and T using optimum c; and A.
The SOX approach uses changes in xylem hydraulic conductance to find the optimal stom-
atal conductance (g, mol m~2 s=1) value for the current environmental conditions (Eller
et al., 2018). The SOX approach calculates optimal g, by maximizing the product of car-
bon assimilation (A, mol m~2 s=! and (k.,st) using a numerical optimization algorithm
(Friend, 1995; Eller et al., 2018). The SOX approach can be used with any TEM that
calculates A using ¢; (Pa) and meteorological conditions. Here, SOX is implemented into
CLASSIC via its photosynthesis scheme. Stomatal conductance and transpiration (T,
mol HoO m~2 s71) are derived by using A, c;, ¢, (Pa), and VPD as:

A
p— (8)

T =1.69,VPD (9)

gs =

where the value 1.6 represents the ratio between water vapour and COs diffusion in the
air.
Using Darcy’s Law, leaf water potential (¥;, MPa) is calculated using T assuming steady-
state conditions (without considering stored water in plants for T'):

T

sl
where kg is the xylem hydraulic conductance from soil to leaf (mol m=2 s~ MPa™1!),
and ¥; pq is the predawn leaf water potential (MPa) calculated using root water poten-
tial (¥,., MPa) reduced by the water potential gradient induced by canopy height (h, m):

Uy pa = ¥, — hpg x 107° (11)

where p is the density of water (1000 kg m~3), g is the acceleration due to gravity (9.8
m s~2), and 1075 is for unit conversion from Pa to MPa. Following a simple and param-
eter parsimonious approach for SOX, we assumed root water potential (¥,.) is approx-
imately equal to the soil water potential (¥, MPa) (¥, ~ WU).

As ¥; and kg depend on each other for their computation, thus a drought-induced re-
duction in ¥; leads to a decrease in kg, and vice-versa (equation 10; Sperry & Tyree,
1988). The inverse polynomial function from Manzoni, Vico, Katul, et al. (2013) is used

to represent kg;: )
\Ij mi “1
ksl = ksl,mam |:1 + < L d> :| (12)
Uso

where the parameter ¥xq is the water potential at 50 % loss of maximum hydraulic con-
ductance (i.e., 0.5kg; maqe), and a is the vulnerability curve parameter which controls the
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shape of the hydraulic conductance loss curve with decreasing ¥;. The parameter a is
calculated using W5 following empirical relationship (Text A1, Christoffersen et al., 2016).
In-situ observations of W5q for boreal forests are scarce. Thus, WD (g cm™3) was used

to calculate ¥5q based on an empirical relationship (Text Al, Christoffersen et al., 2016).
Wood density was also used to calculate kg mar based on an empirical relationships (Text
A2/ Savage et al., 2010; Christoffersen et al., 2016). This approach decreases the num-
ber of required parameters for SOX to only one (WD). CLASSICsox uses kg from the
previous time-step to calculate the ¥; and determines kg; for the current time-step us-
ing equations 10 to 12.

Following Eller et al. (2018), we assume the gradual drop of water potential in plants
using the middle value of the ¥; and U; ,q (U} mia):

U pd + ¥

5 (13)

V) mid =
For the cost of stomatal opening (keos¢), the kg is calculated using equation 12 and nor-
malized with the kg maa:

kcost = & (14)

ksl,maw
The SOX approach maximizes the product of A and k., as a function of ¢; by evalu-
ating it in the interval (0, c,) as used by others (Friend, 1995; Eller et al., 2018). For the
maximum value of the product of A and keost, the optimum c¢; (¢; op¢) can be found at:

O(Akcost)
=0 15
B(cr) (15)
Ci,opt is then used to calculate optimum A, g5, 7', and ¥; using the photosynthesis scheme
(Collatz et al., 1991, 1992; Melton & Arora, 2016) and equations 8, 9, and 10.
We calculated soil liquid fraction (between 0 to 1, unitless) to constrain g., A, and R,,1
during freezing conditions.

SLfrac = elqﬁqe (16)
ge = Ge X SLjrac (17)
A=AxSLfrac (18)

Ryt = Rinr X SLjrac (19)

For the implementation in CLASSIC, SOX then replaces the CLASSIC calculations found
in equations 1 to 7 expressing SMS function (S,0:(6)) and computes g, from plant hy-
draulic traits and meteorological variables using equations 8 to 15 (Fig. 1).

2.4 Parsimonious parametrization

Our implementation of SOX in CLASSIC (CLASSICgox) is a parameter parsimo-
nious approach compared to the SMS function in the original version of CLASSIC. Three
additional parameters are needed by SOX: Usg, kg maz, and canopy height (h). CLAS-
SIC updates h daily based upon growing conditions for the vegetation. Using empirical
relationships, we calculated kg mas from Usg and WD (Savage et al., 2010; Christoffersen
et al., 2016; Eller et al., 2018). Thus, the total parameters in CLASSICgox was one (WD)
compared to four in CLASSIC (p for PFT-specific sensitivity to soil moisture stress, equa-
tion 3; m, b, and V, for photosynthesis and canopy conductance coupling, equation 5).
The fewer parameters in CLASSICgpx compared to CLASSIC can be advantageous for
avoiding problems related to parameter uncertainty and equifinality.
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Figure 1. Equations and parameters used to calculate canopy conductance (g.) using a)
CLASSIC and b) CLASSICsox. All symbols are defined in the model explanation sections 2.1
and 2.3 except air Oz concentration (O4). In CLASSICsox, the blue line shows a water channel
from soil to plants and then to the atmosphere using plant hydraulic traits and soil (V) and leaf
water potential (¥;).
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2.5 Boreal forest flux tower sites

We used eddy covariance measurements from eight boreal forest flux tower sites
with a total of 65 site years (ranging from 1994-2019) to evaluate fluxes simulated with
CLASSIC and CLASSICgox (Fig. S1, Table S1). Site characteristics, meteorological,
and water and carbon flux data used for model parameterization, forcing and evaluation
were obtained from a recently compiled boreal forest model benchmarking dataset for
North America (Qu, Roy, Melton, Black, et al., 2023, See Table S1 for further details about
the sites), respectively.
Wood density data for all Canadian sites was obtained from the National Forest Inven-
tory archives (NFI, accessed 08 25, 2022). For the three Alaskan sites (US-BZS, US-Prr,
US-Uaf), the WD for black spruce is assumed to be the same as the Canadian boreal
forest sites. For evergreen needle-leaf (ENF, black spruce) trees, the WD is 0.332 g cm ™
for all sites except CA-Qfo, where it is 0.444 g cm ™3 due to higher aridity index (AI).
The western boreal biome had a lower Al (i.e., drier) compared to the higher AT (i.e.,
more humid) eastern boreal biome (Fig. S1; Zomer et al., 2022). For deciduous needle-
leaf (DNF, tamarack) trees at CA-Obs, WD is 0.267 ¢ cm 3. For other PFTs (evergreen
broad-leaf shrubs (EBS), deciduous broad-leaf shrubs (DBS), and C3 grass (C3G)) at
all sites, the plant hydraulic parameters were used following Eller et al. (2020).

3

2.6 Experimental design

Four experiments are conducted (Table 1), each with a different model configura-
tion. Experiments 1 and 2 are stand-alone outside of CLASSIC, while experiments 3 and
4 are based on CLASSIC. The experiments are: 1) CLASSIC’s SMS function and pho-
tosynthesis scheme using constant meteorological conditions (Section 2.1, Table S2), 2)
SOX approach using constant meteorological conditions (Section 2.3, Table S2), 3) CLAS-
SIC (Section 2.1), and 4) CLASSIC with SOX implemented (CLASSICsox, Section 2.3).
Experiments 3 and 4 (Table 1) used the same initial conditions after spinning up the model
using site-level meteorological forcing data for 200 years at each site.

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 constant observed
model meteorology  meteorology

1- SMS Yes No No Yes No

2- SOX No Yes No Yes No

3- CLASSIC Yes No Yes No Yes

4- CLASSICspox No Yes Yes No Yes

2.7 Model evaluation

We examined the response of gg in experiments 1 (SMS) and 2 (SOX) to constant
meteorological conditions (T, VPD, incident photosynthetically active radiation mea-
sured as photosynthetic photon flux density (Ipag, pmol m=2 s71)), ¢,, and ¥, while
varying the SOX parameters. The canopy conductance response to site-level meteoro-
logical conditions, c,, and ¥, was also examined at all eight study sites for CLASSIC
and CLASSICgox. The results from experiments 3 and 4 (CLASSIC and CLASSICsox,
respectively) were evaluated against daily net ecosystem exchange-derived GPP (here-
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after NEE-derived GPP) and ET obtained from eddy covariance measurements. Coef-
ficient of determination (R?), root mean square error (RMSE), and bias describe the model
results by season (spring: March-April-May [MAM], summer: June-July-August [JJA],
and autumn: September-October-November [SON]) and all seasons combined (All).

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

to identify drought conditions based on observed meteorological conditions at the flux
tower sites (Fig. S2). The PDSI has seven categories with increasing water stress: wet
periods (W; PDSI > 0.50), normal conditions (N; 0.50 > PDSI > -0.50), incipient drought
(A; -0.5 > PDSI > -1.0), mild drought (B; -1.0 > PDSI > -2.0), moderate drought (C;
-2.0 > PDSI > -3.0), severe drought (D; -3.0 > PDSI > -4.0), and extreme drought (E;
PDSI < -4.0) (Wells et al., 2004). Two groups were created using the PDSI categories

to plot and compare the results between drought (C, D, and E) and non-drought con-
ditions (W, N, A, and B). Five sites (CA-Obs, CA-Man, CA-Qfo, US-BZS, US-Uaf) ex-
perienced drought conditions during the available observational periods (Fig. S2). The
results for drought and non-drought conditions were plotted and compared with statis-
tics between outputs from CLASSIC and CLASSICgox to evaluate the impact of re-
placing SMS function by SOX during drought conditions.

3 Results
3.1 Experiments 1 (SMS) and 2 (SOX)

Stomatal conductance response to changes in Ipag, cq, T¢, VPD, and ¥, for Ex-
periment 1 (SMS) and Experiment 2 (SOX) with minimum, average, and maximum WD
is shown in figure 2. SOX simulates increasing g, and decreasing ¥; with increasing Ipap
(Fig. 2a, b). The response curves become more shallow as WD decreases (Fig. 2a, b).
The slope of g with respect to increasing Ip g for SOX is lower than the SMS function,
which makes gs higher at low Ip4g and slightly lower at high Ipar (Fig. 2a). SOX sim-
ulates decreasing gs and increasing ¥; with increasing ¢, and WD, which can be corrob-
orated by equation 8-10 (Fig. 2¢, d). The SMS function simulates decreasing gs with in-
creasing c,, similar to SOX curve of maximum WD (Fig. 2c). The response of g to T,
for SOX and SMS function is regulated by the relationship between V,, and T. in the
photosynthesis scheme (equation 1), resulting in higher g; and lower ¥; at higher tem-
peratures (Fig. 2e,f).

The stomatal conductance response to atmospheric demand represented by VPD resulted
in decreasing g, and ¥; for SOX and the SMS function as the atmosphere becomes drier
with increasing VPD (Fig. 2g,h). In CLASSIC, g is higher (0.25 < VPD (kPa) < 5)
and lower (0.25 > VPD (kPa) > 5) than SOX with maximum WD (Fig. 2g). The g, for
lower WD curves (0.18 and 0.35 g cm~3) is lower for SOX than CLASSIC (Fig. 2g). In
SOX, gs and ¥; decreases with decreasing ¥, (Fig. 2i, j). The response of gs to ¥, for
SOX is more pronounced than for each of the meteorological variables due to higher g
compared to the SMS function at low ¥, (Fig. 2i, j).

The relationship between g. and Ipag, ¢4, Te, VPD, and ¥, highlights the increase in
g. for CLASSICsox at all sites (Fig. S3). Overall g, increased from 0.15 mol C m~=2 s~!
with CLASSIC to a maximum of 0.4 mol C m~2 s~! for CLASSICsox (Fig. S3).

3.2 Evaluation of CLASSICgsox

CLASSICsox simulated higher daily GPP than CLASSIC at all sites (Fig. 3, S4a,
S5). During peak summer (around July), CLASSICgo x-simulated GPP was closer to
observed NEE-derived GPP compared to CLASSIC (Fig. 3). At the two Alaskan sites,
US-BZS and US-Uaf, both model versions underestimated the simulated GPP during
peak summer. Even though CLASSICgox simulated higher GPP than CLASSIC at US-
BZS and US-Uaf, both versions of CLASSIC considerably underestimated GPP compared
to the NEE-derived GPP (Fig. 3f, h, S5f, h). The bias between CLASSICgox and NEE-
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Figure 2. Response functions for stomatal conductance (gs) and leaf water potential ()
with meteorological variables (incident photosynthetically active radiation (Ipar), canopy tem-
perature (T.), vapour pressure deficit (VPD)), atmospheric CO2 concentration (c,), and soil
water potential (Us) 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 (¥50) and vulnerability curve parameter (a) values for the respective wood density
(WD) values are: WD = 0.18 g cm ™3, U590 = -1.59 MPa, a = 2.32; WD = 0.35 g cm ™3, U5 = -
2.60 MPa, a = 2.05; WD = 0.52 g cm ™3, U5y = -4.03 MPa, a = 1.84. The WD values correspond
with the minimum (0.18 g cm™?), average (0.35 g cm™?), and maximum (0.52 g cm™?) 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 CLASSIC
(Fig. 3a, d, S5a, d), but CLASSICgox adequately matched the observations at the re-
maining sites (Fig. 3b, ¢, e, and g). At most sites, R?, RMSE, and bias improved using
CLASSICsox compared to CLASSIC (Fig. S5). A combined scatterplot for all sites re-
vealed improved statistics for GPP, i.e., R? increased from 0.51 to 0.59 (16 %), while RMSE
and bias decreased from 1.85 to 1.54 ¢ C m~2 d~! (17 %) and -0.99 to -0.58 g C m~2
d=! (41 %), respectively, between CLASSICgox and CLASSIC against NEE-derived GPP
(Fig. S4a). The seasonal (MAM, JJA, SON, and All) R?, RMSE, and bias showed that
MAM and SON have better results compared to JJA (Fig. S7a-c, 3). Overall, cumula-
tive GPP increased from 23.54 kg C m~2 to 27.14 kg C m~2 for eight sites (65 site-years)
compared to NEE-derived cumulative GPP of 32.12 kg C m~2, which is 15 % (42 % of
the total difference between CLASSIC and observations) increased results using CLASSICgso x
compared to CLASSIC.

For ET, three sites (CA-Obs, CA-Man, and CA-Qfo) showed underestimation at
peak summer with a negative bias and lower R? for CLASSICgox than CLASSIC (Fig.
4a-c, S6a-c). However, the remaining sites showed similar results for CLASSICgox and
CLASSIC (Fig. 4d-h, S6d-h). For all sites combined, the R? decreased from 0.61 to 0.42
(31 %), RMSE increased from 0.54 to 0.62 mm d~! (15 %), and bias changed from over-
estimation to underestimation (0.09 to -0.09 mm d~!) between CLASSIC and CLASSICsox
when compared against observations (Fig. S4b). The seasonal (MAM, JJA, SON, and
All) R2, RMSE, and bias showed a weaker relationship for CLASSICgox at CA-Obs,
CA-Man, and CA-Qfo than CLASSIC against observations (Fig. 4a-c, S7d-f). However,
the remaining sites showed approximately similar seasonal statistics for CLASSICgox
and CLASSIC (Fig. 4d-h, S7d-h).

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

and CLASSIC showed increased R? (from 0.21 to 0.42) for CLASSIC than CLASSICsox
compared to the observed R? of 0.61. However, the slope and intercept increased (from
1.08 to 1.12, and 1.29 to 1.86, respectively) for CLASSICgox than CLASSIC compared
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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.
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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 x ET).
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to the observed slope and intercept of 2.41 and 0.73, respectively (Fig. 5). The under-
estimated ET for CLASSICgpx is reflected in the GPP-ET relationship with decreased
R? (Fig. 5). The higher intercept for CLASSICsox shows higher evaporation (when T
is zero on the Y-axis) than CLASSIC and observations (Fig. 5b).

3.3 Model responses during drought

CLASSICgpx simulated GPP considerably better, under drought and non-drought
conditions, than CLASSIC (Fig. 6a,b). The statistics for CLASSICgox compared to CLAS-
SIC were also higher for the drought than non-drought conditions, i.e., R? increased from
0.51 to 0.60, while RMSE and bias decreased from 1.79 to 1.46 ¢ C m~2 d~! and -0.97
to -0.53 ¢ C m~2 d~!, respectively (Fig. 6a). Under non-drought conditions, the statis-
tics for CLASSIC g0 x compared to CLASSIC were comparatively lower, i.e., R? increased
from 0.51 to 0.58, while RMSE and bias decreased from 1.87 to 1.56 g C m~2 d~! and
-1.0 to -0.59 g C m~2 d~1, respectively (Fig. 6b). For ET, similar to what can be seen
in figure 4, CLASSICgox performance when compared for the drought and non-drought
conditions showed poorer with observations than CLASSIC (Fig. 6¢,d). Under drought
conditions CLASSICsox compared to CLASSIC saw ET R? decreased from 0.60 to 0.43,
while RMSE and bias increased from 0.53 to 0.59 (mm d=!) and 0.08 (overestimation)
to -0.14 (mm d~!) (underestimation). Under non-drought conditions, ET R? decreased
from 0.61 to 0.41, RMSE and bias increased from 0.55 to 0.63 (mm d~!) and 0.09 (over-
estimation) to -0.08 (mm d~!) (underestimation).

4 Discussion

Our study focused on two objectives which will be discussed here: 1) to examine
the response of gs to environmental conditions in SOX compared to the SMS function
used in CLASSIC, and 2) to evaluate the performance of CLASSICgox compared to CLAS-
SIC against observation-based estimates of daily GPP and ET with a focus on drought
conditions identified with the PDSI.

Stomatal conductance (gs) response for SOX (for cases of higher and lower WD) and the
SMS function of CLASSIC to each environmental condition is essential to understand
before site-level analysis (Experiments 1 and 2, Fig. 2). The stomatal conductance re-
sponse to T, for SOX is not following the parabolic curve of the SMS function at higher
T,; SOX shows an effect of hydraulic-induced stomatal closure at higher T, varying with
WD (where the VPD would get higher at higher T., which would increase T and ¥; and
make the stomata close later for higher WD than SMS function) (Fig. 2e, f). The stom-
atal conductance response to increasing VPD in SOX for plants vulnerable to cavitation
(characterized by low WD and high ¥sg) is captured through a reduction in their hy-
draulic conductance, even at high ¥;, which results in a lower g5 compared to the SMS
function (Fig. 2g, h). Plants with a higher WD (and thus a lower ¥50) can maintain more
open stomata in SOX despite higher atmospheric demand for water (higher VPD), lead-
ing to a higher g, T, hydraulic conductance, and lower ¥; (Fig. 2g, h). However, in the
SMS function, the rate of decrease for gs with respect to VPD is higher than the more
gradual g, decrease in SOX, which makes the SMS function simulated g, higher for mod-
erate atmospheric demand (VPD) than simulated by SOX (Fig. 2g, h). The higher g,
simulated by SOX at both high and low ¥y, shows that even at very low ¥, of -5 MPa
under drought conditions (Fig. 2i), plants can continue photosynthesis and retain higher
gs for SOX compared to SMS function. Higher g is achieved by using the kg in SOX,
which varies according to the plant hydraulic parameters and Wy, instead of using the
SMS function, which restricts photosynthesis earlier as the ¥, reaches the wilting point
(Fig. 2i, j). For the combined effect of the meteorological variables (T., VPD, and Ipag),
Ca, and Uy at all eight sites, g. is simulated higher by CLASSICgsox than CLASSIC (Fig.
S3), which might be due to ¥y (considering its higher gs for SOX) compared to other
meteorological variables (Fig. 2).
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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 to
mean annual NEE-derived GPP during peak summer might be due to uncertainties as-
sociated with CLASSICsox and CLASSIC parameters (Section 2.1, 2.3). Comparing
the simulated GPP against NEE-derived GPP observations across all sites shows improved
GPP for CLASSICs0x, i.e., improved R?, RMSE, and bias compared to CLASSIC (Fig.
S4a). This finding is mainly due to the high g. of CLASSICsox at low ¥, compared

to CLASSIC (Fig. S3e). The underestimation of GPP at US-BZS and US-Uaf might be
due to the WD parameter because we assumed the WD of the Alaskan boreal forest sites
is similar to that of the Canadian boreal forest sites. Both CLASSICsox and CLAS-
SIC underestimated GPP at US-BZS and US-Uaf, indicating probably a structural lim-
itation of CLASSIC. The underestimation of GPP might be linked with higher obser-
vations (which itself derived from NEE, i.e., modelled), as the mean annual GPP unex-
pectedly increases from 5 to 8 g C m™2 d~! from a nearby site experiencing similar en-
vironmental conditions (US-Prr, Fig. 3f-h). Moreover, the mean annual GPP from US-
BZS and US-Uaf is even higher than the CA-Obs, CA-Man, and CA-Qfo sites, charac-
terized by dense tree cover, higher AI, and MAT than US-BZS and US-Uaf (Fig. 3, Ta-
ble S1). There might be uncertainties related to the WD parameter in SOX (Section 4.2)
along with the issue of other hydraulic compartments of the soil-plant-atmosphere con-
tinuum being important during drought (e.g., the soil-root hydraulic conductance might
decline very fast during drought; Carminati & Javaux, 2020). Higher g; at low ¥, might
be due to the structural limitation of SOX because SOX assumes ¥, =~ ¥, and excludes
the decline of soil-root hydraulic conductance during drought conditions (Eller et al., 2018;
Carminati & Javaux, 2020). While CLASSICsox demonstrably improved GPP compared
to CLASSIC using an SMS function, CLASSICgp x simulated poorer water fluxes with
an underestimated peak summer ET at CA-Obs and CA-Man (Fig. 4, S6). The under-
estimated ET can be attributed to the CLASSIC’s evaporation scheme being effectively
‘tuned’ for the SMS transpiration behaviour. As transpiration changes under the SOX
representation, CLASSIC’s canopy and ground evaporation scheme likely needs to be re-
assessed. The poorer ET impacted the GPP-ET relationship with a lower R? for CLASSICso x
(Fig. 5). The slope between GPP and ET slightly increased due to the higher GPP for
CLASSICgsox compared to CLASSIC (Fig. 5).

The CLASSICgox relationship between g. and ¥, indicates that during low soil water
potential (i.e., drought conditions), CLASSICsox simulated higher g. because it used
plant hydraulic traits instead of the SMS function used in CLASSIC (Fig. S3). More-
over, higher g, for SOX during drought conditions is depicted in g response curves (Fig.
2i), where the g; becomes approximately zero for the SMS function when the ¥, reaches
the wilting point. While SOX simulated higher g5 even at very low ¥, of -5.0 MPa, and
low wood density (WD = 0.18 g ecm ™3, with U5y = -1.59 MPa and a = 2.32, Fig. 2i).

At higher VPD, the plants with higher WD keep their stomates open longer meaning
their simulated g is higher for SOX compared to CLASSIC (Fig. 2g). All of the results
for CLASSICgpx better simulate stomatal conductance response under drought condi-
tions using plant hydraulics which was underestimated with the SMS function in CLAS-
SIC (Fig. 2, S3).

4.1 CLASSICgox limitations

In this study, we tested an implementation of SOX in CLASSIC at eight boreal for-
est flux tower sites. Implementing an explicit plant hydraulics parameterization in the
boreal biome adds challenges to the model simulations. One of the main challenges is
obtaining plant functional type/species-specific parameters (i.e. Usp and Ky maqe) for veg-
etation in the boreal biome, as they are missing from the available plant hydraulic trait
databases (Lin et al., 2015; Mencuccini, Rosas, et al., 2019; Choat et al., 2012; Manzoni,
Vico, Porporato, & Katul, 2013). To address this challenge, we obtained WD data from
NFTI for the entire Canadian boreal forest and used empirical equations from Christoffersen
et al. (2016) to calculate W5 and kg mqs for each study site. Using WD to calculate val-
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ues for plant hydraulic parameters, rather than the observed values, adds uncertainty

to parameter values. Further uncertainties are due to mapping parameter values from
species to PFTs, differences within the same species due to edaphic, climatic, or phe-
notypical factors, and measurement uncertainties. In addition, we used the SOX param-
eter values for shrubs, sedges, and C3 grasses from Eller et al. (2020).

CLASSICgox is significantly computationally more expensive than CLASSIC due to a
higher number of optimizations required to determine the c;. The lack of an efficient op-
timization algorithm (e.g. feedback control to stomatal optimization) should be addressed
in future studies to ensure the model is computationally efficient enough for high-resolution
large domain studies (Jones et al., 2022).

5 Conclusions

We implemented a plant hydraulics parameterization, SOX, in CLASSIC and tested
the resulting CLASSICgox at the eight boreal forest flux tower sites in North Amer-
ica. Our study used wood density and plant hydraulic traits data, which connects the
soil, plant, and atmosphere continuum in a single compartment. An explicit connection
of soil and atmosphere through plants was previously missing in the existing empirically-
based soil moisture stress function of CLASSIC that was used to limit photosynthesis.
The plant hydraulics parameterization also proved to be more parameter parsimonious
than the soil moisture stress function used in CLASSIC, reducing the number of param-
eters from four to one in CLASSICgpx. Experimental results for GPP at all sites were
more consistent with the NEE-derived observations, especially under drought conditions
with low soil water potential and high vapour pressure deficit. Annual accumulated GPP
using the plant hydraulics parameterization (CLASSICsox) at all eight sites (65 site-
years) improved by 15 % compared to CLASSIC when evaluated against the NEE-derived
observed GPP. While CLASSICgox improved simulated GPP under all moisture con-
ditions (i.e. drought and non-drought), it further underestimated ET than the original
CLASSIC, likely due to the evaporation scheme of CLASSIC being tailored to the ex-
isting soil moisture stress function-based transpiration scheme. Further research is needed
to investigate SOX across the boreal biome and its impact upon historical and future
carbon fluxes.

6 Open Research

The current version of model is available from the project website: https://gitlab
.com/cccma/classic under the Open Government License — Canada and the GNU Gen-
eral Public License version 2. The version of the model (CLASSIC v.1.4) used in this
study.

The model benchmarking dataset used in this study is available on Zenodo: https://
doi.org/10.5281/zenodo.7266010 (Qu, Roy, Melton, Black, et al., 2023).
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Text S1. The shape of the leaf water potential (¥;) vulnerability curve parameter (a) can
be calculated as a function of the xylem water potential (Vs5q) using empirical relationship
from Christoffersen et al. (2016). The relation between the Wsq and the slope for the linear

portion of the vulnerability function is given as:

Sy = 65.15(—\115(])71'25 (1)
then a can be calculated as:
— 4571\11 (2)
RS Ti

due to the scarcity of observed U5, data, we calculated it following the empirical rela-
tionship from Christoffersen et al. (2016) using observed wood density (WD, g cm™3)

as:

W50 = —(3.57TW D)™ — 1.09 (3)

Text S2. The plant maximum xylem hydraulic conductance (kg maez) 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 (Kpesmaz; mol m~*

s~! MPa~!), huber value (H,) which is calculated as the ratio between active xylem area
(sapwood area - Ag; m?*m~?) and the leaf area (A;; m?m~2), and a tapering factor (X;ap;
unitless) which accounts for the changes in conduit diameter as the plant height changes
from bottom to the top of the tree.

K

e ma:chv
ksl,maa: - %Xtap (4)

Kpet mas 18 calculated using maximum branch xylem conductivity (K 4,; mol m~! st

MPa™!) following Christoffersen et al. (2016):

2
Tz’nt,pet
ert,maz - [ Kx,maz (5)

Tintref

where Tyt per 1S the petiole conduit radius (10 pm) and vy ,.¢ is the conduit radius of the
terminal branches (22 um), to represent conduit tapering from branch to petiole (Friend,
1995). The K, maq can be calculated using an empirical function from Christoffersen et
al. (2016) as:

0.0021¢~26-6WD/Amas
AlAs

Kx,mam -

where WD is the wood density (g cm™3) and A,,4, is the maximum photosynthetic ca-

pacity (umol m~2 s71). The hydraulic tapering factor (Xyp) is calculated as:
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Xtap:notap (h)

Xiap =
tap Xtap:notap(l)

where Xiapnotap(h) and Xigpmotap(1) are factors that represent the ratio of the theoretical
whole tree conductance with taper (Ki,az tqp) to that without taper (Ki,az 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(né\;/tQ)b (8)

where @ and b are constants set to 7.2x107'% and 1.32, to calculate Kinaz notap and
6.6x107"% and 1.85 for Kyuuiap (Christoffersen et al., 2016). The n,; 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:

v on [1— 21— ntd)]

-1 (9)

In(negt)

where L, is petiole length set to 0.04 m (Savage et al., 2010).
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Figure S1. FEight 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 (g.) and
meteorological variables (incident photosynthetic active radiations (Ip4g), canopy temperature
(T.), vapour pressure deficit (VPD)), atmospheric CO5 concentration (c,), and soil water poten-

tial ().
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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 CLASSICgox 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 CLASSICgox simulations for all

sites. The black dotted line is the 1:1 line between modelled and observed ET.
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April 4, 2024, 7:43pm
Figure S7. R? 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 (Vsq) and vul-
nerability curve parameter (a) are calculated using wood density following empirical relationship

from (Christoffersen et al., 2016).
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X-14

Table S1.

temperature (MAT), and mean annual precipitation (MAP).

Site details include location, time period, PFT (overstory and understory), ground cover, species, mean annual

Site ID  Site Name Latitude Longitude Years PFT [Overstory] Ground Cover  Species MAT MAP
[Understory] (°C)  (mm)
CA-Obs Saskatchewan- 53.99°N  105.12°W 1999-  [90% ENF] [10% 10% Sphagnum, 90%  Black 0.8 406
Western Boreal, 2010  DNF] 70% Feath- spruce, 10%
Mature Black Spruce ermoss, 10% Tamarack
/ Saskatchewan, Lichen
Canada
CA- Manitoba-Northern ~ 55.88°N  98.48°W  1994- [90% ENF] [5% 17% Brown 90%  Black -3.2 520
Man Old Black Spruce / 2008  EBS, 5% DBS|  moss, 34% spruce
Manitoba, Canada Sphagnum, 53%
Feathermoss
CA-Qfo Quebec-Eastern  Bo- 49.69°N  74.34°W  2003- [90% ENF] [10% 13% Sphagnum, 90%  Black -0.4 962
real, Mature Black 2010 DBS] 46% Feath- spruce
Spruce /  Quebec, ermoss, 6%
Canada Lichen
CA- Smith Creek / North- 63.15°N 123.25°W 2018-  [22% ENF] [34% 36% Sphagnum, 22%  Black -2.8 388
SMC west Territories, 2019  EBS, 12% DBS, 25% Feath- spruce
Canada 15% SDG, 4% ermoss, 15%
FORB] Lichen
CA- Havikpak Creek / 68.33°N 133.5°W 2016- [15% ENF] [58% 4% brown moss, 15%  Black -8.2 241
HPC Northwest Territories, 2018 EBS, 5% DBS, 9% Sphagnum, spruce
Canada 4% C3G, 3% 18% feather
FORB]| moss, 42%
lichen
US-BZS Bonanza Creek Black 64.70°N 148.32°W 2014- [21% ENF] [75% 6% Sphagnum, 21%  Black -2.4 274
Spruce / Fairbanks, 2018  EBS, 22% DBS, 73% Feath- spruce
Alaska 39% SDG, 13% ermoss, 10%
FORB] Lichen
US-Prr Poker Flat Research 65.12°N 147.49°W 2011- [20% ENF| [14% 14% Sphagnum, 20%  Black -2.0 275
Range Black Spruce 2014  EBS, 13% DBS, 13% Feath- spruce
Forest / Fairbanks, 24% SDG] ermoss, 13%
Alaska Lichen
US-Uaf University of Alaska, 64.87°N 147.86°W 2003- [20% ENF] [45% 76% Sphagnum, 20% Black -2.9 263
Fairbanks /  Fair- 2018  EBS, 10% DBS, 14% Feath- spruce
banks, Alaska 25% SDG] ermoss, 10%

Lichen
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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 (Ipag)
atmospheric COy concentration (c,)

2000 pmol m~2 st
40 Pa

canopy temperature (T,) 20°C

vapour pressure deficit (VPD) 0.5 kPa

soil water potential (W) - 0.1 MPa

atmospheric pressure (Psm) 0.1 MPa

air Oq concentration (O,) 0.2 mol mol™!
input parameters maximum rubisco carboxylation at 25°C (V,,0,) 5x 107 molm=2s7!

leaf scatter coefficient (v) 0.15

high temperature photosynthesis limit (Tp,p) 40°C

low temperature photosynthesis limit (T),,,) 10°C

quantum efficiency (¢) 0.1 mol mol~!

plant height (h) 20 m

maximum  soil-to-leaf hydraulic conductance

(ksl,max)

photosynthesis canopy conductance coupling pa-
rameter (m)

photosynthesis canopy conductance coupling pa-
rameter (b)

photosynthesis canopy conductance coupling pa-
rameter (V,)

PFT specific sensitivity to soil moisture stress (o)

0.01 mol m2 gs!
MPa~!

9.0

0.01

2000 Pa

2.0
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