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Abstract. The maximum carboxylation rate (Vemax) is an important parameter for the coupled simulation of gross primary
production (GPP) and evapotranspiration (ET) in terrestrial biosphere models (TBMs) such as the Canadian Land Surface
Scheme Including biogeochemical Cycles (CLASSIC). Observations of Vemax Show it to vary both spatially and temporally,
but it is often prescribed as constant in time and space for plant functional types (PFTs) in TBMs, which introduces large
errors over North America’s boreal biome. To reduce this uncertainty, we used a Bayesian algorithm to optimize Vemaxes
(Vemax at 25 <C) in CLASSIC against eddy covariance observations at eight mature boreal forest stands in North America for
six representative PFTs (two trees, two shrubs, and two herbs). As expected, the simulated GPP and ET using the optimized
parameters generally obtained reduced root mean square deviation values compared with eddy covariance observations and
corresponding stand-level estimates obtained from gridded global data products. The optimized Vcmaxes values for each PFT
compared reasonably well with reported estimates derived from leaf-level gas exchange measurements. However, a large
spatial variability of Vcmaxes was identified, especially for the shrub and herb PFTs. We found that the site characteristics,
particularly latitude for the shrub PFTs and air temperature for evergreen needleleaf tree, explained much of the spatial

variability, providing a basis to improve Vemaxes parameterizations in TBMs at regional scales.
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1 Introduction

Photosynthesis is an important ecosystem function that underlies tightly coupled carbon and water fluxes (Beer et
al., 2010; Keenan and Williams, 2018). Spatially varying abiotic and biotic conditions including climate, vegetation,
disturbance history, soil type, soil nutrient availability, and permafrost controls photosynthesis across the boreal biome
through complex interactions (Loranty et al., 2016; Bergeron et al., 2007; Ueyama et al., 2015). This complexity greatly
challenges accurate predictions of carbon and water fluxes over the vast boreal biome by terrestrial biosphere models
(TBMs) (Fisher et al., 2018; Mcguire et al., 2016), such as the Canadian Land Surface Scheme Including biogeochemical
Cycles (CLASSIC) (Curasi et al., 2023).

Eddy covariance observations of carbon dioxide (CO2) and water fluxes provide valuable data for TBM refinement
and development (Schwalm et al., 2010; Bonan et al., 2011). CLASSIC performance for CO; and water fluxes showed great
variations across North America’s boreal forests compared with eddy covariance observations (Qu et al., 2022). The model-
observation discrepancies were due in part to varied errors in gross primary production (GPP), i.e., photosynthetic CO;

uptake, and evapotranspiration (ET).

The “Farquhar” model and its variants are frequently used in TBMs including CLASSIC to simulate GPP and ET
with coupled stomatal conductance—photosynthesis models (Farquhar et al., 1980; Rogers, 2014). The maximum rates of
RuBisCO carboxylation, Vcmax, is one of the most important parameters in the “Farquhar” model. However, Vcmax
parameterizations are generally oversimplified in TBMs and assume that Vcmax for plant functional types (PFTs) is constant
in time and space. Vemax is thus widely identified as a critical source of uncertainty in modelling GPP and ET (Collatz et al.,
1991; Bonan et al., 2011). Estimates of Vcmax Vary greatly among and within plant species (Yan et al., 2023). Foliar nutrients
invested in photosynthetic proteins, particularly in the RuBisCO enzyme, determine Vcmax (Evans and Seemann, 1989).
Through their influence on foliar nutrient concentrations, morphology, and nutrient use efficiency of photosynthesis (Musavi
et al., 2016; Maire et al., 2015; Dong et al., 2020), environmental variables such as air temperature, solar radiation, and
atmospheric humidity were found to exert strong controls on Vemax (Ali et al., 2015; Yan et al., 2023). The boreal biome is
characterized by short growing seasons, low rates of soil mineralization and limited nutrient availability, especially in the
permafrost zone (Price et al., 2013). Plant phenology, closely associated with soil freeze-thaw and nutrient cycling (Rayment
et al., 2002) and the seasonality of foliar ontogeny and chlorophyll content (Croft et al., 2017; Detto and Xu, 2020), may thus

be important for Vcmax Of boreal plant species.

Optimizing Vemax in TBMs using eddy covariance observations for boreal forests has been the focus of several
studies (He et al., 2014; Mo et al., 2008; Ueyama et al., 2016). However, those optimizations were performed only on a
single tree PFT for one site, e.g., evergreen needleleaf tree. Boreal forests often have various shrub, herb, moss and lichen
species that dominate the understory and ground cover, constituting non-negligible contributions to carbon and water fluxes
(Gaumont-Guay et al., 2014). In this study, we optimized Vcmaxes (Vemax at 25 <C) in CLASSIC for boreal forests using GPP



65

70

75

80

85

90

https://doi.org/10.5194/egusphere-2023-1167
Preprint. Discussion started: 19 July 2023 G
© Author(s) 2023. CC BY 4.0 License. E U Sp here

and ET obtained from eddy covariance measurements made at eight black spruce (Picea mariana)-dominated, mature forest
stands (>70 years old ) (Qu et al., 2022). The optimizations were conducted for six (two tree, two shrub, and two herb) PFTs
both at individual sites and across sites. Model performance using the optimized PFT-Vemaxes Were compared with several
corresponding stand-level estimates extracted from gridded global products. We compared the optimized PFT-Vcmaxes to
estimates derived from leaf-level gas exchange measurements reported in the literature. The PFT-Vemaxes variation and site

characteristics underlying the variation was investigated using a random forest approach.

2 Methods
2.1 Model description

CLASSIC is the TBM of the Canadian Earth System Model (Melton et al., 2020). Leaf-level photosynthesis is
simulated with the “Farquhar” photosynthesis model coupled to the “Leuning” stomatal conductance model (Collatz et al.,
1991; Leuning, 1995; Farquhar et al., 1980). Vemaxes (umol CO2 m2 s is prescribed for PFTs and is scaled to Vemax (1mol

CO2 m2s1) based on canopy temperature and soil moisture:

V — STOOt Qfgoc VCmaXZS (1)
CMax — [1+exp0.3(Tc—Tupper)|[1+exp0.3(Tiower—Tc)]

The scaling term uses the standard Qo function at 25 °C, soil moisture stress (Sroot, UNitless), canopy temperature
(Te, °C), and PFT-specific temperature thresholds for photosynthesis (Tiower and Tupper, °C) (Table S1). The soil moisture

stress (Sy00¢) ON Vemax is determined by the soil water content and the fraction of plant roots:

Sroot = Z?:l ri[l - (1 - Q)i)z] (2)
@; = max [O, min (1,m>] (3)
i fietld— Oiwilt

Specifically, it is estimated by the degree of soil wetness (@;, unitless) and the fraction of roots (r;) in each soil layer
(i) over all soil layers (g). The degree of soil wetness (@;) of the it soil layer is estimated by the volumetric soil moisture (6;,
m?3 m3), wilting point (6; ¢, M M), and field capacity (6; s;e1q, M M3).

The effects of photoperiod on the seasonality of Vcmaxes are considered for high-latitude shrub and deciduous tree
PFTs, i.e., “deciduous needleleaf tree” (DNT), “evergreen broadleaf shrub” (EBS), and “deciduous broadleaf shrub” (DBS),
according to the ratio of day length on a given day (Lq, h) to the maximum day length over a year (Lmax, h) (Bauerle et al.,
2012; Meyer et al., 2021):

L 2
Vgnaxzs = chaxzs( 4 ) 4

Lmax

This study was conducted using the CLASSIC version 1.3 with twelve PFTs representing high latitudes (Meyer et
al., 2021; Melton and Arora, 2016). We used two tree, i.e., “evergreen needleleaf tree” (ENT) and DNT, two shrub, i.e., EBS
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and DBS, and two herb PFTs, i.e., “C3 grass” (C3G) and “sedge” (SDG), collectively representing the studied boreal forest
stands (Qu et al., 2022).

2.2 Eddy covariance and supporting measurements

Our optimizations used a model benchmarking dataset comprising eddy covariance and supporting measurements
made at eight mature boreal forest stands in North America (Table S2). The forest stands are dominated by black spruce in
the overstory with canopy coverage ranging from 15 % to 90 %. Dominant understory vascular plants include dwarf shrubs,
e.g., Labrador tea (Rhododendron groenlandicum), lingonberry (Vaccinium vitis-idaea), blueberry (Vaccinium spp.), and
sedges (e.g., Carex spp.).

2.3 Bayesian optimization by tree-structured Parzen estimator

The tree-structured Parzen estimator (TPE), a Bayesian algorithm implemented in the Hyperopt Python package,
was used for the optimization (Bergstra et al., 2015). TPE is an efficient algorithm to optimize hyperparameters (Bergstra et
al., 2011; Nguyen et al., 2020). The cost function was defined by the normalized root mean square error (RMSE,) of daily
sum of GPP (g C m?2 day?) and ET (mm day?) between CLASSIC simulations and eddy covariance observations
(Groenendijk et al., 2011):

RMSE(GPPypg, GPPg; RMSE (ET gps, ET;
RMSEn — ( obs sim) + (ET ops sim)

GPPyps ETops

®)

The optimizations were limited to the growing seasons, delineated for each boreal forest stand and site-year using
the daily GPP and a double-logistic function fitted to the daily GPP time series (Gonsamo et al., 2013; EI-Amine et al.,
2022). The prior uncertainties of Vcmaxos were defined by a uniform space (Bergstra et al., 2015). The lower boundary was set
to 10 umol CO, m2 1 for all PFTs to avoid optimizing unrealistically low Vemaxes (Rogers, 2014). The upper boundaries for
the shrub and herb PFTs were set to 120 pmol CO, m2 st (EBS, DBS, and C3G) and 100 pmol CO; m2 s (SDG), i.e., 2 to
3 times higher than prior values in CLASSIC (Table S1) (Santaren et al., 2007; Kuppel et al., 2012). We set an upper
boundary of 65 umol CO, m? s for the tree PFTs, i.e., ENT and DNT (Ueyama et al., 2018; Smith and Dukes, 2017). We
conducted two types of optimizations: (1) at each forest stand (“single-site”) and (2) pooled including all eight forest stands
(“all-sites™). Every optimization at each stand ran for 500 iterations (Bergstra et al., 2011). For each iteration, a spin-up
procedure was performed to equilibrate the model, defined by the total carbon pool varying less than 0.1 % compared to the
last loop (Meyer et al., 2021). The simulation was conducted by running model one final loop starting from the equilibrium
state. The optimization convergence was quantified with the 1 % quantile of the minimum cost function (Bergstra et al.,
2011) (Fig. S1 and S2; Text S1).
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120 2.4 Measured Vemaxes and corresponding stand-level estimates of GPP and ET

The optimized PFT-Vcmaxes was compared to published estimates obtained from leaf-level gas exchange
measurements (Smith et al., 2019; Kattge et al., 2009; Ali et al., 2015; Smith and Dukes, 2017; Bauerle et al., 2012). We
collated the measurements made from the Arctic-boreal region or from other regions but for the dominant vascular species of
the boreal forest stands (Table S3). To allow comparisons, we standardized measurements to 25 <C using an Arrhenius

125 function (Smith et al., 2019; Kattge and Knorr, 2007). The CLASSIC GPP and ET using the optimized PFT-Vcmaxs Were

compared with several corresponding stand-level estimates obtained from gridded global data products (Table 1; Text S2).

Table 1. Gridded global data products of gross primary production (GPP) and evapotranspiration (ET) used for comparison with stand-

level simulations by CLASSIC using the optimized Vemaxzs.

Temporal and Temporal
Data source Fluxes Approach . . Acronym
spatial resolutions coverage
ORNL DAAC
] GPP,  MODIS MOD17A2HGF v061 (GPP) MODIS-
(Running and 8-day, 8 km 2000-2021
ET and MOD16A2GF v061 (ET). oD
Zhao, 2021)
. GPP, Coupled process-based model driven )
Lietal. (2021) Daily, 1 km 2001-2021 BESS
ET by MODIS products.
. . Statistical model driven by OCO-2
Li and Xiao .
(2019) GPP solar-induced chlorophyll Monthly, 0.05° 2000-2018 GOSIF
fluorescence.
Light use efficiency model driven by
Zhang et al. ) )
(2017) GPP NCEP Reanalysis Il climate and Monthly, 0.05< 2000-2016 MODIS-Z
MODIS products.
. Eddy covariance-derived light use
Liang et al. o )
(2021) GPP efficiency model driven by AVHRR Monthly, 0.05< 1982-2018 GLASS
products.
o Data assimilation approach to
Hobeichi et al.
(2020) ET conserve surface water and energy Monthly, 0.5 2003-2009 CLASS

budget closure.

130 2.5 Statistical analyses

We derived the average and standard deviation of the posterior distributions to characterize the optimized PFT-
Vemaxes (Santaren et al., 2007; Ueyama et al., 2016; Groenendijk et al., 2011). We used the root mean square deviation

(RMSD) to evaluate CLASSIC performance using the prior and optimized PFT-Vemaxes (Kuppel et al., 2012). A random
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forest approach was employed to investigate relationships between the “single-site” optimized PFT-Vcmaxes and a suite of
predictors including latitude, and metrics of growing season timing (i.e., start, end, and duration), and several environmental
variables. Environmental variables included incoming shortwave radiation (SW, W m), air temperature (TA, °C), total
precipitation (P, mm), and vapor pressure deficit (VPD, hPa). We calculated the multi-year averages of growing-season
averages (SW, TA, and VPD) and sums (P). In each random forest we employed 1000 decision trees using the scikit-learn
Python package (Breiman, 2001). The importance of the predictors was estimated using the impurity-based feature
importance (Strobl et al., 2007). Partial dependence plots were produced to illustrate the relationships (Goldstein et al., 2015;
Baltzer et al., 2021).

3 Results and discussion
3.1 Model simulations using optimized PFT-Vcmaxes

Model performance regarding GPP and ET improved at most forest stands (e.g., lower RMSD) using the “single-
site” optimized PFT-Vemaxes (Fig. 1a and b). Exceptions include GPP at US-Uaf and ET at US-BZS and US-Prr. Similar

improvements were achieved with the “all-sites” optimization (Table S4).

Compared with the corresponding stand-level estimates, RMSD of GPP using the “single-site” optimized PFT-
Vemaxes Was reduced among almost all estimates and sites (Fig. 1c). The reduction in RMSD averaged (RMSD,) over the
corresponding stand-level estimates was more notable at the sites with higher RMSD, using the prior PFT-Vemaxes. For ET, a
notable reduction in RMSD, using the “single-site” optimized PFT-Vemaxes Was found at two permafrost-free sites, CA-Qfo
and CA-Obs, where RMSD; decreased by 42 % at each site (Fig. 1d). In contrast, RMSD, of ET using the “single-site”
optimized PFT-Vemaxes Was unchanged for the other sites. The “all-sites” optimized PFT-Vemaxes Yielded similar results,
reducing RMSD, by 59 % (GPP) and 12 % (ET), respectively, across all sites (Table S5).
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Figure 1. Root mean square deviation (RMSD) of CLASSIC gross primary production (GPP) and evapotranspiration (ET) using the prior
and optimized plant functional type-Vemaxes (“single-site” and “all-sites”) compared with eddy covariance observations (a, b) and
corresponding stand-level estimates (c, d; Table 1). Site names refer to AmeriFlux ID and sites are ordered by latitude from south (CA-
Qfo) to north (CA-HPC) (Table S2).

3.2 Optimized PFT-Vemaxes

The “all-sites” optimized PFT-Vemaxes sShowed large differences from the prior values except for DNT and DBS (Fig.
2a). The optimized Vemaxes Was reduced by approximately 35 % for ENT and EBS and increased by 96 % and 32 % for SDG
and C3G, respectively. Similarly, differences between the prior and “single-site” optimized PFT-Vcmaxos were found. For

example, a large variation in PFT-Vemaxes was found for shrub PFTs and SDG.

Black spruce is one of the dominant needleleaf evergreen tree species in North America’s boreal forests and the
most abundant tree species at all study sites (>90 %; Qu et al., 2022). The measured Vcmaxzs for black spruce ranged from 20
to 30 umol CO2 m?2 st in the boreal biome (Fig. 2b; Table S3), comparable to our optimized Vemaxes for ENT (“single-site™:
24-36 umol CO,; m? s%; “all-sites”: 27 umol CO>m? s%) except for US-BZS (Fig. 2a). The published estimates of measured

7
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Vemaxes for shrub and herb PFTs were limited but varied widely among measurements (Fig. 2b). Consistent with our
optimizations, the large variation in these estimates indicated great uncertainties of the Vcmaxes for shrub and herb PFTs. The
optimized Vcmaxes for EBS and DBS at CA-Qfo and CA-Man (the permafrost-free forest stands) was relatively high but still
comparable to the upper limits of measurements. The optimized Vemaxes for shrub PFTs and SDG at the forest stands in the
permafrost zone fell in the ranges of measurements. The optimized Vcmaxzs for ENT, EBS, and DBS at US-Uaf was in good
agreement with measurements made at this site (Ueyama et al., 2018).

120
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Figure 2. Plant functional type (PFT)-Vcmaxes from (a) “single-site” and “all-sites” optimizations and (b) the reported estimates from leaf-
level gas exchange measurements (Table S3) compared to the prior Vemaxes in CLASSIC. CLASSIC PFTs are “evergreen needleleaf tree”
(ENT), “deciduous needleleaf tree” (DNT), “evergreen broadleaf shrub” (EBS), “deciduous broadleaf shrub” (DBS), “C3 grass” (C3G),
and “sedge” (SDG). In panel (a), point sizes indicate the standard deviation (sd; pmol CO2 m? s1) of PFT-Vcmaxes. Site names refer to
AmeriFlux ID and sites are ordered by latitude from south (CA-Qfo) to north (CA-HPC) (Table S2).

3.3 Variation in PFT-Vcmaxzs and links to site characteristics

Random forest regressions suggested that the variations in the optimized PFT-Vemaxes among the mature boreal
forest stands were well explained by the selected predictors related to site characteristics (R? = 0.79 to 0.93, Table 2). A
latitudinal gradient in Vemaxes for shrub PFTs indicated that shrubs in higher latitudes had lower Vemaxes (importance > 0.3;
Fig. S3). For ENT, TA had a strong influence on Vemaxes (importance = 0.35); lower TA was associated with lower Vemaxes.
The findings for ENT are supported by measurements for black spruce made in the temperate biome which were higher than
those made in the boreal biome (Table S3). For ENT and shrub PFTs, the start (SOS) or end of growing seasons (EOS) were
important variables (importance > 0.2). Generally, the sites with early SOS or late EOS tended to have a high Vcmaxes. SW
was found to be influential for the Vemaxes 0f SDG (importance = 0.22); other predictors were relatively less important for this
PFT.

Several global analyses of Vemaxes suggested a latitudinal gradient in Vemaxs with relatively high values for high-

latitude PFTs (Ali et al., 2015; Kattge et al., 2009). However, measurements from the boreal biome were very limited in

8
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these studies. To date, comprehensive measurement-based studies investigating the spatial variation in Vcmaxes are lacking for
boreal plant taxa and associated PFTs. Our findings suggest that differences in representation by dominant PFTs in mature
boreal forest stands was important for explaining variation in Vemaxes. For example, ENT with low Vemaxes was dominant at
the southern permafrost-free stands while shrub and herb PFTs with relatively high Vcmaxes Were more abundant at the

northern forest stands in the permafrost zone.

Plant species richness, relative abundance, and composition is likely critical in understanding variations in PFT-
Vemaxes. Shrub and herb PFTs has greater variations in the optimized Vemaxes, which may partly reflect the greater diversity of

shrub and herb species compared to tree species in the boreal biome (Qu et al., 2022).

Table 2. The model accuracy of random forest regressions to predict plant functional type (PFT)-Vcmaxes and relative importance of the
selected predictors. Growing season metrics are the start (SOS, day of year), end (EOS, day of year), and duration (LOS, days). Latitude
(LAT, 9, incoming shortwave radiation (SW, W m), air temperature (TA, °C), total precipitation (P, mm), and vapor pressure deficit
(VPD, hPa). CLASSIC PFTs are “evergreen needleleaf tree” (ENT), “evergreen broadleaf shrub” (EBS), “deciduous broadleaf shrub”
(DBS), and “sedge” (SDG). Bold fonts label the importance greater than 0.2.

Relative Importance
LAT SOS EOS LOS sSw TA P VPD

PFT R?

ENT 079 007 021 005 008 003 035 0.08 0.14
EBS 081 033 013 022 006 007 004 003 011
DBS 093 030 013 021 010 006 0.05 0.07 0.08

SbG 084 o007 011 014 012 022 010 012 011

3.4 Implications

Our optimizations indicated that the overestimated Vemaxes for ENT as the prior value in CLASSIC might be a main
cause for overestimating GPP and ET in boreal forests (Qu et al., 2022). Many TBMs including CLASSIC do not include
explicit parametrizations for boreal ENT, according to a review of eleven TBMs that employed the “Farquhar” model
(Rogers, 2014). Explicitly representing boreal ENT would thus be important to improve the performance of TBMs in the
vast boreal biome. Our results further suggested that incorporating a Vemaxes-TA relationship could improve Vemaxes
parametrizations for ENT (Wullschleger et al., 2014; Verheijen et al., 2013).

Due in part to the limited measurements for high-latitude plant species, shrub and herb PFTs parameterized for the
boreal biome may largely depend on the estimates from non-boreal species (Rogers et al., 2017). Our optimizations
identified great uncertainties in Vemaxes estimates for shrub and herbs PFTs, indicating this as a key challenge for accurate
Vemaxzs parameterizations for these PFTs in the boreal biome. This is particularly important for the permafrost zone given the

important contributions of shrubs and herbs to the boreal forest functioning (Warren et al., 2018; Ikawa et al., 2015).

9
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Allowing Vemaxes to vary with latitudes may provide an improved Vcmaxs parameterizations for shrub PFTs. Sedges are
parameterized in CLASSIC but are an under-represented PFT in many TBMs (Rogers, 2014). Sedges presented up to 40 %
of plants at the study boreal forest stands in the permafrost zone (Qu et al., 2022). Our optimizations suggested that
distinguishing SDG from the commonly used herb PFT, e.g., C3G, is important to parameterize herbs for the boreal biome.

3.5 Limitations

Our Vemaxzs optimizations encounter several sources of uncertainty associated with the measurements in the model
benchmarking dataset, the model representations of soils, permafrost, and plants, the model parametrizations for
photosynthesis (e.g., Vemaxes Seasonality) and evapotranspiration (e.g., stomatal conductance), and the optimization strategies
employed.

Eddy covariance and supporting measurements include uncertainty from data collection and processing, e.g., the
flux gap-filling (Soloway et al., 2017) and the partitioning of net ecosystem exchange into its component fluxes of GPP and
ecosystem respiration (Lasslop et al., 2010; Reichstein et al., 2005). Additional uncertainty might be introduced through the
ancillary measurements characterising soil and plants. For example, soil moisture generally varies across the boreal forest
stands with soil drainage class (Wickland et al., 2010), microtopography, and permafrost, influencing soil nutrient
availability and plant distribution (Chen et al., 2012; Helbig et al., 2016) and challenging model parameterizations (Rogers et
al., 2021). The resulting overall uncertainty might be higher at the sites in the permafrost zone (Ueyama et al., 2016; Rogers
etal., 2021).

The absent presentation of non-vascular plants in CLASSIC may constitute an important limitation and a source of
uncertainty. Non-vascular plants including mosses and lichens are an important component of boreal forest functioning
(Turetsky et al., 2012). For example, mosses at CA-Obs were reported to account for approximately 85 % of understory GPP
(Gaumont-Guay et al., 2014) and 10-50 % of stand-level GPP (Goulden and Crill, 1997; Swanson and Flanagan, 2001).
Various mosses (e.g., Sphagnum and feather moss) accounted for 27 % to 90 % of the ground cover among the study sites
(Qu et al., 2022) and their functional properties in photosynthesis and evapotranspiration are distinct from vascular plants
(Heijmans et al., 2004; Zha and Zhuang, 2021; Shi et al., 2021).

CLASSIC is a process-based TBM with sophisticated model structures and associated parameters to represent the
interactions of terrestrial ecosystems with the atmosphere through the exchanges of energy and matter (Melton et al., 2020).
For example, the simulated canopy properties, e.g., within-canopy profiles of photosynthesis (Bonan et al., 2012) and canopy
conductance (Santaren et al., 2007), and the modelled permafrost dynamics in the permafrost zone (Sché&del et al., 2018) may
provide critical controls for simulating GPP and ET in the boreal biome. Uncertainty may also come from Vemaxzs Seasonality
(Jensen et al., 2019). The day-length based Vemaxes Seasonality was employed in CLASSIC for the PFTs known to exhibit
pronounced Vemaxes Seasonality, that have similarly been implemented in other TBMs, e.g., Community Land Model (Bauerle

et al., 2012; Alton, 2017; Oberbauer et al., 2013). The high Pearson correlation coefficients suggested that the seasonal
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variations in GPP and ET were well simulated by the assumption of Vemaxes seasonality in CLASSIC (Table S4). However,
the day-length based seasonality may be oversimplified because measurements suggested that other environmental variables,

e.g., air temperature and solar radiation, were also important for Vemaxes Seasonality (Jensen et al., 2019; Ali et al., 2015).

Our cost function evaluated stand-level GPP and ET fluxes together. Results indicated that GPP was more sensitive
to Vemaxes than ET (higher coefficients of variation determined from the ratio of standard deviation to mean, Table S4), which
may partly explain the limited performance improvement for ET through Vemaxs optimizations at some of studied sites,
especially in the permafrost zone (Fig. 1b). In addition, evaporation from ground cover may account for a large percentage of
stand-level ET in the open boreal forest stands in the permafrost zone (Heijmans et al., 2004). The influence of Vcmaxes on
stand-level ET would thus be small through the coupled photosynthesis and stomatal conductance models in those regions.

We used two strategies to optimize the model: “single-site” and “all-sites” optimizations. Although both strategies
provided consistent improvement in GPP and ET simulations, the optimized PFT-Vcmaxes Were different. The “all-sites”
optimization provided a set of PFT-Vcmaxes Which was applicable for all sites, but uncertainty might result from small sample
sizes for some PFTs, e.g., DNT (Fig. 2a). In contrast, uncertainty might be introduced from the “single-site” optimizations if
parameterizing the model by simply using the averages of the “single-site” optimized PFT-Vcmaxes. FOr example, the
optimized Vcmaxos for ENT at US-BZS was much higher than that at other sites or from the “all-sites” optimization. The
“single-site” optimizations were, however, valuable in providing opportunities to understand spatial variability of PFT-

Vemaxzs and the influence of boreal environments.

4 Conclusions

With the “Farquhar” model implemented in CLASSIC, we performed Bayesian optimizations for PFT-Vemaxes at
eight mature boreal forest stands using GPP and ET obtained from eddy covariance measurements. Comparisons of the
model simulations using the optimized parameters with the corresponding stand-level estimates showed that the optimized
PFT-Vemaxes Substantially reduced model-data RMSD for GPP at almost all sites and ET at two permafrost-free sites,
indicating the importance of improving Vcmaxes parameterizations for boreal PFTs. We found that shrub and herb PFTs had
larger spatial variability of Vemaxes than ENT. The spatial variability of PFT-Vcmaxes was well linked to the site characteristics
in latitude, TA, SW, and the start and end of growing seasons. Our study presented an important step for improved PFT-

Vemaxes parameterizations for North America boreal forests in TBMs.
Code availability

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 General Public License version 2. The version of the model (CLASSIC v.1.3)
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used in this study, as well as the input data and scripts to perform the optimizations and to produce the plots presented in this
paper, is archived on Zenodo (https://doi.org/10.5281/zenodo.8136578) (Qu et al., 2023).

Data availability

The model benchmarking dataset used in this study is available on Zenodo: https://doi.org/10.5281/zenodo.7266010
(Qu et al., 2022).
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