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Supplementary materials 

Text S1. Tree-structured Parzen estimator optimization 

All “single-site” and “all-sites” optimizations reached a convergence in the first 200 iterations (Fig. S1 and S2). The 

mean optimization cost substantially reduced after fluctuations in the first 100 trials, indicating the obvious advance 

toward finding the optimized PFT-Vcmax25. The fluctuations of the mean optimization cost in the first 100 trials also 

indicated that the optimizations were performed through extensive explorations of model performance. 

Text S2. Global data products of gross primary production and evapotranspiration  

We extracted stand-level estimates from various gridded global data products of gross primary production and 

evapotranspiration (Table 1). All the estimates employed here were evaluated over North America’s boreal biome in 

previous studies. We acknowledge that the gridded data products may be produced based on replicated observations 

(e.g., the MODIS products) and were not fully independent. However, we treated all data products as independent 

data because they were produced separately based on independent protocols.  
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Table S1. CLASSIC parameters for estimating the maximum carboxylation rate (Vcmax) from Vcmax25 (Vcmax at 25 °C; 

μmol CO2 m-2 s-1). Tlower and Tupper (°C) are the lower and upper temperature thresholds for photosynthesis (Melton 

and Arora, 2016; Meyer et al., 2021). 

Plant functional type Vcmax25 Tlower Tupper 

Evergreen Needleleaf Tree (ENT) 42 -5 34 

Deciduous Needleleaf Tree (DNT) 47 -5 34 

Evergreen Broadleaf Shrub (EBS) 60 -2 34 

Deciduous Broadleaf Shrub (DBS) 60 -2 34 

C3 grass (C3G) 55 -1 40 

Sedge (SDG) 40 -1 40 
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Table S2. Study boreal forest stands. 30-year climate normals of mean annual air temperature (MAAT) and mean 

annual total precipitation (MATP) (Qu et al., 2022). Site names refer to AmeriFlux ID and sites are in a latitudinal 

order from south (CA-Qfo) to north (CA-HPC). Permafrost is isolated (≤10 % in areal extent), sporadic (>10 – 

50 %), discontinuous (>50 – 90 %), and continuous (>90 %). 

Site 

(AmeriFlux-

ID) 

Name Latitude Longitude MAAT MATP Permafrost 

CA-Qfo 
Quebec - Eastern Boreal, 

Mature Black Spruce 
49.69 -74.34 0.2 ℃ 929 mm Absent 

CA-Obs 

Saskatchewan - Western 

Boreal, Mature Black 

Spruce 

53.99 -105.12 1.1 ℃ 474 mm Absent 

CA-Man 

Manitoba - Northern Old 

Black Spruce (former 

BOREAS Northern 

Study Area) 

55.88 -98.48 -1.7 ℃ 324 mm Absent 

CA-SMC Smith Creek 63.15 -123.25 -2.8 ℃ 389 mm Discontinuous 

US-BZS 
Bonanza Creek Black 

Spruce 
64.70 -148.32 -2.0 ℃ 280 mm Discontinuous 

US-Uaf 
University of Alaska, 

Fairbanks 
64.87 -147.86 -3.9 ℃, 367 mm Discontinuous 

US-Prr 

Poker Flat Research 

Range Black Spruce 

Forest 

65.12 -147.49 -2.9 ℃ 391 mm Discontinuous 

CA-HPC Havikpak Creek 68.32 -133.52 -6.8 ℃ 235 mm Continuous 
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Table S3. Maximum carboxylation rate at 25 °C (Vcmax25; μmol CO2 m-2 s-1) obtained from leaf-level gas exchange 

measurements (Sect. 2.4). Plant functional types (PFTs) are “evergreen needleleaf tree” (ENT), “deciduous 

needleleaf tree” (DNT), “evergreen broadleaf shrub” (EBS), “deciduous broadleaf shrub” (DBS), “C3 grass” (C3G), 

and “sedge” (SDG). An asterisk (*) indicates that the measurements were standardized to 25 °C using an Arrhenius 

function (Smith et al., 2019; Kattge and Knorr, 2007). 

PFT Plant species Vcmax25 Measured periods Location Source 

ENT Picea mariana 46.5 ± 9.6 June–October Balsam, MN, USA Jensen et al. (2019) 

ENT Picea mariana 39.0 ± 6.4 July Guelph, ON, CA Smith and Dukes (2017) 

ENT Picea mariana 24.6 ± 4.0 July Timmins, ON, CA Smith and Dukes (2017) 

ENT Picea mariana 25.6 ± 8.8* July Prince Albert, SK, CA Rayment et al. (2002) 

ENT Picea mariana 19.7 ± 5.3* May–September 
Nelson House, MB, 

CA 
Dang et al. (1998) 

ENT Picea mariana 25.1 ± 3.8 July–August Fort Greely, AK, USA Ueyama et al. (2018) 

ENT Picea mariana 30.4 ± 8.6 August Deltana, AK, USA Smith and Dukes (2017) 

ENT Picea mariana 26.2 ± 9.6 July–August Fairbanks, AK, USA Ueyama et al. (2018) 

ENT 
Pinus 

banksiana 
25.5 ± 6.1* May–September 

Nelson House, MB, 

CA 
Dang et al. (1998) 

DNT Larix laricina 45.9 ± 29.2 June–October Balsam, MN, USA Jensen et al. (2019) 

DNT Larix laricina 38.3 ± 8.0 July Guelph, ON, CA Smith and Dukes (2017) 

DNT Larix laricina 33.4 ± 8.8 July Timmins, ON, CA Smith and Dukes (2017) 

DNT Larix laricina 42.8 ± 12.6 August Deltana, AK, USA Smith and Dukes (2017) 

EBS 
Chamaedaphne 

calyculata 
43.2 ± 8.2 June–October Balsam, MN, USA Jensen et al. (2019) 

EBS 
Rhododendron 

groenlandicum 
37.8 ± 2.8 June–October Balsam, MN, USA Jensen et al. (2019) 

EBS 
Vaccinium 

myrtilloides 
84.6 ± 13.5 July–August Wakefield, ON, CA Bubier et al. (2011) 

EBS 
Ledum 

groenlandicum 
78.1 ± 13.4 July–August Wakefield, ON, CA Bubier et al. (2011) 

EBS 
Rhododendron 

ferrugineum 
35 May–September Antras, OCC, FR 

Pornon and Lamaze 

(2007) 

EBS 
Ledum 

groenlandicum 
47.8 ± 16.8 July–August Fairbanks, AK, USA Ueyama et al. (2018) 

DBS 
Kalmia 

polifolia 
67.7 ± 22.8 June–October Balsam, MN, USA Jensen et al. (2019) 

DBS 
Vaccinium 

angustifolium 
36.3 ± 1.8 June–October Balsam, MN, USA Jensen et al. (2019) 

DBS 
Vaccinium 

myrtillus 
20.7* June–July Cavedine, TN, IT Wohlfahrt et al. (1999) 

DBS 
Vaccinium 

uliginosum 
62* June–July Innsbruck, TR, AT Wohlfahrt et al. (1999) 

DBS 
Betula 

glandulosa 
58.3 ± 6.4 July–August Fairbanks, AK, USA Ueyama et al. (2018) 

DBS Betula nana 37.3 ± 9.3 June–July Toolik lake, AK, USA Heskel et al. (2013) 
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DBS Salix pulchra 103.5 July–August Barrow, AK, USA Rogers et al. (2017) 

SDG 
Eriophorum 

vaginatum 
20.0 ± 11.0 June–July Toolik lake, AK, USA Heskel et al. (2013) 

SDG Carex aquatilis  87.3 July–August Barrow, AK, USA Rogers et al. (2017) 

SDG Eriophorum 

angustifolium 

71.9 July–August 
Barrow, AK, USA 

Rogers et al. (2017) 

C3G Arctagrostis 

latifolia 

85.5 July–August 
Barrow, AK, USA 

Rogers et al. (2017) 

C3G Arctophila 

fulva 

113 July–August 
Barrow, AK, USA 

Rogers et al. (2017) 

C3G Dupontia 

fisheri  

69 July–August 
Barrow, AK, USA 

Rogers et al. (2017) 
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Table S4. Model performance (mean ± standard deviation) in root mean square deviation (RMSD) and Pearson 

correlation coefficient (r) using the prior and optimized plant functional type (PFT)-Vcmax25 compared with eddy 

covariance observations of gross primary production (GPP) and evapotranspiration (ET). The units of RMSD are g 

C m-2 day-1 for GPP and mm day-1 for ET. Site names refer to AmeriFlux ID and sites are in a latitudinal order from 

south (CA-Qfo) to north (CA-HPC) (Table S2). 

Flux 
Statistical 

metrics 

PFT-

Vcmax25  

CA-

Qfo 

CA-

Obs 

CA-

Man 

CA-

SMC 

US-

BZS 

US-

Uaf 
US-Prr 

CA-

HPC 

GPP 

RMSD 

“single-

site” 

2.0 ± 

1.3 

1.9 ± 

0.9 

1.5 ± 

0.6 

1.9 ± 

1.0 

2.3 ± 

1.6 

2.9 ± 

1.0 

0.9 ± 

0.4 

2.5 ± 

1.9 

“all-sites” 
2.0 ± 

1.3 

1.9 ± 

0.9 

1.6 ± 

0.7 

2.1 ± 

1.1 

2.3 ± 

1.1 

2.9 ± 

0.9 

1.1 ± 

0.4 

2.6 ± 

2.0 

prior  3.5 2.4 2 3.1 2.8 2.8 1.2 4.4 

r 

“single-

site” 

0.89 ± 

0.01 

0.88 ± 

0.01 

0.88 ± 

0.04 

0.78 ± 

0.01 

0.93 ± 

0.00 

0.80 ± 

0.03 

0.90 ± 

0.01 

0.90 ± 

0.01 

“all-sites” 
0.88 ± 

0.01 

0.87 ± 

0.02 

0.88 ± 

0.03 

0.77 ± 

0.02 

0.93 ± 

0.01 

0.83 ± 

0.02 

0.89 ± 

0.01 

0.90 ± 

0.01 

prior  0.87 0.86 0.82 0.79 0.93 0.83 0.89 0.90 

ET 

RMSD 

“single-

site” 

0.91 ± 

0.31 

0.77 ± 

0.15 

0.74 ± 

0.08 

0.64 ± 

0.05 

0.57 ± 

0.10 

0.55 ± 

0.05 

0.44 ± 

0.03 

0.70 ± 

0.11 

“all-sites” 
0.95 ± 

0.29 

0.80 ± 

0.19 

0.75 ± 

0.08 

0.70 ± 

0.08 

0.53 ± 

0.08 

0.59 ± 

0.07 

0.46 ± 

0.03 

0.76 ± 

0.12 

prior  1.42 1.12 0.85 0.69 0.51 0.57 0.43 0.94 

r 

“single-

site” 

0.81 ± 

0.01 

0.80 ± 

0.04 

0.83 ± 

0.02 

0.86 ± 

0.02 

0.90 ± 

0.01 

0.85 ± 

0.04 

0.92 ± 

0.01 

0.81 ± 

0.06 

“all-sites” 
0.81 ± 

0.02 

0.84 ± 

0.03 

0.83 ± 

0.02 

0.86 ± 

0.03 

0.90 ± 

0.01 

0.84 ± 

0.04 

0.92 ± 

0.02 

0.81 ± 

0.07 

prior  0.78 0.84 0.84 0.9 0.91 0.9 0.92 0.88 
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Table S5. Root mean square deviation (RMSD) averaged among study sites comparing CLASSIC simulations using 

the prior and optimized plant functional type (PFT)-Vcmax25 with the corresponding stand-level estimates of gross 

primary production (GPP) and evapotranspiration (ET). The corresponding estimates are BESS (Li et al., 2021), 

MODIS-Z (Zhang et al., 2017), MODIS-OD (Running and Zhao, 2021), GLASS (Liang et al., 2021), GOSIF (Li 

and Xiao, 2019), CLASS (Hobeichi et al., 2020) (Table 1). The units of RMSD are g C m-2 day-1 for GPP and mm 

day-1 for ET. 

Flux 
PFT-

Vcmax25  
BESS 

MODIS-

OD 

MODIS-

Z 
GLASS GOSIF CLASS Average 

GPP 

“single-

site” 
1.34 1.12 1.39 0.98 1.23 / 1.22 

“all-

sites” 
1.19 1.06 1.13 1.10 1.02 / 1.11 

prior 2.93 2.56 3.06 1.78 2.82 / 2.69 

ET 

“single-

site” 
0.90 0.56 / / / 0.53 0.69 

“all-

sites” 
0.92 0.58 / / / 0.56 0.71 

prior 1.03 0.66 / / / 0.64 0.80 
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Figure S1. Optimization cost of “all-sites” optimization found before each iteration (Eq. [3] and Sect. 2.3). The 

dashed line is the 1 % quantile of the minimum cost. 
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Figure S2. Optimization cost of “single-site” optimizations found before each iteration (Eq. [3] in Sect. 2.3). The 

dashed line is 1 % quantile of the minimum cost. 
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Figure S3. Partial dependence plots of the three most important predictors derived from random forest analyses 

(Sect. 2.5 and Table 2). Predictors include start (SOS, day of year), end (EOS, day of year), and duration (LOS, days) 

of growing seasons, latitude (LAT, °), incoming shortwave radiation (SW, W m-2), air temperature (TA, ◦C), and 

vapor pressure deficit (VPD, hPa). CLASSIC plant functional types are “evergreen needleleaf tree” (ENT), 

“evergreen broadleaf shrub” (EBS), “deciduous broadleaf shrub” (DBS), and “sedge” (SDG). 
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