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Fig. S1: Relative difference (%) between gridded climate datasets and the German Weather Service 
(DWD) precipitation observations averaged over 2011–2023. E-OBS closely reproduces observed 
precipitation patterns (<3% on average), whereas ERA5-Land exhibits a systematic positive bias 
over large parts of Germany (~20% on average).
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Site-level model parameterization and calibration

we selected 3 forest sites in Europe for each of the main tree species which provided data of latent
heat flux and net carbon ecosystem exchange for more than 10 years, covering the period from 2011
to 2023.  The freely available ICOS data include sites dominated by pine (Brasschaat, Hyytiälä,
Loobos), spruce (Tharandt, Davos, BilyKriz) and oak (Hohes Holz, Fontainbleau). The sites have
individual labels and key publications in which specific descriptions can be found (BE-bra: Carrara
et al. 2003; FI-hyy: Vesala et al. 1998; NL-loo: Bequet et al. 2012; DE-tha: Grünwald & Bernhofer
2007; CH-dav: Etzold et al. 2011; CZ-bil: Sedlak et al. 2013; DE-hoh: Lange et al. 2017; FR-fon:
Delpierre et al. 2016). In addition, another oak dominated site from the UK (Straits, Wilkinson et al.
2012) was used, where also long-term eddy-covariance measurements were available. We did the
same for beech (Leinefelde in Germany, Soroe in Denmark, and Stitna in the Czech Republic),
which was published before in a separate study (Moutahir et al. 2026). Basic site information are
given in Table S1 below.
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Fig. S2: Comparison of simulated (lines) and measured (dots) daily ecosystem fluxes at three pine sites (top: 
Brasschaat, BE, black dots; middle: Hyytiälä, FI, yellow dots; bottom: Loobos, NL, green dots) 
throughout the years 2010-2023. NEE: net carbon exchange (gC m-2 d-1), ET: evapotranspiration (mm), GPP:
gross primary Productivity (gC m-2 d-1), RECO: Ecosystem Respiration (gC m-2 d-1).
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Fig. S3: Evaluation of simulated with measured daily ecosystem fluxes for all three pine sites (see Fig. S1) 
for the whole available period. NEE (top-left): net ecosystem carbon exchange (gC m-2 d-1), ET (top-right): 
evapotranspiration (mm), GPP (bottom-left): gross primary Productivity (gC m-2 d-1), RECO (bottom-right): 
Ecosystem Respiration (gC m-2 d-1). Different sites are depicted in different colors with the same color code 
as in Figures S1. Metrics include squared coefficient of determination (R²), relative squared mean error 
(RSME), normalized relative squared mean error (nRSME), model bias (gC m -2 d-1 and mm, respectively), 
and Pearson’s coefficient of determination (r).
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Fig. S4: Comparison of simulated (lines) and measured (dots) daily ecosystem fluxes at three spruce sites 
(top: BilyKriz, CZ, black dots; middle: Tharandt, DE, yellow dots; bottom: Davos, CH, green dots) 
throughout the years 2010-2023. NEE: net carbon exchange (gC m-2 d-1), ET: evapotranspiration (mm), GPP:
gross primary Productivity (gC m-2 d-1), RECO: Ecosystem Respiration (gC m-2 d-1).
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Fig. S5: Evaluation of simulated with measured daily ecosystem fluxes for all three spruce sites (see Fig. S3)
for the whole available period. NEE (top-left): net ecosystem carbon exchange (gC m-2 d-1), ET (top-right): 
evapotranspiration (mm), GPP (bottom-left): gross primary Productivity (gC m-2 d-1), RECO (bottom-right): 
Ecosystem Respiration (gC m-2 d-1). Different sites are depicted in different colors with the same color code 
as in Figures S1. Metrics include squared coefficient of determination (R²), relative squared mean error 
(RSME), normalized relative squared mean error (nRSME), model bias (gC m -2 d-1 and mm, respectively), 
and Pearson’s coefficient of determination (r).
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Fig. S6: Comparison of simulated (lines) and measured (dots) daily ecosystem fluxes at three oak sites (top: 
Fontainbleau, FR, black dots; middle: Hohes Holz, DE, yellow dots; bottom: Straits, UK, green dots) 
throughout the years 2010-2023. NEE: net carbon exchange (gC m-2 d-1), ET: evapotranspiration (mm), GPP:
gross primary Productivity (gC m-2 d-1), RECO: Ecosystem Respiration (gC m-2 d-1).
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Fig. S7: Evaluation of simulated with measured daily ecosystem fluxes for all three oak sites (see Fig. S5) 
for the whole available period. NEE (top-left): net ecosystem carbon exchange (gC m-2 d-1), ET (top-right): 
evapotranspiration (mm), GPP (bottom-left): gross primary Productivity (gC m-2 d-1), RECO (bottom-right): 
Ecosystem Respiration (gC m-2 d-1). Different sites are depicted in different colors with the same color code 
as in Figures S1. Metrics include squared coefficient of determination (R²), relative squared mean error 
(RSME), normalized relative squared mean error (nRSME), model bias (gC m -2 d-1 and mm, respectively), 
and Pearson’s coefficient of determination (r).
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Fig. S8: Comparison of simulated (lines) and measured (dots) daily ecosystem fluxes at three beech sites 
(top: Soroe, DK, black dots; middle: Leinefelde, DE, yellow dots; bottom: Stitna, CZ, green dots) throughout
the years 2010-2023. NEE: net carbon exchange (gC m-2 d-1), ET: evapotranspiration (mm), GPP: gross 
primary Productivity (gC m-2 d-1), RECO: Ecosystem Respiration (gC m-2 d-1). Adapted from Moutahir et al., 
(2026).
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Fig. S9: Evaluation of simulated with measured daily ecosystem fluxes for all three beech sites (see Fig. S7) 
for the whole available period. NEE (top-left): net ecosystem carbon exchange (gC m-2 d-1), ET (top-right): 
evapotranspiration (mm), GPP (bottom-left): gross primary Productivity (gC m-2 d-1), RECO (bottom-right): 
Ecosystem Respiration (gC m-2 d-1). Different sites are depicted in different colors with the same color 
code as in Figures S1. Metrics include squared coefficient of determination (R²), relative squared mean 
error (RSME), normalized relative squared mean error (nRSME), model bias (gC m -2 d-1 and mm, 
respectively), and Pearson’s coefficient of determination (r). Adapted from Moutahir et al., (2026) 
published under the Creative Commons Attribution 4.0 License (https://doi.org/10.5194/bg-23-
1719-2026).
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Fig. S10. Simulated 10×10 km gridcells with species-specific forest cover heatmaps for beech, oak,
spruce, and pine with color intensity reflecting the local share of total forest area within each

gridcell.
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Fig. S11:   Absolute differences (kg C ha ¹) in GPP, TER, and NEE  (ERA5-Land minus E-OBS)⁻
forthe four tree species over the period 2011–2023. NEE is expressed as negative for carbon uptake;
thus, positive values in the difference map correspond to reduced carbon uptake (weakened sink
strength).
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Fig. S12:  Absolute differences (kg C ha ¹) in GPP, TER, and NEE  (ERA5-Land minus E-OBS)⁻
forthe four tree species for the drought year 2018. NEE is expressed as negative for carbon uptake;
thus, positive values in the difference map correspond to reduced carbon uptake (weakened sink
strength).

17



Table S1: Characteristics of the twelve eddy-covariance forest sites used for model parameterization and evaluation.

Site name Shortcut Lat/Lon Elevat-
ion (m) Species Height

(m) N trees/ha
Air

temperature
(°C)

Precipitation
(mm)

Humus
type Soil type

Rooting
Depth
(cm)

Brasschaat BE-Bra 51.3076; 4.5198 16 Pinus sylvestris 21.3 384 11.1 815 Rawhumus Loamy sand 112

Hyytiälä FI-Hyy 61.8474; 24.2948 181 Pinus sylvestris 34.7 611 4.9 742 Moder Sandy loam 70

Loobos NL-Loo 52.1665; 5.7435 25 Pinus sylvestris 15.9 434 10.1 788 Moder Sand 80

Tharandt DE-Tha 50.9626; 13.5652 380 Picea abies 25.4 468 9.7 792 Moder Silt loam 122

Davos CH-Dav 46.8153; 9.8559 1639 Picea abies 25 1100 4.6 858 Rawhumus Sandy loam 90

Bílý Kříž CZ-BK1 49.5021; 18.5369 875 Picea abies 11 1430 6.9 1140 Moder Sandy loam 45

Hohes Holz DE-HoH 52.0865; 11.2223 193 Oak-dominated 
deciduous 29.6 100 10.2 485 Mull Silt loam 183

Fontainebleau
-Barbeau FR-Fon 48.4763; 2.7801 103 Quercus petraea

/ Q. robur 25 280 11.9 650 Mull Sandy clay 300

Straits UK-Str 51.1167; -0.8500 80 Oak plantation 21.1 345 10.7 782 Mull Silty clay 102

Leinefelde DE-Lnf 51.3282; 10.3678 450 Fagus sylvatica 34 224 8 620 Mull Silty clay 103

Sorø DK-Sor 55.4869; 11.6458 40 Fagus sylvatica 25.5 420 9 850 Mull Sandy loam 113

Stitná CZ-Stn 49.0359; 17.9699 562 Fagus sylvatica 30.5 286 9.1 655 Mull Silt loam 125



Table S2: Parameters affecting the simulation of carbon and water exchange in the LandscapeDNDC model. Values are mostly taken from the literature but ‘*’ 
indicate that they are calibrated within boundaries reported in the literature using specific sites (see Fig. S1 to 8). 
Variable Description Beech Oak Spruce Pine References  (Beech; Oak; Spruce; Pine)

Photosynthesis

AEKC
Activation energy for Michaelis-Menten 
constant for CO  (J mol ¹)₂ ⁻ 80500 65000 65000 59400

Harley & Baldocchi (1995); Werner et al. (2001); Falge 
et al. (1997); Medlyn et al. (2002)

AEKO
Activation energy for Michaelis-Menten 
constant for O  (J mol ¹)₂ ⁻ 14500 36000 36000 36000

Harley & Baldocchi (1995); Werner et al. (2001); Falge 
et al. (1997); Medlyn et al. (2002)

AERD Activation energy for dark respiration (J mol ¹)⁻ 36500 41550 63500 42580
Dreyer et al. (2001); Dreyer et al. (2001); Falge et al. 
(1997); Wang et al. (1996)

AEVC Activation energy for photosynthesis (J mol ¹)⁻ 70627 55729 75750 69830
Kattge & Knorr (2007); Kattge & Knorr (2007); Falge et 
al. (1997); Wang et al. (1996)

AEVO
Activation energy for RubP oxygenation (J 
mol ¹)⁻ 37530 37530 37530 37530 Long (1991) (all species)

AEJM
Activation energy for electron transport (J 
mol ¹)⁻ 48090 40719 40000 61650

Medlyn et al. (2002); Kattge & Knorr (2007); Ibrom et 
al. (2006); Wang et al. (1996)

KC25 Michaelis-Menten constant for CO₂ 275 275 460 405
Harley & Baldocchi (1995); Harley & Baldocchi (1995); 
Farquhar et al. (1980); Medlyn et al. (2002)

KO25 Michaelis-Menten constant for O₂ 420 420 330 278.4
Harley & Baldocchi (1995); Harley & Baldocchi (1995); 
Farquhar et al. (1980); Medlyn et al. (2002)

QVOVC
Relation between saturated rate of oxygenation 
and carboxylation 0.21 0.21 0.21 0.21 Long (1991) (all species)

QJVC
Relation between max. electron transport rate 
and RubP-saturated carboxylation 2.24 1.83 2.47 2.48

Yan et al. (2023); Kattge & Knorr (2007); Grassi et al. 
(2001); Samson et al. 2006

QRD25
Relation between dark respiration rate and 
carboxylation capacity 0.0149 0.024 0.022 0.003

Yan et al. (2023); Dreyer et al. (2001); Ibrom et al. 
(2006); Wang et al. 1996

SLOPE_GSA
Slope of stomata response in the BERRY-
BALL model 11.8 3.94 6.4 5

Medlyn et al. (2001); Medlyn & Jarvis (1999); Medlyn et
al. (2001); Kellomäki & Wang (1996)

THETA Curvature parameter for photosynthesis 0.882 0.85 0.71 0.7
Yan et al. (2023); Werner et al. (2001); Medlyn et al. 
(2005); Aalto et al. (2002)

VCMAX25
Saturated rate of carboxylation at 25 oC (µmol 
m ² s ¹)⁻ ⁻ 38 60 120 95 *

Water exchange

GSmax
Maximum stomata conductivity (mmol H2O 
m ² s ¹)⁻ ⁻ 497.3 350 48 600 *

GSmin Minimum stomata conductivity (mmol H2O 9.1 20 1.5 15 *



m ² s ¹)⁻ ⁻

H2OREF_GS
Relative available soil water content at which 
stomata closure starts 0.3 0.4 0.23 0.15 *

WUECmax Maximum water use efficiency (mg H2O g C ¹)⁻ 23.7 25 20 18 *
WUECmin Minimum water use efficiency (mg H2O g C ¹)⁻ 4 2 10 10 *
Phenology
DLEAFSHED Total leaf longevity from emergence (days) 350 330 3030 1409 *
GDDFOLSTART Temperature sum for foliage activity onset (°C) 282 100 236 110 *

MFOLopt
Foliage biomass for mature stands under closed 
canopy condition (kg m ²)⁻ 0.25 0.43 1.3 0.45 *

NDFLUSH
Time interval necessary to complete flushing of 
foliage (days) 21 60 62 67 *

NDMORT
Time interval necessary to complete litterfall 
(days) 106 60 376 165 *

SLAmax Specific leaf area in the shade (m² kg ¹)⁻ 31 20 6.8 9.1
Aranda et al. (2004); Cermak (1998); Perterer & Körner 
(1990); Moren et al. (2000)

SLAmin Specific leaf area in full light (m² kg ¹)⁻ 11 5.9 2.1 3.4
Aranda et al. (2004); Cermak (1998); Perterer & Körner 
(1990); Moren et al. (2000)

Others

ALB Foliage albedo 0.05 0.18 0.06 0.11
Dufrene et al. (2005); Otto et al. (2005); Jarvis et al. 
(1976); Perttu et al. (1980)

EXT Light extinction factor 0.53 0.54 0.42 0.56
Molina-Herrera et al. (2015); Li et al. (1997); Forrester 
et al. (2014); Molina-Herrera et al. (2015)

KM20
Maintenance coefficient at reference 
temperature of 20 oC 0.9 0.45 0.5 1.5 *

NCFOLopt Optimum nitrogen concentration of foliage (%) 0.03 0.03 0.02 0.01
Mellert & Göttlein (2012); Mellert & Göttlein (2012); 
Mellert & Göttlein (2012); Molina-Herrera et al. (2015)



Table S3: Number of simulated grid cells and sampling points per tree group

Tree 
group

Total grid cells
with tree group

Excluded
grid cells

% of excluded
tree group area

Simulated
grid cells

Sampling
points

Beech 3655 66 0.36 3589 53835
Oak 3639 1010 5.14 2629 39435
Spruce 3638 929 0.99 2709 40635
Pine 3524 2060 2.47 1464 21960

Table S4. Mean (± standard deviation) difference of climate variables over Germany (2011–2023) between
ERA5-Land and E-OBS

Variable ERA5 E-OBS ERA5 − E-
OBS

(ERA5 − E-OBS) /
E-OBS (%)

Precipitation (mm yr ¹)⁻ 872.1 ± 202.8 740.5 ± 212.7 132.5 ± 88.4 19.8 ± 11.9

Mean temperature (°C) 9.9 ± 0.9 9.8 ± 0.9 0.1 ± 0.4 1.0 ± 5.0

Maximum temperature (°C) 13.5 ± 0.9 14.4 ± 1.0 −0.8 ± 0.4 −5.7 ± 3.2

Minimum temperature (°C) 6.2 ± 1.1 5.3 ± 0.9 0.9 ± 0.7 17.4 ± 12.1

Diurnal temperature range (°C) 7.3 ± 0.8 9.1 ± 0.8 −1.7 ± 0.7 −18.6 ± 7.0

Global radiation (W m ²)⁻ 130.2 ± 7.2 126.0 ± 6.16 4.2 ±  1.0 3.3 ± 1.8
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