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A B S T R A C T   

We compared three methods of estimating gross primary production (GPP) of a boreal forest dominated by 
spruce and pine with the goals of 1) converging on the best estimate and 2) disaggregating the GPP among the 
two canopy species and the understory stratum. The three methods were: 1) eddy covariance (EC), 2) a soil- 
vegetation-atmosphere transfer model, APES, driven by meteorological data, and 3) an ecophysiological 
approach (Iso/SF) based on sap flux and phloem δ13C, where sap flux is used to estimate stomatal conductance 
and δ13C is used to estimate intrinsic water-use efficiency (WUEi). The EC and APES methods agreed rather well, 
which was expected because APES was developed to predict eddy covariance data. The Iso/SF method, which is 
based on independent data, yielded lower estimates. This was partly because it excluded understory vegetation 
from the GPP estimate. We also found that the measured sap flux/transpiration estimates for spruce in Iso/SF 
were much lower than those from APES. In contrast, the absolute values for Scots pines were very similar be
tween the two methods, especially in the summer. In both species, the seasonal dynamics match well among all 
methods. This multi-method approach allowed us to detect possible problems in the spruce sap-flux measure
ments, but successfully upscaled pine data from ecophysiological traits to stand and ecosystem functioning.   

1. Introduction 

Approaches for estimating ecosystem GPP can be broadly catego
rized into top-down or bottom-up. The bottom-up estimates rely on 
ecophysiological or gas exchange data at individual or mesocosm level, 
which are then scaled up to ecosystem-level (Kim et al., 2008; Klein 
et al., 2016; Peichl et al., 2010; Vernay et al., 2020). Top-down ap
proaches derive GPP from ecosystem-scale measurements, for instance 
based on the eddy covariance (EC) method (Baldocchi, 2020; Ouimette 
et al., 2018). 

Each approach has advantages and disadvantages. At the ecosystem 
scale, net CO2 ecosystem exchange (NEE) and evapotranspiration (as 
latent heat flux) are commonly estimated with EC flux towers providing 
continuous data at a high temporal resolution without disturbing 
ecosystem and experimental conditions. Currently, EC data are obtained 
with about 1400 flux towers within various ecosystem types around the 
world (Baldocchi, 2014, 2003; Burba, 2019; Falge et al., 2017). Most 
flux sites are part of vast networks (e.g., FLUXNET,1 ICOS2) and submit 
their data to databases following standardized protocols and methods 
for data processing. Due to the constant improvement of data processing 
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strategies (quality-check and acquisition, flux estimation, etc.), the EC 
method is considered robust, at least by the eddy covariance commu
nity. However, not all limitations in EC flux estimates can be prevented, 
such as the need to be set on flat terrain (Hollinger and Richardson, 
2005; Jung et al., 2020). Some uncertainties in flux estimates are 
introduced for time periods with stable atmospheric conditions, where, 
especially in dense forest canopies, the requirement for sufficient tur
bulent exchange between the ecosystem and the atmosphere above may 
not be met. Thus, one basic assumption of the EC method would be 
violated. However, these periods of low turbulence can be filtered out (e. 
g., Jocher et al., 2017; Thomas et al., 2013; Wutzler et al., 2018). Finally, 
the obtained NEE can be partitioned into its component fluxes, GPP and 
ecosystem respiration (Reco), using various models (Baldocchi, 2003; 
Lasslop et al., 2010; Loescher et al., 2006; Luyssaert et al., 2007; 
Reichstein et al., 2012, 2005). Multiple studies have compared these 
source partitioning methods and discussed their advantages and disad
vantages (e.g., Chi et al., 2021; Klosterhalfen et al., 2019; Marshall et al., 
2023; Stoy et al., 2006). 

GPP can also be estimated using semi-empirical models (Minunno 
et al., 2016; Tian et al., 2020) or mechanistic multi-layer soil-vegeta
tion-atmosphere transfer models, such as the APES model (Baldocchi 
et al., 2002; Launiainen et al., 2015; Ogée et al., 2003). Indeed, mech
anistic soil-vegetation-atmosphere transfer models, which are based on 
leaf-level energy balance and gas exchange, are less reliant on 
site-specific calibration than more empirical models, making them a 
highly attractive tool to estimate GPP. Although these method/models 
provide a degree of independence from EC data, in fact they are usually 
calibrated using EC data. Consequently, any bias in the EC method 
(including meteorological data), may be carried forward into the model 
structure and its fitted parameters. Nonetheless, the APES model is 
attractive because it can partition C fluxes between understory vs 
overstory strata and also among tree species in the overstory, making it 
particularly well suited for comparison to ecophysiological data mea
sures at individual/mesocosm scale. 

Finally, ecophysiological approaches, such as gas exchange cham
bers and sap flow, require a different set of measurements and as
sumptions and thus are more independent of EC-based methods. In 
particular, the estimation of tree transpiration from sap-flow measure
ments and phloem isotopic δ13C (Iso/SF) has recently been used to es
timate GPP at a stand scale (Hu et al., 2010; Klein et al., 2016; Vernay 
et al., 2020). This method infers GPP from tree transpiration (Q) and tree 
intrinsic water use efficiency (WUEi). Basically, it may be summarized as 
GPP = Q × WUEi. If these variables are estimated from a representative 
sample collection then it can infer GPP at stand scale.(Grime, 1998) 
Three potential challenges of the Iso/SF method are the requirement for 
a mesophyll conductance correction, which is frequently difficult to 
obtain due to the complex experimental setup (Stangl et al., 2019), the 
need to measure δ13C so that it reflects seasonal variation and integrates 
over the tree canopy, and finally, the requirement for quantitative es
timates of sap flow. The sap-flow data, particularly when heat dissipa
tion methods are used (Oren et al., 1999), is further hampered by the 
difficulty of estimating stomatal conductance at low vapour pressure 
deficits, which are common in the early and late photosynthetic season. 
However, this is commonly addressed with the use of alternative 
heat-pulse methods that are very sensitive to small flows (Burgess et al. 
2001, Gutierrez Lopez et al. 2021). Additionally, issues remain 
regarding the description of radial distributions across the conductive 
tissue of the tree (Berdanier et al., 2016; Caylor and Dragoni, 2009; 
Granier et al., 1994; Wullschleger and King, 2000). 

GPP estimates obtained by different methods can be compared for 
their seasonal trends, day-to-day dynamics, and for their daily and 
annual absolute values. Most methods are able to describe the same bell- 
shaped seasonal pattern of GPP, typical for boreal forests. Indeed, 
studies at global scales showed that the dynamics of GPP difference were 
rather similar between methods (Campioli et al., 2016; Wang et al., 
2017). However, the absolute values may strongly differ. Comparisons 

between EC and chamber approaches (Peichl et al., 2010) or EC-based 
method and isotopic/sap-flow methods (Vernay et al., 2020) have 
confirmed differences among methods; generally, chambers and Iso/SF 
methods have produced higher GPP estimates than EC-based data 
(Peichl et al., 2010; Vernay et al., 2020; Wang et al., 2010). 

In addition to GPP estimates at ecosystem scale, different methods 
have different capabilities to estimate the partitioning of GPP into 
different species and into different forest strata. Consequently, the 
source partitioning is of great interest because different sections of the 
forest, such as the understory, can be very important in the C flux of 
boreal forests (Ikawa et al., 2015; Palmroth et al., 2019). Partitioning 
GPP brings more information ecosystem functioning, complementary to 
GPP at ecosystem scale estimates presented before. Several studies have 
partitioned GPP data among different strata and species within a stand 
(Chi et al., 2021; Misson et al., 2007; Palmroth et al., 2019). The par
titioning to over- and understory has most often been done using 
semi-empirical models (Ikawa et al., 2015; Misson et al., 2007; Tian 
et al., 2021). Recently, source partitioning of C fluxes of over- and un
derstory has been conducted with measurements of two separate EC 
systems, one above and one below the canopy (Chi et al., 2021). This 
empirical description of above- vs. below-canopy, provides an inter
mediate step toward disaggregation among species. 
Soil-plant-atmosphere transfer models such as the APES model (Lau
niainen et al., 2015), which support the description of multiple species 
in the overstory canopy in addition to the understory vegetation, can be 
used to address the contribution of individual species to ecosystem 
fluxes. This makes such models particularly well suited for comparisons 
to multi-scale data. However, such models require trait parameteriza
tions by species. 

Given that all methods present advantages and disadvantages, a 
multi-methods approach would help to give a larger overview of the GPP 
variability and its underlying drivers (Schäfer et al., 2003), where esti
mates and their implications are not tied to the assumptions or disad
vantages of a single method, but rather are further validated by multiple 
approaches. Consequently, a multi-methods comparison could help to 
disentangle the processes embedded in each method and help under
stand discrepancies between GPP estimates. In other words, the greatest 
advantage of a multi-method approach is its complementary nature. 

In this study, we estimated GPP of a mixed boreal forest using three 
different methods: EC, a soil-vegetation-atmosphere transfer model 
(APES, Launiainen et al., 2015), and Iso/SF. Our objectives were 
twofold: first, to estimate GPP variability in a multi-method comparison 
and consider how the different method assumptions could explain the 
intra-method variability. Second, we estimated the species and strata 
contributions to the stand-scale GPP. We hypothesized that:  

(i) The different methods captured the same seasonal GPP dynamics 
with absolute values within the similar uncertainty range. 
Further, we hypothesized that the discrepancies between 
methods occurred primarily when environmental data showed 
high variability (spring and summer).  

(ii) APES and Iso/SF methods estimate similar species contributions 
to the total canopy GPP based on their abundance, phenology, 
and physiological characteristics.  

(iii) Methods that estimate GPP at ecosystem scale (EC and APES) 
should have a higher GPP than method using only tree canopy 
GPP (Iso/SF). 

2. Materials and methods 

For this multi-method comparison, we applied the eddy-covariance, 
APES and Iso/SF methods on the same mixed boreal forest in the same 
year. The methods we tested, have been studied individually in various 
other ecosystems, but to our knowledge, this is the first time they are 
systematically compared in a typical pine-spruce mixed boreal 
ecosystem, which is known to have extreme weather variability during 
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the growing season. It influences all vegetation strata, which potentially 
limiting the predicting capabilities of methods. The materials and 
methods section describes first the site and stand features, which were 
common to all methods, and then the details of each method application 
and the applied correction to account for site features. 

2.1. Study site 

This study was conducted at Svartberget experimental forest, located 
within the Krycklan catchment area (www.slu.se/Krycklan) in northern 
Sweden (64◦15′N, 19◦46′E, 270 m a.s.l.), in 2019. The climate there is a 
cold temperate humid according to the Köppen classification (Kottek 

et al., 2006) with a mean annual temperature of 1.8◦C and annual 
precipitation of 623 mm yr− 1 (averaging period 1981–2010, Laudon 
et al., 2021). 

Most of the catchment area is covered by a mixed forest of pine and 
spruce (87 %). Understory vegetation at the site is characterized by 
bilberry (Vaccinium myrtillus) and lingonberry (Vaccinium vitis-idaea) 
with mosses (Pleurozium schreberi and Hylocomium splendens) in the 
bottom layer (Laudon et al., 2013). Soils have been formed in a qua
ternary till deposit and display a podzolic layer. Organic histosols are 
found in the riparian zone (Ledesma et al., 2016). The catchment was 
highly instrumented to characterize soil, hydrological, and meteoro
logical properties. Moreover, since 2011, the Svartberget site belongs to 

Fig. 1. Subcatchment of the Kyrcklan catchment where the study took place in Svartberget (red point on the Europe map). The orthophoto in panel (A) and 
environmental data of inventory plots in both panels were obtained by the Swedish University of Agricultural Sciences and Swedish Forest Agency in Umea and the 
geospatial data of the land cover types in panel (B) were taken from Chi et al. (2019) (Geografiska™ Sverigedata product). 
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the Integrated Carbon Observation System (ICOS) network with a 150 m 
flux tower. The tower has been equipped with eddy covariance sensors 
to measure gas exchanges (more information can be found on the 
website: https://sweden.icos-cp.eu/Svartberget). The tower is located 
on a mild slope (less than 4 %) facing South-East. The height differences 
within the footprint and in the main wind direction (between 
North-West and North) is about 45 m. 

2.2. Stand characteristics 

Stand characteristics (species abundance, diameter at breast height) 
were available from regularly spaced forest 10-m inventory plots (Fig. 1) 
in the approximately 70 km2 Krycklan catchment. We selected the ten 
inventory plots inside subcatchment C2, within which the EC tower is 
centrally located. On average, stand basal area was 30 m2 ha− 1 and the 
shares of Scots pine (Pinus sylvestris, PS), Norway spruce (Picea abies, 
PA), and birch (Betula pendula, BP) were 46%, 49 %, and 5 %, respec
tively. In June-July 2018, projected leaf area index (LAI) was measured 
in the stands with the LAI-2200C Plant Canopy Analyzer (Selin, 2020). 
LAI varied from 2.5 to 5.1 m2 m− 2 for the whole plots. LAI of pine was on 
average (from ten plots) 1.23 m2 m− 2 (±1.0 m2 m− 2) while that of spruce 
was 2.53 m2 m− 2 (±1.2 m2 m− 2). 

2.3. Environmental data 

The ICOS Svartberget ecosystem–atmosphere station provided data 
on greenhouse gas, water vapour, and energy fluxes as well as meteo
rological, vegetation, and soil environmental variables (http://www. 
icos-sweden.se/station_svartberget.html). Environmental data, air tem
perature (Ta, ◦C), relative humidity (RH,%), air pressure (Patm, kPa), 
photosynthetic photon flux density (PPFD, µmol m− 2 s − 1), precipitation 
(mm), soil water content (SWC,%), atmospheric CO2 concentration (Ca, 
ppm), soil temperature (Tsoil, ◦C), wind speed (m s − 1) and incoming 
shortwave and longwave radiation were available as half-hourly aver
ages. Daily averages are presented in Fig. 2. 

From RH and Ta, we inferred the vapour pressure deficit during 
daytime (VPDd, kPa), i.e., when PPFD was >30 µmol m− 2 s − 1, as follows 
(Ngao et al., 2017): 

VPDd =
(

0.6108 × e
17.27×Ta
Ta+237.3

)
×

(

1 −
RH
100

)

(1) 

Then, we calculated the daylength normalized VPD (DZ, kPa) (Oren 
et al., 1996) as follows: 

DZ = VPDd ×
(nd

24

)
(2)  

with nd the number of daylight hours (≥30 µmol PPFD m− 2 s − 1) (24 
represents the 24 h of one day). These daily DZ were summed and used to 
reduce the influence of diurnal variation (Oren et al., 1996) and allow us 
to focus on the seasonal patterns. Dz combines the daytime VPDd with 
daylength into a synthetic variable, which is commonly applied in the 
sap-flux literature. To be consistent with that literature, we have also 
used this variable. 

In all methods used to estimate GPP at stand scale (EC, APES, Iso/ 
SF), we only considered daytime values (i.e. when PPFD was ≥30 µmol 
m− 2 s − 1). We assumed that there was no photosynthesis during 
nighttime (but see, Kooijmans et al., 2017). 

To provide context for the GPP estimate, we defined the thermal 
growing season as the period beginning after the occurrence of five 
consecutive days with mean daily temperature > 5 ◦C and the end was 
defined as the occurrence of five consecutive days <5 ◦C (Cornes et al., 
2019; Mäkelä et al., 2006). In 2019, the thermal growing season lasted 
from April 15 (DOY 105) to September 17 (DOY 260), which represented 
156 days (Fig. 2). Note that GPP was calculated for the entire year, not 
only during the growing season. 

2.4. Isotopic/sap-flux method 

2.4.1. GPP estimate from isotopic and sap-flux data 
With the Iso/SF method GPP for individual trees was inferred and 

then scaled up to the stand level (GPPIso/SF, g C m− 2 d − 1). Broadly, 
GPPIso/SF was obtained by multiplying the intrinsic water-use efficiency 
(WUEi) by canopy stomatal conductance (gs), where WUEi was esti
mated from phloem δ13C and gs was estimated from tree-stem sap flux 
and daylength normalized mean vapour pressure deficit (Dz). Because 
birches represented a negligible basal area compared to spruce and pines 
at the study site, we did not consider this species in the Iso/SF 
calculation. 

2.4.2. Sap-flux and transpiration measurements to estimate canopy 
stomatal conductance 

Within the studied area (Fig. 1), we selected three locations (here
after: nodes) to measure tree-level transpiration (Q, L day− 1). Each node 
was located along a topographic gradient: Footslope (low), backslope 
(middle), and shoulder slope (high) within an elevation range of 
260–285 m a.s.l. Within each node (25 m radius), we selected 20 trees 

Fig. 2. Environmental data at Svartberget site in 2019, (A) daily precipitation sum, (B) daily mean air temperature, (C) daily mean photosynthetic photon flux 
density (PPFD), (D) daily normalized vapour pressure deficit (Dz) during daylight hours, where the red dashed line was the minimal threshold, 0.15 kPa, considered 
in GPPIso/SF calculations, (E) daily mean volumetric soil water content at 10 cm (%, SWC). Grey area represents the thermal growing season. 
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(10 pine and 10 spruce) that represented the diameter distribution of 
trees in the entire studied area. Sap-flux density (JS, cm3 cm− 2 h − 1) was 
measured at breast height using custom-made heat dissipation-type sap- 
flow sensors (Granier, 1987, 1985; Gutiérrez López, 2015). These sen
sors were installed in 2016 on selected trees and all sensors were covered 
with reflective insulation to minimize the effect of natural temperature 
gradients. To account for radial and circumferential variability in JS 
(Berdanier et al., 2016; Caylor and Dragoni, 2009; Granier et al., 1994; 
Wullschleger and King, 2000), we installed sensors at four sapwood 
depths (i.e., 0–20 mm, 20–40 mm, 40–60 mm, and 60–80 mm) in a 
subset of trees (five per species per node). Additionally, we installed 
sensors in the four cardinal directions on the stems of six selected trees 
(n = 3 per species). In total, we installed 150 sap-flow sensors on 60 trees 
(20 trees per node). Differential voltage (DiffV, mV) between the heated 
and the reference probe was read every 30 s and stored as 30-minute 
averages using one data logger (CR1000X, Campbell Scientific) per 
node. 

Due to the long-term nature of our sap-flow data, we corrected for 
wounding drift (the cumulative changes in sensor sensibility over time 
due to the formation of scar tissue; Flo et al., 2019; Kitin et al., 2010; 
McElrone et al., 2010; Peters et al., 2018), deploying eight additional 
heat dissipation (HD) sensors in spring of 2019 on eight trees (n = 4 per 
species) that already had HD sensors from the beginning of this study, 
and estimated a percent reduction in JS over time by species. Further 
information about correction and details of data processing and 
upscaling to canopy scale are provided in Gutierrez Lopez et al. (2021). 

Canopy conductance for water vapour (gS, mol H2O m− 2d− 1) was 
estimated for each tree species at stand scale as follows: 

gS =
(Q/MH2O)

VPDd
Patm

× 1000 (3) 

Q is the species sum of transpiration at stand scale (mm d − 1), MH2O 
the molar mass of water (18 g mol− 1), and Patm the atmospheric pressure 
(kPa). 

Two corrections were applied to gS to account for boreal conditions: 
firstly, VPD (and DZ) could be very low and thus strongly influenced gS 
( limgS
VPDz →0

∞) when it tended to 0 (Fig. 2, Eq. (3)). To remove a part of this 

noise and constrain the maximum value of gs, we chose to replace DZ 
values below 0.15 kPa with 0.15 kPa. Secondly, gS was corrected for the 
acclimation of photosynthetic capacity outside the thermal growing 
season, when sap flux may be very low and less correlated to photo
synthetic activity. We justify gS correction because natural selection is 
expected to disfavour stomatal opening when photosynthesis is impos
sible (Mäkelä et al., 2004). Further, it is recognized that water flow 
occurs as stems freeze and thaw even before photosynthesis has begun. 
We were eager to avoid the inference of stomatal conductance from 
these internal redistributions (Charrier et al., 2017). We used a 
temperature-based function proposed by Mäkelä et al. (2008) for Scots 
pines to estimate daily and maximal photosynthetic capacity (Â and 
Âmax) in 2019. Then, gS became gSÂ: 

gSÂ = min
{

Â
Âmax

, 1
}

× gS (4) 

We then applied gSÂ to DOY (day of year) between 260 and 105 as 
follows: 

GPPIso/SF =

⎧
⎪⎪⎨

⎪⎪⎩

if DOY〈105 or DOY〉260, WUEi × gSÂ ×
MC

106

if 105 < DOY < 260, WUEi × gS ×
MC

106

(5)  

with MC the molar mass of C (12 g mol− 1), WUEi the intrinsic water use 
efficiency (μmol CO2 mol H2O− 1) and gS and g SÂ , the non-corrected and 

corrected canopy stomatal conductance (mol H2O m− 2 d − 1), respec
tively. Dates were chosen based on low values for the temperature 
function. 

2.4.3. Phloem sampling and δ13C measurements 
The phloem sampling was carried out within the three sap-flux 

measurement nodes (Fig. 1). In each node, we selected four trees per 
species to represent the largest range of tree height and diameter of the 
sub-catchment. The dataset was balanced with 12 trees per species, 
covering the diameter gradient in the stand. This led to a total of 4 
replicates × 2 tree species × 3 complete nodes, n = 24 trees sampled per 
sampling date. Phloem samples were collected every four weeks from 2 
May 2019 to 16 October 2019. 

To measure the δ13C of the solutes in the phloem sap (δ13Cp, ‰), we 
sampled phloem discs at breast height on the trunk using a cork-borer 9 
mm in diameter (Gerle et al., 2023). In the field, we carefully removed 
bark and wood to isolate the active phloem. This phloem disc was 
immersed into a 6 mL vial containing 2 mL of de-ionised water for 
exudation. The exudation lasted for five hours (Gessler et al., 2004), 
after which the exudate solution was stored in a freezer until it was 
freeze-dried. The solutes were redissolved in 150 µL de-ionised water 
and the resulting solution was pipetted into tin capsules and dried at 
60 ◦C for 12 h. The samples were then loaded into an elemental analyser 
(NA 2500; CE Instruments, Milan, Italy) coupled to an isotope ratio mass 
spectrometer (Delta Plus; Finnigan MAT GmbH, Bremen, Germany) for 
δ13C analysis, performed at the SLU stable isotope laboratory (SSIL, 
Umeå, Sweden, www.slu.se/en/departments/forest-ecology-manageme 
nt/ssil). Isotopic results were expressed in ‰ relative to VPDB (Vienna 
Pee Dee Belemnite). 

In order to estimate the isotopic discrimination against 13C (Δ13C, 
‰), we combined atmospheric and phloem δ13C values. We used the 
atmospheric δ13C (δ13Ca, ‰) provided by the National Oceanic and 
Atmospheric Administration database using the nearest sample station, 
at Pallas-Sammaltunturi in Finland (White et al., 2015). This was 
necessary to account for the large seasonal cycle of δ13Ca at high 
latitudes. 

Then, Δ was calculated as follows: 

Δ =
δ13Ca − δ13Cp

1 +

(
δ13Cp)

1000

) (6) 

There is debate about whether δ13Cp correctly represents fresh 
photosynthates (e.g., Offermann et al., 2011). We acknowledge that 
post-photosynthetic pathways might alter the δ13Cp, but our previous 
work suggests that these effects are negligible, at least in pine (Vernay 
et al., 2020). 

2.4.4. Mesophyll conductance estimation 
Gas-exchange and 13C discrimination of upper-canopy shoots of 

mature Pinus sylvestris were measured continuously for the entire 
growing season of 2017, and the data were used to estimate the ratio of 
stomatal conductance (gS) to mesophyll conductance gm (gS/gm). The 
measurement system was described in detail by Stangl et al. (2019). 
Gas-exchange parameters were estimated according to Farquhar et al. 
(1980), and gm was estimated according to the model proposed by 
Busch et al. (2020). The seasonal median of gS/gm was 0.60, repre
senting an integrating value of the ratio along the growing season 
(Stangl et al., 2022). The ratio was assumed constant in our subsequent 
calculations. This choice made the Iso/SF method as simple as possible 
and yet allowed for the seasonal variability of gm. 

The gS/gm ratio of Picea abies was estimated from 13C discrimination 
measurements on upper canopy leaves in August 2019. An Li-6400Xt 
portable photosynthesis system (Licor Biosciences Ltd.) was coupled to 
a cavity ring-down spectrophotometer (G2131-i, Picarro Inc., California, 
USA) for the simultaneous measurement of gas-exchange and 13C 
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discrimination. The ratio of conductances was estimated the same way 
as for P. sylvestris. The mean gS/gm was 0.68 ± 0.1 for P. abies. As with 
pine, this ratio was considered constant over the growing season. 

2.4.5. Intrinsic water use efficiency calculation 
We calculated the intrinsic water use efficiency (WUEi, μmol CO2 

mol H2O− 1) for each tree and calculated the mean per species according 
to (Seibt et al., 2008) for each phloem sampling day: 

WUEi =
Ca

r
×

⎡

⎢
⎢
⎣

b − Δ − f ×
(

Γ∗

Ca

)

b − aa + (b − ai) ×
gS
gm

⎤

⎥
⎥
⎦ (7)  

where Ca is the atmospheric CO2 concentration (μmol− 1), r the ratio of 
diffusivities of water vapour relative to CO2 in the air (1.6), b the frac
tionation during carboxylation (29 ‰), f the fractionation during 
photorespiration (16.2 ‰, Evans and Caemmerer, 2013), aa and ai the 
fractionation of the diffusion through the air (4.4 ‰) and the fraction
ation of diffusion and dissolution in water (1.8 ‰), respectively, and 
gs/gm is the ratio of stomatal to mesophyll conductance. The CO2 
compensation point (Γ*, μmol mol− 1), was calculated according to the 
following formula (Medlyn et al., 2002): 

Γ∗ = 42.75,×e,
3,783,0 ×,(T,K ,− 29,8)

,298,×T,K ,×R (8)  

with TK the ambient temperature (K) and R the universal gas constant 
(8.314 J mol− 1 K − 1). 

We showed in a previous study that daytime respiration would have 
a negligible effect on WUEi. Therefore we neglected this parameter to 
avoid introducing additional uncertainty (Vernay et al., 2020). We 
assumed that the mean WUEi per species represented the WUEi of the 
stand, as we sampled trees in the whole range of diameter. We then 
inferred the daily pattern of WUEi, for the whole growing season, from 
the four-weekly measurements δ13Cp and δ13Ca. Daily δ13Ca and δ13Cp 
data were modelled with the loess method (Cleveland et al., 1992) to 
estimate a daily value of Δ, as described in a previous study (Schies
tl-Aalto et al., 2021). 

2.5. Eddy covariance measurements 

In the framework of the ICOS network, EC measurements have been 
conducted continuously at the Svartberget study site since 2014. The 
ICOS ecosystem-level EC system was mounted at 34.5 m in 2019 
measuring CO2, water vapour, and energy exchange between the boreal 
forest and the atmosphere. A below-canopy EC system was installed 2.5 
m above the ground to measure the net CO2 fluxes over the forest floor 
within the footprint of the above-canopy EC system. Thus, the 2-level 
set-up provided the opportunity to partition the CO2 exchange be
tween the under- and overstory (Chi et al., 2021). Furthermore, the EC 
measurements were quality-checked and filtered to remove periods with 
weak turbulent mixing, where the below-canopy air column was 
decoupled from the atmosphere above (Jocher et al., 2017). The 
measured above-canopy 30-min CO2 flux was gap-filled and partitioned 
into the two flux components, GPP and Reco, on stand scale using the 
R-package REddyProc (v3.6.3, Wutzler et al., 2018). Here, we investi
gated the GPP derived with the nighttime (GPPEC_NT) and daytime 
(GPPEC_DT) flux-based partitioning methods after Reichstein et al. (2005) 
and Lasslop et al. (2010), respectively. Further information about data 
processing, corrections, quality checks and controls, and final estima
tions of GPP can be found in Chi et al. (2019), Jocher et al. (2017), 
Montagnani et al. (2018), Sabbatini et al. (2018), and Thomas et al. 
(2013). Half-hourly GPP was then aggregated into daily sums. 
Furthermore, daytime GPP was aggregated from the half-hourly data 
only considering time steps with PPFD > 30 µmol m-2 s-1. 

We estimated flux footprints using the two-dimensional 

parameterization after Kljun et al. (2015). The method was applied to 
the quality-checked, half-hourly turbulence data. Furthermore, the 
footprint climatology was derived only for time steps with PPFD > 30 
µmol m-2 s-1 during the thermal growing season, when the canopy was 
presumably photosynthetically active. Finally, the tree inventory plots 
within the area of the 80 % footprint flux fraction were selected (Fig. 1). 
That area contained the 3 nodes used in the Iso/SF approach and ten of 
the plots used for the APES simulations (cf. Sections 2.4 and 2.6). 

2.6. APES model 

APES describes the forest ecosystem as a one-dimensional column 
consisting of a multi-layer multi-species tree stand, a vegetation layer 
under the tree canopy, a forest floor covered by mosses or litter, and an 
underlying soil profile (Launiainen et al., 2015). As forcing variables, 
the model uses time-averaged (here half-hourly) meteorological vari
ables at a reference level above the canopy. Forcing variables are pre
cipitation, downwelling longwave radiation, direct and diffuse 
photosynthetically active and near-infrared radiation, wind speed, at
mospheric pressure, air temperature, and mixing ratios of H2O and CO2. 
Additionally, here we used measured soil moisture and soil temperature 
at the depth of 0.05 m as lower boundary conditions for the model. 

Canopy structure is conceptualized in the model as a layered hori
zontally homogeneous porous medium characterized by a leaf area 
density (LAD, m2 leaves m − 3) distribution. LAD allocates LAI among 
canopy heights. Within the canopy, the model solves the transfer and 
absorption of shortwave and longwave radiation (Zhao et al., 2005; 
Zhao and Qualls, 2006), and the turbulent transport of scalars (air 
temperature, H2O, CO2) and momentum. The turbulent transport in the 
canopy air space and resulting vertical gradients of wind speed, air 
temperature, H2O, and CO2 are computed using standard first-order 
closure schemes (Launiainen et al., 2015). Partitioning of precipitation 
between interception and throughfall, as well as the energy balance of 
wet leaves, are solved in the canopy layers following Watanabe & 
Mizutani (1996). 

Each plant type is characterized by its unique structural and physi
ological properties, including photosynthetic parameters, water use 
traits, and phenology. The coupled leaf gas and energy exchange is 
solved separately for sunlit (receiving diffuse and direct radiations) and 
shaded (receiving only diffuse radiations) leaves of each plant type and 
canopy layer using well-established solutions of coupled photo
synthesis–stomatal conductance and leaf energy balance (Farquhar 
et al., 1980; Medlyn et al., 2011). During times without snow on the 
ground, the moss/litter layer is solved for water and energy balance and 
CO2 exchange (Launiainen et al., 2015). Snow accumulation and melt is 
described here with a simple temperature-based approach and param
eterized as in Launiainen et al. (2019). 

The model was run for 10 stands with varying LAI and species con
tributions within the area of the 80 % footprint flux fraction of the EC 
measurements. For each stand, the share of LAI and LAD distributions of 
pine and spruce was estimated based on stand inventory data using 
allometric equations for needle/leaf biomass (Lehtonen et al., 2019; 
Tupek et al., 2015) and specific leaf area values (Härkönen et al., 2015). 
Normalized LAD distributions for each species were derived based on 
tree height following Tahvanainen & Forss (2008). The field layer 
vegetation was characterized by LAI = 0.6 m2 m− 2. For a full list of 
model parameters, we refer the reader to Kozii et al. (2019), who applied 
the model to the same site. The average of the 10 model runs is used in 
the results. 

2.7. Statistics 

To compare the seasonal trends among the different methods, we 
used the loess function and 95 % confidence intervals over the season. 
Then, a pairwise comparison was done associated with a linear regres
sion to estimate the intercept and slope of the regression. A pairwise 
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Spearman correlation was performed among methods and environ
mental data to search for explanations of mismatches among the 
methods. In the Iso/SF method we could test the effect of tree species 
and sampling date on WUEi. We analyzed the difference between mean 
WUEi values per species and sampling date with a linear mixed model 
(significance level α = 0.05): tree species, sampling date and their 
interaction were tested. Tree identity (number and node) was used as a 
random factor. All data were tested to meet normality and homosce
dasticity requirements and no transformation was necessary. To account 
for the repeated measurements, the regressions were run with a first- 
order autoregressive structure, applying the corAR1correlation option. 
To compare GPP among methods, we used a Deming regression to take 
into account the uncertainty of each method. The analyses were per
formed with the R nlme package (Pinheiro et al., 2016). The ANOVA 
function from ‘car’ library and multiple pairwise comparisons (library 
‘lsmeans’ and ‘multcompView’) were performed. Graphs were drawn 
with help of ggplot package. Statistical analysis was performed under R 
Core Team (v4.0.3 2016) and Rstudio (2020). 

3. Results 

3.1. Environmental conditions 

In 2019, the year of our comparison, total precipitation was 695 mm 
(Fig. 2A) and the mean air temperature was 2.5 ◦C (Fig. 2B). These 
values were both higher than the climatic averages (614 mm and 1.8 ◦C 
respectively, Laudon et al., 2021). PPFD started to increase in February 
and reached a maximum value at DOY 184 (701 µmol m− 2 s − 1) before 
decreasing almost to zero in November (DOY 305, Fig. 2C). Dz was 
highly variable and showed the highest values during the thermal 

growing season. Dz rarely exceeded the 0.15 kPa threshold during 
winter but was generally above this limit during the thermal growing 
season (Fig. 2D). Finally, the SWC at 10 cm increased at the beginning of 
the thermal growing season, due to snow melt, but sharply dropped from 
DOY 133 to DOY 225 (Fig. 2E). 

3.2. Daily transpiration and stomatal conductance per species at stand 
scale 

Stand-scale transpiration derived from sap-flux measurements is an 
important component of the Iso/SF method. It is also estimated by the 
APES model. A comparison with evapotranspiration estimated with EC 
is proposed in Figs. A1 and A2 at stand scale. As shown in Fig. 3A, C and 
D, both methods depicted a strong seasonal pattern for each species. 
Norway spruces and Scots pines showed an increase of their transpira
tion rates at the beginning of the thermal growing season. The peak was 
reached at the end of July and then the transpiration rate decreased until 
mid-October, which is soon after the end of the thermal growing season. 
During the thermal growing season, the APES model showed higher 
values of transpiration rate than the Iso/SF method: transpiration rates 
based on Iso/SF method were 43 % and 58 % lower during the growing 
season than based on the APES model for Scots pines and Norway 
spruce, respectively (Fig. 3B and D. However, the day-to-day dynamics 
were similar between the two approaches (R2 = 0.83 and 0.78 for Scots 
pines and Norway spruce respectively). Canopy conductance (gSÂ) 
started to increase in March for both Scots pine and Norway spruce 
(Fig. A3). Norway spruce had the higher stand gSÂ values than the pines. 
Conductance decreased from August until the end of October for both 
species. 

Fig. 3. Daily transpiration rate (mm d− 1, left panels) and APES vs Iso/SF methods comparisons during the growing season (right panels) for the main tree species in 
2019, Norway spruce (Picea abies, panel A and B), Scots pine (Pinus sylvestris, panels C and D) and Birch (Betula pendula, panel E) estimated by APES model (black) or 
sap-flow measurements (gold). Dashed line represents the 1:1 relationship between the methods. Loess trend lines and 95 % confidence intervals were added. Grey 
area represents the thermal growing season. 

A. Vernay et al.                                                                                                                                                                                                                                 



Agricultural and Forest Meteorology 345 (2024) 109857

8

3.3. WUEi per species 

There was a significant effect of the date of sampling and tree species 
on the WUEi values (Fig. 4), but the interactions were not significant 
(DOY effect, χ2 = 88, df = 6, p-value<0.0001, tree species effect, χ2 =

505, df = 2, p-value<0.0001, and DOY × tree species effect χ2 = 12, df 
= 12, p-value= 0.42). The annual mean was significantly higher for 
Scots pine compared to Norway Spruce (annual mean WUEi ± SD for 
pines = 65 ± 7 µmol CO2 mol H2O− 1, spruces = 48 ± 10 µmol CO2 mol 
H2O− 1) (Fig. 4). 

3.4. Daily and annual GPP comparison for the whole stand 

The seasonal pattern of GPP was the same among the three methods 
(EC, APES and Iso/SF) (Fig. 5). We show here in the results GPPEC_DT for 
the EC method instead of GPPEC_NT. Both GPP estimates based on the EC 
method were similar, as can be seen in Fig. A4D in the appendix, but 
GPPEC_DT also considers the influence of VPD on daytime CO2 assimi
lation, it is additionally based on daytime fluxes that are less impacted 
by decoupling events than nighttime fluxes, and it was closer to the 
other methods. Fig. A4A, B and C shows the influence of correction 
applied in the Iso/SF method. 

In general, GPP was negligible until March, whereafter it started to 
increase. GPP began to increase before the beginning of the thermal 
growing season, but it increased more rapidly during the first part of the 
thermal growing season. The highest values were reached between mid- 
June (DOY 166) and mid-August (DOY 227) and then decreased rapidly 
until mid-October (DOY 288), which was about 25 days after the end of 
thermal growing season. By around DOY 315, GPP was essentially 0 g C 
m− 2 d − 1. 

APES and EC estimates were closely aligned except in mid-summer, 
when APES estimates were higher than EC estimates. This discrepancy 
coincides with high DZ and PPFD values, as shown in Fig. 2C and D. 
GPPIso/SF estimates were lower than GPPAPES or GPPEC estimates 
throughout the thermal growing season (Fig. 5), except during fall, 
when GPPIso/SF became highly variable. 

GPP estimates from each method are plotted against each other in 
the Fig. 6, according to the daily DZ and PPFD values. We chose to 
include these two drivers because they showed the highest correlations. 
The deviation from the 1:1 line was higher between GPPIso/SF with 
GPPAPES than between GPPEC with GPPAPES and GPPIso/SF, which showed 

similar slopes. The intercept, however, was lower when GPPIso/SF was 
plotted against GPPAPES and GPPEC, which confirmed a globally lower 
GPPIso/SF estimate compared to other methods (Fig. 5). GPPAPES and 
GPPEC had a very high coefficient of correlation (0.97). The correlations 
were lower for GPPIso/SF, but they still exceeded 0.8 (Fig. A5). The 
highest differences among GPPIso/SF, GPPAPES and GPPEC occurred at the 
highest DZ values (Fig. 6). Similarly, the highest GPP differences be
tween APES and EC seemed to occur for the highest Dz values (Fig. 5 and 
6). 

Annual sum of GPP showed different values between the EC and 
APES methods, but annual GPP estimated by the Iso/SF method was 
smaller (Fig. 7). Annual GPPEC was 917 gC m− 2 (871 gC m− 2 for over
story + 57 gC m− 2 for understory). GPPAPES was 1063 gC m− 2 (966 gC 
m− 2 for overstory + 97 gC m− 2 for understory), but GPPIso/SF was 697 gC 
m− 2 for overstory only (Fig. 6). Focusing on overstory, the differences 
between the APES and EC methods, Iso/SF and EC methods, and APES 
and Iso/SF methods were 95, 174, and 269 gC m− 2, respectively. 

3.5. Comparison of daily GPP between species 

Focusing on species contributions, GPPAPES and GPPIso/SF were 
similar for their Scots pine estimates (360 and 350 gC m− 2, respectively), 
but quite different for Norway spruce (571 and 347 gC m− 2, respec
tively). GPPIso/SF was, however, more variable from day to day than 
GPPAPES for Scots pine during the fall 2019 (Fig. 8). Despite this vari
ability, the low and high peaks compensated each other leading to a 
small annual sum difference (Fig. 7 and 8). Focusing on Norway spruce, 
GPP seasonal pattern between the APES and Iso/SF methods matched 
outside the thermal growing season but APES estimates were globally 
higher than Iso/SF estimates during the thermal growing season (Fig. 7 
and 8). 

3.6. Understory contribution to total GPP 

Understory GPPEC and GPPAPES increased from DOY 100 until DOY 
201 and DOY 213, respectively (Fig. 9). Loess trends showed that APES 
values were globally higher than EC values during the thermal growing 
season. Understory GPPEC returned almost to 0 gC m− 2 d − 1 after the end 
of the thermal growing season, around DOY 285. The annual sum of the 
understory GPPEC reached 57 gC m− 2 for the whole year, i.e. 6 % of the 
annual sum estimated by EC, and GPPAPES reached 97 gC m− 2, i.e. 11 % 
of the annual sum estimated by APES (Fig. 7). 

4. Discussion 

This study compared three methods using different approaches to 
estimate boreal forest GPP. It was not possible to determine which 
provides the “true” value, but we have highlighted concerns and 
strengths of each. 

4.1. How well do the methods match? how can their different assumptions 
explain the potential mismatch? 

The EC, APES and Iso/SF methods found similar seasonal trends for 
GPP. This result validates that any of these approaches may be used, 
with some caveats, to estimate GPP at stand scale. A similar study was 
performed recently, comparing Iso/SF methods and the PRELES model 
(semi-empirical model calibrated with EC data) in a monoculture forest 
and both methods agreed well as well (Vernay et al., 2020). The present 
study makes us confident for comparing qualitatively GPP estimates. 
Regarding the annual sum, EC and APES estimates gave similar results 
whereas Iso/SF showed a lower value, mainly due to the difference 
between APES and Iso/SF for Picea abies contribution. By drawing 
attention to this question, these results highlighted the benefit of a 
multimodel approach to underline the discrepancies. Indeed, all 
methods and models showed different daily values of GPP over the 

Fig. 4. Intrinsic water use efficiency (WUEi, µmol CO2 mol H2O− 1) derived 
from sampled phloem d13C (Eq. (6)) for the two species, Norway spruce (Picea 
abies PA, yellow) and Scots pine (Pinus sylvestris PS, green). Squares show the 
mean value of WUEi (Eq. (7)) for the 4 trees per species sampled each day and 
the thick line within the boxplot represents the median value. Day of year 
(DOY) and the tree species factors had a significant effect on the WUEi variation 
(p-values<0.001). Letters show significant differences between tree species ×
sampling date factors after multiple Tukey test adjusted comparison between 
each tree species × sampling date. 
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Fig. 5. Seasonal pattern of daytime GPP (g C m− 2 d− 1) described by APES model (black), eddy covariance data (purple, after Lasslop et al. (2010) (EC_DT) and 
orange, after Reichstein et al. (2005) (EC_DT)), and Iso/SF method (gold) in 2019 at Svartberget site. 95 % confidence intervals were represented around loess trends 
of each approach. Grey area represents the thermal growing season. 

Fig. 6. Comparison of GPP estimates between EC_DT, APES, and Iso/SF approaches during the growing season. Each dot represents the cumulative daytime GPP of 
one day and the colour gradient the daily mean Dz (kPa, panels A, B and C) or daily mean PPFD (µmol m− 2 s− 1, panels D, E and F), respectively. The dashed line 
represents the 1:1 relationship. The first column (panels A and D) compares GPPEC vs GPPAPES, the second column (panels B and E) compares GPPEC vs GPPIso/SF, and 
the third column compares GPPAPES vs GPPIso/SF. Equations of the Deming regression between methods were written on panels D, E and F for each model comparison. 

Fig. 7. Annual sum of GPP (gC m− 2) for the three methods: eddy covariance (EC), APES and Iso/SF methods. The annual sum was disaggregated into the three main 
species present in the stand, Norway spruce (Picea abies, PA yellow), Scots pine (Pinus sylvestris, PS green), and Birch (Betula pendula, BP blue), as well as the un
derstory. The EC method did not allow the partitioning into tree species (ecosystem GPP, grey) and Iso/SF did not account for the understory or Birch. 
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growing season leading to different annual sums. The absolute value of 
GPP, or selecting “the right method/model” requires that we first 
examine why they differ and which information about ecosystem they 
bring. In the following paragraphs, we try to decipher those discrep
ancies among method/models. 

4.2. How can their different assumptions explain the potential mismatch? 

The main criticism that might be applied to the EC data is the fre
quency of decoupling conditions in the early and late season (in this 
study, we considered the period before the start of the thermal growing 
season as the early season and the late season, at the end of the thermal 
growing season), which might modify fluxes due to advection of CO2 to 
or from the site. Decoupling could limit the data availability during this 
critical time and might bias flux estimates, e.g., if the net advective flux 
were out of the footprint (Jocher et al., 2017). Indeed, the studied site 
was hilly and therefore, we filtered out decoupled periods and gap-filled 
them using the above-canopy EC systems. In total, additional 17 % of 
half-hourly NEE were filtered out due to decoupling (next to discarding 
half-hourly NEE due to other quality checks), where only a fourth of 
these decoupled periods occurred during daytime. Here, we mostly 
investigated daytime GPP and assumed fluxes to be zero during night
time, and we mostly considered fluxes aggregated to a daily time step, so 
that uncertainties due to quality checks and gap-filling were decreased. 

However, there could be an additional decoupling near the ground 
surface (Thomas et al., 2013). These issues have largely not been 
emphasized because there has been no alternative test of the flux esti
mates, at least not for GPP. Thus, a comparison to other approaches, 
such as the Iso/SF method, becomes important. 

Ecosystem models, such as the APES model, are commonly validated 
against EC data, thus the agreement between the two methods is not 
surprising. However, as such models are driven by the continuous 
meteorological data and based on conservation of mass and energy, they 
provide strict physical constrains and may therefore be able to pinpoint 
problematic sections in EC data. In this study we found that such a multi- 
layer process-mechanistic model, which describes fluxes from leaf- to 
ecosystem-scale, was useful in bridging the gap between the other two 
methods, i.e. EC-based ecosystem scale GPP and Iso/SF giving species 
specific information on GPP. 

The Iso/SF method has been constrained twice to deliver the sea
sonal pattern. First, periods with low VPD were filtered out, which 
occurred mostly at low temperatures, in order to exclude unreasonable 
stomatal conductance estimates. This is standard practice in the gas- 
exchange literature, (e.g., Stangl et al., 2019; Tarvainen et al., 2016). 
Second, the Iso/SF method weights the GPP estimates outside the 
growing season according to a temperature-driven model of photosyn
thetic capacity (Mäkelä et al., 2004). This double constraint had little 
effect for flux estimates in the middle of the growing season, but it 

Fig. 8. Seasonal GPP pattern for the main tree species in 2019, Norway spruce (Picea abies, top panel) and Scots pine (Pinus sylvestris, bottom panel) estimated by 
APES model (black) or Iso/SF method (gold). Loess trend lines and 95 % confidence intervals were added. Grey area represents the thermal growing season. 

Fig. 9. Seasonal understory GPPEC (purple) and GPPAPES (black) in 2019. Loess trend line and 95 % confidence intervals were added. Grey area represents the 
thermal growing season. 
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reduced variation in the spring and fall, forcing the method to produce 
the typical seasonal pattern. 

The absolute values of GPP differed among methods, especially 
during the middle of the thermal growing season, in the order: GPPA

PES>GPPEC>GPPIso/SF (Fig. 6). This can partly be attributed to the fact 
that EC estimate depends on the wind direction and speed and therefore 
may vary daily according to plot and species distribution. For example, if 
wind comes from the south, the fraction of PS would be higher (Fig. 1) 
than for the northern plots. In this example, the EC method would detect 
mostly GPP by PS and would lead to discrepancy in the entire footprint 
GPP, whereas APES always considers all plots/trees. Another explana
tion is to recognize that EC and APES estimate GPP at stand level 
whereas Iso/SF only estimates GPP for the two main overstory tree 
species. However, even after removing the understory contribution to 
the EC and APES estimates, we still observed the same ranking among 
the methods. Birch data are missing in the Iso/SF estimate, but the APES 
model results suggested that the contribution of birch to stand GPP was 
small (3.6 % of the overstory GPP). 

Another possible explanation for the GPP mismatch is difficulties in 
the estimation of sap flux. This would translate into difficulties in the 
estimation of stomatal conductance, which is central to the Iso/SF 
method. The sap-flux technique is prone to several sources of error due 
to radial variability of sap flux in the trunk (Cohen et al., 2008; Ford 
et al., 2004; Renninger and Schäfer, 2012), azimuthal variability 
(Cohen et al., 2008), and calibration of the probe (Steppe et al., 2010; 
Sun et al., 2012). Several corrections have been proposed to account for 
these uncertainties (Clearwater et al., 1999; Peters et al., 2018; Steppe 
et al., 2010; Sun et al., 2012). Although we applied several of these 
corrections, there is reason to maintain some scepticism about their 
quantitative precision. This is particularly true because the data for pine 
agree so well, but the spruce GPP estimates are much lower than for the 
other methods. We discuss species differences in these traits below. 
Finally, Iso/SF method may be prone to a related upscaling uncertainties 
as the number of sampled trees is limited and may not represent exactly 
the stand features such as specific basal area or tree abundance per 
nodes. Likewise, WUEi was just a mean of 10 trees per node. The 10 trees 
covered the diameter gradient of the stand, but it was not weighted 
according to the relative abundance of each specific size class. 

By focusing on the summer months, when GPP is the highest, the 
difference among methods was also the highest (711, 582 and 431 gC 
m− 2 for the GPP summer sum from APES, EC and Iso/SF respectively). 
This critical period deserves attention as it strongly affected the annual 
sum of GPP. It was out of the scope of this study to demonstrate that one 
approach is the truth, but our multi-method approach shows that this is 
also the period when DZ and PPFD were the most variable. 

A recent study showed that Iso/SF method was very sensitive to DZ 
(Vernay et al., 2020). Similarly, the APES model may be prone to sub
stantial error if the tree canopy structure is not accurate, which de
termines GPP according to the PPFD distribution in the canopy. As noted 
earlier, eddy covariance can be influenced by decoupling events, espe
cially at night. A detailed comparison of eddy covariance to component 
fluxes at a nearby site failed to describe the changes induced by nitrogen 
fertilization (Marshall et al., 2023). It was not clear why the EC mea
surements failed to detect strong increases in soil organic matter and 
biomass accumulation (Marshall et al., 2023). To improve daily esti
mates of stand GPP, we suggest focusing on tree responses to DZ (or VPD) 
and PPFD. 

4.3. Difference in functional traits between species 

The APES and Iso/SF methods can partition the GPP among the 
different tree species. In our study, we found a strong similarity for Scots 
pine GPP between APES and Iso/SF. but a large difference in Norway 
Spruce. The spruce discrepancy was highest during the summer and 
reduced in the fall. We speculate that the spruce sap flux measurements 
may have improved as temperatures fell, but focused work on this 

question is called for. 
As mentioned in Section 2.2, LAI for spruce was higher than for pine 

but the modeled transpiration per leaf area was higher for pine. One 
explanation for the differences in spruce estimates could come to an 
overestimation of the light penetration in the canopy by the APES 
method. For instance, spruces were less abundant than pines but had a 
higher GPP contribution despite a lower photosynthetic capacity. Pines 
have a large part of their canopy exposed to light whereas spruce have a 
large part of their canopy at low light. Therefore, overestimating light 
access for spruce might contribute to a discrepancy to the advantage of 
their contribution. The APES discrepancy of understory GPP contribu
tion compared to EC estimates also supports this hypothesis. A second, 
more probable hypothesis is that the difference for Norway Spruce be
tween the two methods was due to the transpiration rate, which differed 
by 60 % between Iso/SF and APES. Transpiration is converted into 
canopy conductance, which is converted into GPP in the Iso/SF method. 
The most plausible explanation is the highly empirical methods to es
timate zero flow in thermal dissipation methods, and how this affects the 
integration of the sap-flow radial profile. Under certain conditions, the 
outermost measurements (closest to the bark) of the conductive tissue 
reach zero flow at night, but the innermost area does not, and this 
pattern can be the exact opposite in some species. By forcing all night- 
time values (or all values that meet the criteria of the method e.g., 
flatline for at least two hours, under low VPD) inside the sapwood depth 
to be zero, we are unintentionally influencing the radial profile shape, 
and thus the daily tree transpiration. The errors associated with the 
omission of radial profiles have been reported as greater than 150 % 
(Ford et al., 2004). 

Moreover, the Iso/SF method filtered the gS data outside the thermal 
growing season by correcting the value with a photosynthetic acclima
tion function. We used the same function for the two species but we 
acknowledge that it was first designed for Scots pine (Mäkelä et al., 
2008, 2004). Recent studies showed that the parameterization of this 
function worked well for different species in different biomes, which 
made us confident about using it (Tian et al., 2020). However, other 
studies have demonstrated photosynthetic phenological differences be
tween Scot pine and Norway spruce; Norway spruces have a longer 
active photosynthetic period, starting earlier and ending later than Scots 
pines (Linkosalo et al., 2014). Moreover, a recent study demonstrated a 
stronger photosynthetic recovery capacity for pines (Yang et al., 2020) 
that could influence the GPP, especially in early spring. The method 
might be improved by further attention to these species differences in 
seasonality. 

Another explanation for the GPP differences between these species 
could be the choice of a constant gS/gm ratio in Eq. (6). Parameterizing 
gm with this ratio allowed it to vary during the season according to gS 
and thereby environmental conditions (Bickford et al., 2010; Montpied 
et al., 2009; Schiestl-Aalto et al., 2021; Stangl et al., 2019). Moreover, 
WUEi is more strongly linked to gS/gm than to gm itself, which should 
lead to a more reliable GPP estimate in our study (Nadal and Flexas, 
2018). However, the ratio would not in fact be constant over the season 
(Stangl et al., 2022; Xiong et al., 2018). We assumed that the improve
ment of the GPPIso/SF values would be negligible at the annual scale as 
the potential error would compensate between spring and fall. 

Our isotopic measurements found a significant difference in WUEi 
between the two species. Scots pines had a higher WUEi than Norway 
spruces throughout the season. WUEi is a simplification of WUE (Flexas 
et al., 2016; Sinclair et al., 1984) that neglects the dependence of WUE 
on VPD (Medlyn et al., 2017; Seibt et al., 2008). The Scots pine values 
were similar to the ones measured with the Iso/SF method in a nearby 
monospecific Scots pine forest (Vernay et al., 2020) and previous com
parisons of pines and spruce (Marshall and Zhang, 1994). However, 
other studies have found higher WUEi for Norway spruce compared to 
Scots pine, (e.g., Saurer et al., 2004). If WUEi for Norway spruce were 
somehow underestimated, this could also partly explain the differences 
between Iso/SF and other GPP estimates. However, the spruce canopies 
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extended deeper into the canopy, where light intensities were lower. 
WUEi is known to be reduced by shading in many conifer species 
(Duursma and Marshall, 2006). The lower values we observed in spruce 
may have been caused by these differences in vertical crown disposition, 
which might also be a reliable hypothesis to explain the WUEi 
difference. 

4.4. Understory vs overstory contribution 

The EC and APES approaches were able to disaggregate overstory vs. 
understory GPP. The seasonal trend of understory GPP was consistent 
with the overstory’s trend; EC estimated lower contributions than APES. 
The estimates were 6 and 11 % of the annual sum, i.e. 57 g C m− 2 yr− 1 

and 97 g C m− 2 yr− 1 for EC and APES, respectively. These estimates were 
consistent with the low end of previous studies in Scots pine forests (Chi 
et al., 2021; Kulmala et al., 2011; Marshall et al., 2023; Tian et al., 2021) 
and a mixed Scots pine-Norway spruce forest (Palmroth et al., 2019). 
From an ecosystem partitioning perspective, the understory estimates 
suggest that they must be included in a complete boreal forest carbon 
budget. 

4.5. Uncertainty budget 

This exercise highlights the potential value of ecosystem uncertainty 
budgets for each of the methods. Such budgets would identify the un
certainties at each step of the inferences based on a mixture of theo
retical or statistical methods of error propagation (Csavina et al., 2017; 
Harmon et al., 2015; Yanai et al., 2021). It would, for example, quantify 
uncertainties from the regression lines fit to calibration curves and from 
the standard deviations of summed fluxes (e.g., Roberti et al., 2014). 
Although such analysis is beyond the scope of the current study, we 
recognize its potential value and hope to see it in the future. 

5. Conclusion 

GPP is a key variable in the C balance of a forest but there are several 
ways to estimate it, which rely on different assumptions. In this study, 
the comparison between three approaches, eddy covariance, a bio
physical model (APES), and an ecophysiological method (Iso/SF) 
showed that all approaches provide the same global seasonal pattern of 
GPP. All can be used for estimating GPP at stand scale. The most 
prominent and compelling matches were: first, the similarity in esti
mates of overstory GPP of pine by APES and Iso/SF. This is encouraging 
because the two methods are nearly independent. The second prominent 
match was between GPPEC and GPPAPES, which however was expected 
based on earlier studies.The multi-method/models approach adds value 
as it narrows the search for discrepancies to certain strata and/or spe
cies; it also highlights the roles of different functional traits because of 
their sensitivity to different environmental factors. Indeed, the study 
allowed us to determine when the methods match and to speculate as to 
why the methods might mismatch. The clearest mismatch was between 
the descriptions of GPP by Iso/SF and APES in spruce, and the resulting 
discrepancy of total overstory GPP by Iso/SF compared to the other 
approaches. We speculate that there may be problems with the inference 
of stomatal conductance from sap flux in spruce. We looked for a second 
mismatch due to the inability of GPPIso/SF to account for understory GPP, 
however it appeared negligible based on understory estimates by both 
GPPEC and GPPAPES. Finally, PPFD and especially VPD were key vari
ables in many of the calculations, especially when they were near zero, 
as during much of the spring and fall. Their influence on each of the 
methods deserves careful scrutiny. In our opinion, all methods provide 
complementary information: when EC flux provides an ecosystem 

overview of gas exchanges, APES and Iso/SF should be able to determine 
the contribution of each species to global GPP. The apparent discrepancy 
of GPP by spruce in the Iso/SF estimates suggests that there may be 
problems in the absolute values of the spruce sap-flux data. This kind of 
comparison might thus serve as a test of the sap-flux data at other sites. 
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Appendix

Fig. A1. Seasonal transpiration and evapotranspiration comparison between the Iso/SF, APES and EC. Grey area represents the thermal growing season. Loess trend 
lines and 95 % confidence intervals were added. 

Fig. A2. Paired annual transpiration (Q) and evapotranspiration (ET) comparison between the Iso/SF, APES and EC methods. Deming trend lines and 95 % con
fidence intervals were added. 

Fig. A3. Stomatal conductance corrected by Â (gSÂ, molCO2 m− 2 d − 1) for Norway spruce (PA, yellow) and Scots pine (PS, green) in Iso/SF method. Grey area 
represents the thermal growing season.  
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Fig. A4. Seasonal GPP comparison between the Iso/SF method chosen for multi-method comparison in the article (gold line in graphs A,B and C) with the same 
method but without considering some applied filters. The graph A compares the GPP from Iso/SF method with the from Iso/SF method without considering Dz 
(brown line), or daytime VPD (blue line, B), or Â correction (orange line, C). The last graph (D) shows the EC estimates with considering nighttime or not. Grey area 
represents the thermal growing season. 

Fig. A5. Pairwise Spearman correlations between GPP estimates during the thermal growing season (eddy covariance (GPP_EC), APES (GPP_APES) and Iso/SF 
(GPP_Iso/SF) estimates respectively), daily normalized vapour pressure deficit (Dz, kPa), and photosynthetic active photonflux density (PPFD, μmol m− 2 s − 1). Plots 
show the crossed-comparison between each variable. Numbers in the panels are the Spearman coefficient of correlation. *, **, *** correspond to p < 0.1, 0.05, 0.01 
and 0.001, respectively. 

References 

Baldocchi, D.D., 2020. How eddy covariance flux measurements have contributed to our 
understanding of Global Change Biology. Global Change Biol. 26, 242–260. 

Baldocchi, D.D., 2014. Measuring fluxes of trace gases and energy between ecosystems 
and the atmosphere – the state and future of the eddy covariance method. Global 
Change Biol. 20, 3600–3609. https://doi.org/10.1111/gcb.12649. 

Baldocchi, D.D., 2003. Assessing the eddy covariance technique for evaluating carbon 
dioxide exchange rates of ecosystems: past, present and future. Global Change Biol. 
9, 479–492. https://doi.org/10.1046/j.1365-2486.2003.00629.x. 

Baldocchi, D.D., Wilson, K.B., Gu, L., 2002. How the environment, canopy structure and 
canopy physiological functioning influence carbon, water and energy fluxes of a 
temperate broad-leaved deciduous forest—An assessment with the biophysical 
model CANOAK. Tree Physiol. 22, 1065–1077. https://doi.org/10.1093/treephys/ 
22.15-16.1065. 

Berdanier, A.B., Miniat, C.F., Clark, J.S., 2016. Predictive models for radial sap flux 
variation in coniferous, diffuse-porous and ring-porous temperate trees. Tree 
Physiol. 36, 932–941. https://doi.org/10.1093/treephys/tpw027. 

Bickford, C.P., Hanson, D.T., McDowell, N.G., 2010. Influence of diurnal variation in 
mesophyll conductance on modelled 13C discrimination: results from a field study. 
J. Exp. Bot. 61, 3223–3233. https://doi.org/10.1093/jxb/erq137. 

Burba, G., 2019. Illustrative maps of past and present eddy covariance measurement 
locations: I. Early update. 

Busch, F.A., Holloway-Phillips, M., Stuart-Williams, H., Farquhar, G.D., 2020. Revisiting 
carbon isotope discrimination in C 3 plants shows respiration rules when 

photosynthesis is low. Nat. Plants 6, 245–258. https://doi.org/10.1038/s41477-020- 
0606-6. 

Campioli, M., Malhi, Y., Vicca, S., Luyssaert, S., Papale, D., Peñuelas, J., Reichstein, M., 
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