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A B S T R A C T   

The forest floor provides an important interface of soil-atmosphere CO2 exchanges but their controls and con
tributions to the ecosystem-scale carbon budget are uncertain due to measurement limitations. In this study, we 
deployed eddy covariance systems below- and above-canopy to measure the spatially integrated net forest floor 
CO2 exchange (NFFE) and the entire net ecosystem CO2 exchange (NEE) at two mature contrasting stands located 
in close vicinity in boreal Sweden. We first developed an improved cospectra model to correct below-canopy flux 
data. Our empirical below-canopy cospectra models revealed a greater contribution of large- and small-scale 
eddies in the trunk space compared to their distribution in the above-canopy turbulence cospectra. We found 
that applying the above-canopy cospectra model did not affect the below-canopy annual CO2 fluxes at the sparse 
pine forest but significantly underestimated fluxes at the dense mixed spruce-pine stand. At the mixed spruce- 
pine stand, forest floor respiration (Rff) was higher and photosynthesis (GPPff) was lower, leading to a 1.4 
times stronger net CO2 source compared to the pine stand. We further found that drought enhanced Rff more than 
GPPff, leading to increased NFFE. Averaged across the six site-years, forest floor fluxes contributed 82% to 
ecosystem-scale respiration (Reco) and 12% to gross primary production (GPP). Since the annual GPP was similar 
between both stands, the considerable difference in their annual NEE was due to contrasting Reco, the latter being 
primarily driven by the variations in NFFE. This implies that NFFE acted as the driver for the differences in NEE 
between these two contrasting stands. This study therefore highlights the important role of forest floor CO2 fluxes 
in regulating the boreal forest carbon balance. It further calls for extended efforts in acquiring high spatio
temporal resolution data of forest floor fluxes to improve predictions of global change impacts on the forest 
carbon cycle.   

1. Introduction 

Boreal forests occupy ~30% of the global forest area and signifi
cantly affect the global carbon (C) cycle and climate (Bonan, 2008; Pan 
et al., 2011). The forest C balance however strongly depends on the 
exchanges of carbon dioxide (CO2) with the atmosphere across different 
vertical canopy layers (Fatichi et al., 2019; Katul and Albertson, 1999; 
Tarvainen et al., 2020). These include tree canopy foliage, woody ele
ments, and the various CO2 sources and sinks existing at the forest floor 
interface (soil, tree roots, woody debris, and understory vegetation). The 
photosynthesis of understory vegetation (GPPff) and the forest floor 
respiration (Rff) represent major pathways of assimilating and releasing 

CO2 between the forest floor and the atmosphere, respectively (e.g., 
Misson et al., 2007; Paul-Limoges et al., 2017). Given that various 
components contribute to the forest floor CO2 exchanges such as het
erotrophic respiration from the mineralization of organic matter, tree 
root respiration as well as understory vegetation autotrophic respiration 
and photosynthesis (Ryhti et al., 2021), the CO2 fluxes may have large 
spatial variabilities over the heterogeneous forest floor, depending on 
site characteristics, such as understory vegetation species and distribu
tion, soil properties, overstory canopy openness and density, 
below-ground allocation of photosynthates and root biomass distribu
tion (Goulden and Crill, 1997; Kulmala et al., 2019; Palmroth et al., 
2019). Thus, the forest floor CO2 exchange is a complex composite of 
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various processes and in-depth knowledge of its dynamics and controls 
is required for better understanding its role in the boreal forest C cycle. 

To date, forest floor CO2 fluxes in boreal forests have been measured 
mainly using the chamber technique (e.g., Bergeron et al., 2009; Gau
mont-Guay et al., 2014; Goulden and Crill, 1997; Hasselquist et al., 
2012; Kolari et al., 2006; Morén and Lindroth, 2000; Palmroth et al., 
2019; Swanson and Flanagan, 2001). However, chamber measurements 
provide flux data from plot-scale, which may not result in a spatially 
well-integrated CO2 flux estimate over the heterogeneous forest floor. 
Manual chamber measurements are also commonly carried out in coarse 
weekly to biweekly intervals and thus further lack sufficient temporal 
resolution. A comprehensive understanding of the magnitude, varia
tions, and controls of the forest floor C budget however requires 
high-temporal resolution (e.g., using automated chamber systems) and 
long-term (e.g., more than five years) measurements (Gaumont-Guay 
et al., 2014; Kulmala et al., 2019; Teramoto et al., 2017). In addition, in 
the boreal region, chamber measurements are commonly conducted 
only during the growing season (e.g., Bergeron et al., 2009; Hasselquist 
et al., 2012; Palmroth et al., 2019), whereas information on forest floor 
CO2 flux dynamics during the long-lasting (~6+ months) and mostly 
snow-covered non-growing season is limited. 

Alternatively, the eddy covariance (EC) method provides integrated 
flux estimates from subcanopy to ecosystem scales and from high- 
temporal (i.e., half-hourly) to annual scales (Baldocchi, 2003; Baldoc
chi and Meyers, 1991). To date, however, only a limited number of 
studies have estimated forest floor CO2 fluxes using the EC technique. 
Furthermore, these studies have been conducted in mostly temperate 
and high-latitude regions (e.g., Black et al., 1996; Constantin et al., 
1999; Falk et al., 2005; Jocher et al., 2017; Kulmala et al., 2019; 
Paul-Limoges et al., 2017). The limited number of below-canopy EC 
studies is primarily due to the challenges and concerns about potential 
violations of underlying assumptions when applying the EC method in 
the trunk space. Due to multiple concurrent mechanisms such as wind 
inflection by tree trunks and aerodynamic drag on the foliage, turbu
lence in the trunk space is more complex and thus hardly ever in 
accordance with the universal theories describing the above-canopy and 
surface-layer turbulence characteristics (Finnigan, 2000; Launiainen 
et al., 2005; Vickers and Thomas, 2014). Ignoring the fundamentals of 
turbulent transport processes in trunk space may lead to biased EC 
measurements. Nevertheless, below-canopy EC studies have commonly 
applied the traditional above-canopy cospectra model to correct the 
below-canopy EC measurements, mostly due to the lack of existing 
below-canopy models (Launiainen et al., 2005). However, the expected 
discrepancies observed in previous studies (e.g., Brunet, 2020; Fin
nigan, 2000) in above- and below-canopy turbulence suggest the need 
for a distinct below-canopy cospectra model to ensure accurate EC 
measurements in the forest trunk space. 

Due to the various limitations in both chamber and below-canopy EC 
data, large uncertainties still exist in the seasonal and inter-annual 
variabilities of forest floor fluxes and their contribution to ecosystem 
C budgets. In addition, accurate measurements are also the pre-requisite 
for investigating the response of forest floor fluxes to external pertur
bations. The boreal region is particularly sensitive to rapid climate 
change with more pronounced warming during the non-growing season 
than the growing season in northern Sweden (Teutschbein et al., 2015). 
While studies have suggested a future increase in forest productivity in 
boreal forests (Henttonen et al., 2017; Poudel et al., 2011), changing 
environmental conditions (e.g., extensive heat and drought) may also 
considerably accelerate the forest floor CO2 emissions (Jarosz et al., 
2008; Kotani et al., 2019; Palmroth et al., 2005) thus counterbalancing 
the enhanced C uptake by trees. Extreme weather events, such as 
drought, have significantly affected the carbon and energy budgets of 
the European forests (Bastos et al., 2020; Ciais et al., 2005; Graf et al., 
2020; Lindroth et al., 2020) and boreal forests worldwide (e.g., Kljun 
et al., 2007; Ma et al., 2012; Welp et al., 2007). However, the separate 
responses of the tree canopy and forest floor CO2 exchanges to the warm 

and dry conditions remain elusive. For example, drought can reduce root 
respiration (Griffis et al., 2004; Reichstein et al., 2007), increase het
erotrophic respiration (Lindroth et al., 2020), and inhibit understory 
vegetation photosynthesis (Kotani et al., 2019). A detailed understand
ing of the CO2 fluxes from the various forest ecosystem components is 
essential to investigate global change impacts on boreal forest ecosys
tems and improve model simulations. 

In this study, we applied the EC technique to estimate the CO2 ex
changes of the forest floors covered by dwarf shrubs and a ground layer 
of mosses in two adjacent (~10 km) but contrasting boreal forests, i.e., a 
pine stand with open trunk space and a mixed spruce-pine stand with 
dense trunk space in boreal Sweden from 2016 to 2019. The specific 
objectives were to 1) develop a below-canopy cospectra model to correct 
EC data collected in the trunk space; 2) quantify the magnitudes and 
seasonal patterns of forest floor CO2 fluxes; 3) estimate their contribu
tion to the ecosystem-scale C budgets; and 4) investigate their responses 
to environmental factors across two contrasting boreal forest stands. 

2. Methods 

2.1. Site description 

The study was conducted at two forest stands near Vindeln, 
Västerbotten, Sweden. The Rosinedalsheden (ROS) site (64◦10’N, 
19◦45’E, 145 m a.s.l.) is a ~100-year-old naturally regenerated ho
mogenous pine (Pinus sylvestris) stand that grows on sandy soils (Lim 
et al., 2015). The mean tree height at ROS increased from 18.5 m to 19.1 
m during 2016-2019. Located 10 km north of ROS is the Svartberget 
(SVB) experimental forest (64◦15’N, 19◦46’E, 267 m a.s.l.), which is a 
~110-year-old mixed stand of spruce (Picea abies, 61%), pine (Pinus 
sylvestris, 34%), and birch (Betula, 5%) (Laudon et al., 2013). Till and 
sorted sediments are the dominant soils at SVB. The mean tree height at 
SVB was 23.5 m on average. Both sites have a boreal climate with a 
long-term (1986-2015) mean annual temperature of 2.1◦C and a mean 
annual precipitation of 619 mm (Laudon et al., 2013). The basal area is 
27 and 30 m2 ha− 1 and the stand density is 1010 ± 125 ha− 1 and 1152 ±
461 ha− 1 at ROS (Lim et al., 2015) and SVB, respectively. The leaf area 
index of 2.7 and 3.3 m2 m− 2 for ROS and SVB, respectively, are relatively 
similar. However, the trunk space above the forest floor is more open at 
the pine stand ROS where canopy biomass is concentrated within the 
upper one-third of tree height, compared to SVB where spruce foliage 
and branches occurring along the entire stem create a denser 
near-surface trunk space (Fig. A1). 

A forest floor inventory conducted at both sites (Supplemental Ma
terial S1) suggested that mosses were the dominant plant functional type 
and covered 55% and 38% of the floor surface at ROS and SVB, 
respectively (Figure S2). Dwarf shrubs (commonly 10-20 cm in height), 
i.e., bilberry (Vaccinium myrtillus) and lingonberry (Vaccinium vitis- 
idaea), account for 21% and 26% of the spatial coverage at ROS and SVB, 
respectively. Grass accounted for only < 10% of the floor surface at each 
site. Overall, the contribution of vascular plant (dwarf shrubs and grass) 
coverage was 12% greater at SVB compared to ROS. 

2.2. Eddy covariance and ancillary measurements 

Identical EC systems (CPEC 200, Campbell Scientific, Inc., USA) were 
installed at 2.5 m above the forest floor in the trunk space at ROS in June 
2015 and SVB in September 2016. The EC systems consisted of a three- 
dimensional ultrasonic anemometer (CSAT3, Campbell Scientific, Inc., 
USA) for measuring wind components (u, v, and w) and sonic tempera
ture (T), and a closed-path infrared gas analyzer (IRGA, EC155, Camp
bell Scientific, Inc., USA) for measuring CO2 (c) and H2O (q) 
concentrations. Both below-canopy EC systems sampled the raw data at 
a rate of 20 Hz. The above-canopy EC systems were installed at both sites 
to measure the ecosystem-scale CO2 fluxes. At ROS, the above-canopy 
EC system was composed of a Gill R3-100 sonic anemometer (Gill 
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Instruments Limited, Hampshire, UK) and an LI-7200 infrared gas 
analyzer (LI-COR Biosciences, Lincoln, USA), installed 20.5 m above the 
ground in 2016 and raised to 21.5 m and 23.5 m in August 2017 and 
June 2019, respectively. At SVB, the above-canopy EC system consisted 
of a Gill HS-50 (Gill Instruments Limited, Hampshire, UK) sonic 
anemometer and an LI-7200 infrared gas analyzer (LI-COR Biosciences, 
Lincoln, USA). Until May 2018, the EC system was installed at 32.5 m 
above the ground and later on raised to 34.5 m. 

Ancillary measurements were continuously recorded at 30-min in
tervals in the trunk space at both sites, including photosynthetic photon 
flux density (PPFD), air temperature (Ta), and relative humidity (RH) all 
measured 1.8 m above the ground, precipitation (PPT), soil temperature 
(Ts) at the depths of 15 and 50 cm, soil water content (SWC) at 15 (or 10) 
and 50 cm depths at ROS (SVB), and snow depth (SD). Vapor pressure 
deficit (VPD) was calculated from the 30-min Ta and RH measurements. 
Instrumentation of the ancillary measurements at the two sites is listed 
in Table S1. The long-term (1986-2019) weather data (i.e., daily Ta and 
PPT) were obtained from the Svartberget Hygget weather station (Lau
don et al., 2013), which is located ~1.5 km away from the SVB flux 
tower and conforms with the standards defined by the World Meteo
rology Organization (WMO). 

2.3. Study period 

The below-canopy EC fluxes were measured during 2016-2019 and 
2017-2019 for ROS and SVB, respectively. The above-canopy EC flux 
measurements were available during 2016-2019 and 2018-2019 at ROS 
and SVB, respectively. The annual period was defined as the calendar 
year, which was further divided into growing and non-growing seasons 
(GS and NGS, respectively). The GS start and end dates were defined as 
the first day with daily mean Ta > 5◦C and < 5◦C for five consecutive 
days, respectively. The remainder of each annual period was defined as 
NGS. 

2.4. Flux calculation 

2.4.1. Raw data processing 
All the procedures involved in the below-canopy EC flux calculation 

are described in Fig. A2. The below-canopy EC raw data were processed 
using the EddyPro® software (v7.0.6, LI-COR Biosciences, USA) to 
obtain the half-hourly turbulent fluxes of momentum, sensible heat, 
CO2, and H2O. The 20 Hz raw data were filtered for abnormal diagnostic 
values of sonic anemometer and IRGA (i.e., the non-zero values). 
EddyPro was run following the ICOS data processing routine settings as 
described in Sabbatini et al. (2018), including double coordinate rota
tion for aligning the sonic anemometer with the local wind streamlines 
(Wilczak et al., 2001), block average for determining the turbulent 
fluctuations over each 30-min averaging period (Gash and Culf, 1996), 
and automatic time lag optimization for estimating the time lags be
tween sonic anemometer and IRGA (Rebmann et al., 2012). The CO2 and 
H2O storage terms were calculated for each 30-min in EddyPro based on 
the one-level CO2 and H2O concentration measurements (Aubinet et al., 
2001). Binned cospectra of sensible heat (H), CO2, and H2O fluxes were 
calculated for each 30-min period (Smith, 1997) and filtered for low 
data quality with the quality control flag equaling to 2 (Mauder and 
Foken, 2004) and based on statistical tests (Vickers and Mahrt, 1997) in 
EddyPro. However, the turbulent CO2 and H2O fluxes were not corrected 
for spectral attenuations via any of the approaches implemented in 
EddyPro, but were corrected afterward based on the typical cospectra 
patterns developed for the below-canopy EC measurements at each site 
(see Section 2.4.2). 

The above-canopy EC raw data were processed using the same 
version of EddyPro, following the same routine data processing pro
cedures as the below-canopy EC system. As the cospectra of CO2 fluxes 
from the above-canopy EC systems matched well with the traditional 
cospectra model (Figure S3), spectral corrections for low-frequency 

range were applied using the Moncrieff et al. (2004) approach at both 
sites and high-frequency range after Ibrom et al. (2007) at SVB and 
Moncrieff et al. (1997) at ROS. 

2.4.2. Development of below-canopy spectral correction models 
The below-canopy turbulence differs significantly from the above- 

canopy; for example, more fine-scale eddies may occur due to wake 
production surrounding the foliage parts (Finnigan, 2000). Conse
quently, the traditional above-canopy cospectra model cannot reflect 
the actual turbulence distribution in the trunk space and thus may lead 
to biased flux estimates. Below-canopy cospectra models are the 
pre-requisite for improving the accuracy of flux estimates. To develop 
the below-canopy cospectra models, the half-hourly binned cospectra 
data obtained from EddyPro were further filtered for low turbulence and 
noise contamination. Following Launiainen et al. (2005), the standard 
deviation of the vertical wind speed (σw) was used to identify the tur
bulent and unstable conditions, which has also been applied to filter 
fluxes in most of the below-canopy EC studies (Jocher et al., 2017; 
Kulmala et al., 2008; Kulmala et al., 2019; Lindroth et al., 2018; 
Paul-Limoges et al., 2017; Paul-Limoges et al., 2020; Thomas et al., 
2013). Data within the σw ranges of 0.2-0.35 m s− 1 and 0.15-0.25 m s− 1 

at ROS and SVB, respectively, were identified as measurements under 
the highly turbulent condition and thus selected for fitting the cospectra 
curves. As expected, the turbulent CO2 flux variations were small and 
the CO2 storage terms were close to zero when σw was within the 
selected ranges (Figure S4). Besides, a linear fit of the inertial subrange 
(normalized frequency > 1) was performed on the log-log cospectra 
curve to select the noise-free measurement periods (Figure S5). Theo
retically, a slope of -4/3 for the inertial subrange frequency is expected 
in the cospectra of surface-layer turbulence (Kaimal et al., 1972) and 
values between 0 to 1 were considered as partial noise within that fre
quency range (Stull, 1988). Therefore, we removed the 
noise-contaminated cospectra when the fitted slope was greater than 
zero, as suggested in Falk et al. (2005). 

Spectral attenuations (e.g., high-frequency loss) typically occur for 
the CO2 and H2O fluxes due to signal losses in the sampling line and 
sensor separation for a closed-path EC system. We thus only used the 
high-quality cospectrum density of sensible heat flux (CwT) to fit the site- 
specific cospectra curves by adjusting the traditional model (Eq. 1) that 
was developed for the above-canopy EC measurements (Kaimal et al., 
1972). 

f CwT(f )

w′T ′
=

an
(1 + bn)cn =

f (z − d)
U

(1)  

where f is the natural frequency ranging from 1/1800 to 10 Hz in this 
study, z is the EC measurement height (2.5 m), d is the displacement 
height (m) estimated as two-thirds of understory canopy height (0-0.12 
m), U is the 30-min mean wind speed (m s− 1), n is the dimensionless 
normalized frequency, and abc are the model parameters. According to 
Kaimal et al. (1972), model parameters were fitted for two frequency 
ranges (n < 0.54 and n ≥ 0.54). 

The site-specific fitted cospectra curves represented the typical tur
bulence characteristics ideal for the below-canopy EC measurements, 
which were therefore applied as the cospectra models to correct the 
turbulent CO2 and H2O fluxes for each 30-min averaging period. The 
half-hourly correction factor (CF), defined as the ratio between the real 
(r) and measured (m) flux (Moore, 1986), was calculated as the ratio 
between the integrated modeled and measured cospectra (Eq. 2). 

CF =
(w′ s′

)r

(w′ s′
)m

=

∫∞
0 Cws(f )rdf

∫∞
0 Cws(f )mdf

(2)  

where s represents the scalar variable of T, c, or q in H, CO2, or H2O 
fluxes, respectively. The uncorrected turbulent fluxes were multiplied by 
the CF and then added to the storage terms to obtain the net forest floor 
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exchange of CO2 (NFFE) and H2O (data not shown in this study). In this 
study, the micrometeorological sign convention was used that negative 
and positive CO2 fluxes indicate uptake by and emission from the forest 
floor, respectively. 

2.4.3. Data quality control 
The half-hourly NFFE was further filtered for the following quality 

assurance/quality control (QA/QC) criteria: plausible NFFE range of -50 
to 50 µmol m− 2 s− 1, low data quality (EddyPro qc flagging “2”) (Mauder 
and Foken, 2004), spikes accounting for more than 1% of raw data for 
each 30-min averaging period (Paul-Limoges et al., 2017), slope of the 
inertial subrange greater than zero (Falk et al., 2005), advection 
occurrence when the horizontal and vertical mean flows become 
dominant over turbulence (Wharton et al., 2009), statistical outliers 
outside the range of mean ± 3 × standard deviation, sensor malfunc
tioning, and site disturbances. Following Paul-Limoges et al. (2020), we 
also filtered NFFE measured under the condition of counter-gradient 
transport, i.e., flagging NFFE for the negative water fluxes which were 
caused by the downward eddies while the below-canopy air temperature 
was above the dew point temperature. This counter-gradient transport 
condition occurred in 18% and 13% of the measurement period at ROS 
and SVB, respectively. The correction for counter-gradient transport 
slightly decreased the mean annual NFFE by 14 and 2 g C m− 2 yr− 1 at 
ROS and SVB, respectively. As the storage and advection terms have 
been taken into account, neither σw nor other stability parameters were 
applied for data-filtering. Over the three (or four) years, 46% and 53% of 
the half-hourly NFFE data were identified as good quality data at ROS 
and SVB, respectively. 

The above-canopy EC fluxes were filtered for periods with weak 
turbulent mixing when the air flows were decoupled from the below- 
canopy (Jocher et al., 2017), indicated by the non-linear relationship 
between the below- and above-canopy σw (Figure S6). As the decoupling 
effects on the above-canopy EC measurements at the ROS site have been 
previously investigated in Jocher et al. (2017) and Jocher et al. (2018), 
this study illustrated the effects of different filtering strategies (i.e., σw 
and u*) on annual NEE for the SVB site only (Table S2). At ROS and SVB, 
48.8% and 48.9% of the half-hourly NEE data were left for the 
above-canopy flux measurements, respectively. Periods with concurrent 
data for above- and below-canopy EC fluxes accounted for 28% and 21% 
of the entire datasets at ROS and SVB, respectively. 

2.4.4. Flux gap-filling and partitioning 
Gaps in the half-hourly NFFE were filled using the marginal distri

bution sampling (MDS) approach (Reichstein et al., 2005) implemented 
in the REddyProc online tool (Wutzler et al., 2018). The gap-filled NFFE 
was partitioned into total respiration and gross primary production of 
the forest floor, Rff and GPPff, respectively, through estimating Rff using 
the conditional sampling approach (Thomas et al., 2008). The Rff term 
defined in this study includes tree and understory vegetation root 
respiration, heterotrophic respiration, and understory vegetation auto
trophic respiration. A detailed description of Rff estimates was described 

in Jocher et al. (2017), which calculates the covariance (5-min aver
aging intervals) between w’ and c’ only for positive vertical winds. As a 
modification of the conditional sampling method, a 
respiration-evaporation cluster was detected for each averaging period 
and data within the cluster were sampled to estimate Rff (Klosterhalfen 
et al., 2019). The 5-min averaged Rff was resampled to the 30-min mean, 
which was then filtered for the same QA/QC criteria listed in Section 
2.4.3. Gaps in the half-hourly Rff were filled using the empirical respi
ration model (Eq. 3) fitted by the filtered Rff and Ts every year (Barr 
et al., 2004). 

Rff = f (Ts, t) =
rw(t)r1

1 + exp[r2(r3 − Ts)]
(3)  

where r1, r2, and r3 are empirical constants, rw(t) is an additional 
parameter that described the difference between the measured and 
modeled Rff at time t, and Ts is the soil temperature measured at a depth 
of 15 cm. Finally, GPPff was estimated as NFFE minus Rff for each half- 
hour. However, GPPff was forced to zero with Rff equaling NFFE when Ta 
was below -5◦C, or the below-canopy PPFD was less than 65 µmol m− 2 

s− 1 where photosynthesis of the forest floor vegetation was considered 
negligible (Figure S7). It should be noted that different flux partitioning 
approaches provided various Rff estimates (Figure S8), but the condi
tional sampling based approach showed fewer artifacts in the parti
tioned fluxes (e.g., positive monthly GPPff sums, no physical meaning) 
compared to the nighttime-based (Reichstein et al., 2005), 
daytime-based (Lasslop et al., 2010), and modified daytime-based 
(Keenan et al., 2019) partitioning methods (Figures S9 and S10). The 
above-canopy EC fluxes, i.e., net ecosystem exchange of CO2 (NEE), 
were filled using the MDS method and partitioned into ecosystem 
respiration (Reco) and gross primary production (GPP) using the 
commonly applied nighttime-based approach (air temperature as the 
Reco driver) in the REddyProc online tool. 

2.4.5. Uncertainty and statistical analysis 
Monte Carlo simulations (100 repetitions) were performed to assess 

the uncertainty in annual NEE and NFFE sums due to gap-filling (Table 
S3), following the procedures described in Richardson and Hollinger 
(2007). Random errors were added to the half-hourly non-gapfilled 
datasets, which were drawn from a Laplace distribution reported in 
Richardson and Hollinger (2005) for NEE and a newly fitted Laplace 
distribution for NFFE from this study (Figure S11). 

Principle component analysis (PCA) was performed on the half- 
hourly measured data (non-gapfilled) to investigate the relationships 
between the forest floor CO2 fluxes and the environmental variables 
during the growing and non-growing seasons, respectively. Response 
curves of CO2 fluxes to environmental controls were fitted and evaluated 
by the coefficient of determination (R2) and root mean square error 
(RMSE). 

Fig. 1. Annual (a), growing season (b), and non-growing season (c) anomalies of air temperature (Ta) and precipitation (PPT) during the study years 2016-2019. 
Anomalies are relative to the 30-year (1986-2015) mean Ta and PPT for annual, growing season, non-growing season, respectively. Data are from the Svartberget 
Hygget weather station located close to the SVB flux tower. 
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Fig. 2. Typical cospectra curves (blue lines) for 
the below-canopy EC measurements at ROS (a-c) 
and SVB (d-f). The color of the heat map reflects 
the data density of the 30-min binned cospectra 
data of H (a, d), CO2 (b, e), and H2O (c, f) fluxes 
selected for the highly turbulent and noise-free 
conditions. Black lines are the traditional cospec
tra model from Kaimal et al. (1972). Yellow and 
purple lines represent the slope values of -4/3 and 
-2/3, respectively. The coefficient of determination 
(R2) and root mean square error (RMSE) of the 
model performance is labeled in the cospectra of H 
panels (a, d) where blue and black fonts represent 
the model performance of our below-canopy 
cospectra model and the traditional model, 
respectively.   

Fig. 3. Monthly sums of forest floor net CO2 exchange (NFFE), gross primary production (GPPff), and total respiration (Rff) at ROS (a) and SVB (b) during the study 
periods of 2016-2019 and 2017-2019, respectively. 
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3. Results 

3.1. Environmental conditions 

Within the four-year study period, 2017 was the wettest and 2018 
the driest year, receiving 113 mm more and 75 mm less PPT than the 30- 
year mean annual PPT, respectively (Fig. 1a). More specifically, the 
2017 growing season (GS) was cool and wet in contrast to the hot and 
dry GS during 2018 (Fig. 1b). However, the 2017 non-growing season 
(NGS) was the warmest and wettest, and 2018 had the coldest and driest 
NGS among the four years (Fig. 1c). During the years of 2016 and 2019, 
the weather conditions were close to the long-term averaged records 
during both GS and NGS (Fig. 1). 

3.2. Below-canopy cospectra models 

The fitted cospectra curves using the sensible heat flux cospectra data 
under the turbulent and noise-free conditions represented the empirical 
below-canopy cospectra models (Fig. 2). Our below-canopy models 
showed that more low- and high-frequency signals occurred in the forest 
trunk space compared to the ideal above-canopy cospectra model from 
Kaimal et al. (1972). The difference between below- and above-canopy 
cospectra was more pronounced in the dense spruce-pine forest SVB 
compared to the open pine stand ROS (Fig. 2a and 2d). The inertial 
subrange slope in the fitted cospectra curve did not follow the theoret
ical value of -4/3 but was closer to -2/3 at both sites. 

Compared to the traditional cospectra model from Kaimal et al. 

Table 1 
Growing season (GS) and non-growing season (NGS) forest floor CO2 budgets at ROS and SVB  

Year NFFE (g C m− 2) GPPff (g C m− 2) Rff (g C m− 2) 

GS NGS GS NGS GS NGS 

ROS SVB ROS SVB ROS SVB ROS SVB ROS SVB ROS SVB 

2016 341 n/a 75 n/a -101 n/a -18 n/a 442 n/a 93 n/a 
2017 277 359 71 152 -74 -43 -23 -13 351 402 93 165 
2018 330 418 73 137 -113 -85 -25 -21 443 503 98 158 
2019 332 443 102 170 -92 -45 -22 -12 424 488 124 182  

Fig. 4. Annual sums of the CO2 fluxes of the forest floor (NFFE, GPPff, and Rff) and the forest ecosystem (NEE, GPP, and Reco) at ROS (2016-2019) and SVB (2018- 
2019). Numbers in parentheses represent the GPPff/GPP and Rff/Reco ratios. 
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(1972), our empirical cospectra models showed a better fit to the H 
cospectra data with a higher coefficient of determination (R2, 0.997 and 
0.995 vs. 0.865 and 0.659) and a smaller root mean square error (RMSE, 
0.005 or 0.008 vs. 0.034 or 0.062). Moreover, the traditional cospectra 
model suggested no apparent spectral loss in the CO2 and H2O fluxes 
(Fig. 2b, 2c, 2e, and 2f). However, referring to our site-specific cospectra 
models, the expected spectral attenuations due to sensor separations and 
losses in the sampling line were noted again in the high-frequency range 
for CO2 and H2O fluxes at both sites (Fig. 2b, 2c, 2e, 2f), with more H2O 
signal loss compared to the CO2 flux frequency loss because of the 
‘sticky’ nature of the H2O molecules. After applying our empirical 
cospectra models to correct the turbulent fluxes, the averaged correction 
factors for CO2 and H2O fluxes at ROS were 1.24 and 1.28, respectively, 
which were both smaller compared to the factors at SVB, i.e., 1.44 and 
1.46 for CO2 and H2O, respectively. In the following study, we used our 
cospectra-corrected CO2 fluxes to analyze the seasonal and inter-annual 
variability of forest floor CO2 budgets, their contributions to the 
ecosystem-scale C budgets, and flux responses to environmental condi
tions in the following results and discussion sections. 

3.3. Seasonal and inter-annual variability of forest floor CO2 fluxes 

The monthly sums of NFFE showed that the forest floor was a net CO2 
source for all months throughout the entire study period at both sites 
(Fig. 3). For all years, the peak monthly NFFE (i.e., net CO2 emission) 
and Rff occurred in August, while the peak GPPff was found to be in July 
persistently. Both sites showed a similar inter-annual variation of the 
growing season (GS) forest floor CO2 flux sums (Table 1). The lowest GS 
sums of GPPff and Rff during 2017 concurred with the coolest and 
wettest environmental conditions, whereas both GS sums of GPPff and 
Rff were higher in the warmer and drier years of 2016, 2018, and 2019 

(Table 1, Fig. 1). As the increase in the GPPff flux magnitude was smaller 
than that of Rff during the warmer and drier years, the GS sums of NFFE 
were more positive during 2016, 2018, and 2019 with the highest value 
being recorded in 2016 at ROS and 2019 at SVB. 

The non-growing season (NGS) sums of NFFE accounted for 0.18- 
0.30 fractions of the annual NFFE (Table 1). However, the two sites 
showed different inter-annual variations of NGS sums of NFFE (or Rff). 
At ROS, the NGS sums of NFFE (or Rff) did not differ much from 2016 to 
2018, with the highest value being recorded in 2019 (Table 1). Whereas 
at SVB, the NGS sums of NFFE (or Rff) corresponded with the inter- 
annual variation of NGS air temperature (Table 1, Fig. 1c). Overall, 
the NGS sums of NFFE at SVB exceeded ROS by 71 ± 9 g C m− 2, which 
was comparable to their difference in the GS sums (94 ± 15 g C m− 2). 

Over each annual cycle, Rff, rather than GPPff, was the dominant flux 
component that positively affected NFFE variations, with a stronger 
correlation between Rff and NFFE at SVB than at ROS (Figs. 4 and 5). 
Both sites showed similar inter-annual variabilities of the forest floor 
CO2 yearly budgets (Table 1, Fig. 4). From 2017 to 2019, the annual 
NFFE increased by 12% and 10% per year at ROS and SVB, respectively. 
The 2016 NFFE at ROS was slightly greater than the 4-year mean. At 
ROS and SVB, the largest annual GPPff occurred in 2018; and the annual 
Rff during 2018 and 2019 had similar magnitudes, which were higher 
than the years of 2016 (ROS only) and 2017. Compared to the mean 
annual NFFE during 2017-2019 at ROS (395 ± 44 g C m− 2 yr− 1), the 
forest floor at SVB acted as a stronger net CO2 source (560 ± 51 g C m− 2 

yr− 1) due to the on average 1.2 times higher Rff and GPPff constituting 
0.63 fraction of GPPff at ROS. 

3.4. Forest floor flux contributions to the ecosystem-scale C budgets 

The annual GPPff/GPP ratios did not differ much among the four 

Fig. 5. PCA loading plots of the correlation 
structures of the half-hourly forest floor CO2 
fluxes (NFFE, GPPff, and Rff) and environmental 
variables during growing and non-growing 
seasons at ROS and SVB. Environmental vari
ables include below-canopy photosynthetic 
photon flux density (PPFD), air temperature 
(Ta), vapor pressure deficit (VPD), precipitation 
(PPT), soil temperature at the depths of 15 and 
50 cm (Ts15 and Ts50), soil water content 
(SWC) at two depths (15 and 50 cm for ROS; 10 
and 50 cm for SVB), and snow depth (SD).   
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years at ROS within the range of 0.11-0.15, whereas Rff/Reco ratios 
showed a larger inter-annual variability ranging from 0.68 to 0.90 
(Fig. 4). At ROS, the forest floor contributions to the ecosystem-scale 
GPP and Reco were high in 2018 and 2019, whereas the lowest contri
butions occurred in the coolest year 2017. Contrasting to ROS, the 
annual GPPff/GPP ratio at SVB was reduced by 50% from 2018 to 2019, 
but the annual Rff/Reco ratio varied by only 0.07 between the two years. 
At SVB, the averaged GPPff/GPP and Rff/Reco ratios over the two years of 
2018 and 2019 were 0.09 and 0.85, respectively, similar to the values of 
0.14 and 0.86 at ROS over the same two years (Fig. 4). 

The ecosystem-scale C budgets suggested that both forests were net 
CO2 sinks for all years of the study period (Fig. 4). During the years of 
2018 and 2019 with data from both sites, the annual net CO2 uptake at 
ROS (-248 g C m− 2 yr− 1) was more than twice as high as at SVB (-109 g C 
m− 2 yr− 1). This difference resulted from the ~25% lower Reco and nearly 
identical GPP (Fig. 4). Correspondingly, the mean annual Rff at ROS was 
~22% lower than at SVB during the same two years. Furthermore, at a 
higher temporal resolution, the daily Rff explained 84% and 88% of the 
daily Reco variances at ROS and SVB, respectively (Figure S12). As the Rff 
and Reco were the dominant flux components that determined the var
iations of NFFE and NEE, respectively, NFFE was identified as the main 
driving factor of the NEE difference between the two forest stands. 

3.5. Abiotic controls of forest floor CO2 fluxes 

At both sites, Rff showed a positive correlation with soil temperature 
(Ts) throughout the year but correlated negatively with soil water 
content (SWC) during the growing season and with snow depth (SD) 
during the non-growing season (Fig. 5). The below-canopy PPFD, Ta, 
and VPD were positively correlated with understory photosynthesis 
rates (i.e., negative GPPff) at each site (Fig. 5). 

The bin-averaged response of Rff to Ta demonstrated that Rff 
increased with Ta at both sites with a similar Ta sensitivity, forming a 
slight plateauing pattern when Ta > 30◦C (Fig. 6a). However, the 
dependence of Rff on Ts variations differed at the two sites: Rff increased 
more rapidly at high Ts range (> 10◦C) at ROS, whereas Rff at SVB 
responded more sensitively in low Ts range (< 10◦C) (Fig. 6b). More
over, Rff decreased with the rising SWC but remained constant when 
SWC15 > 0.15 m3 m− 3 and SWC10 > 0.27 m3 m− 3 at ROS and SVB, 
respectively (Fig. 6c). As Rff was the dominant flux component of NFFE, 
correlations of the environmental variables with the latter were similar 

to those of Rff. 
Unlike the similar responses of Rff to Ta at the two sites, GPPff was 

more enhanced with the increased Ta at ROS compared to SVB (Fig. 6d). 
The smaller magnitudes of GPPff (less negative values) at the high Ta 
range at SVB constrained the response curve to a large divergence from 
ROS, which however remained uncertain due to the limited number of 
data points at the high Ta range and the GPPff uncertainty resulting from 
the partitioning approach. Significant increases in GPPff at the open 
forest ROS were identified within the below-canopy PPFD range of 65- 
500 μmol m− 2 s− 1, beyond which GPPff started approaching light satu
ration with a maximum CO2 uptake capacity of 1.6 μmol m− 2 s− 1 

(Fig. 6e). However, GPPff was limited by the below-canopy PPFD at the 
dense forest SVB, as the maximum below-canopy PPFD was up to 200 
μmol m− 2 s− 1 (Fig. 6e). The relationship between GPPff and VPD showed 
that the understory vegetation photosynthesis generally increased as 
VPD increased up to a VPD threshold of ~30 hPa beyond which GPPff 
started to decrease (Fig. 6f). 

4. Discussion 

4.1. Turbulence characteristics in the trunk space of two contrasting 
forests 

Our study highlights the need for distinct below-canopy cospectra 
models as our results showed that the classic above-canopy model may 
introduce bias into the below-canopy EC measurements. The increased 
distributions of low-frequency turbulence (i.e., large-scale eddies) 
observed in the trunk space at both open and dense forests may result 
from fast gusts moving downward (i.e., sweeps) from above-canopy into 
the trunk space (Finnigan, 2000). Due to the small fractions of occur
rence, the counter-gradient transport associated with the downward fast 
gusts did not affect the low-frequency turbulence distribution illustrated 
in the below-canopy cospectra curves. Meanwhile, the interaction of the 
airflow with the trunks, branches, and leaves may increase fine-scale 
turbulence (i.e., high-frequency) in the wakes of the canopy elements 
(e.g., Brunet, 2020; Finnigan, 2000). Without recognizing the differ
ences between below- and above-canopy cospectra models, the com
parable pattern of CO2 and H2O flux cospectra to the traditional 
above-canopy cospectra model may be falsely interpreted as satisfactory 
below-canopy eddy covariance measurements. Consequently, the 
high-frequency signal attenuation in the sampling line of closed-path EC 

Fig. 6. Bin-averaged half-hourly forest floor 
CO2 fluxes (Rff and GPPff) vs. their abiotic con
trols during the 2017-2019 growing seasons at 
each site. Abiotic controls include below- 
canopy air temperature (Ta) measured at 1.8 
m above the ground, soil temperature measured 
at a depth of 15 cm (Ts15), soil water content 
(SWC) measured at the depths of 15 cm and 10 
cm at ROS and SVB, respectively, below-canopy 
photosynthetic photon flux density (PPFD) 
measured at 1.8 m above the ground and vapor 
pressure deficit (VPD) calculated from the Ta 
and RH measurements at 1.8 m above the 
ground. The zoom-out plot in panel (e) is GPPff 
vs. PPFD with coarser bins in the PPFD range of 
0-1000 μmol m− 2 s− 1 at ROS. Shaded areas 
represent the standard errors of the bin aver
ages. The solid red and grey lines are the fitted 
response curves to the environmental controls 
for Rff and GPPff at ROS and SVB, respectively. 
The coefficient of determination (R2) and root 
mean square error (RMSE) of the fitted curves 
are labeled in each panel.   
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can be considerably masked by the traditional above-canopy cospectra 
model if applied to below-canopy EC data, resulting in underestimated 
forest floor fluxes in dense forest (Figure S13). 

Both sweeps and wake production commonly play a greater role in 
dense than in sparse canopies (Poggi et al., 2004; Russell et al., 2018). 
Therefore, the effects of tree species and stand density on low- and 
high-frequency turbulent eddies were more pronounced at SVB, where 
the forest was denser and more branches and foliage located in the lower 
part of the spruce trees compared to the open pine forest ROS. Compared 
to the traditional (Moncrieff et al., 1997) and previous in-situ spectral 
correction approaches (e.g., Fratini et al., 2012), the method proposed in 
this study successfully addressed the distinct site-specific effects on the 
below-canopy flux measurements and forest floor annual CO2 budgets. 
For example, applying the traditional cospectra model resulted in 
comparable annual CO2 fluxes (4%, 15 g C m− 2 yr− 1) at the open pine 
stand but significantly underestimated the annual CO2 fluxes by 14% 
(74 g C m− 2 yr− 1) at the dense spruce-pine forest (Figure S13). There
fore, our results further indicate that the below-canopy cospectra models 
need adaptation to site-specific canopy conditions. 

4.2. Seasonal and annual forest floor CO2 budget differences across 
contrasting sites 

The annual net CO2 source strength of the forest floor 400 ± 37 and 
560 ± 51 g C m− 2 yr− 1 from ROS (2016-2019) and SVB (2017-2019) 
respectively estimated in this study was within the wide range of 250- 
1360 g C m− 2 yr− 1, reported in previous studies in the boreal region 
(Black et al., 1996; Gaumont-Guay et al., 2014; Launiainen et al., 2005; 
Morén and Lindroth, 2000; Swanson and Flanagan, 2001; Widén, 2002). 
Compared to the ROS pine forest in 2017-2019, the forest floor CO2 
source strength at the SVB spruce-pine forest was 1.4 times stronger and 
attributed to the higher forest floor respiration accompanied by the 
lower understory photosynthesis. 

As tree root respiration is strongly determined by the photosynthate 
C allocation (Bhupinderpal-Singh et al., 2003; Högberg et al., 2001), the 
autotrophic root respiration during the growing season (GS) may be 
comparable between the two sites due to their similar GPP magnitudes, 
assuming the same below-ground C allocation pattern at ROS and SVB. 
Therefore, the NFFE difference between the two sites might be mainly 
attributed to the heterotrophic respiration component during both GS 
and NGS. At SVB, the higher deadwood decomposition rates reported for 
spruce (Shorohova et al., 2008) and larger litterfall C input might 
contribute to the higher heterotrophic respiration than the pine stand. 
Besides, the soil organic layer is thicker at SVB (10-15 cm) than at ROS 
(2-5 cm) (Hasselquist et al., 2012; Laudon et al., 2011), which can be 
assumed to contribute to the higher soil heterotrophic respiration at 
SVB. 

As the photosynthetic activity of the forest floor is strongly light- 
limited (e.g., Kulmala et al., 2011; Misson et al., 2007), the lower 
photosynthesis at the dense SVB forest may be the result of the reduced 
amount of light penetrating onto the forest floor, compared to the open 
trunk space at ROS. Therefore, the site characteristics (e.g., canopy 
structure, tree and understory species composition and biomass pro
duction, and soil properties) significantly affected the forest floor CO2 
budgets by altering the C allocation patterns, microclimate, and soil 
biological processes. 

4.3. The role of forest floor CO2 fluxes in the ecosystem-scale C budget 

Our results demonstrate that the tree CO2 uptake (i.e., as GPP-GPPff) 
in two boreal coniferous stands was the dominant sink for atmospheric 
CO2, while the contribution of understory vegetation photosynthesis to 
the ecosystem-scale GPP was limited. Our GPPff/GPP estimates were 
also close to the lower band of the wide range of 2-61%, which have 
been previously reported for the boreal forests (Bergeron et al., 2009; 
Ikawa et al., 2015; Ilvesniemi et al., 2009; Kolari et al., 2006; Kulmala 

et al., 2011; Misson et al., 2007; Palmroth et al., 2019; Swanson and 
Flanagan, 2001). 

The contribution of forest floor respiration to the total ecosystem 
respiration observed in our study was close to the higher end of the 
range of 40-90% estimated for other boreal forests (Bergeron et al., 
2009; Black et al., 1996; Goulden and Crill, 1997; Ikawa et al., 2015; 
Launiainen et al., 2005; Morén and Lindroth, 2000; Shibistova et al., 
2002). The stem and foliage respiration estimated as Reco minus Rff, 
accounting for 10-32% of Reco at our pine stand, compares with 39% of 
Reco estimated in a 200-year-old Scots pine stand in central Siberia 
(Shibistova et al., 2002) and 15-45% of Reco reported in a temperate 
70-year-old white pine (Pinus strobues L.) forest in Canada (Peichl et al., 
2010). However, the stem and foliage respiration might be slightly 
underestimated in this study because Rff measured using the EC method 
includes small fractions of the autotrophic respiration from stems, 
branches, foliage, and seedlings existing in the lower part of the forest 
below the EC mounting height (2.5 m), which is however likely small 
compared to the forest floor contribution (Tarvainen et al., 2017). The 
maximum Rff contribution (90%) to Reco during 2019 at ROS appears 
high and is likely an overestimation due to a one-month gap in the 
below-canopy EC data that resulted in increased uncertainty in Rff 
during that year. Moreover, we found that the Rff contribution to Reco 
varied within about 10-15% depending on dominant wind sectors 
(Figure S14). Thus, the spatial heterogeneity of forest floor and tree 
stands into different wind directions may also result in variations and 
uncertainty when estimating the forest floor contributions to the 
ecosystem-level C budgets. 

As the ecosystem GPP did not differ significantly between the two 
sites, their NEE difference was related to differences in Reco magnitudes. 
Reco itself however was strongly regulated by NFFE (or Rff), which im
plies that the forest floor component essentially determined the differ
ence in annual NEE between these two contrasting boreal forest stands. 
This finding highlights that the net forest floor CO2 budget may act as 
the driving factor determining the variation of ecosystem-scale CO2 
balances across boreal forest stands within a given climatic region and 
stand developmental stage. This study also demonstrates the potential 
role of the forest floor in explaining the spatial variability of forest C 
budgets among mature stands within the boreal region. Thus, extending 
our efforts in acquiring comprehensive data on forest floor CO2 fluxes (i. 
e., by the use of EC) will be critical for improving our understanding of 
the contributions from various ecosystem components to the forest C 
balance. 

4.4. Sensitivity of forest floor CO2 fluxes to environmental conditions and 
global change 

Soil temperature as the dominant abiotic control of NFFE has been 
widely reported in other understory studies (Black et al., 1996; Gau
mont-Guay et al., 2014; Kelliher et al., 1999; Kulmala et al., 2008; 
Launiainen et al., 2005). Our results further highlight that the net CO2 
source strength of the boreal forest floor may become enhanced during 
drought years as in 2018, mostly due to the elevated forest floor respi
ration under the warm conditions. As low soil moisture typically inhibits 
the organic matter decomposition (Manzoni et al., 2012), our observed 
increase in forest floor respiration under dry soil conditions may pri
marily result from the simultaneous increases in soil temperature and 
thus heterotrophic respiration rates (Bhupinderpal-Singh et al., 2003). 
Due to its large contribution to ecosystem respiration, our study further 
concludes that the forest floor was driving the ecosystem respiration 
responses to the drought event. 

Although photosynthesis of the understory vegetation was also 
enhanced by the rising air temperature during 2018, it compensated the 
elevated forest floor respiration only to a small extent during the 
drought year. Furthermore, GPPff inhibition under high VPD (e.g., VPD 
> 30 hPa) indicates that the stomata of the vascular understory vege
tation (i.e., dwarf shrubs and grass) might shut down to prevent 
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Fig. A1. The below-canopy eddy covariance tower set-up at ROS (a) and SVB (b) sites.  

Fig. A2. Workflow of the below-canopy eddy covariance flux calculation.  
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extensive water loss into the atmosphere (Ikawa et al., 2015; Palmroth 
et al., 2019). The negative feedback to the high atmospheric water de
mand may become more pronounced at the forest floor with more 
vascular canopy distributions. Since the frequency and severity of 
drought events (including both air and soil conditions) might increase in 
the future (Allen et al., 2010), the photosynthesis of understory vege
tation and the entire ecosystem might be reduced and the respiration 
components (e.g., forest floor respiration) might become the more 
prominent processes. Hence the forest floor is likely to become even 
more important in regulating the C balance of boreal forest ecosystems 
under future climate change. 

Recent studies have extensively focused on the year 2018, during 
which the hot and dry summer conditions may have considerably 
altered the C balance in European terrestrial ecosystems (e.g., Lindroth 
et al., 2020; Peters et al., 2020). However, our study demonstrates that 
the annual forest floor net CO2 source strength was even greater in 2019 
than in 2018, as the ~1◦C warmer soil during the 2019 non-growing 
season (NGS) resulted in higher forest floor respiration than during 
the 2018 NGS. This highlights the significant effects of the NGS envi
ronmental conditions on the annual forest floor CO2 fluxes and their 
contributions to the ecosystem-scale C balance, which usually cannot be 
accounted for in chamber-based studies. As autumn and winter warming 
might continue in the studied region until 2090, the end of the simu
lation period in Teutschbein et al. (2015), we need to improve our un
derstanding of non-growing season forest floor CO2 budgets, especially 
in the high-latitude studies as previously suggested in other cold regions 
(Aurela et al., 2002; Commane et al., 2017; Natali et al., 2019). This calls 
for a more extended application of the EC technique for year-round 
measurements of the forest floor CO2 exchange. 

5. Conclusions 

Our study shows that the classic above-canopy cospectra model may 
introduce bias in below-canopy eddy covariance measurements, 
particularly in a dense forest stand. Thus, we propose the need for 
empirical below-canopy cospectra models adapted to site-specific can
opy conditions to improve eddy covariance flux measurements over the 
forest floor. Our study demonstrates that the forest floor acted as an 
annual net CO2 source to the atmosphere at two contrasting boreal forest 
stands. We further found that the net forest floor CO2 budget acted as the 
driving factor determining the variation of ecosystem-scale CO2 bal
ances across the two contrasting boreal forest stands within the same 
climatic region and at a similar stand developmental stage. This study 
therefore highlights the potential role of the forest floor in explaining the 
spatial variability of forest C budgets across mature forest stands in the 
boreal region. Our results also reveal that the net forest floor CO2 source 
strength was enhanced during the summer drought year 2018 and the 
warmer non-growing season 2019. Thus, extending our efforts in 
acquiring comprehensive data on forest floor CO2 fluxes will be critical 
for improving our understanding of the contributions from various 
ecosystem components to the forest carbon balance and for accurate 
predictions of the boreal biome-climate change feedbacks. 
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