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The future role of boreal forests in the global carbon cycle is uncertain given the rapid climate change in high
latitudes. At the landscape scale, heterogeneity in stand age and land cover, contributions from terrestrial and
aquatic fluxes, and harvest export may create complex carbon cycle-climate interactions. However, the inte-
grated response of the net landscape carbon balance (NLCB) to inter-annual variations (IAVs) in environmental
conditions is poorly understood. Here, we used tall-tower eddy covariance and stream monitoring to integrate
terrestrial and aquatic carbon fluxes with harvest export for a 68 km? boreal catchment in Sweden during
2016-2020. This actively managed forest landscape acted as a net carbon sink with a 5-year mean (+ standard
deviation) NLCB of 128455 g Cm™ yr'\. The NLCB IAV included a reduced sink (36 g C m? yr'") during the cool/
cloudy year 2017. In the other four years, featuring a drought summer (2018) and an exceptionally warm/wet
winter (2020), the landscape acted as a significant sink (127-180 g C m2 yr'l). The NLCB IAV corresponded
primarily to variations in landscape respiration, followed by GPP and harvest export, with negligible contribu-
tions from landscape CH4 and aquatic carbon fluxes. The NLCB IAV was not correlated to any single environ-
mental factor. However, daily NLCB contrastingly responded to key environmental factors as a function of forest
aboveground biomass and mire contributions. Overall, our study indicates that the annual carbon sink-strength
of the managed boreal forest landscape may be resilient to a wide range of IAVs in environmental conditions.

1. Introduction

Climate change in the boreal region has been projected to occur at a
faster rate than in other regions of the globe (IPCC, 2023). Boreal forest
landscapes have great potential to mitigate climate change through their
high carbon sequestration capacity (Gauthier et al., 2015). Meanwhile,
boreal landscapes actively exchange two important greenhouse gases
(GHGsS), i.e., carbon dioxide (CO-) and methane (CH4), with the atmo-
sphere (Helbig et al., 2017; Pan et al., 2011). Because these landscapes
typically consist of both forest and mire ecosystems, understanding their
combined capacity and controls of CO, sequestration as well as CHy
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uptake and emissions is essential for evaluating their role in regulating
atmospheric GHG concentrations and associated climate change (Zhao
et al., 2023).

Detailed knowledge of the magnitudes and controls of the carbon
balance at the landscape scale (i.e., tens of km?) requires comprehensive
carbon flux estimates spanning the large heterogeneity in ecosystem
properties and functioning (Chapin et al., 2006; Christensen et al., 2007;
Drysdale et al., 2022; Webb et al., 2019, 2018). Most commonly, such
estimates rely on bottom-up estimates based on plot- or ecosystem-level
measurements (Christensen et al., 2007; Heiskanen et al., 2023). How-
ever, such approaches are cumbersome and their numerous estimates of
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underlying component fluxes aggregate considerable uncertainty
(Goulden et al., 1996), which hinders a complete understanding of the
boreal landscape carbon cycle-climate feedback. To overcome these
challenges, Chi et al. (2020) introduced a method that combines
tall-tower eddy covariance measurements with stream monitoring to
derive a direct estimate of the net landscape carbon balance (NLCB) by
integrating the terrestrial and aquatic fluxes of CO;, CHy, dissolved
organic carbon (DOC), dissolved inorganic carbon (DIC), and carbon
export via harvest across all ecosystems within a heterogeneous land-
scape. The NLCB concept has been subsequently adopted in a tropical
savanna in Australia (Duvert et al., 2020) and a highly erodible semiarid
catchment in China (Ran et al., 2022). The need for integrating terres-
trial and aquatic carbon fluxes has been further highlighted in other
recent studies (Balathandayuthabani et al., 2023; Casas-Ruiz et al.,
2023; Gao et al., 2022; Heiskanen et al., 2023; Liu et al., 2023; Lv et al.,
2023; Song et al., 2021; Tong et al., 2024).

However, to date, NLCB estimates have been limited to short-term
(<3 years) study periods, which limits our understanding of how the
carbon sink-source strength responds to various environmental condi-
tions, especially to extreme events that may occur at infrequent in-
tervals. For example, a large between-year variation in NLCB (4 vs. 73 g
C m?2 yr'!) observed in a Swedish boreal landscape due to the abiotic
controls of air temperature and global radiation (Chi et al., 2020) in-
dicates the potential for considerable sensitivity of the landscape-scale
carbon balance to changing environmental conditions in the boreal re-
gion. Moreover, extreme weather conditions such as the drought sum-
mer or the warm and wet winter occurring throughout Europe during
2018 and 2020, respectively, have significantly impacted the boreal
ecosystems within the landscape (e.g., Gharun et al., 2025; Lindroth
et al.,, 2020; Martinez-Garcia et al., 2022; Rinne et al., 2020). For
example, the 2018 summer drought has resulted in the age-dependent
reduction of forest carbon sink strength across the boreal landscape
(Martinez-Garcia et al., 2024), turned a nearby mire from a 15-year
persistent annual net carbon sink to a net carbon source (Rinne et al.,
2020), and altered the biogeochemistry of the boreal stream network
towards anaerobic metabolism (Gomez-Gener et al., 2020). The warm
and wet winter of 2020 has caused increased ecosystem respiration but
little impact on photosynthesis in mature boreal forest stands (Gharun
et al., 2025). More recently, the increasing atmospheric dryness has
caused reduced boreal forest tree growth both in Sweden and Canada
(Laudon et al., 2024; Mirabel et al., 2023). Given the various responses
of different forest stands and other ecosystem types to the environmental
conditions, the overall effects of these changing environmental condi-
tions on the landscape-scale carbon balance remain poorly understood
and long-term monitoring of the NLCB is essential to obtain a better
understanding of its resilience to changes in weather and climatic
extreme events.

In this study, we compiled a 5-year (2016-2020) dataset of contin-
uous measurements of terrestrial and aquatic fluxes of COy, CHy4, dis-
solved organic and inorganic carbon, and carbon export via tree harvest
based on tall-tower eddy covariance measurements, a stream moni-
toring network, and satellite imagery and LiDAR data products for a
managed forest landscape in northern Sweden. The main objectives
were to 1) quantify the inter-annual variations of the carbon sink-source
strength of a managed boreal forest landscape, 2) determine the envi-
ronmental factors regulating the inter-annual variations of NLCB, and 3)
investigate how landscape heterogeneity regulates the response of the
NLCB to various environmental patterns.

2. Materials and methods
2.1. Site description
The study was conducted at the Integrated Carbon Observation

System (ICOS) Svartberget station (https://www.icos-sweden.se/Sv
artberget) located in the Krycklan catchment (Fig. S1), a well-
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established research infrastructure representing a typical boreal forest
landscape (68 km?) in northern Sweden (Laudon et al., 2021a). The site
has a boreal climate with a 30-year (1991-2020) mean annual air
temperature of 2.4 °C and mean annual precipitation of 638 mm
recorded from the nearby Hygget automatic climate station. Land cover
types include forest stands (87 %) with different species (63 % Scots pine
Pinus sylvestris, 26 % Norway spruce Picea abies, and 10 % Birch Betula
spp.) and age classes (5-211 years), clear-cuts (1 %), mires (9 %), lakes
(1 %), streams, and arable lands (2 %) (Laudon et al., 2021a). Around 85
% of forest stands within the catchment have been actively managed,
including the practices of clear-cutting, thinning, and small areas of
fertilization and ditch network maintenance (Laudon et al., 2021a).
More information about the site conditions and research infrastructures
in the Krycklan catchment is described in Chi et al. (2019) and Laudon
et al. (2021a). The annual period is defined as the calendar year, which
is further separated into growing season (GS) and non-growing season
(NGS). The GS was defined as the period from the beginning of April to
the end of October, during which the majority of the gross primary
production occurs, with the remainder of the annual period defined as
the NGS.

2.2. Landscape-scale carbon flux measurements

2.2.1. Eddy covariance and ancillary measurements

On the 150 m tall ICOS-Svartberget monitoring tower, one eddy
covariance (EC) system (CPEC 200, Campbell Scientific, Inc., hereafter,
CPEC system) measuring the landscape-scale net COy fluxes was
installed at 70 m above the ground in March 2016 and lowered to 60 m
in October 2017. The CPEC system was instrumented with an ultrasonic
anemometer (CSAT3, Campbell Scientific, Inc.) and a closed-path
infrared gas analyzer (EC155, Campbell Scientific, Inc.). In August
2017, a second EC system (hereafter, LGR system) consisting of a sonic
anemometer (uSonic-3 Omni, METEK GmbH) and a gas analyzer (FGGA-
24EP, Los Gatos Research, Inc.) was mounted at the height of 85 m to
measure the net CO, and CH4 exchanges between the landscape and the
atmosphere. Both CPEC and LGR systems sampled the raw data at a rate
of 10 Hz.

The landscape-scale net CO, and CHy flux data measured from the
two EC systems were processed following the procedures developed by
Chi et al. (2019) and Chi et al. (2020). Briefly, we used the EddyPro®
software (v7.0.6, LI-COR Biosciences) to process the 10 Hz raw data into
the half-hourly net CO, and CH4 fluxes, which were further corrected for
their storage terms in the air volume underneath the EC measurement
heights. Half-hourly CO, and CH,4 storage terms were estimated based
on Montagnani et al. (2018) using the CO3 (at 10, 15, 20, 25, 30, 35, 42,
50, 60, (70), (85) m) and CH4 (at 35, 85 m) concentration profile
measurements. The storage-corrected net CO, and CH4 fluxes were
quality-controlled for the following criteria: non-steady state and un-
developed turbulent conditions (Mauder and Foken, 2004), low uptime
of sonics and gas analyzers, wind distortion, site disturbances, pre-
dominant horizontal and vertical advections (Wharton et al., 2009), and
statistical outliers outside the range of mean + 3 x standard deviations
over a moving window of 10 days (Chi et al., 2019). In addition, the
uncertainty related to vertical flux divergence across the three EC
measurement heights was assessed using the method described in Dry-
sdale et al. (2002). Compared to our approach, flux divergence correc-
tion resulted in small biases for the three EC measurement heights with
the median bias in half-hourly CO, fluxes ranging from —4.7 % to 2.8 %
(Fig. S2). A comprehensive comparison between the two EC levels at 60
and 85 m has been conducted in Klosterhalfen et al. (2023), and the
regression and diurnal plots comparing data from the different heights
during overlapping periods were illustrated in Fig. S3.

Starting in August 2017, gaps in the CO, fluxes measured from the
CPEC system were primarily filled with the fluxes measured from the
LGR system. The potential positive bias in annual CO5 flux sums due to
this data combination was estimated to be 5-11 % of annual NEE in
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2017-2019. The uncertainty in annual NEE resulting from this approach
was thus within the range of commonly observed from other standard
gap-filling techniques based on environmental drivers (Moffat et al.,
2007). Despite the bias, this gap-filling procedure was preferred since it
allowed us to preserve the footprint information and relate these to the
fluxes during these periods. Prior to August 2017 and during subsequent
periods without LGR data available, the gaps in the CO3 and CH4 fluxes
were filled using the marginal distribution sampling (MDS) approach
with two sets of look-up factors: 1) global radiation, air temperature,
and vapor pressure deficit for gap-filling the net CO5 fluxes (Reichstein
et al., 2005), 2) air temperature, vapor pressure deficit, and source area
contribution of mires estimated using the FFP model (see Section 2.4) for
gap-filling the net CHy4 fluxes (Chi et al., 2020). The gap-filled net CO5
fluxes were partitioned into landscape respiration (RE) and gross pri-
mary production (GPP) using the nighttime-based partitioning approach
(Reichstein et al., 2005) in REddyProc (Wutzler et al., 2018) due to the
better agreement between the modeled and measured nighttime CO,
flux data compared to the daytime-based method (Chi et al., 2019).

The annual sums of net CO, and CHy4 fluxes, GPP, and RE were
corrected for the tower location bias inherent to the tall-tower EC
measurements resulting from the land cover heterogeneity as described
in detail by Chi et al. (2019). Briefly, the tower location bias correction
was performed using the footprint model (see Section 2.4) and the
ecosystem-level EC flux data measured at the nearby forest (ICOS-S-
vartberget) and mire (ICOS-Degero) sites during 2016-2020. The
ICOS-Svartberget EC system is mounted 34.5 m above the ground on the
same tall tower as the landscape-scale EC measurements. The ICOS EC
systems deployed at the Svartberget and Degero sites are both instru-
mented with a sonic anemometer (Gill WindMaster Pro, Gill Instruments
Ltd., Germany) and a LI-COR closed-path IRGA (LI-7200 Closed-Path
CO2/H20 Gas Analyzer, LI-COR Biosciences, USA). Flux data collected
by the ICOS-Svartberget and ICOS-Degero systems were processed
following the procedures described in Chi et al. (2019) and Rinne et al.
(2020), respectively. The tower location bias was corrected for the
annual scale data instead of half-hourly fluxes to avoid extended gaps
which are often too long to be reasonably filled using the commonly
applied methods, such as the MDS method. The correction factors for the
landscape-scale fluxes were shown in Table S1. The uncertainties related
to vertical flux divergence (15 % increase in annual NEE) have been
evaluated and compared with our storage and advection correction
approach (Fig. S4). However, the uncertainties due to advection filtering
(~19 % reduction in annual NEE, Chi et al., 2019), random measure-
ment errors and gap-filling procedures (~ + 6 % of annual NEE, Chi
et al., 2019), as well as the bias in the two-level EC measurements (~100
% of annual NEE in the absence of tower location bias correction,
Klosterhalfen et al., 2023) have been explicitly assessed in previous
studies, and thus these analyses were not repeated in this study.

Following Chapin et al. (2006), the landscape-scale GPP, RE, and net
CO5 and CH4 fluxes obtained from the eddy covariance measurements
follow the micrometeorological sign convention that positive and
negative values represent carbon release from and uptake by the land-
scape, respectively, whereas the opposite ecological sign convention
applies to NLCB. We further defined the environmental NLCB (NLCB,) as
the NLCB excluding harvest carbon export for sub-annual analysis, as
harvest carbon export was available for annual scale only. As CHy4 flux
measurements were only conducted during 2018 and 2019, we applied
the two-year mean annual CH4 flux from those years in the estimates of
the NLCB, and NLCB for the other three years.

Meteorological data were continuously recorded at 30-min intervals
during 2016-2020, including photosynthetic photon flux density
(PPFD) measured at 50 m above the ground, precipitation (PPT), air
temperature (Ty;) and relative humidity (RH) at the height of 70 m (or
60 m after August 2017). Global radiation (Rg) was calculated from the
PPFD measurements by multiplying a factor of 0.52. Vapor pressure
deficit (VPD) was derived from the half-hourly averaged T, and RH
measurements. Soil temperature (Tso;) and soil water content (SWC)
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were retrieved from the ERAS5 hourly data (the fifth generation ECMWF
reanalysis for the global climate and weather, https://cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels). Hourly
data were resampled to half-hourly data by linear interpolation. Ty and
SWC in soil layer of 0-7 cm at the corresponding grid cell (64.25° N,
19.75° E) with a grid cell size of 0.25° by 0.25° representing the
landscape-scale soil conditions were used in this study (Fig. S5). Com-
parisons between the ERA5 and the ICOS point-level T, and SWC data
were illustrated in Fig. S6. Long-term (1991-2020) T,i, and PPT data
were obtained from the nearby Hygget automatic weather station. Long-
term Ty, SWC, Rg, and VPD data were retrieved from the ERAS data
(Bell et al., 2021). In this study, we defined the warm or cool and dry or
wet conditions when the seasonal or annual T,;, and PPT anomalies were
beyond the interquartile ranges of environmental conditions over the
30-year period from 1991 to 2020. Extreme environmental conditions
were identified as seasons or years with the weather data exceeding the
30-year records (Table S2).

2.2.2. Aquatic carbon flux measurements

During the study period, stream discharge rate was monitored at
hourly intervals and averaged into daily estimates at the catchment
outlet (Fig. S1). Rainfall and/or snowfall were sampled for each pre-
cipitation event and bulked into monthly samples, while stream water
was sampled weekly during spring, biweekly during summer and
autumn, and monthly during winter (Laudon et al., 2021b). DOC, DIC,
and dissolved CO3 and CH4 concentrations in these water samples were
analyzed to calculate the DOC wet deposition rate and the aquatic car-
bon exports, including DOC, DIC, and dissolved greenhouse gases (i.e.,
CO; and CHy) through stream discharge. The particulate organic carbon
in the streams is small in the boreal Scandinavia region (Wallin et al.,
2013), which accounts for < 0.6 % of total organic carbon (TOC) across
the Krycklan catchment (Laudon et al., 2011) and thus was not included
in this study. More details on aquatic carbon flux calculations are
documented in Wallin et al. (2010, 2013).

2.2.3. Carbon export via clear-cutting

The annual carbon export via tree harvest was estimated based on
the area that was clear-cut each year during the 5-year study period
multiplied by harvest volume. Annual clear-cut areas were retrieved
from the Swedish Forest Agency (https://www.skogsstyrelsen.se/sja
lvservice/karttjanster/skogliga-grunddata), based on change detection
analysis using satellite imagery. The annual clear-cut area within the
Krycklan catchment was summed for each year. A constant harvested
wood volume per hectare (184 m® ha') previously determined for the
years 2016-2018, a wood density of 0.4 t m™® and a wood carbon con-
centration of 47 % were assumed for any clear-cut area across the study
landscape during the study period (Chi et al., 2020). More information
about estimating the amount of carbon export via clear-cutting is
explicitly described in Chi et al. (2020). It is noteworthy that the harvest
carbon export via thinning and other harvest-related disturbances (e.g.,
windfall) was not included in this study, as the records of such opera-
tions and associated harvested volumes were not available for the study
period. According to the national forest inventory, thinning and other
harvest contributed ~20 % and 10 % of the annual harvest volume in
Sweden (Nilsson et al., 2025).

2.3. Land cover and forest aboveground biomass

Land cover types for the study area were retrieved from the Geo-
grafiska™ Sverigedata (GSD) data products. A raster layer showing six
land cover types (i.e., forests, mires, lakes, cultivated areas, clear-cuts,
and residential areas) was resampled from vector data to a raster layer
with a pixel size of 10 m by 10 m (Fig. S1a). Forest aboveground biomass
(AGB) was estimated for the year 2019 using the area-based method
where the high-resolution light detection and ranging (LiDAR) data
(~20 points/mz) were related to measurements from > 400 field-
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inventoried sample plots (radius = 10 m) allocated across the entire
Krycklan catchment (Fig. S1b). The pixel size of forest AGB raster data
was set to 12.5 m by 12.5 m (Martinez-Garcia et al., 2022).

2.4. Flux footprint analysis

The two-dimensional parameterization for Flux Footprint Prediction
(FFP, Kljun et al.,, 2015) was applied to estimate the source area
contribution from each grid cell within the Krycklan catchment.
Improved from the previous study (Chi et al., 2019) where the boundary
layer height (hp)) input was kept as a constant parameter for daytime
and nighttime, respectively, the hourly hy) data from the ERA5 data were
retrieved from the same grid as the T, and SWC dataset to include the
diurnal variations of hy, in the footprint estimates. The hourly hy data
were resampled to half-hourly data through linear interpolation to
match the temporal scale of other model input parameters, such as
friction velocity, wind direction, and the Monin-Obukhov length
(Klosterhalfen et al., 2023). More information on the tall-tower flux
footprint estimation is given in Chi et al. (2019, 2020). The source area
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contribution of each land cover type to the flux measurements, e.g., from
mires (fire), is the sum of grid cells containing the selected land cover
(e.g., mire) weighted by its footprint function value (Chasmer et al.,
2011; Chi et al., 2019). The forest AGB contribution (fpjomass) is the sum
of the forest AGB estimates across all grid cells within the 90 % footprint
contour line weighted by their corresponding source area contributions.
Both land cover and forest AGB contributions were calculated on a
half-hourly scale.

3. Results
3.1. Intra- and inter-annual variations in environmental conditions

Compared to the 30-year long-term records (1991-2020), the five
study years (2016-2020) encompassed large intra- and inter-annual
weather anomalies (Fig. 1). Specifically, annual T,;; and PPT differed
from their long-term means ranging from —0.12 to 1.70 °C and from
—75 to +176 mm, respectively. The mean GS Taj (9.8 °C), Rg (170 Wm’
2), and VPD (5.2 hPa) in 2018 and the mean NGS T,;; (—2.5 °C) and PPT
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Fig. 1. Environmental anomalies of air temperature (Ty;,), precipitation (PPT), soil temperature (Tsoj), soil water content (SWC), global radiation (R,), and vapor
pressure deficit (VPD), during the annual period (Jan-Dec), growing season (Apr-Oct), and non-growing season (Jan-Mar, Nov-Dec) from 2016 to 2020 at the study
site. Anomalies are relative to the 30-year (1991-2020) averages recorded from the nearby Hygget automatic climate station or the ERA5 data. Grey areas represent
the interquartile ranges of environmental conditions over 30 years.
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(342 mm) in 2020 exceeded the 30-year historical records and thus were
identified as seasons with extreme environmental conditions (Fig. 1,
Table S2). Furthermore, both air and soil conditions were cool and wet
during the GS of 2017 (outside the interquartile ranges of the long-term
records), which contrasts with the normal or warm GS conditions during
the other four years (Fig. 1, Table S2).
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3.2. Seasonal and inter-annual variations in NLCB and its components

Averaged over the five-year study period, April and September were
the transition months from which the landscape switched to a net carbon
sink (positive NLCBe) and a net carbon source (negative NLCB,),
respectively (Fig. 2a). The largest NLCB, was observed in June during
the middle of summer (92 + 10 g C m month™!), whereas the highest
net carbon source was recorded in winter December (-23 + 10 g C m2
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Fig. 2. Monthly sums of the environmental net landscape carbon balance (NLCB,) (a) and its underlying terrestrial (b-e) and aquatic (f-j) carbon fluxes during
2016-2020. Grey bars represent the 5-year averages of the monthly carbon fluxes. Positive NLCB, indicates net carbon accumulation into the landscape (ecological
sign convention). Positive vertical flux indicates net carbon release from the landscape (micrometeorological sign convention). All units are in g C m? month™.
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month™). The seasonal pattern in NLCB. was largely driven by the
landscape-atmosphere net CO; flux (Fig. 2b). However, the seasonal
peaks of GPP (-183 + 14 g C m? month™) and RE (141 + 14 gC m?2
month™!) showed a one- and two-month lag to seasonal peak of net CO,
flux ((92 £ 10 g C m?2 month'l), respectively (Fig. 2b-d). The monthly
landscape-atmosphere net CH4 emissions peaked in August (0.08 + 0.06
g C m2 month™) with occasional net CH, uptake during spring (Fig. 2e).

The distinct seasonal pattern of aquatic carbon fluxes from terrestrial
carbon fluxes illustrated an initial low aquatic carbon exports from
January to March (0.04 + 0.03 g C m’2 month™), followed by a sharp
increase during snow melt in April and May (up to 1.91 g Cm2 month™),
a large (92 %) reduction during low flows in summer (down to 0.15 g C
m? month™), and an occasional second seasonal peak during the wet
autumn and winter, which for some years can be as high as the spring
peak (Fig. 2f-j). Due to the relatively small magnitude of the aquatic
carbon fluxes, this particular temporal variability explained however <
12 % of the variance in the seasonal variation of NLCB,.

The 5-year mean annual NLCB was 128 g C m™ with a large IAV
ranging from 36 to 180 g C m™2. The lowest net carbon sink strength was
recorded during the wet year 2017, whereas the landscape acted as a
persistently larger net carbon sink during the other four years (Fig. 3a,
Table 1). Similar to its seasonal variation, the NLCB IAV was also
dominantly driven by the variations in terrestrial net carbon exchange
with the atmosphere (Pearson’s correlation coefficient, r = 0.98, p =
0.03), followed by variations in carbon export via harvest (r = 0.54,p =
0.35) (Fig. 3a). Furthermore, the IAV of terrestrial net carbon exchange

was more strongly correlated to RE (r = 0.80, p = 0.10) than GPP var-
iations (r = 0.11, p = 0.85) (Fig. 3b). The lowest and highest annual
NLCB occurring in 2017 and 2019 corresponded with the enhanced RE
from January to July 2017 and the reduced RE from July to December
2019, respectively (Fig. 2d, Table 1). The IAV of the aquatic carbon
export was, similar to that of the NLCB, primarily determined by vari-
ations in the annual DOC export, with the latter being driven by the
variations in stream discharge while DOC concentrations remained
relatively constant (Fig. 3c).

3.3. Response of the NLCB to key environmental factors

Global radiation (Rg) was a significant driving factor that enhanced
daily NLCB, from April to November for the entire GS and post-GS
(Fig. 4). In contrast to the Ry response, precipitation (PPT) showed a
negative correlation with daily NLCB. throughout most of the GS
months (May-October). Air temperature (T,;;) was negatively correlated
with daily NLCB, during GS and this constraint was especially pro-
nounced during the NGS. However, T,;; showed the highest positive
cross-correlation coefficient with daily NLCB. with a one-month lag
(Fig. S7). The influence of soil temperature (Tg) on daily NLCB,. was
important only during pre- and early-GS (March-May). At the annual
scale, NLCB showed a positive relationship with Tajr, Tsoil, Rg, and VPD,
but was negatively correlated with PPT and SWC (Fig. S8).

Season-specific environmental conditions contributed to the IAVs of
NLCB and its carbon flux components. In general, the warm weather

Table 1

Annual budgets of landscape-scale terrestrial and aquatic carbon fluxes from 2016 to 2020.
Flux* 2016 2017 2018 2019 2020 5-year mean =+ std.
Vertical fluxes
Landscape-atmosphere net CO, exchange -170 —48 —161 -213 -182 —155 + 63
Landscape GPP —780 —720 —803 —694 —754 —750 + 44
Landscape RE 610 672 642 481 572 595 + 74
Landscape-atmosphere net CH, flux n/a n/a 0.48 0.58 n/a 0.53
Landscape DOC wet deposition 0.94 1.54 1.00 1.03 1.26 1.15 £ 0.25
Lateral fluxes
Landscape-stream DOC export 2.94 4.20 3.19 291 5.45 3.74 £1.09
Landscape-stream DIC export 0.58 0.50 0.59 0.51 0.74 0.58 £ 0.10
Landscape-stream dissolved CO, export 0.26 0.26 0.29 0.25 0.43 0.30 + 0.08
Landscape-stream dissolved CH4 export 0.0014 0.0012 0.0012 0.0009 0.0012 0.0012 + 0.0002
Harvest C export 40 8 11 30 27 23+13
NLCB 127 36 146 180 149 128 + 55

" Uniting Cm? yr’l. Landscape-scale GPP, RE, and net CO, and CH, fluxes follow the micrometeorological sign convention that positive and negative values represent carbon
release from and uptake by the landscape, respectively, whereas the opposite ecological sign convention applies to NLCB.
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positively correlated with NLCB, in the subsequent month, particularly
pronounced in June 2018 when the increased NLCB, followed the
elevated T,y in May 2018 (Figs. 2a, S9). Dryness also created additional
NLCB, responses during the warm GS in 2018 and 2019. However, we
observed contrasting responses of NLCB. during the early and late
drought summer periods. Specifically, NLCB, and its components were
enhanced when the warm and dry conditions occurred during the early
stage of GS (May 2018) or when such conditions were moderate in June
2018 (Fig. 2). However, when the warm and dry conditions became
severe with both high VPD (up to 15 hPa) and low SWC (15-20 %),
terrestrial carbon fluxes including GPP and CH4 were inhibited in July
2018 and in August 2019 with the largest reduction in GPP by 21 g Cm™
in July 2018 (Figs. 2, S9). DOC, DIC, and dissolved CO2 and CH4 exports
through stream discharge were also reduced in these two months by one-
third of their 5-year averages (Fig. 2g-j). The increased DOC deposition
via precipitation by 0.08 g C m™ month™ (50 %) was attributed to the
occasional thunderstorms that occurred after the drought events but
within the same months (Figs. 2f, S10). Altogether, these contrasting
drought responses were counterbalanced, resulting in a GS-cumulative
NLCB, in 2018 that was comparable to that of the 5-year mean (266
vs. 252 g Cm2).

The warm GS of 2020 also resulted in a considerable carbon sink
with a cumulative NLCB, of 264 g C m? over April-October. Different
responses in NLCB, were found between 2017 and 2020 when wet
conditions occurred during both NGS periods. Specifically, an increased
landscape carbon source magnitude by 42 g C m™ (47 %) was observed
during the NGS 2017 mainly through increasing RE by 36 g C m™ (36
%). In contrast, the extremely warm and wet NGS 2020 did not affect the
terrestrial carbon fluxes much (mainly RE during NGS) but resulted in an
increased amount of carbon losses through stream discharge by 1.3 g C
m? (232 %) compared to the 5-year mean (Fig. 2g-j). The extremely
warm and wet conditions even extended the CO, uptake (GPP = —-12gC
m? month’l) throughout November 2020 (Fig. 2c).

3.4. Impacts of landscape heterogeneity on the NLCB,-responses to
environmental factors

Analysis of the spatial heterogeneity in the land cover types and
forest aboveground biomass across the landscape showed that mires are
dominantly located north of the flux tower and forests with higher
aboveground biomass are distributed south of the tower in the central
Krycklan (Fig. S1). Given the temporal dynamics of forest aboveground
biomass contributions (fpiomass) to the measurement flux footprints
(Fig. S11), daily NLCB, generally increased with the fyjomass (Fig. S12).

More contributions from large aboveground tree biomass with a
footprint-weighted average (fpiomass) of > 110 Mg ha'! or fewer contri-
butions from mires (fpire < 14 %) corresponded to a net landscape
carbon sink (Fig. S12).

Daily NLCB, generally increased with increasing Tair, Tsoil, and Rg,
but decreased with increasing PPT and SWC. The Belsley collinearity
diagnostics suggested that these environmental factors did not exhibit
multicollinearity at the daily scale (Table S3). The sensitivities of NLCB,
to all these environmental factors were amplified at a higher fyiomass
range (>100 Mg hal) (Fig. 5). Depending on fpiomass OF fmire, We found
varying responses of NLCB, to environmental factors (Figs. 5, S13). The
fhiomass impact on regulating the NLCB, response to Tp;; became pro-
nounced when T, was above zero where fhiomass Showed a positive
relationship with NLCB, for mild (0-10 °C) conditions and a negative
relationship for warm (>10 °C) conditions (Fig. 5a). A similar but less
pronounced pattern was found for T (Fig. 5b). In addition, fyiomass had
a negative impact on the NLCB-R; responses (Fig. 5c) because of the
larger RE in dark conditions when Rg; was within 0-80 W m2 and the
lower CO» uptake (smaller GPP magnitude) in a high R range (250-300
W m2) at the higher fijomass range, respectively (Fig. S14a-b). A positive
and negative relationship between NLCB. and fpiomass Was observed
under the low rainfall and dry soil and the high rainfall/wet soil con-
ditions, respectively, with a stronger influence of fyiomass under dry
conditions (Fig. 5d-e). Consistent responses of NLCB, to VPD occurred
when fpiomass ranged above 80 Mg ha'! in such that NLCB. first increased
with VPD and then decreased when VPD exceeded 10 hPa. The NLCB.
peak value shifted towards a lower VPD threshold with increasing fp;o-
mass (Fig. 5f). A similar VPD-response pattern was found for GPP, with
the GPP inhibition by VPD being more pronounced for higher fyiomass
(Fig. S14c-d).

4. Discussion

4.1. The actively managed boreal forest landscape is a persistent carbon
sink

Our study demonstrates that the managed boreal forest landscape is a
persistent carbon sink over the five study years. The carbon sink strength
of the studied boreal landscape is around three times higher than the
mean of boreal forests (38.5 + 4.4 g Cm2 yr'!) as estimated by Pan et al.
(2024). This large difference between the carbon sink of our boreal
forest landscape and the boreal mean sink could be primarily attributed
to the active forest management in boreal Sweden (Cintas et al., 2017;
Hogberg et al., 2021; Kauppi et al., 2022). For instance, the peak of the
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carbon sink (174 + 62 g C m™ yr'!) occurring in the middle-aged stands
and a sustained carbon sink (98 + 50 g C m2 yr'l) noted in the 131-211
year-old stands located in our studied landscape (Peichl et al., 2023) are
both greater than the boreal mean. In comparison, the Canadian
managed forests even act as a small carbon source in the 2010s due to
the increased impacts of fire and insect disturbances, warming, and
droughts (Kurz et al., 2013).

Despite the large inter-annual variations in weather conditions
ranging from normal to extremely warm or even wet years, the IAV of
the NLCB is relatively limited, featuring only a largely reduced carbon
sink during the cool and cloudy year 2017, while the landscape acts as a
persistent and considerable carbon sink throughout the other four years.
The 5-year study further illustrates that the IAV of the NLCB corresponds
most closely with the IAV of annual RE, regardless of the flux parti-
tioning approaches used (Fig. S15). The dominance of RE variations in
regulating the temporal variations of NLCB in our study may be caused
by the correlation between RE and the amount of litterfall occurring in
the preceding years (Fig. S16). This suggests that the availability of
substrates (e.g., litterfall and soil organic compounds) rather than
abiotic controls plays a vital role in influencing the IAV of boreal forest
carbon balance. However, this RE-dominance in regulating the IAV of
NLCB is in contrast with previous ecosystem-level studies of boreal
forest sites, which suggests that the variation of GPP in response to
springtime weather conditions is the major driver of the inter-annual
variations of the net ecosystem carbon balance of boreal forests (e.g.,
Ahmed et al., 2021; Kljun et al., 2007; Park et al., 2018; Pulliainen et al.,
2017; Welp et al., 2007). Our findings also diverge from a 2-year study in
the same catchment, which attributes the between-year variations in
NLCB to GPP in response to warm spring or cloudy autumn conditions
(Chi et al., 2019, 2020). By extending the time series to five years, our
study now reveals that RE may be the more important component in
regulating the NLCB IAV. Overall, this suggests that while environ-
mental effects on GPP might explain short-term (e.g., between-year)

variations, the slower processes related to decomposition might be the
main control of the IAV in the NLCB of boreal forest landscapes.

The small net CHy source function of our boreal landscape is in
contrast to the CH,4 sink commonly observed in upland boreal forests
(—1 to —0.2 mg CH4 m?2 d’l) (Kuhn et al., 2021). However, the source
function is likely due to the contribution of the interspersed mire areas,
which emit CHy in the range of 20-80 mg CH4 m?2 d? (Rinne et al.,
2020). This offsetting role of boreal forest sink and mire source functions
highlights the importance of land cover type contributions in deter-
mining the landscape-scale CH4 fluxes. When considering that the global
warming potential of CHy is 84 times stronger relative to CO3 over a
20-year timescale (IPCC, 2013), the observed landscape-scale CHy
emissions (60 g COz-eq m?2 yr') counterbalance the net radiative
cooling effect of the net CO, uptake (—568 g CO-eq m™ yr'1) by 11 % in
our study. Thus, while the contribution of the CHy flux to the NLCB and
its IAV are negligible, it is important to account for this non-CO; flux in
assessments of the forest climate impact.

The correspondence of the IAV of the carbon export via clear-cutting
with that of the terrestrial net carbon uptake is likely a coincidence since
forest operations are mostly planned years in advance and thus inde-
pendent of inter-annual variations in the landscape CO5 uptake. How-
ever, the reduced harvest export in 2017 largely contributes to
maintaining the persistent landscape carbon sink function even during
the year with low terrestrial net carbon uptake. The 5-year mean annual
clear-cutting rate (0.8 %) is close to the long-term mean of 1 % for this
catchment area with a mean rotation length of 90 years, as reported in
the historical records. Such rotation forestry is predominantly applied in
the Fennoscandia part of the boreal forest biome (Felton et al., 2020;
Laudon et al., 2021a). Taking additional biomass export via thinning
and other disturbance-related harvest into consideration, which account
for 20 % and 10 % of the total harvest respectively in Sweden (Nilsson
et al., 2025), the 5-year mean annual C export via harvest would in-
crease to 33 g C m? yrl. Overall, our findings highlight that the



J. Chi et al.

terrestrial landscape carbon uptake exceeds that of the export via har-
vest, thus leading to continuous carbon accumulation in the managed
boreal forest landscape.

4.2. Resilience of the landscape-scale carbon sink to extreme weather
events

Two extreme-weather conditions during the study period, i.e., the
drought summer of 2018 and the warm and wet winter of 2020, do not
significantly alter the landscape-scale carbon sink strength compared to
the normal year (2016). In fact, these conditions result in an eight and
nine times stronger net carbon uptake, respectively, than during the wet
year 2017 when GPP is inhibited by the cool and cloudy autumn (Chi
et al., 2020). This resilience contrasts with a plot-level study which re-
ported a 57 % reduction in net ecosystem production (NEP) across 50
diverse forest stands within the same landscape during the 2018 drought
year (Martinez-Garcia et al., 2024). It also differs from ecosystem-level
EC studies in other boreal forests (Kljun et al., 2007; Lindroth et al.,
2020; Welp et al., 2007) and mires (Rinne et al., 2020), which suggest a
significant reduction of NEP during drought years. This discrepancy
between ‘top-down’ (tall-tower EC method) and ‘bottom-up’ (plot- and
ecosystem-level upscaling) in estimating the landscape-scale carbon
balance is primarily due to a divergence in RE, given that our tall-tower
EC data and the forest plot-level estimates by Martinez-Garcia et al.
(2024) suggest similar GPP but decreased and increased RE, respec-
tively. This difference is possibly attributed to inhibited respiration from
the non-forest ecosystems (e.g., mire, grassland, lake) during the
drought event (Fig. S17), which might have counterbalanced the
elevated respiration from the forest areas, thus resulting in a limited
drought response of RE at the landscape scale.

The daily NLCB, responses to T,i; and SWC at different fi.. ranges
further support a stronger landscape carbon sink strength under warm
and dry conditions when mires contribute more to the NLCB, signals
(Fig. S13). However, this observation is contrary to the carbon sink-to-
source switch observed in the nearby Deger6 mire in 2018 (Rinne
et al., 2020). Possibly, mires within the Krycklan catchment might have
received steady lateral water inflow from the surrounding
high-elevation areas even during the drought event. Local hydrological
features related to topography also explain a stable or enhanced carbon
sink of other northern Fennoscandia mires during drought (Rinne et al.,
2020). This indicates that local landscape characteristics might strongly
regulate the response of the landscape carbon balance to drought.

The extremely warm and wet NGS during 2020 results in an early
onset and enhanced rates of GPP, elevated RE, and the highest aquatic
carbon exports. Besides the warm condition, the enhanced stream flow
might have expedited the horizontal nutrient exchanges and hence has
fostered the elevated respiration rates during the 2020 NGS. Similar
freezing-thawing cycle induced respiration responses are also supported
by previous studies conducted in the Tibetan alpine grassland (Wang
et al., 2014) and boreal evergreen needle-leaf forests (Gharun et al.,
2025). Consequently, the increases in both terrestrial and aquatic car-
bon fluxes during the warm and wet NGS of 2020 have no significant
effect on the annual NLCB. Distinct from the ecosystem-scale EC studies
reporting significant impacts of the warm and wet winter on carbon
balance (Gharun et al., 2025), our findings therefore imply that the
NLCB integrated across the tightly coupled land cover types within the
boreal landscape shows a more resilient response to the large IAV of
environmental conditions with RE being the dominant regulating
component in NLCB.

4.3. NLCB, response to environmental conditions is modulated by forest
biomass and mire area contribution

Our analysis further reveals that forest stands with higher above-
ground biomass have amplified carbon flux variations to the environ-
mental conditions compared to the less dense or younger stands with
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lower aboveground biomass. This might be because those forest stands
with higher biomass commonly have the highest net primary production
rates (Peichl et al., 2023) and thus a larger potential for variations in
response to environmental conditions. Similarly, our light-response
analysis shows a non-linear function with the largest CO, uptake at
given light level in the intermediate biomass class, which aligns with the
common patterns in the development of carbon fluxes along age or
biomass gradients in managed boreal forests (Coursolle et al., 2012;
Goulden et al., 2011; Islam et al., 2024; Peichl et al., 2023). Further-
more, the non-forest ecosystems within the landscape may respond
differently to environmental factors than forests. Altogether, this sug-
gests complex landscape-scale carbon cycle-climate interactions in
response to forest structure and composition of land cover types.

It is further noteworthy that VPD inhibition on GPP is predominantly
shown for the specific fyjomass Tange of >80 Mg ha! (Fig. 5f), within
which the increasing inhibition threshold with decreasing fyiomass Sug-
gests higher tolerance to atmospheric dryness of forest stands with lower
biomass in the boreal region (Mirabel et al., 2023). This may explain that
the recently observed decline in boreal forest tree growth due to VPD
stress (Laudon et al., 2024; Mirabel et al., 2023) is not apparent at the
landscape scale covering forest stands with different age and biomass
classes (e.g., fhiomass < 80 Mg ha™!). Furthermore, the reduction in NPP
via declining tree growth might be largely counterbalanced by a con-
current decrease in belowground substrate supply and thus a larger
reduction in heterotrophic respiration rates. These non-uniform re-
sponses of NLCB, to various environmental conditions under different
forest aboveground biomass levels highlight that landscape heteroge-
neity in response to forest management may strongly modulate carbon
cycle-climate feedback across the boreal region.

4.4. Forest management effects on landscape carbon cycle-climate
interactions

Our findings from the footprint analysis suggest that forest man-
agement might strongly modulate the response of the forest landscape
carbon balance to climatic changes. For instance, prolonging the rota-
tion period, introducing alternative strategies toward continuous cover
forest management or enhanced set-aside measures will alter the
biomass stock, age structure, surface roughness, and albedo of the boreal
landscape. Our results suggest that increases in biomass and age would
shift the NLCB, responses to the key environmental factors (i.e., global
radiation, air and soil temperatures, and atmospheric and soil dryness)
towards stronger variations and lower tolerance to extreme weather
events. However, the altered albedo and surface roughness by forest
management may introduce additional biophysical effects of boreal
forest landscapes on the climate system. For example, the increased al-
bedo by clear-cutting shows a climate cooling effect (Kalliokoski et al.,
2020). Thus, a holistic understanding of the consequences of forest
management decisions on the land-atmosphere interactions is critical
for developing forest strategies that effectively mitigate climate change.

Numerous studies have explored how the boreal forest carbon bal-
ance is affected by management effects such as nitrogen fertilization
(Marshall et al., 2023; Tian et al., 2021; Zhao et al., 2022), thinning
(Aslan et al., 2024; Lindroth et al., 2018), or drainage (Tong et al.,
2022a, 2022b, 2024). However, these studies are commonly carried out
at the ecosystem level and it remains unclear how their various effects
integrate to a net response of the carbon balance at the landscape scale.
While linearity is commonly assumed in bottom-up scaling approaches
(Kim et al., 2006; Tang et al., 2013), effects might be non-linear or partly
counterbalancing. In particular, impacts of management activities that
reach beyond the ecosystem scale, e.g., drainage networks and altered
aquatic connectivity, are difficult to quantify in ecosystem-level studies.
This highlights the need for landscape-scale assessment of the boreal
forest carbon balance to understand the integrated effects of various
forest management activities. Tall-tower EC measurements combined
with stream monitoring networks and supported by detailed land cover
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information from satellite imagery and LiDAR products offer the op-
portunity to provide such urgently needed landscape-scale assessment
and are also critical to validate bottom-up modeling estimates of boreal
forest carbon cycle-climate interactions.

5. Conclusions

Our study investigates the temporal variations in the NLCB combined
with an extended tall-tower footprint analysis over a five-year study
period (2016-2020). The results reveal a persistent annual net carbon
sink despite significant inter-annual variability in environmental con-
ditions. Our results further suggest that the inter-annual variations of the
NLCB are predominantly driven by the variations in landscape respira-
tion, followed by harvest carbon export variations. In comparison, the
contributions of landscape methane emissions and aquatic carbon flux
variations to the inter-annual variations of the NLCB are small. More-
over, we observe contrasting responses of the NLCB to environmental
factors as a function of aboveground biomass and mire area contribu-
tions, which illustrates the important impact of spatial heterogeneity
inherent in managed forest landscapes on the NLCB. Overall, our find-
ings underscore the significance of actively managed boreal forests as
sustained carbon sinks in the present climatic conditions. Further studies
on exploring the effects of the altered harvest intensity and life cycle
analysis for the harvested wood products are needed to evaluate the
carbon balance and climate impact of the forest sector. As climate
change is predicted to further intensify in the boreal region, it is
imperative to continue monitoring the carbon exchanges across the
biosphere-atmosphere-hydrosphere within the heterogeneous land-
scapes to enhance our understanding of potential climate-induced
tipping points in their carbon dynamics and to inform sustainable for-
est management strategies that support long-term carbon sequestration
goals.
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