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A B S T R A C T

Boreal forests are globally important carbon (C) sinks, but strategies for maximising their climate benefit remain 
under debate. Major uncertainties in this discussion arise from contrasting sink-source estimates, which largely 
emanate from inherent limitations of standard measurement techniques to distinct spatio-temporal scales. Here, 
we use a spatially-nested measurement framework that integrates bottom-up (forest-plot inventory and chamber- 
based fluxes) and top-down (eddy-covariance; atmospheric observations and atmospheric transport modelling) 
approaches to reconcile the C balance of actively managed boreal forests in Northern Sweden across plot-, 
ecosystem-, landscape-, and regional scales during 2016–2018. We found that 3-year mean estimates of the net 
ecosystem production (NEP) across plot-, landscape-, and regional scales did not differ significantly, converging 
into a mean (± 95 % confidence interval) C sink of 118 ± 27 g C m-2 yr-1. We also noted a convergence across 
these scales for the 3-means of the NEP components, i.e., gross primary production (908 ± 48 g C m-2 yr-1) and 
ecosystem respiration (790 ± 40 g C m-2 yr-1). However, estimates of the inter-annual variations in NEP and its 
components were inconsistent among most scales and measurement approaches. Furthermore, our results 
indicate a scale-dependency in the NEP response to the 2018 European summer drought, with a greater reduction 
of NEP observed in bottom-up compared to top-down estimates. Thus, this study consolidates the C sink-strength 
of managed boreal forests and advocates the need for cross-scale assessments to constrain forest C cycle-climate 
feedbacks.

1. Introduction

Boreal forests contain about one-third-of the global forest carbon (C) 
pool (Astrup et al., 2018; Pan et al., 2011) and are therefore considered 
as a key element in policy frameworks for mitigating climate change 
(European Commission., 2021; Hyyrynen et al., 2023; Lemprière et al., 

2013; Lundmark et al., 2014). Recently, strategies for maximising the 
climate benefit of boreal forests have been the subject of intense debate, 
with different actors proposing alternative options ranging from active 
management to set-aside approaches (Ameray et al., 2021; Bellassen and 
Luyssaert, 2014; Högberg et al., 2021; Petersson et al., 2022; Roebroek 
et al., 2023). The choice of an optimal strategy is further complicated by 
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the fact that changes in climatic conditions are occurring most rapidly in 
the boreal biome (Gauthier et al., 2015; IPCC, 2021). Thus, a detailed 
understanding of the boreal forest C cycle and its response to climate 
feedbacks is necessary to support the development of management 
strategies that both maximise and sustain the climate benefit of boreal 
forests in a future climate.

A key uncertainty in this debate is the lack of empirical evidence for 
consolidating the actual current C sink-source strength of the boreal 
forest (Bellassen and Luyssaert, 2014), which hampers the development 
of a reference for evaluating alternative management strategies. Instead, 
the discussion is convoluted by contrasting findings from individual 
studies, most of which agree on the C sink function of boreal forests 
(Artaxo et al., 2022; Bradshaw and Warkentin, 2015), while others 
challenge this view (Hadden and Grelle, 2016, 2017; Pan et al., 2024), 
particularly when accounting for disturbance effects (Giles-Hansen and 
Wei, 2022; O’Sullivan et al., 2024). Even with the absence of natural 
disturbances, the stand-level C balance of a managed boreal forest may 
fluctuate within a considerable range, spanning from an annual source 
of about 600 g C m-2 yr-1 to a sink of about 400 g C m-2 yr-1 in response to 
forest structure, fertility, and environmental conditions 
(Anderson-Teixeira et al., 2018; Luyssaert et al., 2007; Peichl et al., 
2023a). Furthermore, our understanding of the sensitivity of the boreal 
forest C balance to extreme weather events remains incomplete due to 
the complexity of site- and scale-specific responses (Kljun et al., 2006; 
Lindroth et al., 2020; Martínez-García et al., 2024; Sippel et al., 2018). 
Hence, there is a need to reconcile estimates of boreal forest C 
cycle-climate interactions.

The divergence across empirical studies emanates to a large extent 
from different approaches used to quantify biosphere-atmosphere ex
changes, as standard measurement techniques are inherently limited to 
distinct spatial scales. Consequently, their estimates are likely to diverge 
if the sampled space-time continuum exhibits pronounced heterogene
ity. Specifically, studies using forest-plot inventory- and chamber-based 
as well as ecosystem eddy-covariance (EC) flux estimates at the plot 
(hundreds of m2) and ecosystem (thousands of m2) scales, respectively, 
provide detailed insights into local processes and C budgets (Baldocchi 
et al., 2018; Luyssaert et al., 2007), but their confined spatial extent and 
dependence on specific local environmental conditions introduce large 
uncertainties in bottom-up scaling estimates (Desai et al., 2008; Kondo 
et al., 2020). National forest inventories (NFIs) represent a significant 
spatial extension of the plot scale approach (Fridman et al., 2014). 
However, they have an inherent low temporal (i.e., multi-annual) res
olution and lack estimates of additional C-cycle components (e.g., lit
terfall, ground vegetation and fine root production), which limits 
estimates of the annual ecosystem-scale C balance. Conversely, 
top-down approaches such as tall-tower EC or atmospheric observations 
combined with atmospheric transport and dynamic vegetation models 
(ATM) provide landscape (tens of km2) to regional (hundred thousands 
of km2) C budgets, respectively, but lack details on local sinks and 
sources as well as on underlying mechanistic drivers (Chi et al., 2019; 
Foster et al., 2023; Kondo et al., 2020). In addition, the ATM approach 
relies primarily on models that cannot be empirically validated at such 
large scales (Kondo et al., 2020; Lauvaux et al., 2009). Measurement 
approaches also differ in their temporal resolution, capturing processes 
from half-hourly (i.e., EC) to annual (i.e., forest-plot inventory) scales 
(Campioli et al., 2016). Furthermore, they differ conceptually by esti
mating C balances via monitoring of either fluxes (i.e., chamber- and 
EC-based methods), concentrations (i.e., ATM), or stock changes (i.e., 
forest-plot inventory), each associated with specific sources of mea
surement error (Peichl et al., 2010; Sathyanadh et al., 2021). Therefore, 
achieving agreement among these approaches requires sufficiently ho
mogeneous conditions in both space and time. In practice, however, this 
prerequisite is rarely met, and related uncertainties are greatly 
increasing in spatially heterogeneous landscapes subject to active 
management (Desai et al., 2022a; Peichl et al., 2023a; Zhu et al., 2023).

To reduce the uncertainty arising from scale-dependency, nested 

monitoring programmes bridging these various spatio-temporal scales 
are required (Bastviken et al., 2022; Futter et al., 2023). However, given 
the extensive need for resources, such integrated measurement frame
works are scarce to date. Consequently, the extrapolation of local 
empirical information across the heterogenous time-space continuum 
commonly relies on simulations from process-based ecosystem models 
(Piao et al., 2013) and machine-learning methods (Zeng et al., 2020). 
However, the limited availability of integrated measurement frame
works severely hampers the empirical validation of such extrapolation 
efforts.

To overcome these limitations, we provide here for the first time an 
integrated analysis of empirical C balance estimates from a unique 
spatially-nested measurement network spanning from plot- to regional 
scale across a managed landscape dominated by coniferous forests in 
northern Sweden (Fig. 1). Specifically, our cross-scale assessment com
bined flux data from the 1) plot scale, based on forest-plot inventory and 
chamber-based measurements across 57 forest stands of various ages (5 
to 211 years old); 2) ecosystem scale, measured by conventional EC; 3) 
landscape scale, obtained from bottom-up scaling of forest-plot scale 
data (L-Plot) and tall-tower EC data (L-EC, as top-down approach); and 
4) region scale (i.e., Swedish Norrland region), based on bottom-up 
scaling of forest-plot scale data from the Swedish National Forest and 
Soil Inventories (NFI) and via the ATM top-down approach. Our main 
objectives were i) to reconcile the net ecosystem production (NEP; i.e., 
the C sink-source strength based on land-atmosphere CO2 exchanges) 
across these four different scales during 2016–2018 and ii) to compare 
scale-specific NEP responses to the exceptional 2018 European summer 
drought.

2. Methods

2.1. Study area

The centre of our spatially-nested monitoring framework was located 
in the Krycklan Catchment Study (KCS) area in northern Sweden 
(64◦14′N, 19◦46′E; Fig. 1, Supplementary Fig. S1), which encompasses 
68 km2 of a typical boreal managed forest landscape in this region 
(Laudon et al., 2021). The climate is cold temperate humid with a 
30-year (1991− 2020) mean annual precipitation of 638 ± 40 mm and a 
mean annual air temperature of 2.4 ± 0.3 ◦C. The landscape is domi
nated by a mosaic of forests (87.5 %) with contributions from mires (7.6 
%), artificial areas (2.0 %), agricultural lands (1.9 %), and inland waters 
(i.e., lakes and streams, 1.0 %). The forest stands include predominantly 
Scots pine (Pinus sylvestris L., 63 %) and Norway spruce (Picea abies (L.) 
H. Karst., 26 %) mixed with deciduous trees (Betula spp., Alnus incana 
(L.) Moench., and Populus tremula L., 11 %). Most of the forested area is 
managed by conventional rotation-forestry, including predominantly 
even-aged stands, which are mostly artificially regenerated. The wider 
study region spanned the Swedish Norrland region, which experiences a 
boreal climate (Köppen code: Dfc), although with pronounced 
north-south and east-west gradients in annual mean air temperature, as 
well as local variations in precipitation. A comparison of tree growth 
records from KCS and NFI data for the Norrland region suggests that 
growth rates in KCS are within the lower and upper limits defined by the 
northern and southern Norrland sub-regions, respectively (Supplemen
tary Fig. S2).

2.2. Plot-scale C balance estimates based on forest-plot inventory and 
chamber-based flux measurements

We initially selected 50 main forest plots within stands ranging in 
age from 5 to 211 years after stand establishment from a regular grid 
(350 m × 350 m) of 436 permanent forest inventory plots spanning the 
KCS (Martínez-García et al., 2022). This dataset was later expanded with 
7 additional forest plots located in old stands as described in Peichl et al. 
(2023a). For each of the 57 forest plots, we determined the annual net 
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ecosystem production (NEP) during 2016− 2018 from the balance be
tween total net primary production (NPP) and total heterotrophic 
respiration (Rh) based on a combination of forest-plot inventory- and 
chamber-based soil CO2 flux measurements as described in detail by 
Martínez-García et al. (2022) and Peichl et al. (2023a). Briefly, annual 
NPP was estimated as the sum of above- and belowground NPP of trees 
and understory vegetation (NPPt and NPPu, respectively), whereas 
annual Rh included heterotrophic respiration fluxes from soil and dead 
wood (Rhs and Rhdw, respectively). Specifically, NPPt for the 50 main 
forest plots was determined based on annual changes in tree above- and 
belowground (coarse root) biomass and detritus production. Annual tree 
biomass was estimated from annual inventories of tree diameter (at 
breast height) and height data, which served as input for established 
allometric biomass equations (Marklund, 1988; Petersson and Ståhl, 
2006; Repola, 2008). Annual detritus production was collected with 
litter traps. Aboveground NPPu was determined through destructive 
sampling, while both belowground fine root production of trees and 
understory vegetation were quantified using the ingrowth core method, 
following the methodology detailed by Martínez-García et al. (2022). In 
these 50 main forest plots, Rhs was determined every 3–4 weeks based 
on chamber measurements conducted in experimental vegetation 
removal/trenching plots, which were extrapolated to the annual scale 
based on empirical relationships with soil temperature (Martínez-García 
et al., 2022). Rhdw was derived by applying decay functions to the 
deadwood stock. For the 7 additional forest plots, annual tree biomasses 
were estimated using the same approach as for the 50 main forest plots. 
The remaining NPP and Rh components were derived from fixed ratios 
and/or functional relationships based on stand basal area established 
from the 50 main forest plots. These methods are described in detail in 
Peichl et al. (2023a) and summarized in the Supplementary materials, 
Section 1.

To estimate the gross primary production of trees (GPPt) for the 57 
forest plots, we multiplied NPPt by the carbon use efficiency of boreal 
trees (CUEt), with the latter estimated using data from Tang et al. 
(2014). Gross primary production of understory vegetation (GPPu) was 
estimated with the chamber technique at the 50 main forest plots 
following Martínez-García et al. (2022). For the 7 additional forest plots, 
we applied a stand age-based functional relationship derived from the 
50 main forest plots to estimate the annual carbon use efficiency of 
understory vegetation (CUEu). We then used the ratio NPPu:CUEu to 

estimate GPPu in these 7 forest plots. Further details on the methodol
ogies used to estimate GPPt and GPPu are provided in Supplementary 
materials, Section 2. Annual GPP for all 57 forest plots was then calcu
lated as the sum of GPPt and GPPu, while their annual ecosystem 
respiration (Reco) was derived as the difference between GPP and NEP.

2.3. Ecosystem-scale C balance estimates from conventional eddy 
covariance measurements

We compiled eddy-covariance (EC) based estimates of annual NEP 
and its underlying GPP and Reco component fluxes during 2016− 2018 
for two mature boreal forest stands at the Rosinedal flux station (SE-Ros; 
in this study referred to as ’EC-Ros’ to indicate that measurement 
method and scale are based on the EC technique) and at the Integrated 
Carbon Observation System (ICOS) Svartberget ecosystem station (SE- 
Svb; in this study hereafter referred to as ’EC-Svb’). The EC-Ros station 
(64◦10′N, 19◦45′E, 145 m a.s.l.) is a ~100-year-old pine stand growing 
on sandy soil located about 10 km south of the KCS. The EC-Svb station 
(64◦15′N, 19◦46′E, 257 m a.s.l.) is a ~110 year-old mixed stand of spruce 
(61 %), pine (34 %), and birch (5 %) located close to the centre of the 
KCS. Flux data for EC-Ros were obtained from Zhao et al. (2022), 
whereas the flux data for EC-Svb were acquired from the database of the 
ICOS warm winter initiative database (https://www.icos-cp.eu/data- 
products/2G60-ZHAK). Post-processing, NEP gap-filling, and 
flux-partitioning of EC-based NEP data into GPP and ER estimates (based 
on the night-time approach) were performed according to ICOS pro
tocols (Franz et al., 2018). It should be noted that no flux data were 
available at the EC-Svb station for 2017. A detailed description of the 
forest site characteristics and the EC measurement setups for both 
EC-Ros and EC-Svb is provided in previous studies (Chi et al., 2019, 
2020, 2021; Zhao et al., 2022). A summary of the setup and data pro
cessing is also included in Supplementary materials, Section 3. It is 
noteworthy that, in contrast to the other studied scales which integrated 
information from a wide range of stand developmental stages (i.e., 
recent clear-cuts to >200-year-old stands), our ecosystem-scale C bal
ance estimates from conventional EC measurements provide only a 
snapshot estimate for stands in the mature development phase. Conse
quently, this scale was excluded from the analysis of the convergence of 
annual C budgets across various scales.

Fig. 1. Schematic illustration of the spatially-nested flux measurement framework that integrates approaches to measure the forest carbon balance at plot, 
ecosystem, and landscape scales within the Krycklan catchment, and at the region scale for Northern Sweden. Note that the plot size, ecosystem boundary, and 
landscape contour within the region are not to scale and for illustrative purposes only.
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2.4. Landscape-scale C balance estimates from tall tower EC 
measurements and bottom-up scaling of plot-scale data

The ICOS Svartberget combined atmospheric-ecosystem station in
cludes a 150 m tall tower along which an additional EC system was 
deployed in 2016 at 70 m height to conduct tall tower EC measurements 
(L-EC). Annual NEP, GPP, and Reco estimates were obtained from this 
setup during 2016− 2018. The flux footprint of these L-EC measurements 
was derived using the FFP footprint model (Kljun et al., 2015) and has a 
radius of several km and spans roughly over the KCS area. We note that 
the L-EC flux-footprint integrates not only forest stands, but also mires, 
artificial areas, agricultural lands, and inland waters. However, given 
that forest cover contributes around 80 % to the footprint area, we as
sume that the annual flux estimates primarily account for this land 
cover. Details on the L-EC set up, data post-processing including NEP 
gap-filling and partitioning into GPP and ER, and results have been 
previously described (Chi et al., 2019, 2020; Klosterhalfen et al., 2023) 
and are summarized in the Supplementary materials, Section 4.

As an alternative landscape-scale approach, we developed a bottom- 
up estimate (L-Plot) of annual NEP, GPP, and Reco during 2016− 2018 
based on scaling the plot-scale data to the forested areas of the KCS. It is 
noteworthy that the 57 selected forest plots originally did not include 
information on the C emission fluxes occurring during the first 4 years 
after harvest (Peichl et al., 2023b). To address this shortcoming, we 
extended our dataset with EC-based NEP, GPP, and Reco estimates from 
recent boreal clear-cuts (Supplementary Fig. S3). The IAV of these C 
fluxes was calculated from the annual C fluxes of the 3 recent clear-cuts 
(5–7 years-old) included in the selected forest plots. We further note that 
the difference in the convergence estimate based on the original 57 plots 
and the extended dataset was minor (Supplementary Fig. S4). Using this 
extended dataset, we first derived empirical functions to estimate 
plot-level stand age based on tree biomass (Eq. (1)). We then developed 
additional empirical functions to estimate plot-level annual NEP and 
GPP for each the 3-year study period, using stand age (accounting for its 
annual increase) as predictive variable (Eqs. (2) and 3, respectively). 

Age = (b0 + b1 × srqt(Biomass))2 (1) 

NEP = b0 + b1 × ln(Age) + b2 × ln(Age)2 (2) 

GPP = exp
(
b0 + b1 × ln(Age)+b2 × ln(Age)2) (3) 

We subsequently scaled NEP and GPP across the forested areas of the 
KCS using a high-resolution Lidar-based biomass raster map, resampled 
to 1 m × 1 m resolution from an original 12.5 m × 12.5 m grid. This 
raster served as the basis for estimating stand age at each biomass pixel 
using Eq. (1), followed by the calculation of NEP and GPP for each age 
pixel using Eqs. (2) and 3, respectively. Finally, annual Reco was 
calculated for each pixel by subtracting NEP from GPP across the 
forested areas. See Supplementary materials, Section 5, for further de
tails of this L-Plot approach.

2.5. Region-scale C balance estimates from atmospheric observations 
combined with vegetation models and bottom-up approach based on plot- 
scale NFI data

For the ATM approach, we compiled regional-scale estimates of the 
annual NEP, GPP, and Reco for the Norrland region in Sweden during 
2016− 2018 from three dynamic vegetation models, including LPJ- 
GUESS (Smith et al., 2014), ORCHIDEE (Krinner et al., 2005), and 
VPRM (Mahadevan et al., 2008). These model estimates were then 
constrained using atmospheric observations of CO2 concentrations at the 
ICOS Svartberget atmosphere station and five additional ICOS atmo
sphere stations in Fennoscandia, in combination with the Lund 

University Modular Inversion Algorithm (LUMIA) transport model 
(Monteil and Scholze, 2021). The latter relies on the FLEXPART 10.4 
Lagrangian transport model (Pisso et al., 2019), for computing the 
regional transport of the fluxes in a domain ranging from 0◦W, 54◦N to 
20◦E, 70◦N, and uses prescribed background concentrations from a 
global TM5 inversion. LUMIA then computes the CO2 concentrations at 
the atmosphere stations in the domain using the model estimates of the 
surface CO2 fluxes (NEE and anthropogenic emissions), gridded on a 
0.5◦ × 0.5◦ and 3-hourly resolution. The details of this ATM approach 
used to estimate the region-scale C balance were described by Sathya
nadh et al. (2021), with a summary provided in Supplementary mate
rials, Section 6.

An alternative regional-scale estimate (i.e., NFI approach) of NEP, 
GPP and Reco was derived by scaling plot-level data from the Swedish 
National Forest and Soil Inventories to the Norrland region in Sweden 
during 2016− 2018. In this NFI approach, we first extracted the annual 
increment of stem volume for 20-year stand age classes (i.e., 0–20, 
21–40, … > 121 years) across Norrland from the National Forest In
ventory database, which was then converted into the annual increment 
of whole tree biomass via biomass expansion factors. Using data from 
the 50 main forest plots, we then developed empirical functions to 
derive the annual estimates for the remaining NPP components (i.e., 
litterfall and NPPu) based on stand age for each age class. Next, we 
defined empirical functions between the soil organic carbon (SOC) 
turnover (τs), which is the ratio of SOC in the organic and upper mineral 
soil layers up to 0.2 m depth to annual Rhs, and stand age, using data 
from the 50 main forest plots. Additionally, we extracted the SOC for the 
organic and upper mineral soil layers (10 cm intervals) up to 0.5 m depth 
across Norrland extracted from the National Forest Soil Inventory 
database. These SOC estimates were then extrapolated to a depth of 1 m 
using the relationship between SOC and soil depth derived from the 6 
sampled upper soil layers. By applying the ratio of SOC from the soil 
inventory (1 m) to that obtained on the plots (0.2 m), and incorporating 
τs, we estimated τs up to 1 m depth. This was done to validate our τs 
estimates against those reported for boreal forests in previous studies 
(Carvalhais et al., 2014). Finally, annual Rhs for each stand age class was 
computed by dividing the SOC up to 1 m depth across Norrland by the 
annual τs up to 1 m depth during 2016− 2018. In addition, the annual 
hard and decomposed dead wood pools extracted from the National 
Forest Inventory database for each stand age class were multiplied by 
species- and decay class-specific decomposition rate constants 
(Shorohova et al., 2008; Yatskov et al., 2003) to calculate the annual 
Rhdw. Annual NEP for the Norrland region was then calculated based on 
the balance between the measured and modelled components of NPP 
and Rh. Subsequently, regional GPPt and GPPu were calculated by 
dividing the regional NPPt and NPPu estimates by their respective CUEt 
and CUEu, with the latter defined in the plot-scale approach (see Section 
2.2). Finally, the annual Reco for the region was computed as the bal
ance of regional GPPt + GPPu – NEP estimates. A detailed description of 
this NFI approach for estimating the region-scale C balance is provided 
in Supplementary materials, Section 7.

2.6. Drought anomalies in annual NEP

In the summer of 2018, a record-breaking, hot drought occurred 
across large areas of central and northern Europe (Peters et al., 2020). 
For comparison, the year 2016 experienced average air temperature and 
precipitation patterns relative to the period 1991–2020 and was there
fore considered as a normal climatic year (Supplementary Fig. S5). The 
impact of the 2018 drought event in the annual NEP of each of the 
investigated scales was evaluated by estimating the absolute anomaly (g 
C m–2 yr–1, ΔNEP) between the reference year 2016 and 2018 according 
to Eq. (4). 
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ΔNEP = NEP2018 − NEP2016 (4) 

2.7. Statistics

The non-parametric Kruskal–Wallis rank sum test followed by a 
Dunn-Bonferroni post hoc test (p ≤ 0.05) was performed to test for 
significant differences in the 3-year means of annual NEP, GPP, Reco, 
and ΔNEP among the plot-, landscape-, and region scales. The cross- 
scale mean and range (± 95 % confidence interval) for each NEP, 
GPP, Reco, and ΔNEP were estimated from the 3-year mean values of the 
plot-, landscape-, and region scales. The ecosystem scale was excluded in 
these cross-scale estimates since data were only available for mature 
stands at this scale. Furthermore, we note that the estimates derived 
from the L-Plot and NFI approaches are not fully independent from the 
plot-scale estimate. This dependency arises from the use of data from the 
50 main forest plots in the development of the empirical functions 
relating C fluxes to stand age, which were then used for scaling NEP to 
the landscape (L-Plot approach) and region scale (NFI approach). Spatial 
analyses were conducted using the ArcGIS software (version 10.5; ESRI, 
Redlands, CA, USA), while statistical analyses were conducted using the 
SPSS software (version 29.0; IBM corp., Armonk, NY, USA).

3. Results

3.1. Cross-scale comparison of forest age structure

Given the strong influence of stand age on NEP, we first evaluated 
the stand age distribution across the various study scales to assess the 
homogeneity across the space-time continuum. Mean stand age for the 
plot, landscape and region scales ranged between 69 and 87 years, 
without significant differences among these scales (Fig. 2). The mean 
age of the mature stands at the ecosystem scale (105 years) was not 

significantly different from that of the mature stands in the plot-level 
dataset (98 years). Furthermore, the age class distributions were com
parable at the landscape- and region-scales, with both showing a ten
dency towards greater contribution from younger age classes (0–60 
years) (Fig. 2). In contrast, at the plot scale, there was a peak in the 
61–80 year age class. In addition, the younger age classes (0–60 years) 
contributed less at this plot scale (about 5 to 13 %) compared to the 
landscape and region scales, whereas an opposite bias (about 3 to 18 %) 
was consequently present in the older age classes (> 61 years).

3.2. Cross-scale convergence in the C sink-strength of managed boreal 
forests

Our results show that at the lowest spatial scale, i.e., the plot-scale, 
annual NEP estimates ranged from –131 to +406 g C m-2 yr-1, indi
cating a manifold variation including both sinks and sources across 
diverse forest stands for the managed boreal forest landscape in northern 
Sweden (Fig. 3a). Notably, however, our empirical cross-scale assess
ment revealed that the 3-year mean NEP of the plot-, landscape-, and 
region scales were not significantly different, converging to a mean C 
sink estimate of 118 ± 27 g C m-2 yr-1 (mean ± 95 % confidence inter
val) (Fig. 3). It is important to note that this convergence estimate did 
not include the ecosystem scale, as the two mature forest stands 
measured by EC (Fig. 3b) represent only a selective sample during stand 
development. However, further analysis showed that these ecosystem- 
scale NEP estimates were within the range of their respective plot- 
scale estimates in mature (90–120 year-old) forest stands (Supplemen
tary Fig. S6).

In contrast to the convergence of the 3-year mean NEP, estimates of 
the inter-annual variations (IAV) of NEP were inconsistent across the 
various scales and measurement approaches (Fig. 3). Specifically, the 
IAV of NEP agreed well among the plot, landscape bottom-up (L-Plot), 

Fig. 2. Comparison of the forest stand age among the plot, ecosystem, landscape, and region scales. a) Mean stand age for each scale. Mature forest plots (90–120 
years old; n = 8) for the ‘Plot’ scale are also shown. The values for the ‘Ecosystem’ scale were obtained from the mature forests Rosinedal and Svartberget, which were 
classified within the 101–120 stand age class. Values and error bars represent the means and standard deviations, respectively. The value highlighted in red shows the 
convergence stand age (mean ± 95 % confidence interval) estimated from the means of the plot, landscape, and region scales. The bar for the ‘Ecosystem’ scale is 
shaded to indicate that this value was excluded in the estimation of the convergence stand age. b) Distribution of stand age classes (%) relative to the total forest area. 
The values for the ‘Plot’, ‘Landscape’ and ‘Region’ scales in both panels a) and b) were based on 57, 476, and 1341 plots, respectively. Note that the plots used for the 
‘Region’ scale were obtained from the Swedish National Forest Soil Inventory.
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and regional (ATM and NFI) estimates suggesting the highest and lowest 
NEP in 2016 and 2018, respectively. In comparison, the IAV differed in 
the landscape EC (L-EC) estimate, which suggested the lowest NEP 
during 2017.

Further analysis showed that cross-scale convergence also occurred 
for both underlying NEP component fluxes, i.e. gross primary produc
tion (GPP) and ecosystem respiration (Reco). Specifically, GPP and Reco 
at the plot, landscape- and region-scale were not significantly different, 
converging to 3-year mean estimates of 908 ± 48 and 790 ± 40 g C m-2 

yr-1, respectively (Fig. 4). However, we also observed inconsistent IAV 
patterns for GPP and Reco across scales and between alternative ap
proaches at a given scale (Supplementary Figs. S7 and S8). At the 
regional scale, it is notable that the estimates from ATM and NFI ap
proaches suggested different IAV for GPP (and differences in the 
magnitude for Reco), despite the agreement on the IAV of NEP between 
both approaches.

3.3. Scale-dependent response of the boreal forest C balance to drought

As our data from all scales and measurement approaches comprised 
the exceptional European summer drought in 2018, we were further 
able to compare the drought-response of NEP from plot to regional 
scales. We found that relative to the normal climatic year 2016, annual 
NEP decreased in response to drought at all scales in 2018, with a mean 
reduction of –65 ± 70 g C m-2 yr-1 (Fig. 5). However, the reduction in 
NEP at the plot-scale (–95 ± 15 g C m-2 yr-1) was two-fold larger than at 
larger scales, at which the NEP reduction was within a narrow range of 
33–59 g C m-2 yr-1. At the plot-scale, the estimates ranged widely from 

small positive (+20 g C m-2 yr-1) to large negative (–224 g C m-2 yr-1) 
drought responses (Fig. 5a). At the ecosystem scale, we observed a 
considerable difference in the drought responses estimated by EC be
tween the two contrasting mature forest stands, suggesting a negligible 
response at the mixed pine-spruce forest EC-Svb compared to NEP 
reduction of 65 g C m-2 yr-1 at the pine stand EC-Ros (Fig. 5b). 
Furthermore, the comparison of alternative measurement approaches at 
the landscape and regional scales suggests a larger reduction in NEP due 
to drought in the plot-based bottom-up estimates (i.e., L-Plot, NFI) 
compared to the top-down estimates (i.e., L-EC, ATM) (Fig. 5c and d).

4. Discussion

4.1. Reconciling the C balance of managed boreal forests across different 
spatial scales

The results from our cross-scale assessment provide valuable 
empirical evidence that consolidates the magnitude of the C sink- 
strength of actively managed boreal forests in northern Sweden. Our 
findings highlight that despite the presence of both local sinks and 
sources (i.e., recently harvested stands) of C within the managed forest 
landscape, these converge to a significant C sink when aggregated over 
spatial and temporal scales that account for both the full stand rotation 
period and inter-annual variations in weather conditions. The observed 
cross-scale convergence may thus serve as a benchmark for future 
evaluations of the C balance and associated climate impacts of alterna
tive forest management strategies for boreal forests. It is noteworthy that 
our estimated mean C sink of 118 ± 27 g C m-2 yr-1 for this actively 

Fig. 3. Convergence of the net ecosystem production across the plot, ecosystem, landscape, and region scales. The panels a)–d) show the annual net ecosystem 
production (NEP, g C m–2 yr–1) for a boreal forest in Sweden for the different approaches used at the plot, ecosystem, landscape, and region scales, respectively, 
during 2016–2018. Plot scale data are based on forest-plot inventory and chamber-based measurements of carbon dioxide (CO2) fluxes carried out in 50 main and 7 
additional old forest (‘Plots’), in stands ranging in age from 5 to 211 years. Ecosystem scale data are based on conventional eddy covariance (EC) measurements 
carried out at the EC stations Rosinedal (‘EC-Ros’; ~100-year old homogenous Scots pine stand) and Svartberget (‘EC-Svb’; ~103-year-old mixed spruce-pine stand, 
data available for 2016 and 2018). Landscape scale data are based on: 1) tall tower EC measurements (‘L-EC’) carried out at 70 m height on the ICOS-Svartberget 
combined atmospheric-ecosystem station, and 2) the bottom-up scaling of CO2 fluxes from plot to landscape scale (‘L-Plot’). Region scale data are based on: 1) fusion 
of vegetation models and atmospheric concentration data (‘ATM’), and 2) plot-level CO2 flux estimates based on data from the plot scale and the Swedish National 
Forest and Soil Inventories (‘NFI’). Circular closed symbols indicate annual NEP values for each approach. Box plots present the mean annual NEP values for each 
scale (diamond symbols), with boxes representing the 25th (bottom) and 75th (top) percentiles, the central line and cross showing the median and mean, respec
tively. Whiskers above and below the boxes denote data within 1.5 times of the interquartile range. Values below each box plot indicate the mean ± 95 % confidence 
interval. The p-value for the non-parametric Kruskal–Wallis rank sum test comparing the differences between the annual NEP means of plot, landscape, and region 
scales is also shown. The value in red font shows the NEP convergence mean ± 95 % confidence interval (calculated from the plot, landscape, and region scale data), 
with the latter two visualized by the horizontal red straight and dashed lines, respectively. Panel b) is shaded to indicate that these values were excluded in the 
estimate of NEP convergence. The horizontal dashed black line indicates the carbon (C) source-to-sink transition.
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managed forest landscape in northern Sweden is about three times 
higher than the average value reported for all boreal forests globally 
(38.5 ± 4.4 g C m-2 yr-1; Pan et al., 2024), suggesting a stronger C sink in 
managed compared to unmanaged boreal forests. Furthermore, our C 
sink estimate exceeds by more than twice that of the mean emission 
removal rate for forest land (44 g C m-2 yr-1 averaged over 2016–2018) 
reported in Sweden’s national LULUCF accounting to the IPCC 
(UNFCCC, 2023a, b; M. Lundblad, pers. comm.). This divergence may 
partially reflect the contributions from greatly reduced NEP in central 
and southern Swedish forests during the 2018 drought year (Lindroth 
et al., 2020) in the national accounting, relative to our northern study 
domain, besides methodological differences between both measurement 
approaches. Overall, given the large spatio-temporal variations in the 
boreal forest C sink-source strength, our findings strongly advocate 
caution when extrapolating C balance estimates (e.g., from single-site 
studies) beyond their distinct spatial and temporal boundaries and 
emphasize the need for cross-scale validation to constrain forest C 
budgets.

The observed convergence of 3-year averages of GPP and Reco across 
plot-, landscape- and region-scales is further noteworthy, considering 
the conceptual differences among the various approaches used to esti
mate these NEP component fluxes. Specifically, plot-scale assessments 
based on forest-plot inventory data combined with chamber-based flux 
measurements aggregate GPP and Reco from estimating multiple 
contributing fluxes across the tree canopy-forest floor-soil continuum, 
each of which introduces inherent uncertainty (Campioli et al., 2016; 
Peichl et al., 2010). In contrast, EC-based approaches rely on simple 
semi-empirical models to partition the measured net CO2 exchange into 

GPP and Reco (Reichstein et al., 2005). While GPP and Reco estimates 
from biometric- and EC-based methods have previously shown reason
able agreements for forest ecosystems globally, a bias towards lower 
biometric GPP estimates was noted particularly for the boreal region 
(Campioli et al., 2016). In contrast, mismatches in Reco explained in
consistencies in NEP estimates from multiple EC and tall-tower flux 
measurements over a heterogeneous forest landscape in northern Wis
consin (Desai et al., 2022a). Possible causes for divergence between 
local and regional-scale estimates could be disturbances (e.g., wind
throws, fires and/or insect outbreaks) as well as contributions from 
non-forest ecosystems (e.g., mires and lakes) not captured by plot and 
ecosystem-scale approaches. This finding suggests that the observed 
cross-scale convergence in actively managed boreal forests in northern 
Sweden was likely facilitated by the absence of natural disturbances, in 
contrast to less intensively managed boreal regions in Canada and Russia 
which are especially prone to additional emissions due to wildfires 
(Giles-Hansen and Wei, 2022; Högberg et al., 2021; Virkkala et al., 
2025). In addition, the multi-year flux convergence observed in our 
study was likely supported by the relatively uniform stand age distri
bution across scales (Fig. 2) and the comparable forest productivity 
observed between the selected landscape and regional domains (Sup
plementary Fig. S2).

Predicting and resolving contrasting patterns of the inter-annual 
variability (IAV) in terrestrial C fluxes remains a key challenge in both 
empirical and modelling studies (Desai et al., 2010; Keenan et al., 2012). 
Similarly, we observed considerable discrepancies in the IAV of NEP 
among scales and measurement approaches, despite the observed 
cross-scale convergence in the 3-year mean NEP. This suggests that the 

Fig. 4. Convergence of gross primary production and ecosystem respiration across the plot, ecosystem, landscape, and region scales. The panels a) and b) show the 
mean annual gross primary production (GPP, g C m–2 yr–1) and ecosystem respiration (Reco, g C m–2 yr–1) for the plot, ecosystem, landscape, and region scales, 
respectively, during 2016–2018. The boxes represent the 25th (bottom) and 75th (top) percentiles, the central line and cross the median and mean, respectively. 
Whiskers above and below the boxes denote data within 1.5 times of the interquartile range and outliers are given as individual circular points. Values below each 
box-plot indicate the mean ± 95 % confidence interval. The p-values for the non-parametric Kruskal–Wallis rank sum test comparing the differences between the 
annual GPP and Reco means of plot, landscape, and region scales are also shown. The value in red font shows the GPP and Reco convergence means ± 95 % 
confidence intervals (calculated from the plot, landscape, and region scale data), with the latter two visualized by the horizontal red straight and dashed lines, 
respectively. Box-plots of the ecosystem scale are shaded to indicate that these values were excluded in the estimation of GPP and Reco convergences.
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dominant processes (e.g., stem diameter growth, turbulent 
biosphere-atmosphere exchanges and atmospheric dispersion, etc.) 
captured by the various measurement approaches have different sensi
tivities to the various environmental drivers of IAV, which may include 
multi-factorial effects from weather, phenology and hydrology (Desai 
et al., 2010). Furthermore, temporal lags and carry-over effects in the 
allocation of assimilated C to woody biomass may cause divergence 
between biometric- and EC-based NEP estimates (Cabon et al., 2022; 
Campioli et al., 2016; Peichl et al., 2010). Thus, process-specific re
sponses to environmental drivers may explain scale-dependency, 
resulting in contrasting IAV and budget estimates when the 
spatio-temporal boundaries for the cross-comparison are too narrow (i. 
e., when comparing annual and stand-level estimates). Although it was 
beyond the scope of this study to address this challenge in more detail, 
our results emphasize the need to resolve the causes for the limited 
agreement on the IAV patterns of forest C budgets among various 
measurement approaches.

4.2. Cross-scale assessments of drought impacts on the boreal forest C 
balance

Projections indicate that high-latitude regions will experience in
creases in temperature and changes in the water balance, which may 
cause more frequent and severe drought events during the 21st century 
(Gauthier et al., 2015; IPCC, 2021). Our ability for accurately quanti
fying and predicting the impacts of a changing climate and weather 
extremes on the C balance of boreal forests is therefore crucial for better 
understanding future forest C cycle-climate interactions (Gauthier et al., 
2015; Lindroth et al., 2020; Martínez-García et al., 2024). Results from 
our cross-scale analysis suggest a good agreement of the NEP drought 
responses estimated with different measurement approaches at land
scape and region scales. However, we noted a strong tendency towards 
greater drought sensitivity (i.e., greater reduction in NEP) in plot-scale 

estimates based on forest-plot inventory and chamber-based flux mea
surements. This observation suggests that empirical assessments of the 
forest NEP response to drought may be scale- and/or method-dependent.

The greater drought sensitivity observed at the plot-scale may be due 
to fundamental differences in the temporal resolution and conceptual 
design of the forest-plot inventory and chamber-based approach 
compared to EC flux and atmospheric concentration measurements. 
Specifically, the NEP drought response estimated at the plot-scale pri
marily relies on the observed changes in annual stem diameter growth. 
This approach is based on two key assumptions: i) a direct relationship 
exists between stem diameter changes and ecosystem GPP, and ii) 
allometric relationships between stem diameter and tree biomass 
remain constant regardless of environmental conditions. However, both 
these assumptions may fail, particularly during drought (Cabon et al., 
2022; Pretzsch et al., 2012; Rog et al., 2024). Another critical short
coming in bottom-up approaches is the relatively infrequent sampling 
interval of manual chamber-based measurements, which may contribute 
to uncertainty in soil flux estimates by failing to accurately capture 
drought events. In contrast, EC measurements provide a direct estimate 
of the whole-ecosystem C cycle response to drought with high-temporal 
resolution (Lindroth et al., 2020), which is further valuable for devel
oping process-based and data-driven models (Jung et al., 2020; Mo 
et al., 2008). Yet, the EC-based approach requires suitable terrain (flat, 
homogenous) and substantial resources and is therefore limited to 
relatively few measurement locations, making it less suitable for 
capturing variations in the NEP drought response across heterogeneous 
landscapes. We caution that the bias in our plot scale dataset towards 
smaller contribution from the younger age classes (Fig. 2b), which were 
found to be more sensitive to drought (Martínez-García et al., 2024), 
may have counterbalanced the observed scale divergence in the NEP 
drought response (i.e., implying an even greater divergence under more 
similar age class distribution). It is further noteworthy that in this study 
the landscape- and region-scale footprints of L-EC and ATM 

Fig. 5. Absolute drought anomaly of net ecosystem production across the plot, ecosystem, landscape, and region scales. The absolute anomaly of the net ecosystem 
production (ΔNEP, g C m–2 yr–1) of the drought year 2018 calculated relative to the reference year 2016 (ΔNEP = NEP2018 – NEP2016) for the plot, ecosystem, 
landscape, and region scales, respectively. A description of the ‘Plots’, ‘EC-Ros’, ‘EC Svb’, ‘L-EC’, ‘L-Plot’, ‘ATM’, and ‘NFI’ approaches is provided in Fig. 1 in the 
main text. The boxes represent the 25th (bottom) and 75th (top) percentiles, the central line and cross the median and mean, respectively. Whiskers above and below 
the boxes denote data within 1.5 times of the interquartile range. Values below each box-plot indicate the mean ± 95 % confidence interval. The value in red font 
shows the ΔNEP convergence mean ± 95 % confidence interval (calculated from the plot, landscape, and region scale data), with the latter two visualized by the 
horizontal red straight and dashed lines, respectively. Box-plot of the ecosystem scale is shaded to indicate that these values were excluded in the estimation of ΔNEP 
convergence. Horizontal dashed black line indicates the negative-to-positive transition of the absolute drought anomaly. A non-parametric Kruskal–Wallis rank sum 
test shows no significant differences (p = 0.18) when comparing the differences between the mean ΔNEP values of the plot, landscape, and region scales.
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measurements include contributions from non-forest ecosystems such as 
mires, agricultural lands, and inland waters. This may partly explain the 
divergent drought response when compared to plot- and ecosys
tem-/regional-scale estimates from the forested areas. Given these un
certainties in the light of ongoing climate change, advancing our 
understanding of cross-scale linkages between bottom-up and top-down 
estimates of the NEP drought response is a critical research frontier and 
prerequisite for improved predictions of forest C cycle-climate 
feedbacks.

4.3. Spatially nested monitoring programs to constrain forest C cycle 
processes and budgets

The terrestrial biosphere-atmosphere exchange of C constitutes a 
highly non-linear and tightly coupled system, characterized by sub
stantial variability across space and time (Desai et al., 2022b; Osmond 
et al., 2004). However, since our standard measurement approaches are 
inherently limited to distinct spatial and temporal scales, it remains key 
challenge to reconcile C cycle processes and their drivers across these 
scales (Bastviken et al., 2022; Desai et al., 2022b). Here, we demonstrate 
that nested measurement, integrating multiple spatial scales and 
multi-year observations, are essential for addressing this shortcoming.

Numerous studies have previously compared C balances across 
different spatial scales, however, they have typically focused on recon
ciling stand-level estimates derived from plot-scale and EC measure
ments (Campioli et al., 2016; Peichl et al., 2010) or on regional-scale 
estimates based on aircraft measurement and ATM approaches 
(Lauvaux et al., 2009), leaving a critical gap between local stand and 
regional scales. Our study advances this body of work by providing a 
3-year measurement program along a plot- to region-scale continuum 
that fills this spatial gap with observations at the landscape scale. The 
spatial gap between plot/ecosystem-scale assessments and top-down 
estimates of regional budgets (i.e., hundred thousands of km2) is 
particularly critical in reaching agreement on the forest C balance for 
heterogeneous landscapes managed by rotation forestry (Kondo et al., 
2020; Lauvaux et al., 2009; Sathyanadh et al., 2021). Here, pronounced 
gradients of stand age create a highly diversified mosaic of C dynamics 
that standard field measurement approaches commonly cannot 
adequately capture. At the same time, while top-down approaches and 
remote sensing products require ground-based data for validation, their 
estimates are rarely resolved at plot/ecosystem-scale resolution (Foster 
et al., 2023; Zhu et al., 2023). Recently, tall tower EC measurements 
have been proposed as a way forward to address this spatial discon
nection by providing an interface between plot/ecosystem-scale and 
regional top-down approaches (Sathyanadh et al., 2021). Given a mea
surement footprint area with a radius of several kilometres (Chi et al., 
2019; Kljun et al., 2015), tall tower EC measurements can bridge the 
critical spatial gap, thus allowing to link and reconcile C flux processes 
and budgets along a spatial continuum. Subsequently, these measure
ments can also provide a valuable observational basis for regional to 
global modelling approaches.

Although nested measurement frameworks, such as the one devel
oped in this study, appear critical to advancing our understanding of the 
scale-dependence of the terrestrial C cycle, such extensive setups are 
currently scarce (Futter et al., 2023). A remarkable exception is the 
intensive campaign CHEESEHEAD19 (Butterworth et al., 2021), which 
integrated measurements from 19 EC towers, the central tall AmeriFlux 
tower US-PFa, ground-based measurement across 41 inventory plots, a 
suite of atmospheric profiling instruments, and airborne data collection 
over a 10 km × 10 km domain in a managed forest landscape in northern 
Wisconsin during four summer months in 2019. Previous research in this 
study area found that flux estimates from multiple ground-based EC 
towers were in relatively good agreement with those from the US-PFa 
tall tower after weighing the footprint contributions (Desai et al., 
2008). In contrast, a more recent study concluded that upscaling of the 
results from the 19 flux towers in CHEESEHEAD19 initiative, as well as 

long-term records from selected tower sites, agreed poorly with the in
tegrated tall tower estimates, particularly in capturing IAV (Desai et al., 
2022a). Such contrasting findings, even within the same measurement 
program, demonstrate the complexity of resolving the scale-dependency 
in C balance estimates for managed forest landscapes, and highlight the 
importance of cross-scale assessments. Although we acknowledge the 
limitation of resources for developing such extensive measurement 
setups, we suggest increasing the use of established infrastructure within 
the international networks of FLUXNET (global), ICOS (Europe), and 
NEON (USA) to deploy additional spatially-nested measurement pro
grammes. This could be achieved by equipping atmospheric tall towers 
with EC instrumentation and/or establishing extensive grids of forest 
inventory-plots within the EC measurement footprints.

5. Conclusions

This study employed a spatially-nested measurement framework that 
integrates both bottom-up (forest-plot inventory and chamber-based 
fluxes) and top-down (eddy-covariance; atmospheric observations and 
atmospheric transport modelling) approaches to reconcile the C balance 
of actively managed boreal forests in Northern Sweden across plot-, 
ecosystem-, landscape-, and regional scales over three years 
(2016–2018). Based on our results, we conclude that estimates of the 
forest NEP and its components (i.e., GPP and Reco) derived across 
different spatial scales and using alternative approaches may reach 
reasonable agreement over multi-year timeframes and in the presence of 
cross-scale homogeneity in forest structure (e.g., stand age) and pro
ductivity. Specifically, we observed that the 3-year mean NEP converged 
into a C sink of 118 ± 27 g C m-2 yr-1 across plot-, landscape-, and 
regional scales. This underscores the significant C sink function of 
managed boreal forests and provides a valuable benchmark for evalu
ating alternative forest management strategies. However, our study also 
revealed notable inconsistencies among estimates of inter-annual vari
ations in NEP, GPP and Reco across most spatial scales and approaches. 
These discrepancies are likely attributable to the different processes 
captured by each approach, reflecting the conceptual divergence in 
estimating C balances based on measurements of either fluxes (i.e., 
chamber- and EC-based methods), atmospheric concentrations (i.e., 
ATM), or ecosystem C stock changes (i.e., NFI). We further highlight the 
contrasting NEP responses to drought observed between bottom-up and 
top-down approaches. Overall, we conclude that the integration of 
multi-scale monitoring platforms, via co-locating bottom-up and top- 
down measurement approaches at existing tower stations, is a crucial 
step in advancing our understanding of how the boreal forest C cycle 
responds to anthropogenic pressures and interacts with the climate 
system across spatial and temporal scales.
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Lundmark, T., Löfvenius, M.O., Peichl, M., 2020. The Net landscape carbon 
balance—Integrating terrestrial and aquatic carbon fluxes in a managed boreal forest 
landscape in Sweden. Glob. Chang. Biol. 26 (4), 2353–2367. https://doi.org/ 
10.1111/gcb.14983.

Chi, J., Zhao, P., Klosterhalfen, A., Jocher, G., Kljun, N., Nilsson, M.B., Peichl, M., 2021. 
Forest floor fluxes drive differences in the carbon balance of contrasting boreal forest 
stands. Agric. For. Meteorol. 306, 108454. https://doi.org/10.1016/j. 
agrformet.2021.108454.

Desai, A.R., Helliker, B.R., Moorcroft, P.R., Andrews, A.E., Berry, J.A., 2010. Climatic 
controls of interannual variability in regional carbon fluxes from top-down and 
bottom-up perspectives. J. Geophys. Res.: Biogeosci. 115 (G2). https://doi.org/ 
10.1029/2009JG001122.

Desai, A.R., Murphy, B.A., Wiesner, S., Thom, J., Butterworth, B.J., Koupaei- 
Abyazani, N., Muttaqin, A., Paleri, S., Talib, A., Turner, J., Mineau, J., Merrelli, A., 
Stoy, P., Davis, K., 2022a. Drivers of decadal carbon fluxes across temperate 
ecosystems. J. Geophys. Res.: Biogeosci. 127 (12), e2022JG007014. https://doi.org/ 
10.1029/2022JG007014.

Desai, A.R., Noormets, A., Bolstad, P.V., Chen, J., Cook, B.D., Davis, K.J., Euskirchen, E. 
S., Gough, C., Martin, J.G., Ricciuto, D.M., Schmid, H.P., Tang, J., Wang, W., 2008. 
Influence of vegetation and seasonal forcing on carbon dioxide fluxes across the 
Upper Midwest, USA: implications for regional scaling. Agric. For. Meteorol. 148 (2), 
288–308. https://doi.org/10.1016/j.agrformet.2007.08.001.

Desai, A.R., Paleri, S., Mineau, J., Kadum, H., Wanner, L., Mauder, M., Butterworth, B.J., 
Durden, D.J., Metzger, S., 2022b. Scaling land-atmosphere interactions: special or 
fundamental? J. Geophys. Res.: Biogeosci. 127 (10), e2022JG007097. https://doi. 
org/10.1029/2022JG007097.

European Commission, 2021. Fit for 55″. Delivering the EU’s 2030 Climate Target On the 
Way to Climate neutrality, 14. European Commission, Brussels. 

Foster, K.T., Sun, W., Shiga, Y.P., Mao, J., Michalak, A.M., 2023. Multiscale assessment of 
North American terrestrial carbon balance. Biogeosci. Discuss. 1–31. https://doi. 
org/10.5194/bg-2023-111.

Franz, D., et al., 2018. Towards long-term standardised carbon and greenhouse gas 
observations for monitoring Europés terrestrial ecosystems: a review. Int. Agrophys. 
32 (4), 439–455. https://doi.org/10.1515/intag-2017-0039.

Fridman, J., Holm, S., Nilsson, M., Nilsson, P., Ringvall, A.H., Ståhl, G., 2014. Adapting 
National Forest Inventories to changing requirements – the case of the Swedish 
National Forest Inventory at the turn of the 20th century. Silva Fennica 48 (3). htt 
ps://www.silvafennica.fi/article/1095.
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