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A B S T R A C T   

The forest-floor represents an important interface for various carbon dioxide (CO2) fluxes, however, our 
knowledge of their variability and drivers across a managed boreal forest landscape is limited. Here, we used a 
three-year (2016− 2018) data set of biometric- and chamber-based flux measurements to investigate the net 
forest-floor CO2 exchange (NEff) and its component fluxes across 50 forest stands spanning different soil types, 
tree species, and age classes within a 68 km2 boreal catchment in Sweden. We found that the forest-floor acted as 
a net CO2 source with the 10th–90th percentile (used hereafter for describing reported variations) ranging from 
149 to 399 g C m− 2 yr− 1. Among the key landscape attributes, stand age strongly affected most NEff component 
fluxes, whereas tree species and soil type effects were weak and absent, respectively. Specifically, forest-floor net 
CO2 emissions increased with stand age due to declining understory gross and net primary production, ranging 
between 77–275 and 49–163 g C m− 2 yr− 1, respectively. Furthermore, we observed higher understory produc-
tion rates in pine than in spruce stands. Across the 50 stands, the total forest-floor respiration ranged between 
340 and 549 g C m− 2 yr− 1 and its spatial variation was primarily regulated by its autotrophic components, i.e., 
understory and tree root respiration, which displayed divergent increasing and decreasing age-related trends, 
respectively. Furthermore, heterotrophic soil respiration remained within a relatively narrow range (154–290 g 
C m− 2 yr− 1), possibly owing to compensating gradients in forest-floor properties. We further identified tree 
biomass as the major driver of the landscape-scale variations of CO2 fluxes, likely attributable to modulating 
effects on forest-floor resource availability and growing conditions. This implies that tree growth responses to 
forest management and global change will be particularly important for regulating magnitudes and spatial 
variations of forest-floor CO2 fluxes in boreal forests.   

1. Introduction 

The boreal forest region covers 12.5 ± 1.5 million km2 (Dixon et al., 
1994) accounting for 27% of the global forested area, and storing about 
one-third of the global terrestrial carbon (Pan et al., 2011). Thus, boreal 
forest landscapes play an important role in the global carbon cycle and 
provide a large potential for mitigating global warming (Beer et al., 
2010). Our understanding of the magnitude and spatio-temporal varia-
tions of the net ecosystem carbon exchange in boreal forests has 
developed rapidly due to a growing network of eddy covariance 
flux-stations during recent decades (Baldocchi, 2014; Campioli et al., 
2016; Luyssaert et al., 2007). However, considerable uncertainties 

remain regarding the partitioning of the carbon exchange into the 
overstory tree canopy and the forest-floor components. Specifically, 
knowledge on the role and contributions of the forest-floor carbon di-
oxide (CO2) fluxes and their underlying drivers is currently limited, 
which hampers our understanding of boreal forest carbon cycling and 
our ability to predict its response to future changes in climate and 
management strategies. 

The net forest-floor CO2 exchange (NEff) is comprised of a complex 
balance of various component fluxes (Fig. 1), including the gross pri-
mary production of the understory vegetation (GPPu), comprised of 
various functional types (i.e., ericaceous dwarf shrubs, mosses, herbs, 
and lichens), and the total forest-floor respiration (Rff; Chapin et al., 
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2006). Rff is further composed of various metabolic processes associated 
with the autotrophic respiration of understory plants (RAu) and tree 
roots (RAtr) along with the heterotrophic soil respiration (RH) by mi-
croorganisms decomposing litter and soil organic matter (Chapin et al., 
2006). The difference between GPPu and RAu regulates the net primary 
production of understory vegetation (NPPu; Chapin et al., 2006). Given 
the separate drivers underlying these various fluxes, their magnitudes 
and relative importance in regulating NEff likely differ considerably in 
both time and space. 

Previous site-level studies suggest that the magnitudes of both the 
production and respiration fluxes as well as their relative contributions 
to the ecosystem carbon balance of boreal forests vary largely. For 
instance, the contribution of GPPu to the ecosystem GPP has been re-
ported to vary between 3 and 61% (Bergeron et al., 2009; Chi et al., 
2021; Ikawa et al., 2015; Kolari et al., 2006; Misson et al., 2007). 
Furthermore, NPPu has been shown to account for about 20–50% of the 
ecosystem NPP (Nilsson and Wardle, 2005). Likewise, Rff may 
contribute between 40 and 70% of the ecosystem respiration (Chi et al., 
2021; Ikawa et al., 2015; Launiainen et al., 2005; Misson et al., 2007). At 
present, it remains a challenge to reconcile these large ranges in the 
relative importance of forest-floor CO2 fluxes reported in previous 
studies, which imply multiple processes at work. This includes large 
uncertainties with respect to the soil-vegetation interactions among the 
different sources of forest-floor respiration (i.e., RAu, RAtr, and RH). 
Specifically, it remains unclear whether these reported differences in 
forest-floor CO2 fluxes among individual sites are the result from the 
span in their geographical and climatic locations or a function of land-
scape heterogeneity. 

Key landscape attributes including edaphic (i.e., soil type) and 
structural (i.e., tree species and stand age) properties differ across a 
managed forest landscape. Most boreal forests in Fennoscandia occur on 
either poorly sorted glacial till or well sorted glaciofluvial sediments 
(Stroeven et al., 2016). Compared to the sediment soils found in valley 
fills and fluvial systems, till soils are present in upslope topographic 
positions and, therefore, characterized by a lower mineral soil depth, 
pH, clay content, and water retention as well as thicker organic horizon 
and higher nutrient availability (Marek and Richardson, 2020). 
Furthermore, Scots pine (Pinus sylvestris L.) and Norway spruce (Picea 
abies (L.) H. Karst.) are the dominant overstory tree species in these high 
latitudes (Holmström et al., 2018). Compared to spruce, pine dominates 
in stands with a drier soil-moisture regime and more nutrient-poor soils. 
In addition, the relative sparse canopy architecture of pine trees allows 

for a higher fraction of available light reaching the forest-floor, which 
leads to a more abundant understory communities (Barbier et al., 2008; 
Kumar et al., 2018a). In contrast, spruce stands are associated with 
higher tree biomass and litter production and therefore thicker soil 
organic layers (Barbier et al., 2008; Hedwall et al., 2013; Petersson et al., 
2019). 

Apart from variations in both soil types and dominant tree species, a 
mosaic of highly fragmented forest stands encompassing different ages 
further increases the complexity across the managed boreal forest 
landscape in Fennoscandia (Kuuluvainen and Gauthier, 2018). For 
instance, tree, soil, litter, and dead wood carbon pools gradually in-
crease with stand age (Goulden et al., 2011; Pregitzer and Euskirchen, 
2004), whereas an opposite trend is identified for understory vegetation 
(Barbier et al., 2008). In addition, forest stand development leads to 
changes in forest-floor environment including age-related declines in 
light availability, soil and air temperature as well as soil moisture 
(Barbier et al., 2008; Hiltbrunner et al., 2012; Palmroth et al., 2019). 
Stand age also exhibits direct effects on different soil properties such as 
increasing soil C:N ratio (Hume et al., 2016; Makita et al., 2016) and/or 
decreasing bulk density (Chen and Shrestha, 2012). 

In boreal forests, the few studies of GPPu dynamics suggest that its 
spatial variability depends on understory biomass, species composition, 
and photosynthetic activity in response to light availability and air 
temperature (e.g., Bergeron et al., 2009; Kolari et al., 2006; Kulmala 
et al., 2011). However, the nature and extent to which these various 
controls in concert regulate GPPu is uncertain. Furthermore, even 
though similar controls may drive spatial variations in NPPu, their 
regulation across the boreal landscape, especially for its belowground 
component, is also poorly resolved. In contrast, extensive effort has been 
directed towards understanding the controls on the spatial variability in 
RH in forest ecosystems, encompassing soil temperature and moisture, 
litter inputs, quantity and quality of soil organic matter, and/or soil 
microbial activity as major drivers (Bond-Lamberty et al., 2004; Curiel 
Yuste et al., 2007; Harmon et al., 2011; Hursh et al., 2017). Nonetheless, 
a comprehensive assessment of the variability in RH within the context 
of the multiple controls imposed by landscape heterogeneity in northern 
latitudes is lacking. 

At present, it is known that vegetation controls the autotrophic 
forest-floor respiration (RAff) directly through its carbon allocation 
patterns, understory and tree root biomass, and indirectly via its effects 
on hydrological processes and below-canopy environment conditions 
(Davidson and Janssens, 2006; Högberg et al., 2009; Kulmala et al., 

Fig. 1. Schematic representation of the 
major components of the forest-floor 
CO2 exchange. Note that subscript u 
refers to understory vegetation, 
subscript tr refers to tree roots, and 
subscript ff refers to the entire forest- 
floor system including soil, tree roots, 
and understory vegetation. ANPPu and 
BNPPu: aboveground and belowground 
net primary production of understory 
vegetation, respectively (their sum is 
indicated as NPPu), RAu and RAtr: 
autotrophic respiration of understory 
vegetation (including both above- and 
belowground components) and tree 
roots, respectively (their sum is indi-
cated as RAff), RH: heterotrophic soil 
respiration, GPPu: gross primary pro-
duction of understory vegetation (GPPu 
= NPPu + RAu), Rff: total forest-floor 
respiration (Rff = RAff + RH), and 
NEff: net forest-floor CO2 exchange 

(NEff = Rff – GPPu). Blue arrow indicates carbon uptake, orange arrows indicate carbon release, whereas gray arrow indicates that both carbon uptake and release can 
occur. In this study, fluxes within the purple boxes were directly measured, whereas fluxes within the green boxes were indirectly estimated.   
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2009; Vargas et al., 2011). However, the specific controls of its two 
components, i.e. RAu and RAtr, have rarely been compared within a 
boreal landscape. Altogether, given the vast range in biotic and abiotic 
conditions and their potential for altering the various production and 
respiration fluxes, detailed knowledge about NEff dynamics in boreal 
forests is lacking. This limits our understanding of contributions from 
forest-floor fluxes to the ecosystem carbon balance and hampers our 
ability to evaluate future global change impacts on the boreal forest 
carbon cycle. 

In this study, we use a three-year (2016− 2018) data set that aggre-
gates biometric- and chamber-based flux measurements of forest-floor 
CO2 fluxes across a boreal forest landscape in northern Sweden. Data 
were collected in 50 forest stands encompassing different soil types 
(sediment vs. till), dominant tree species (pine vs. spruce), and age 
classes (from initiation to old-growth stands). Our specific objectives 
were to: 1) investigate the variability in the net forest-floor CO2 ex-
change and its individual component fluxes across a managed boreal 
forest landscape, 2) examine their sensitivity to landscape attributes 
including edaphic (soil type) and structural (tree species and stand age) 
properties, and 3) determine the key biotic and abiotic factors modu-
lating their variability at the landscape-scale. 

2. Materials and methods 

2.1. Study area and experimental design 

The study was conducted within the Krycklan Catchment Study 
(KCS, Laudon et al., 2021), a multi-scale long-term monitored catchment 
spanning 68 km2 and located ca. 50 km northwest of Umeå (Sweden, 
64◦14′N, 19◦46′E; Fig. 2). The climate conditions are cold temperate 
humid (Laudon et al., 2021), with a 30-year (1991− 2020) average 
annual air temperature of 2.4 ± 0.8 ◦C (here and hereafter, “±” denotes 
one standard deviation) and average annual precipitation sum of 638 ±
107 mm, where about 30% of it falls as snow. The catchment has a 
gently undulating terrain, with elevation ranging from 138 to 339 m.a.s. 

l. The upper elevations of the KCS are dominated by forest on glacial-till 
soils (58% of the total area) with presence of mires (9%), whereas the 
lower elevations are represented by forested areas on glaciofluvial 
sediment soils (30% of the total area). Lakes (1%) and arable land/built 
areas (2%) cover the remaining area. A complex mosaic of forest stands 
in different age classes covers 87% of the total area, which are domi-
nated by Scots pine (55%) and Norway spruce (23%), with scattered 
occurrence (9%) of birch (Betula pendula Roth. and Betula pubescens 
Ehrh.), alder (Alnus incana (L.) Moench.), and aspen (Populus tremula L.). 
The understory vegetation is dominated by ericaceous dwarf shrubs 
(mostly Vaccinium myrtillus L., Vaccinium vitis-idaea L. and Empetrum 
nigrum L.), with a ground layer of mosses (predominantly Hylocomium 
splendens (Hedw.) Br. Eur. and Pleurozium schreberi (Brid.) Mitt.), and 
lichens (Cladonia spp.). 

Fifty forest stands spanning 5 to 211 years-old (average age of 73 ±
43 years) were selected by stratification based on a systematic regular 
grid of 556 permanent sample plots located over the entire catchment 
(Fig. 2). Within each selected stand, the sample plot (10 m radius) 
belonging to the KCS’ plot-network was used for biometric- and 
chamber-based flux measurements (Supplementary Fig. S1). Stand age 
(i.e., number of years after stand establishment) was determined in each 
sample plot as the basal area-weighted average age obtained by coring 
8− 10 dominant trees outside each sample plot in 2015. Based on the 
quaternary deposits map of the Swedish Geological Survey, each stand 
was assigned to a soil parent material (hereafter “soil type”), i.e., sedi-
ment soils (n = 15) and till soils (n = 35). In addition, stands were also 
classified by dominant tree species (hereafter “tree species”), i.e., Scots 
pine (n = 28) and Norway spruce (n = 22), based on their basal area and 
tree density (see Supplementary materials, Section 1). Furthermore, we 
classified these stands into five age classes (hereafter “stand age”), i.e., 
Initiation (n = 8), Young (n = 9), Middle-aged (n = 13), Mature (n = 14) 
and Old-growth (n = 6), including stands ranging from 5− 30, 31− 60, 
61− 80, 81− 110, and >130 years old, respectively. 

Fig. 2. Location map of the Krycklan Catchment Study (KCS) in northern Sweden. Detailed map a) displays the outline of the KCS, selected forest stands, KCS’ 
network of permanent sample plots, ICOS-Svartberget (Integrated Carbon Observation System) Atmosphere-Ecosystem station along with the light detection and 
ranging (LiDAR) derived estimates of aboveground biomass (data obtained from the Swedish University of Agricultural Sciences and Swedish Forest Agency). 
Detailed maps b) and c) denote the soil parent material (i.e., quaternary deposits map; data obtained from the Swedish Geological Survey) and the land cover types 
(data obtained from the Swedish National Mapping Agency), respectively. Lakes and streams within the KCS are also shown. 
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2.2. Forest stand characteristics 

2.2.1. Tree and dead wood biomass 
We recorded location, species, diameter at breast height (DBH, 1.3 

m), and height (H) for all living trees and standing dead trees (snags; 
assigned to decay class I (Sandström et al., 2007)) in April in 2016 and 
2018 for each plot. Missing DBHs in April 2017 were derived from 
increment cores obtained from 75 representative trees of each species 
(selected by DBH size) over the 50 plots in April 2019. Saplings (DBH <
3 cm) were not included in the inventory, which total tree biomass was 
considered negligible. In October 2019, downed dead wood (logs) were 
also identified by species, measured for diameter and length, and 
assigned to a decay class (I− III, Sandström et al., 2007). Both above-
ground and coarse root tree biomass was estimated using 
species-specific allometric equations as a function of DBH and H (Mar-
klund, 1988; Petersson and Ståhl, 2006; Repola, 2008) and converted to 
carbon stocks (AGCt and BGCt_cr, respectively), assuming that carbon 
content of dry biomass was 50%. Belowground tree biomass carbon 
stock (BGCt) was calculated as BGCt_cr plus the fine root component 
(BGCt_fr, see below). Biomass of snags was also estimated using the 
above-mentioned allometric equations, whereas the biomass of logs was 
estimated by multiplying their volume with their species- and decay 
class-specific wood densities (Sandström et al., 2007). Dead wood 
biomass carbon stocks (i.e., Cdw-s and Cdw-l for snags and logs, respec-
tively) were calculated by using species-specific carbon concentrations 
for each decay class to convert dry biomass to carbon mass (Mäkinen 
et al., 2006; Sandström et al., 2007). 

2.2.2. Aboveground understory and litter biomass 
Aboveground understory biomass, containing different plant func-

tional types (PFTs; lichens, herbs, mosses, and dwarf shrubs), was 
measured by clipping in six systematically arranged 0.25 m2 quadrats 
per plot in 2017 (Supplementary Fig. S1; Aguinaga-Gil, 2018). Clipping 
was conducted in early summer (June, three quadrats) and during the 
peak growth (August, three quadrats). Shrubs were sorted by species and 
components (leaves and stems), while for lichens, herbs, and mosses all 
species were pooled together. Samples were oven-dried (60 ◦C, 48 h) 
and weighed. Aboveground understory biomass carbon stock (AGCu) in 
2017 was calculated as the averaged value between both samplings, 
assuming that 50% of dry biomass was carbon. AGCu estimation in 2016 
and 2018 is presented in Supplementary materials, Section 2. Further-
more, the litter standing on the forest-floor (i.e., leaf litter and fine 
woody debris) was also collected from the same quadrats, oven-dried 
(60 ◦C, 48 h) and weighed. Total litter biomass carbon stock (Cl) in 2017 
was obtained by averaging values between June and August and 
assuming a carbon content of 50% in dry biomass. A mass-balance 
approach assuming steady-state conditions was used for the Cl estima-
tion in 2016 and 2018 (Supplementary materials, Section 3). 

2.2.3. Fine-root biomass 
The fine-root biomass in the organic (O) and mineral (two depths: 

0− 10 cm [MS1] and 10− 20 cm [MS2]) soil horizons was estimated in 
June 2017 via sequential coring. Three soil cores (Ø 10 cm and 5 cm for 
organic and mineral soils, respectively) were systematically collected 
per plot (Supplementary Fig. S1; Aguinaga-Gil, 2018). The depth of the 
O horizon (Odepth) was determined for each core. Cores were sieved 
through a 2 mm mesh and the remaining soil and rocks were saved. The 
volume of sieved rocks was determined by the water displacement 
method. Roots (Ø ≤ 2 mm) were manually removed from the soil, 
washed, oven-dried (60 ◦C, 48 h), and weighed. Fine-root biomass was 
related to the area sampled, converted to carbon mass (50% dry 
biomass), summed per horizons, and scaled-up to the plot to obtain the 
fine-root biomass carbon stock (BGCfr) in 2017. The partitioning of 
BGCfr into fine-roots of trees (BGCt_fr) and understory vegetation (BGCu) 
as well as their estimation in 2016 and 2018 are further described in 
Supplementary materials, Sections 4–5. 

2.2.4. Organic and mineral soil carbon and nitrogen content 
Sieved soil from sequential cores was pooled into one bulk sample 

per each soil horizon at each plot and oven-dried (60 ◦C, 48 h). Then, 
carbon and nitrogen concentrations of each horizon were estimated 
from a homogenised subsample on an elemental analyser (Flash EA 
2000, Thermo Fisher Scientific, Bremen, Germany). We assumed a 
negligible change in carbon and nitrogen concentrations at each plot 
during 2016− 2018. Soil organic carbon (SOC) of each horizon was 
estimated as (Eq. (1)): 

SOC =

[(
C

1000

)

×

(
Hdepth

100

)

×BD×

(
100 − CRF

100

)]

× 10 (1)  

where C is the carbon mass fraction (‰), Hdepth is the horizon depth 
(cm), BD is the soil bulk density (g cm− 3), CRF is the volumetric fraction 
of coarse inorganic fragments > 2 mm (i.e., rocks, stones, and boulders, 
%), and 10 is the factor for converting g C m− 2 to Mg C ha− 1. Specif-
ically, BD was estimated by pedotransfer functions following Nilsson 
and Lundin (2006). To obtain CRF, the relative volume of rocks was 
obtained from sieved samples (see SubSection 2.2.3), whereas the 
relative volume of stones and boulders was estimated to be 47.6% and 
40.9% for till and sediment soils, respectively, following Stendahl et al. 
(2009). The total SOC stock was then derived as the sum of its total 
content at O, MS1, and MS2 horizons. 

2.2.5. Total ecosystem carbon stock 
Total ecosystem carbon stock (Ctotal, Mg C ha− 1) was determined 

during 2016− 2018 according to Eq. (2): 

Ctotal = Ct + Cu + Cdw + Cl + SOC (2)  

where Ct is the total tree biomass carbon stock (i.e., AGCt + BGCt), Cu is 
the total understory biomass carbon stock (i.e., AGCu + BGCu), Cdw is the 
total dead wood biomass carbon stock (i.e., Cdw-s + Cdw-l), Cl is the total 
litter biomass carbon stock, and SOC is the total soil organic carbon 
stock up to 20 cm depth. 

2.2.6. Ancillary vegetation measurements 
Leaf area index at peak growing season (LAImax, m2 m− 2) was 

recorded on August 2017 at six systematic locations within each plot 
(Supplementary Fig. S1) using LAI-2200 method (Li-Cor, Lincoln, NE, 
USA). Additional LAImax estimation in 2016 and 2018, determined by 
assuming a comparable relative annual change between LAImax and tree 
stem biomass, is described in Supplementary materials, Section 6. In 
addition, understory vegetation properties such as photosynthetically 
active green tissue biomass (gtb, g m− 2; see Supplementary materials, 
Section 7) and phenological biomass development were also recorded. 
To track phenology, we used hourly images obtained by digital repeat 
photography to derive a vegetation greenness index based on the green 
chromatic coordinate (gcc, dimensionless; Sonnentag et al., 2012) for 
each image as (Eq. (3)): 

gcc = DNg
/(

DNr +DNg +DNb
)

(3)  

where DNr, DNg, and DNb are the digital numbers (0–255) of the red, 
green and blue image channels within a selected region of interest as 
described in Peichl et al. (2015). More details on gcc estimation and 
normalization are given in Supplementary materials, Section 8. 

2.2.7. Forest-floor environmental measurements 
During each CO2 flux sampling day (see SubSection 2.3.1.), below- 

canopy air temperature (Tabc, ◦C; handheld digital thermometer 
M514B, Sunartis, Mingle Instruments GmbH Europe, North Rhine- 
Westphalia, Germany) and photosynthetic photon flux density 
(PPFDbc, µmol photons m− 2 s− 1; quantum sensor QSO-S, Apogee In-
struments Inc., Logan, UT, USA) were manually measured at each plot. 
Soil temperature at 10 cm depth (Ts10, ◦C; previous thermometer) and 
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soil volumetric water content at 5 cm depth (SWC5,%; moisture sensor 
GS3, METER Group Inc., Pullman, WA, USA) were also recorded at each 
plot. See Supplementary materials, Section 9 for additional information 
about sampling intervals and measurement points within each plot as 
well as the estimation of plot-level half-hourly values of Tabc, PPFDbc, 
Ts10, and SWC5 during 2016–2018. 

2.3. Net forest-floor CO2 exchange and its component fluxes 

2.3.1. Forest-floor CO2 exchange 
We established a split-plot design trenching experiment in late 

summer 2015, which was located 5 m outside from the sample plot 
boundary to avoid trampling disturbance. This set up included two 
adjacent subplots (1 m2), designated as vegetated (V) and vegetation 
removal and trenched (NV) subplots (Supplementary Fig. S1). The 
vegetated subplot was selected to include a vegetation cover and species 
composition representative for the entire plot. For each NV subplot, a 
trench of 10 cm width and 30–40 cm depth was dug around the subplot 
edges to exclude lateral root in-growth and thereafter at the beginning of 
each snow-free period (see Supplementary materials, Section 10 for the 
determination of snow-free and snow-covered periods during 
2016− 2018). The trenching was carried out in the preceding autumn 
and thus nearly 7 months before the beginning of CO2 flux measure-
ments in the following spring to reduce the effect of initially enhanced 
decomposition of residual roots in the NV subplots. In addition, under-
story vegetation within each trenched subplot was clipped and repeat-
edly thereafter whenever new shoots appeared. One square chamber 
base frame (aluminum, 0.2025 m2, 0.05 m height) was embedded 1–2 
cm into the soil surface in the center of each subplot to facilitate CO2 flux 
measurements. The net forest-floor CO2 exchange (NEff) and total forest- 
floor respiration (Rff) were estimated on the vegetated subplots, while 
heterotrophic soil respiration (RH) was measured in the trenched sub-
plots. Note that Rff includes the contribution of autotrophic respiration 
of understory vegetation (RAu) and tree roots (RAtr) as well as RH 
(Fig. 1). The gross primary production of understory vegetation (GPPu) 
was then derived as NEff–Rff. 

CO2 fluxes (µmol CO2 m− 2 s− 1) were measured with custom-made 
closed steady-state chamber (45 × 45 cm width, 20 cm height, 5 mm 
thick transparent acrylic Plexiglas® [Röhm GmbH, Weiterstadt, Hessen, 
Germany], 8% light attenuation [corrected for GPPu estimates]). The 
chamber base had rims with a rubber gasket, ensuring an airtight 
chamber seal with base frame during the closure period. The chamber 
was connected to a portable infrared gas analyser (IRGA) in a closed 
sampling loop. During the study period, we used three different IRGAs 
(MI70, Vaisala, Helsinki, Finland; LGR-GGA-24EP, Los Gatos Research 
Inc., San Jose, CA, USA; GasScouterTM G4301, Picarro, Santa Clara, CA, 
USA). A cross-comparison among the three analysers suggested no sig-
nificant differences in fluxes. Specifically, NEff was measured in ambient 
daylight, while for both Rff and RH the chamber was covered with an 
opaque tarp to enable measurements under dark conditions. Fluxes were 
measured on a monthly basis at each plot from May to October during 
2016− 2018. Within each monthly sampling, 5–7 plots were measured 
per day between 8:00− 16:00 h. A random order among the 50 plots was 
applied in each sampling to prevent diurnal effects. Measurements were 
performed across a wide range of daylight intensities at each plot over 3 
snow-free periods to facilitate the development of plot-level light 
response curves for GPPu. Additional information about calculation, 
data processing, quality control, and gap filling of fluxes is presented in 
Supplementary materials, Section 11. 

GPPu was described by a rectangular hyperbolic saturation light 
response curve (Thornley and Johnson, 1990) extended to include gcc as 
a proxy of the biomass phenology (Järveoja et al., 2016) and a tem-
perature dependence function of photosynthesis (Collatz et al., 1992) 
(Eq. (4)): 

GPPu =

(
α × PPFDbc × Amax × gccsubplot

α × PPFDbc +
(
Amax × gccsubplot

)

)

×
(
1
/ (

1+ e(s1×(T1− T)))) (4)  

where GPPu is the gross primary production of understory vegetation 
(µmol CO2 m− 2 s− 1), α is the initial slope of the light-use efficiency of 
photosynthesis (mol CO2 mol− 1 photons), PPFDbc is the below-canopy 
photosynthetic photon flux density (µmol photons m− 2 s− 1), Amax is 
the maximum photosynthesis at light saturation (µmol CO2 m− 2 s− 1), 
gccsubplot is the normalized subplot-specific green chromatic coordinate, 
s1 and T1 determine the low-temperature inhibition, and T is the 
average of air and soil temperature (Tabc and Ts10, respectively; ◦C). 
Here, T was defined according to Kulmala et al. (2019) with the aim to 
combine the specific effects of Tabc and Ts10 in regulating photosyn-
thetic seasonality in boreal forests. As a preliminary step, s1 and T1 were 
first estimated by fitting Eq. (4) to PPFDbc, gccsubplot, and T on data 
pooled from all plots and sample dates (n = 50 plots × 3 years × 6 
measurements). With the fixed s1 and T1, the remaining parameters (α 
and Amax) were then estimated for each plot by fitting again Eq. (4) 
including data pooled over all sample dates (n = 3 years × 6 
measurements). 

Respiration rates during the snow-free period (i.e., Rff_SF and RHSF) 
were modelled according to the Arrhenius temperature response func-
tion (Lloyd and Taylor, 1994) (Eq. (5)): 

RSF = Rref × e

[

E0×

((

1
56.02

)

−

(

1
(Ts10+46.02)

))]

(5)  

where RSF refers to snow-free Rff or RH (μmol CO2 m− 2 s− 1), Rref is 
ecosystem base respiration at 10 ◦C (μmol CO2 m− 2 s− 1), E0 is the 
parameter for activation energy (K− 1), and Ts10 is soil temperature at 10 
cm depth (◦C). Here, Rref and E0 were estimated for both Rff_SF and RHSF 
for each plot by fitting Eq. (5) to Ts10 including data pooled over all 
sample dates (n = 18). In addition, RH measurements performed in 
October were used to estimate RH during the snow-covered period 
(RHSC). For this, Eq. (5) was fitted to Ts10 on data pooled from all plots 
(n = 50 plots × 3 years × 1 measurement). In this study, all coefficients 
in GPPu, Rff, and RH fluxes were estimated according to the Marquardt 
non-linear regression method. For all above CO2 fluxes, see Supple-
mentary materials for supporting information about model coefficients 
(Supplementary Tables S1− S4) and general modeling adjust (Supple-
mentary Figs. S2− S3). 

2.3.2. Net primary production of understory vegetation 
Aboveground net primary production of understory vegetation 

(ANPPu) in 2017 was estimated from the sum of biomass production of 
each individual PFT. Herbs production was evaluated from peak 
standing biomass in August, whereas production for lichens, mosses, and 
shrubs was calculated as their respective biomass increment between 
June and August. We then converted biomass to carbon using a factor of 
0.5. ANPPu estimation in 2016 and 2018, determined from the annual 
shoot length increments (ASL, mm) in dwarf shrubs and assuming that 
the proportion between the different PFTs remained constant over the 3- 
year study period, is further described in Supplementary materials, 
Section 12. To estimate the belowground net primary production of fine 
roots (BNPPfr), we used the ingrowth core method. Thus, the holes 
created after extraction of the sequential cores at each plot were 
widened to 10 cm Ø (Supplementary Fig. S1; Aguinaga-Gil, 2018). A 
plastic mesh core (Ø 10 cm, length 30 cm) was then inserted into each 
hole in June 2017, filled with sieved local root-free soil, and covered 
with leaf litter (1 cm thick layer). One core per plot was collected with a 
soil corer (Ø 10 cm) at the end of August 2017, while the two remaining 
were collected at the end of September 2018. On each sampling, cores 
were sieved through a 2 mm mesh and saved fine-roots (Ø < 2 mm) were 
oven-dried (60 ◦C, 48 h) and weighed. Fine-roots carbon content was 
assumed to be 50% of dry biomass. For this purpose, we first estimated 
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the daily fine-root production (FRP, g C m–2 day–1) of each plot in 2017, 
which was derived from the total root biomass at the end of August 2017 
divided by number of days of incubation in the field. To estimate the 
corrected plot-level fine-root production over the entire growing season, 
we multiplied daily FRP by the number of growing days (n = 122) be-
tween June and September 2017. Then, BNPPfr in 2018 was derived by 
subtracting fine-root production of September 2017 from September 
2018. The partitioning of BNPPfr into fine-roots of trees (BNPPt_fr, data 
not shown) and understory vegetation (BNPPu) as well as their estima-
tion in 2016 and 2017 are described in Supplementary materials, Sec-
tions 13− 15. Finally, the net primary production of understory 
vegetation (NPPu) was derived as ANPPu+BNPPu. 

2.3.3. Annual cumulative CO2 fluxes 
Half-hourly GPPu, Rff_SF, RHSF, and RHSC values were modelled using 

estimated α, Amax, s1, T1, Rref, and E0 along with PPFDbc, T, Ts10, and 
daily gccsubplot as input variables. In addition, half-hourly Rff_SC was 
estimated as 1.09 × RHSC, which was based on the contribution of the 
autotrophic forest-floor respiration (RAff) during the snow-covered 
period in a similar boreal forest ecosystem (Pumpanen et al., 2015). 
Annual GPPu, Rff, and RH during 2016− 2018 were then derived at 
plot-level from their cumulative sums. GPPu was determined at 
plot-level by using the ratio obtained between gtb measured in the 
vegetated subplot and the permanent sample plot (Supplementary ma-
terials, Section 7). Next, annual NEff was calculated as Rff–GPPu. In 
addition, annual RAff was derived as Rff–RH, which in turn was parti-
tioned into RAu (GPPu–NPPu) and RAtr (RAff–RAu). Within this parti-
tioning approach, NEff, GPPu, NPPu, ANPPu, BNPPu, Rff, and RH are 
based on direct measurements from which RAff, RAu, and RAtr are 
derived as indirect estimates (Fig. 1). In this study, all fluxes were pre-
sented as positive terms. 

It is noteworthy that accounting for only the changes in NPPu likely 
led to a slightly over- and underestimation of RAu and RAtr, respectively, 
during the last third of the snow-free period (i.e., September–October). 
Furthermore, the root trenching approach cannot separate RA from the 
fraction of RH resulting from the microbial metabolism of fresh root 
exudates (Bond-Lamberty et al., 2011). Our RH and RAff estimates are, 
therefore, likely somewhat under- and overestimated, respectively. 
Finally, we note that due to the lack of data constraint, our modelled 
estimates potentially induced some bias during the period when the soil 
is snow covered. Nevertheless, our forest-floor respiration estimates 
during this period and their contribution to the annual flux (Supple-
mentary Tables S5 and S6) were in agreement with findings from nearby 
boreal forests (Chi et al., 2021; Jocher et al., 2017). 

2.4. Statistical analysis 

Data sets of 3-year (2016–2018) mean annual values were tested 
prior to analysis for normality (Kolmogorov–Smirnov test) and homo-
geneity of variance (Levene’s test) and log-transformed when necessary. 
One-way analysis of variance (ANOVA) was used to explore the effects 
from soil type, tree species, and stand age on biotic and abiotic factors as 
well as forest-floor CO2 fluxes. Bonferroni post hoc test was used to 
further compare the means for significant differences (p ≤ 0.05). The 
relative importance of biotic and abiotic factors in controlling each 
forest-floor CO2 flux was examined using forward stepwise multiple 
linear regression (MLR) analysis (p < 0.05 threshold). The input set of 
potential biotic and abiotic explanatory factors included stand age, total 
biomass carbon stocks of tree, understory, dead wood, litter, and soil (Ct, 
Cu, Cdw, Cl, and SOC, respectively), forest-floor environmental condi-
tions (Tabc, PPFDbc, Ts10, and SWC5), and soil properties (Odepth, C:N 
ratio, and BD). All statistical analyses were conducted using the SPSS 
software (version 27.0; IBM corp., Armonk, NY, USA) and Statgraphics 
Centurion software (version XVI; StatPoint Technologies Inc., Warren-
ton, VA, USA). 

3. Results 

3.1. Spatial patterns of biotic and abiotic forest characteristics across a 
managed forest landscape 

Across the 50 stands, basal area (BA) and leaf area index (LAImax) 
ranged from 4.0 to 37.6 m2 ha–1 and 0.9 to 5.0 m2 m–2, respectively 
(here and hereafter, the 10th and 90th percentiles define the reported 
“range”), with the latter showing higher values in till soil and spruce 
stands (p < 0.05, Table 1). Furthermore, both BA and LAImax signifi-
cantly increased as stands aged (p < 0.001). 

Three-year mean annual below-canopy air temperature (Tabc), light 
availability (PPFDbc), soil temperature (Ts10), and soil water content 
(SWC5) varied widely across the 50 stands, ranging from 3.1 to 4.5 ◦C, 
52 to 356 µmol photons m− 2 s− 1, 2.5 to 5.4 ◦C, and 19.6 to 40.8%, 
respectively. Among them, only Ts10 differed with tree species (p <
0.05), which was higher in pine than in spruce stands (Table 1). In 
addition, Tabc, PPFDbc, and Ts10 declined significantly with stand age (p 
< 0.001). 

Soil properties such as depth of organic horizon (Odepth), C:N ratio, 
and bulk density (BD) were in the range 3.6–8.4 cm, 27.5–40.4 
(dimensionless), and 0.60–1.05 g cm− 3, respectively. Specifically, 
higher Odepth but lower BD were noted in till compared to sediment soils 
(p < 0.01, Table 1). Meanwhile, Odepth was significantly higher in spruce 
compared to pine stands, whereas an opposite pattern was observed for 
C:N ratio and BD (p < 0.05). 

Across the 50 stands, there was a 4–fold range in total ecosystem 
carbon stock (Ctotal, 41.0–161.3 Mg C ha–1). The largest difference 
occurred in the tree biomass carbon stock (Ct) ranging from 7.1 to 110.6 
Mg C ha–1, which comprised on average 55% of Ctotal (Supplementary 
Fig. S4). The remaining Ctotal components including carbon stored in 
understory biomass (Cu), dead wood biomass (Cdw), litter biomass (Cl), 
and soil (SOC) carbon stocks were in the range 1.7–5.1, 0–6.1, 1.4–2.9, 
and 22.3–43.8 Mg C ha–1, respectively. Moreover, Ctotal and SOC were 
significantly higher in spruce than in pine stands (p < 0.05), whereas Cu 
exhibited an opposite pattern (p < 0.01, Table 2). Furthermore, Ctotal 
and most of its components increased significantly with stand age (p <
0.05), except for Cu, which decreased with age. 

3.2. Magnitudes and spatial variability in forest-floor CO2 fluxes 

The forest-floor was a net CO2 source in all 50 stands ranging from 
149 to 399 g C m− 2 yr− 1. No effect of soil type and tree species was 
apparent on the net forest-floor CO2 exchange (NEff, p = 0.81 and 0.94, 
respectively). In contrast, NEff increased significantly with stand age 
classes (p < 0.01) from 175 ± 76 to 326 ± 105 g C m− 2 yr− 1 from 
initiation to old-growth stands (Fig. 3, Supplementary Table S9). At the 
individual stand-level, NEff was weakly negatively correlated to both the 
gross primary production of understory vegetation (GPPu; Adj. R2 =

0.26) and net primary production of understory vegetation (NPPu, Adj. 
R2 = 0.20; Fig. 4). In comparison, NEff was more strongly positively 
correlated to the total forest-floor respiration (Rff; Adj. R2 = 0.45), which 
was primarily driven by a strong relationship with the tree root auto-
trophic respiration (RAtr, Adj. R2 = 0.68), whereas the correlation with 
the autotrophic respiration of understory vegetation (RAu) was weaker 
(Adj. R2 = 0.25). Meanwhile, the heterotrophic soil respiration (RH) did 
not explain any of the variation in NEff (Adj. R2 = 0.01). 

Across the 50 stands, GPPu and NPPu varied from 77 to 275 and 49 to 
163 g C m− 2 yr− 1, respectively. Specifically, the variations in these 
production fluxes were not affected by soil type (p = 0.41 and 0.39 for 
GPPu and NPPu, respectively). In contrast, higher GPPu, NPPu, and 
belowground net primary production of understory vegetation (BNPPu) 
values (by 19, 20, and 29%, respectively) were found in pine than in 
spruce stands, although this result was only marginally significant for 
GPPu (p = 0.054, Fig. 3, Supplementary Table S9). In addition, stand age 
class significantly influenced GPPu as well as NPPu and its components (p 
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< 0.05). Specifically, GPPu and NPPu declined from 263 ± 42 and 154 ±
16 g C m− 2 yr− 1, respectively, in initiation stands to 107 ± 38 and 71 ±
22 g C m− 2 yr− 1, respectively, in old-growth stands. 

Rff ranged from 340 to 549 g C m− 2 yr− 1 without significant effects 
from soil type, tree species, or stand age (p = 0.33, 0.08, and 0.99, 
respectively, Fig. 3). RH varied from 154 to 290 g C m− 2 yr− 1 across the 
50 stands, whereas the autotrophic forest-floor respiration (RAff) ranged 
from 135 to 348 g C m− 2 yr− 1. Neither of these Rff components corre-
lated significantly to soil type, tree species, or stand age (p > 0.05, Fig. 3, 
Supplementary Table S9). However, the individual RAff components 
were oppositely affected by stand age, with RAu significantly decreasing 
(p < 0.001) from 109 ± 29 to 36 ± 19 g C m− 2 yr− 1 and RAtr marginally 
increasing (p = 0.058) from 97 ± 39 to 191 ± 103 g C m− 2 yr− 1 from 
initiation to old-growth stands, respectively. 

Across the 50 stands, the carbon-use efficiency of understory vege-
tation (CUEu, NPPu:GPPu ratio) ranged from 0.50 to 0.71 (Supplemen-
tary Fig. S5), but was not affected by soil type, tree species, or stand age 
(p > 0.05). However, CUEu exhibited a weak increase with increasing 
stand development (from 0.59 ± 0.05 in initiation to 0.67 ± 0.09 in old- 
growth stands, Fig. 5). The ratio of below- to aboveground net primary 
production of understory vegetation (BNPPu:ANPPu) varied from 0.45 to 
2.01 (Supplementary Fig. S5) and was not affected by neither soil type, 
tree species nor stand age (p > 0.05, Fig. 5). Nonetheless, the ratio was 
on average somewhat higher in pine than in spruce stands (1.37 ± 0.73 
and 1.05 ± 0.49, respectively) and slightly decreased with stand age 
(from 1.46 ± 0.59 to 0.93 ± 0.50 from young to mature stands). The 
ratio of autotrophic to heterotrophic forest-floor respiration fluxes (RAff: 
RH) ranged from 0.57 to 1.91 (Supplementary Fig. S5) without any 
significant effect from soil type, tree species, or stand age (p > 0.05), 

although a somewhat increasing ratio was noted as stands aged (from 
0.95 ± 0.39 in initiation to 1.33 ± 0.50 in mature stands, Fig. 5). 

3.3. Key biotic and abiotic drivers of the spatial variability in forest-floor 
CO2 fluxes 

Our MLR analysis (Table 3) showed a moderate positive correlation 
between Ct and NEff (Adj. R2 = 0.39), suggesting greater forest-floor net 
CO2 emissions with increasing ecosystem carbon stock. GPPu was 
strongly and negatively correlated to Ct (Adj. partial R2 = 0.72), whereas 
it was weakly associated with Cu, soil C:N ratio, and Tabc (Adj. partial R2 

= 0.05, 0.02, and 0.01, respectively). NPPu was strongly and negatively 
correlated to Ct (Adj. partial R2 = 0.60), but only weakly to Cu (Adj. 
partial R2 = 0.06). Meanwhile, ANPPu were mostly related to Ct through 
a negative relationship (Adj. R2 = 0.45). In contrast, BNPPu showed a 
moderate positive correlation with Cu (Adj. partial R2 = 0.49), but it was 
weakly correlated to stand age (Adj. partial R2 = 0.05). Among the 
considered factors, no significant relationship was found for Rff. How-
ever, RAff was weakly and negatively correlated with Tabc (Adj. R2 =

0.13). The spatial variation of RAu was strongly and negatively associ-
ated with Ct (Adj. partial R2 = 0.66). However, adding Tabc, soil C:N 
ratio, and Cu, the total explanatory power for RAu increased from 0.66 to 
0.76. Furthermore, a weak negative correlation between Ct and RAtr was 
also revealed (Adj. R2 = 0.21). The best explaining factors of RH were 
Ts10 and soil C:N ratio (Adj. partial R2 = 0.07 and 0.06, respectively), 
which showed weak positive and negative correlations with RH, 
respectively. Furthermore, the correlations between each of the studied 
forest-floor CO2 fluxes and their primary drivers (i.e., Ct, Cu, Tabc, and 
Ts10) were unaffected by soil type and tree species, except for NEff, RAff, 

Table 1 
Forest stand characteristics, forest-floor environmental conditions, and soil properties grouped according to key forest landscape attributes (i.e., soil type, tree species, 
and stand age). Age: basal area-weighted mean stand age (yr), BA: basal area (m2 ha− 1), LAImax: leaf area index at peak growing season (m2 m− 2), Tabc: average annual 
below-canopy air temperature (◦C), PPFDbc: average annual below-canopy instantaneous daytime photosynthetic photon flux density (µmol photons m− 2 s− 1), Ts10: 
average annual soil temperature at 10 cm depth (◦C), SWC5: average annual soil volumetric water content at 5 cm depth (%), Odepth: depth of the organic soil horizon 
(cm), C:N: average soil carbon-nitrogen ratio up to 20 cm depth (dimensionless), and BD: average soil bulk density up to 20 cm depth (g cm− 3). Values represent the 3- 
year (2016− 2018) mean with standard deviation in brackets. Significant effects are marked in bold (see Supplementary Table S7 for further details). Different su-
perscript letters denote significant differences (Bonferroni test, p < 0.05) for each main effect.   

Soil type Tree species Stand age 

Component Sediment Till Pine Spruce Initiation Young Middle-aged Mature Old-growth 

Age 58 (33) 80 (46) 69 (39) 79 (48) 14 (9)a 48 (10)b 68 (5)c 92 (9)d 160 (27)e 

BA 17.3 (11.7) 22.2 (10.8) 19.4 (11.1) 22.5 (11.3) 3.6 (3.0)a 17.5 (6.9)b 20.4 (6.0)bc 26.7 (7.7)cd 35.4 (6.5)d 

LAImax 2.1 (1.1)a 3.1 (1.5)b 2.2 (1.1)a 3.6 (1.5)b 0.8 (0.4)a 2.7 (1.1)b 2.8 (0.7)b 3.2 (1.1)b 4.7 (1.7)c           

Tabc 3.9 (0.6) 3.8 (0.6) 3.9 (0.6) 3.7 (0.6) 4.7 (0.6)b 3.9 (0.3)a 3.7 (0.4)a 3.5 (0.5)a 3.7 (0.4)a 

PPFDbc 229 (112) 178 (116) 208 (114) 175 (119) 381 (48)b 184 (95)a 165 (77)a 161 (99)a 96 (49)a 

Ts10 3.8 (1.2) 3.8 (1.0) 4.1 (1.0)b 3.4 (1.1)a 5.6 (0.8)b 3.5 (0.4)a 3.8 (0.6)a 3.1 (0.8)a 3.4 (0.9)a 

SWC5 28.1 (8.0) 29.9 (9.8) 27.4 (10.0) 31.9 (7.7) 22.3 (7.4) 29.0 (5.5) 31.5 (9.2) 31.1 (10.6) 30.7 (10.8)           

Odepth 4.5 (1.2)a 6.2 (2.0)b 5.1 (1.4)a 6.4 (2.3)b 4.4 (1.2) 5.1 (1.7) 5.8 (2.1) 6.2 (1.8) 6.7 (2.7) 
C:N 34.7 (5.7) 34.5 (4.9) 35.9 (4.7)b 32.8 (5.1)a 36.3 (5.8) 33.7 (5.2) 33.1 (4.3) 36.1 (5.0) 33.0 (5.7) 
BD 0.95 (0.13)b 0.80 (0.17)a 0.89 (0.11)b 0.78 (0.22)a 0.93 (0.14) 0.94 (0.13) 0.79 (0.17) 0.81 (0.16) 0.79 (0.24)  

Table 2 
Carbon stocks (Mg C ha− 1) grouped according to key forest landscape attributes (i.e., soil type, tree species, and stand age). Ctotal: total ecosystem, Ct: total tree biomass, 
Cu: total understory biomass, Cdw: total dead wood biomass, Cl: total litter biomass, and SOC: soil organic carbon up to 20 cm depth. Values represent the 3-year 
(2016− 2018) mean with standard deviation in brackets. Significant effects are marked in bold (see Supplementary Table S8 for further details). Different super-
script letters denote significant differences (Bonferroni test, p < 0.05) for each main effect.   

Soil type Tree species Stand age 

Component Sediment Till Pine Spruce Initiation Young Middle-aged Mature Old-growth 

Ctotal 87.2 (48.3) 110.2 (44.4) 91.8 (38.0)a 118.0 (52.4)b 38.4 (8.2)a 80.1 (23.6)b 103.7 (22.4)bc 130.2 (35.5)cd 161.3 (42.2)d 

Ct 51.4 (41.1) 70.0 (40.3) 55.8 (35.4) 75.4 (45.8) 6.1 (4.8)a 47.0 (21.1)b 61.7 (18.2)bc 87.2 (28.4)cd 121.2 (39.1)d 

Cu 3.6 (1.0) 3.2 (1.5) 3.8 (1.2)b 2.7 (1.3)a 4.8 (0.7)b 3.2 (1.0)ab 3.5 (1.4)ab 2.8 (1.2)a 2.2 (1.2)a 

Cdw 1.7 (3.3) 2.4 (2.9) 1.8 (2.8) 2.7 (3.2) 0.2 (0.2) 1.4 (1.6) 2.6 (2.1) 3.2 (4.6) 2.9 (2.3) 
Cl 1.9 (0.7) 2.1 (0.5) 2.1 (0.6) 2.1 (0.6) 1.4 (0.3)a 2.1 (0.5)b 2.0 (0.3)b 2.4 (0.7)b 2.4 (0.5)b 

SOC 28.6 (7.3) 32.5 (8.5) 28.3 (5.7)a 35.1 (9.5)b 25.9 (5.3)a 26.4 (3.0)a 33.9 (9.4)b 34.6 (8.5)b 32.6 (8.7)ab  
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Fig. 3. Box plots representing the annual forest-floor CO2 fluxes (see Fig. 1 for flux definitions; g C m− 2 yr− 1) grouped according to key forest landscape attributes (i. 
e., soil type, tree species, and stand age). a) net forest-floor CO2 exchange (NEff), b) gross primary production of understory vegetation (GPPu), c) net primary 
production of understory vegetation (NPPu), d) aboveground net primary production of understory vegetation (ANPPu), e) belowground net primary production of 
understory vegetation (BNPPu), f) total forest-floor respiration (Rff), g) autotrophic forest-floor respiration (RAff), h) autotrophic respiration of understory vegetation 
(RAu), i) autotrophic respiration of tree roots (RAtr), and j) heterotrophic soil respiration (RH). Data based on 3-year (2016− 2018) mean annual values. The boxes 
represent the 25th (bottom) and 75th (top) percentiles, the central line the median, and the cross the mean. Whiskers below and above the box denote data within 1.5 
times of the interquartile range and outliers are given as individual points. Significant effects are marked in bold. Different superscript letters denote significant 
differences (Bonferroni test, p < 0.05) for each main effect. * denotes marginally significant p-values. 

Fig. 4. Relationships of the net forest-floor CO2 exchange (NEff) with a) gross primary production of understory vegetation (GPPu), b) net primary production of 
understory vegetation (NPPu), c) total forest-floor respiration (Rff), d) heterotrophic soil respiration (RH), e) autotrophic forest-floor respiration (RAff), f) autotrophic 
respiration of understory vegetation (RAu), and g) autotrophic respiration of tree roots (RAtr) across the 50 stands. Dots and lines represent the 3-year (2016− 2018) 
mean annual values and linear regression fit line, respectively. Adjusted coefficient of determination (Adj. R2) and p-value are shown. n = 50 stands. 
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and RAtr, which were higher in pine compared to spruce stands (Sup-
plementary Figs. S6–S7). 

4. Discussion 

This study provides a detailed analysis of the landscape-scale vari-
ability in the net forest-floor CO2 exchange (NEff) and its component 
fluxes and, thus, serves as a step towards a more process-based under-
standing of their magnitudes, relative contributions, and controlling 
factors. Such detailed knowledge is essential for evaluating the sensi-
tivity of the boreal forest carbon balance to gradients in edaphic and 
structural attributes as well as forest management strategies and 
climate-forcing processes. 

4.1. How do forest-floor CO2 fluxes vary across a managed boreal forest 
landscape? 

Our findings demonstrate that the forest-floor consistently acts as an 
annual net CO2 source in all stand types within the boreal-forested 
landscape, however, with considerable variation noted in the source 
strength (149 to 399 g C m− 2 yr− 1). The range in NEff observed within 
the studied landscape encompasses the majority of NEff estimates from 
previous forest site-level studies in the boreal region (e.g., Chi et al., 
2021; Gaumont-Guay et al., 2009, 2014; Grant et al., 2001; Launiainen 
et al., 2005; Ťupek et al., 2008). However, it is noteworthy that NEff 
estimates exceeding 1000 g C m− 2 yr− 1 have been occasionally reported 
(Morén and Lindroth, 2000; Widén, 2002). To date, it has remained 
unclear to what extent this variation in the net forest-floor CO2 exchange 

was driven by geographical and/or climatic gradients or intrinsic 
landscape properties. Here, we reveal the spatial variability in NEff and 
its underlying component fluxes within a single boreal catchment, 
removing potentially confounding effects from trans-regional gradients. 

The range of the gross primary production of understory vegetation 
(GPPu) within our studied catchment (77–275 g C m− 2 yr− 1) is within 
the maximum–minimum span of 30–350 g C m− 2 yr− 1 reported from 
single-site studies in boreal forests (e.g., Bergeron et al., 2009; Chi et al., 
2021; Gaumont-Guay et al., 2014; Kulmala et al., 2011, 2019; Palmroth 
et al., 2019; Ťupek et al., 2008). The similar GPPu span, when comparing 
that of the studied landscape with the one reported across various boreal 
sites, suggests that variations in understory photosynthetic rates within 
the boreal region are driven primarily by landscape characteristics 
rather than by geographical/climatic gradients. We also note that the 
average GPPu of 183 ± 72 g C m− 2 yr− 1 across the 50 stands indicates 
that understory photosynthesis represents a substantial contribution to 
landscape-scale gross primary production, which in the same catchment 
was previously estimated at 805 ± 28 g C m− 2 yr− 1 based on tall-tower 
eddy covariance measurements (Chi et al., 2019). 

Our findings further reveal that total forest-floor respiration (Rff) is 
more important than GPPu in controlling the landscape-scale variation 
in NEff (Fig. 4). Therefore, acquiring comprehensive data on forest-floor 
respiration sources (incorporating soil, tree roots, and understory 
vegetation) will be particularly important for improving our under-
standing of the landscape-scale net forest-floor CO2 budget. Specifically, 
the range of Rff across the studied landscape (340–549 g C m− 2 yr− 1) is 
within the lower half of the minimum–maximum range of 350–900 g C 
m− 2 yr− 1 reported by previous boreal site-level studies (e.g., Chi et al., 

Fig. 5. Ratios between forest-floor CO2 
fluxes grouped according to key forest 
landscape attributes (i.e., soil type, tree 
species, and stand age). a–c) Net to 
gross primary production of understory 
vegetation (NPPu:GPPu, i.e., carbon use 
efficiency of understory vegetation, 
CUEu), d–f) below- to aboveground net 
primary production of understory 
vegetation (BNPPu:ANPPu), and g–i) 
autotrophic forest-floor to heterotro-
phic soil respiration (RAff:RH). Values 
represent the 3-year (2016− 2018) 
mean with standard deviation in whis-
kers. Non-significant differences were 
found (p > 0.05).   
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Table 3 
Coefficients (b0, b1, b2, b3, b4) and their standard errors (SE), adjusted coefficients of partial and total determination (Adj. partial R2 and Adj. R2, respectively), standard error of estimate (SEE), and p-value of multiple 
linear regressions determined among annual forest-floor CO2 fluxes (g C m− 2 yr− 1) and biotic and/or abiotic factors. See Fig. 1 for flux definitions. Adj. partial R2 values are presented following the order of the independent 
variables (IV) in the regression. Data based on 3-year (2016− 2018) mean annual values. Non-significant regressions are denoted as ns. n = 50 stands.   

Coefficients  SE Coefficients  Adj. partial R2  Adj. R2 SEE p 

Regression b0 b1 b2 b3 b4  b0 b1 b2 b3 b4  IV 1 IV 2 IV 3 IV 4     

1 NEff = b0 + b1 × Ct 

1 164 1.46 – – –  20 0.26 – – –  0.39 – – –  0.39 74.1 < 0.001 

2 GPPu = b0 + b1 × Ct + b2 × Cu + b3 × C:N+ b4 × Tabc 

2 333 –1.17 23.27 –2.29 –18.98  56 0.19 5.69 1.00 9.17  0.72 0.05 0.02 0.01  0.80 32.0 < 0.001 

3 NPPu = b0 + b1 × Ct + b2 × Cu 

3 95 –0.46 12.91 – –  22 0.13 4.15 – –  0.60 0.06 – –  0.66 24.1 < 0.001 

4 ANPPu = b0 + b1 × Ct 

4 69 –0.29 – – –  3 0.05 – – –  0.45 – – –  0.45 13.1 < 0.001 

5 BNPPu = b0 + b1 × Cu + b2 × Age 

5 33 12.22 –0.21 – –  13 2.56 0.08 – –  0.49 0.05 – –  0.54 20.2 < 0.001 

6 Rff 

6 – – – – –  – – – – –  – – – –  – – ns 

7 RAff = b0 + b1 × Tabc 

7 418 –48.27 – – –  65 16.69 – – –  0.13 – – –  0.13 71.1 < 0.01 

8 RAu = b0 + b1 × Ct + b2 × Tabc + b3 × C:N+ b4 × Cu 

8 199 –0.68 –14.92 –1.57 9.15  31 0.10 5.00 0.55 3.11  0.66 0.04 0.04 0.02  0.76 17.5 < 0.001 

9 RAtr = b0 + b1 × Ct 

9 97 0.94 – – –  19 0.25 – – –  0.21 – – –  0.21 72.5 < 0.001 

10 RH = b0 + b1 × Ts10 + b2 × C:N 

10 239 18.89 –2.96 – –  47 6.65 1.40 – –  0.07 0.06 – –  0.13 47.0 < 0.05 

Independent variables included in the regressions are basal area-weighted mean stand age (Age, yr), total tree biomass carbon stock (Ct, Mg C ha− 1), total understory biomass carbon stock (Cu, Mg C ha− 1), below-canopy 
air temperature (Tabc, ◦C), soil temperature at 10 cm depth (Ts10, ◦C), and average soil carbon-nitrogen ratio up to 20 cm depth (C:N, dimensionless). 
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2021; Gaumont-Guay et al., 2009, 2014; Grant et al., 2001; Launiainen 
et al., 2005; Ryhti et al., 2021; Ťupek et al., 2008). Thus, in contrast to 
GPPu, geographical and/or climatic conditions (e.g., seasonal tempera-
ture dynamics) might override and/or further modify intrinsic land-
scape features in regulating the spatial heterogeneity in Rff within the 
boreal biome. Our results also suggest that the large range in the relative 
contribution of autotrophic and heterotrophic respiration (RAff and RH, 
respectively) to Rff (0.57–1.91) is primarily due to the variations in the 
RAff components, whereas RH remains relatively stable across the 50 
stands. This further implies that the physiological response of RAff to 
perturbations from forest management and climate change is an 
important driver for associated changes in the forest-floor CO2 emis-
sions. Given the potential bias in our RH and RAff estimates, however, 
future efforts should focus on refining these estimates and related pat-
terns in the boreal landscape. The average Rff of 440 ± 84 g C m− 2 yr− 1 

across the 50 stands also indicates a substantial contribution to 
landscape-scale respiration, which was previously estimated at 710 ±
25 g C m− 2 yr− 1 for the same catchment (Chi et al., 2019). Thus, given 
the large range and contribution of Rff within and its potential vulner-
ability to climate warming (Bond-Lamberty and Thomson, 2010), the 
forest-floor plays a pivotal role in the response of the carbon balance of 
boreal forest landscapes to global change impacts. 

4.2. What is the sensitivity of the forest-floor CO2 fluxes to key landscape 
attributes? 

Soil type, tree species, and stand age are widely acknowledged key 
landscape attributes modulating understory productivity and soil 
biogeochemistry (Barbier et al., 2008; Chen and Shrestha, 2012; Hed-
wall et al., 2013; Kumar et al., 2018a; Laganière et al., 2012; Marek and 
Richardson, 2020). The lack of soil type and tree species effects on NEff 
observed in this study appears, thus, surprising at first. However, we 
show that counterbalancing dynamics in understory photosynthesis and 
total forest-floor respiration may explain the absence of soil and tree 
effects on the net forest-floor CO2 exchange. Meanwhile, NEff is strongly 
affected by stand age in response to decreasing GPPu, with Rff remaining 
fairly stable among age classes (Fig. 3). Therefore, we demonstrate that 
stand age is a strong regulator of the net CO2 emissions at the boreal 
forest-floor interface, emphasizing that perturbations of forest age 
structure (e.g., by management or natural disturbance) may largely alter 
forest-floor CO2 exchange dynamics. 

Consistent with previous works (Kulmala et al., 2011; Landuyt et al., 
2019; Petersson et al., 2019), our study also demonstrates the influence 
of structural attributes on modulating understory growth conditions and 
production rates across the landscape. Specifically, increased light 
availability and warmer air temperature at the forest-floor promoted 
higher GPPu and NPPu in pine compared to spruce stands (Supplemen-
tary Fig. S8). It is also worth noting that production rates show 
maximum values during the early stages of stand development, which 
suggests that understory establishes rapidly following forest clear cut-
ting, likely due to increased resource availability such as light, water, 
and soil nutrients (Barbier et al., 2008; Kumar et al., 2018b). Thereafter, 
both GPPu and NPPu decrease with stand development in response to a 
simultaneous reduction in light availability and temperature (Table 1), 
understory biomass (Table 2), and photosynthetic activity rates (Sup-
plementary Fig. S9), likely in combination with an increase in inter-
specific nutrient/water competition between tree and understory roots 
(Landuyt et al., 2019; Nilsson and Wardle, 2005). 

The large variability in the understory carbon use efficiency (CUEu, 
NPPu:GPPu ratio; range 0.50–0.71) was similar to that previously re-
ported for forest ecosystems in which the forest-floor is dominated by 
shrub and herbaceous species (range 0.40–0.70, Zhang et al., 2009). 
However, it is important to note that a weak tendency to higher CUEu 
values was observed with increasing stand age (Fig. 5), which might be 
due to the increasing contribution from mosses, which have a higher 
carbon use efficiency rates than other plant functional types (Street 

et al., 2013). Additionally, the observed increase in nitrogen availability 
(i.e., lower C:N ratio) and decrease in below-canopy temperature during 
stand development may further explain the age-related increase in 
CUEu, which is in line with previous findings (Bradford and Crowther, 
2013; Vicca et al., 2012). 

Our study also sheds light on the largely understudied patterns of 
NPPu allocation. Specifically, our observation that larger amount of 
biomass is allocated below- than aboveground may reflect an adaptation 
of the shallow-rooted understory species in order to allow nutrient and 
water supply in the resource-limited understory environments of boreal 
forests. Interestingly, we also found that the belowground contribution 
to NPPu is lower in spruce than in pine stands and it also decreases with 
stand development (Fig. 5), suggesting that understory responds to 
reduced light availability by increasing carbon allocation toward 
aboveground growth (Kumordzi et al., 2016; Poorter et al., 2012). In 
addition, changes in the dominance of plant functional types (Supple-
mentary Fig. S10) and their inherent differences in biomass allocation 
patterns may also be involved in the increasing aboveground photo-
synthate carbon allocation as stands age. It is however noteworthy that 
despite our extensive efforts, methodological assumptions required to 
estimate NPPu over the 3-year study period still led to considerable 
uncertainty in the interpretation of understory production and alloca-
tion results. Thus, improving our knowledge on NPPu dynamics remains 
a key research challenge. 

This study further demonstrates that neither edaphic nor structural 
landscape attributes affect Rff (Fig. 3). This fact could be due to coun-
teracting effects of the various controls across the complex landscape. 
For instance, we found that sediment soils and pine stands show warmer 
forest-floor conditions (Table 1) and higher understory biomass 
(Table 2), but Rff rates show no significant difference with those of till 
soils and spruce stands because Rff could be positively affected in the 
latter by their higher levels of SOC (Table 2) and tree root biomass 
(Supplementary Fig. S11). It is also noteworthy that the lack of effect of 
stand age on the underlying components of Rff (see discussed below) 
prevents the emergence of a clear pattern of Rff along the age gradient. 

The absence of substantial variations in RH during stand develop-
ment (Fig. 3) is in contrast with the common understanding that this 
flux, after an initial pulse following clear cutting, steadily increases with 
stand age (Harmon et al., 2011; Saiz et al., 2006). One possible expla-
nation for the lack of high RH in our recent clear-felled stands could be 
that relative to temperate regions (Pregitzer and Euskirchen, 2004), 
lower soil nutrient availability and colder temperature may limit mi-
crobial decomposition rates during the early stages of stand develop-
ment in the boreal region. Thereafter, the offset between decreasing soil 
temperature and increasing amounts of SOC might explain the fairly 
invariant level of RH observed during stand development. 

Similar to RH, we also observed a lack of stand age effect on RAff, 
which was likely because the increase in the autotrophic respiration of 
tree roots (RAtr) was balanced by the decrease in that of understory 
vegetation (RAu) during stand development. These parallel dynamics 
are well-reflected by the wide range in the ratio of RAtr:RAu, which 
increased from 0.9 in initiation stands to 7.3 in old-growth stands, 
demonstrating a considerable age-related shift in the main control of 
RAff across the landscape. Overall, this study highlights the need for a 
detailed understanding of the controls and relative contributions from 
the separate autotrophic forest-floor respiration components in order to 
improve our ability to predict ecosystem carbon balance responses to 
climate change. 

4.3. Which key biotic and abiotic factors modulate the spatial variability 
of forest-floor CO2 fluxes across a managed boreal forest landscape? 

In a next step, we further assessed in more detail which specific biotic 
and abiotic factors drive the spatial variability of forest-floor CO2 fluxes. 
Our MLR analysis reveals that tree biomass (Ct) largely shapes the 
landscape-scale patterns of NEff and most of its underlying component 
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fluxes (Table 3). This result is supported by the significant control that 
overstory biomass exerts on remaining ecosystem biomass components 
as well as resource availability and growing conditions at the forest-floor 
(Supplementary Fig. 12). Our findings therefore demonstrate that 
changes in the overstory tree dynamics in response to forest manage-
ment and/or global change might significantly modulate the magnitudes 
and spatial variation of the forest-floor CO2 fluxes in boreal forests. 

The observed positive correlation between NEff and Ct might be 
mainly caused by changes in RAtr (Fig. 4). Not surprisingly, RAtr tends to 
increase with tree biomass (Table 3), which is largely attributable to 
concurrent increases in tree root biomass and respiration. It should also 
be noted that RAtr (and NEff) differed between pine and spruce stands 
(Supplementary Fig. S7). This tree species effect may arise from the 
lower RAtr rates observed in spruce stands at maximum Ct values, which 
in turn might be directly associated with the coincident decrease in fine- 
root biomass (Supplementary Fig. 13). While it is known that fine root 
biomass gradually declines in maturing stands (Yuan and Chen, 2010), 
the reason for the faster decrease in spruce than in pine stands observed 
in our study remains elusive. 

The negative correlation of understory production to tree biomass 
might be explained by overstory effects on understory light environment 
and growing conditions (Barbier et al., 2008; Landuyt et al., 2019). 
Previous studies suggested that ignoring understory dynamics may 
result in biased estimates of forest productivity (Kolari et al., 2006; 
Nilsson and Wardle, 2005). The tight relationships between Ct and both 
GPPu and NPPu observed in our study further underline the need for 
mapping these largely understudied CO2 fluxes in boreal forest 
ecosystems. 

Forest microclimate, specifically below-canopy air temperature 
(Tabc), appears to control the RAff rates across the studied landscape. 
However, the weak negative correlation between RAff and Tabc may be 
partially due to confounding effects on the RAtr component attributed to 
the negative covariance between Tabc and Ct (Supplementary Fig. S12). 
In addition, it is worth noting that warmer conditions in pine than in 
spruce stands resulted in a greater RAff (Supplementary Fig. S7), in line 
with the well-known temperature dependency of autotrophic respiration 
(Atkin and Tjoelker, 2003). In contrast to RAtr, RAu decreased with 
increasing tree biomass, which was primarily due to the concurrent 
trends of decreasing understory biomass and increasing CUEu. Thus, our 
study highlights the complexity of autotrophic forest-floor respiration 
and the need for more empirical evidence to resolve existing un-
certainties in this carbon cycle component. 

Our results further suggest that overstory effects on soil temperature 
(Ts10) may play an important role in regulating landscape-scale soil 
decomposition dynamics (Table 3). Interestingly, the higher apparent 
temperature sensitivity of RH in young stands (i.e., Q10 values, see 
Supplementary Fig. S15 in Supplementary materials, Section 16) in-
dicates that climate-driven temperature increases (Bond-Lamberty et al., 
2018) might enhance RH particularly during the initial stand develop-
ment. Altogether, our results therefore suggest that soil carbon-climate 
feedbacks might be highly variable at the landscape-scale, which must 
be considered when assessing the response of the boreal forest carbon 
balance to climate change. 

5. Conclusions 

Our study provides evidence for the large spatial variability in forest- 
floor CO2 fluxes across the boreal landscape in response to multiple 
processes and their different controls. This highlights the need for a 
detailed understanding of these various processes underlying the net 
forest-floor CO2 exchange (NEff) to improve process-based models with 
the aim to more accurately predict responses of the boreal forest carbon 
cycle to external forcings. Our study also reveals that among the key 
landscape attributes, stand age acts as the dominant control on modu-
lating most forest-floor CO2 fluxes. In comparison, tree species only af-
fects understory production and soil type has no effect on any of the NEff 

component fluxes. Based on our results, we further conclude that among 
the investigated abiotic and biotic factors, tree biomass is the major 
driver of the landscape-scale variations of CO2 fluxes, likely attributable 
to modulating effects on resource availability and growing conditions at 
the forest-floor interface. This further implies that consequences from 
changes in climatic conditions and forest management strategies for 
forest-floor CO2 dynamics are tightly coupled to the responses of tree 
canopy structure and biomass allocation. 
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Jocher, G., Ottosson Löfvenius, M., De Simon, G., Hörnlund, T., Linder, S., Lundmark, T., 
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Mäkinen, H., Hynynen, J., Siitonen, J., Sievänen, R., 2006. Predicting the decomposition 
of Scots pine, Norway spruce, and Birch stems in Finland. Ecol. Appl. 16 (5), 

E. Martínez-García et al.                                                                                                                                                                                                                      

https://doi.org/10.5194/bg-6-1849-2009
https://doi.org/10.1038/s41586-018-0358-x
https://doi.org/10.1016/j.soilbio.2011.06.011
https://doi.org/10.1038/nature08930
https://doi.org/10.1038/nature08930
https://doi.org/10.1111/j.1365-2486.2004.00816.x
https://doi.org/10.1111/nph.12334
https://doi.org/10.1038/ncomms13717
https://doi.org/10.1007/s10021-005-0105-7
https://doi.org/10.1016/j.soilbio.2012.03.014
https://doi.org/10.1016/j.agrformet.2019.04.010
https://doi.org/10.1016/j.agrformet.2021.108454
https://doi.org/10.1016/j.agrformet.2021.108454
https://doi.org/10.1071/PP9920519
https://doi.org/10.1111/j.1365-2486.2007.01415.x
https://doi.org/10.1111/j.1365-2486.2007.01415.x
https://doi.org/10.1038/nature04514
https://doi.org/10.1126/science.263.5144.185
https://doi.org/10.1016/j.agrformet.2013.08.010
https://doi.org/10.1111/j.1365-2486.2008.01830.x
https://doi.org/10.1111/j.1365-2486.2010.02274.x
https://doi.org/10.1111/j.1365-2486.2010.02274.x
https://doi.org/10.1029/2001JD900064
https://doi.org/10.1029/2010JG001495
https://doi.org/10.1111/j.1654-1103.2012.01457.x
https://doi.org/10.1111/j.1365-2486.2012.02798.x
https://doi.org/10.1111/j.1365-2486.2012.02798.x
https://doi.org/10.1016/j.foreco.2009.01.036
https://doi.org/10.1016/j.foreco.2009.01.036
https://doi.org/10.1016/j.foreco.2018.07.008
https://doi.org/10.1016/j.foreco.2018.07.008
https://doi.org/10.1016/j.foreco.2016.03.033
https://doi.org/10.1111/gcb.13489
https://doi.org/10.1111/gcb.13489
https://doi.org/10.1016/j.agrformet.2015.08.247
https://doi.org/10.1111/gcbb.12308
https://doi.org/10.1016/j.agrformet.2016.08.002
https://doi.org/10.1016/j.foreco.2005.10.021
https://doi.org/10.1016/j.foreco.2005.10.021
https://doi.org/10.1016/j.agrformet.2019.02.029
https://doi.org/10.1016/j.agrformet.2019.02.029
https://doi.org/10.1139/x11-121
https://doi.org/10.1139/x11-121
https://doi.org/10.5194/bg-6-2495-2009
https://doi.org/10.5194/bg-6-2495-2009
https://doi.org/10.1016/j.foreco.2018.05.066
https://doi.org/10.1016/j.foreco.2018.05.066
https://doi.org/10.1111/1365-2745.12861
https://doi.org/10.1111/1365-2745.12861
https://doi.org/10.1371/journal.pone.0157136
https://doi.org/10.1371/journal.pone.0157136
https://doi.org/10.1186/s40663-018-0142-2
https://doi.org/10.1016/j.soilbio.2012.04.024
https://doi.org/10.1016/j.soilbio.2012.04.024
https://doi.org/10.1111/gcb.14756
https://doi.org/10.1111/gcb.14756
https://doi.org/10.1002/hyp.14170
https://doi.org/10.1002/hyp.14170
http://refhub.elsevier.com/S0168-1923(22)00109-5/sbref0046
http://refhub.elsevier.com/S0168-1923(22)00109-5/sbref0046
http://refhub.elsevier.com/S0168-1923(22)00109-5/sbref0046
http://refhub.elsevier.com/S0168-1923(22)00109-5/sbref0046
https://doi.org/10.2307/2389824
https://doi.org/10.1111/j.1365-2486.2007.01439.x
https://doi.org/10.1111/j.1365-2486.2007.01439.x


Agricultural and Forest Meteorology 318 (2022) 108916

14

1865–1879. https://doi.org/10.1890/1051-0761, 2006016[1865:PTDOSP]2.0.CO; 
2.  
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Lundqvist, J., Rosqvist, G.C., Strömberg, B., Jansson, K.N., 2016. Deglaciation of 
Fennoscandia. Quaternary Sci. Rev. 147, 91–121. https://doi.org/10.1016/j. 
quascirev.2015.09.016. 

Thornley, J.H.M., Johnson, I.R., 1990. Plant and Crop modeling: A mathematical 
Approach to Plant and Crop Physiology. The Blackburn Press, Caldwell, New Jersey, 
NJ, USA, p. 669. 
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