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A B S T R A C T

There is a public debate on how boreal forests can deliver climate change mitigation benefits. While most debates 
regarding Fennoscandian forests have centered on the contrasting effects of actively managed and old-growth 
unmanaged forests on carbon uptake and storage, the impact of surface albedo has often been overlooked. Ac
cording to the new EU forest strategy for 2030, with aim of improving quantity and quality of forests by pro
moting primary old-growth forests and avoiding clear-cutting, among others, we examined how albedo across a 
wide age range of boreal Pinus-dominated forests develops over time after wildfire (defined as unmanaged) and 
clear-cutting (defined as managed). We find that albedo decreases over time after disturbance, but mainly in 
managed forests. Annual mean albedo in young (<30 years) managed forests (0.36±0.04) is markedly larger 
than in young unmanaged forests (0.18±0.04). This difference is particularly prominent during winter, when 
snow-covered ground is present. The mean albedo over the entire unmanaged forest-age gradient (0.17±0.05) is 
significantly lower (p < 0.05) than that of the managed forest-age gradient (0.23±0.10). Considering the typi
cally higher frequency of clear-cuts compared to wildfires in Fennoscandian forests, these albedo differences 
would be even larger over long time scales. Our findings reveal the importance of considering the climatic 
cooling potential of albedo when making decisions on how to optimize future forest management in northern 
boreal forests to mitigate climate change.

1. Introduction

Boreal forests play a critical role in the global carbon cycle by 
sequestering large amounts of CO2 from the atmosphere through 
photosynthesis and storing carbon in soils (Bonan, 2008; Bradshaw and 
Warkentin, 2015; Nabuurs et al., 2013). By adopting the Kyoto Protocol 
in 1997, the role of forests and forestry was highlighted for the first time 
as a means to sequester a portion of the growing emissions of greenhouse 
gases. Today, there is strong pressure for boreal forest management 
practices to optimize the delivery of a multitude of ecosystem services – 
including biomass production, biodiversity, and climate regulation 
(Eyvindson et al., 2018; Lindahl et al., 2017; Pohjanmies et al., 2017) – 
to fulfill the goals set by the Paris Agreement on climate change and the 

Kunming-Montreal Global Biodiversity Framework. As part of these 
climate-related forest policies, the climate benefits associated with pri
mary unmanaged boreal forests versus even-aged managed forest stands 
(i.e., where trees are of similar age) have become increasingly discussed. 
For instance, forest-related land use change in Sweden, largely driven by 
the expansion of rotational forestry, i.e., where forests are clear-cut, 
planted, thinned, and eventual cut again (Ahlström et al., 2022), has 
sparked contrasting viewpoints regarding its impact on climate. Pro
ponents of rotational forestry argue that younger managed forests serve 
as stronger carbon sinks because of their higher rates of net primary 
production relative to older stands (Tang et al., 2014). Conversely, 
others emphasize the importance of old-growth unmanaged forests, 
which store larger quantities of carbon in both biomass and soil over 
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long periods, thereby reducing atmospheric CO2 concentrations 
(Bradshaw et al., 2009; Luyssaert et al., 2008). Despite this ongoing 
discussion, the climate effect derived from altered albedo during these 
forest transitions has been almost entirely overlooked.

Surface albedo, the fraction of incoming solar radiation reflected by 
the land surface, is a key parameter governing Earth’s energy balance 
(Wang et al., 2019). Over the last decade, we have acquired an increased 
understanding of how forest management practices impact albedo. 
These practices are mainly related to alterations of stand age and forest 
structural- and species compositions (Bright et al., 2013; Kuusinen et al., 
2014; 2016). Ignoring the climate effect of albedo can potentially lead to 
incorrect conclusions about the climate impacts of management in 
boreal forests (Bright et al., 2014; Hasler et al., 2024). This emphasizes 
the importance of incorporating albedo as a standard boreal forest ser
vice related to climate regulation. However, doing so is not a trivial task, 
as different studies suggest different climatic outcomes depending on the 
local climatic and environmental conditions (Bright and Astrup, 2019), 
the interplay between the opposing effects of albedo and carbon 
sequestration (Bright et al., 2024; Hovi et al., 2016; Rautiainen et al., 
2011; Kellomäki et al., 2021; 2023), and the methods employed to 
compare the two effects (Bright and Lund, 2021). Therefore, reliable 
assessments of climate effects from albedo changes linked to forest 
planning require reliable information at spatial scales aligned with those 
of local forestry (Bright et al., 2024).

Despite improved knowledge about how forestry impacts albedo, less 
effort has been made to quantify and understand albedo differences 
between managed versus unmanaged boreal forests. Acquiring this 
knowledge is critical for finding an optimal solution maximizing 
ecosystem services provided by boreal forests. Notably, about 35 % of 
the global forest area is classified as “old-growth” or “primary” un
managed forest (FAO, 2015), of which the boreal forest accounts for 50 
% (Mackey et al., 2015). Wildfires are a major disturbance in unman
aged boreal forests around the globe and wildfires are becoming more 
frequent and severe (Flannigan et al., 2013; Jones et al., 2024; Kinnunen 
et al., 2024). The relevance of albedo to the climate effect of forest fires 
has been clearly illustrated across different types of boreal forests 
(O’Halloran et al., 2012; Randerson et al., 2006; Stuenzi and 
Schaepman-Strub, 2020). Whereas wildfires serve as the dominant 
stand-replacing natural disturbance agent in boreal North America 
(Brassard and Chen, 2008; 2010), less intense surface fires are common 
in Fennoscandia (Finland, Norway, Sweden, Karelia, and Kola Peninsula 
in Russia) and northwest Eurasia (Rogers et al., 2015). It has been re
ported that albedo is dependent on fire severity and post-fire succes
sional dynamics (Amiro et al., 2006; O’Halloran et al., 2014; Rogers 
et al., 2015), with snags potentially being the dominant controller of 
post-fire albedo on decadal timescales (O’Halloran et al., 2014). Several 
studies have reported substantial increases in winter and spring albedo 
for stand-replacing fires in North American forests (Amiro et al., 2006; 
Lyons et al., 2008; Randerson et al., 2006; Rogers et al., 2015). However, 
observational studies of post-fire albedo dynamics, particularly over 
longer time periods, are not available for lower-severity wildfires in 
unmanaged boreal forests, such as in Fennoscandia.

Apart from two simulation studies that compared carbon and albedo 
dynamics for an unmanaged and managed spruce forest (Kellomäki 
et al., 2021; 2023), no study has explicitly compared temporal changes 
in albedo during stand development for these boreal forest types in 
Fennoscandia based on observational data, nor have studies assessed the 
albedo effects of converting managed forests into unmanaged forests. 
Doing so is highly relevant to enable an assessment of the entire array of 
climate effects between these two forest types over relevant timescales. 
In this study, we examined whether albedo differs between 
post-clear-cutting (defined as managed) and post-wildfire (defined as 
unmanaged) forests under comparable site conditions during stand 
development. We established two contrasting forest chronosequences (i. 
e., forest-age gradients based on space-for-time substitution) in northern 
Sweden, including an unmanaged and an even-aged managed 

chronosequence (n = 18, respectively), where wildfire versus 
clear-cutting served as the disturbance agent, respectively. Monthly 
high-resolution albedo data were retrieved for each forest stand using a 
direct estimation approach for Sentinel-2 reflectance imagery (Bright 
and Ramtvedt, 2024).

2. Material and methods

2.1. Establishment of forest chronosequences

Our study employed two contrasting chronosequences in managed 
and unmanaged boreal forests (Fig. 1), respectively, in northern Sweden 
(Västerbotten and Norrbotten County), within an area spanning 190 km 
north–south and 150 km east–west. Both chronosequences are domi
nated by Scots pine (Pinus sylvestris L.), with rare presence of Norway 
spruce (Picea abies (L.) Karst) and birch (Betula pubescens Ehrh.). The 
chronosequences were established based on 36 selected forest stands 
evenly divided between the two forest types. We started the stand se
lection by using a forest inventory database provided by Sveaskog AB 
(Buness et al., 2025) to identify potential stands as those dominated by 
Pinus with mesic site conditions (i.e., moderate moisture levels). The 
criterion of mesic site conditions ensured that environmental differences 
between the stands were as small as possible, by excluding extremely 
wet or dry forests. Next, we conducted a field survey of candidate un
managed stands, where inclusion or exclusion was determined based on 
visual inspection of understory vegetation and verification of fire 
occurrence. We used understory vegetation consisting of feathermosses 
(Hylocomium splendens and Pleurozium schreberi) and specific ericaceous 
dwarf shrubs (Vaccinium myrtillus, Vaccinium vitis-idaea, and Empetrum 
nigrum) as indicators of mesic site conditions, whereas forest stands with 
understories of wet (Sphagnum sp. and Ledum palustre) or dry (Cladonia 
sp. and Calluna vulgaris) community dominance types were considered 
non-mesic, and thus excluded. Tree coring was done to estimate the fire 
year, thereby determining the stand age of the unmanaged stands. For 
unmanaged stands that met the criteria of mesic vegetation type and 
historical fire occurrence, we used a GIS framework to locate nearby 
candidate managed stands. The same understory vegetation criteria 
applied to unmanaged forest stands were then used to confirm the 
suitability of potential managed stands. For both managed and un
managed stands we intentionally selected stands to span as wide a range 
of time since clear-cutting (for managed stands) and wildfire (for un
managed stands). This process resulted in two chronosequences: one for 
18 managed forests with stand age spanning 1–109 years after 
clear-cutting, and one for 18 unmanaged forests spanning 4–375 years 
after fire. Both chronosequences spanned the entire age range typically 
found in managed and unmanaged forests in northern Sweden. In the 
managed forest stands, even-aged management has been implemented, 
including clear-cutting, planting, and typically 2–3 thinning operations. 
Unavoidably, the management practices used to achieve even-aged 
forest stands have changed over the past century, and thus observed 
changes along the managed chronosequence also partly reflect the 
development of management practices for timber production. A wide 
range of fire severity has occurred in the unmanaged forest stands, with 
minimal visible traces of forest management for timber production, 
except for the oldest unmanaged chronosequence stands (>160 years 
old), where as much as ca. 10 % of trees were selectively logged at the 
end of the 1800s and early 1900s (Buness et al., 2025). However, 
remaining trees have had a long period to compensate for this distur
bance, and we consider this effect negligible.

2.2. Tree measurements

Tree measurements were conducted to estimate tree height and 
volume of each stand (Sect. 2.3.), as these metrics were used in the direct 
estimation approach of albedo (Sect. 2.5.) and in the statistical analysis 
(Sect. 2.7.). Within each forest selected, we established one-hectare 
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measurement plots. Within each one-hectare plot, we established five 
sub-plots with radii of 10 m, one in the center and one in each cardinal 
direction centered 43.2 m from the forest stand center. For each sub- 
plot, the diameter at breast height (DBH) of all trees >5 cm was 
measured for each tree species present. In addition to DBH measure
ments of all trees, we measured both DBH and height on a sub-set of 
trees in each plot, so that volume could be estimated from the DBH 
measurements. Specifically, four sample trees for each of Pinus, Picea, 
and Betula were measured for DBH and height using a Nikon Forestry 
Pro II laser height meter. The sample trees were restricted to trees with a 
DBH larger than 5 cm, and closest to the plot center. This sampling 
resulted in a random size distribution for each of the three species in 
each stand. Pinus was the dominant tree species in the study area, and 
some sub-plots had no sample trees of Picea and Betula. For a few sub- 
plots, deciduous species other than Betula, such as Salix, Alnus, and 
Populus, were present and measured.

2.3. Estimation of Lorey’s height and forest volume

Species-specific mean height for Pinus, Picea, and Betula were esti
mated as basal area-weighted height, known as Lorey’s mean height 
(Lorey, 1878), for each forest stand. For trees without height measure
ments, we estimated heights from species-specific diameter-height re
lationships (Mehtatalo et al., 2015). Due to the low proportion of Picea 
and Betula in the focal stands, these relationships were estimated for 
Picea and Betula across all forest stands, whereas for Pinus, the re
lationships were estimated individually for each stand. For the youngest 
unmanaged stand, no living trees were present. Accordingly, to estimate 
the heights of the remaining dead Pinus trees, we used a diameter-height 
relationship based on sample trees from two other forest stands that 
deviated less than one year since time of wildfire instead. We considered 
this reasonable, as the DBH distribution corresponded well between the 
youngest unmanaged stand and the two forest stands for which the 
diameter-height relationship was fitted.

Volume per hectare was estimated for Pinus, Picea, and Betula trees 
with species-specific volume equations (Brandel, 1990) based on height 
and DBH as predictor variables. Here, we treated the deciduous tree 
species other than Betula as samples of Betula. The height of trees 

without height measurements was calculated from the diameter-height 
relationships, as described above. For the three youngest managed 
stands (less than two years since harvesting), no sample trees were 
present, and all trees were lower than 1.3 m. Accordingly, we set both 
volume and Lorey’s height to zero for these forest stands.

2.4. Albedo definitions

In the following text, the terms “albedo” and “surface albedo” refer to 
the ratio reflected to incident solar radiation in the total shortwave re
gion (~0.3–5 µm). In Sect 2.5., we describe how we estimate black-sky 
and white-sky albedo. Black-sky albedo is the directional-hemispherical 
reflectance which represents albedo under completely direct illumina
tion conditions (i.e., sun as a point source of illumination), for which the 
diffuse radiation from the sky is ignored. White-sky albedo is the bihe
mispherical reflectance which represents albedo under completely 
isotropic (i.e., directionally independent) illumination. In Sect. 2.6., we 
described how we calculate the true surface albedo under ambient 
illumination conditions of both direct and diffuse light, i.e., blue-sky 
albedo, based on the estimated black-sky and white-sky albedo.

2.5. Direct estimation approach of black- and white-sky albedo

We employed the direct estimation approach based on high- 
resolution Sentinel-2 satellite imagery described in Bright and Ramt
vedt (2024) to estimate black- and white-sky albedo. The 10 m spatial 
resolution of Sentinel-2 satellite imagery captures reflectance variations 
according to canopy discontinuities and structural heterogeneity typi
cally present in boreal forests, which overcomes the limitation from 
previous methods based on coarse-scale satellite products (Cescatti 
et al., 2012). High-resolution harmonized Sentinel-2 surface reflectance 
imagery (L2A) were processed and downloaded using the rgee package 
(Aybar et al., 2020) in R software (R Core Team, 2024). This package 
calls the Google Earth Engine (GEE) (Gorelick et al., 2017) application 
programming interface, which allows the performance of GEE analyses 
using R syntax. Prior to downloading, cloud masking was performed to 
ensure that only high-quality surface reflectance was used in the esti
mation. We used a cloud detection algorithm based on the Sentinel-2 

Fig. 1. Location of the study area (red square) in northern Sweden (left), and the distribution of the managed (orange squares) and unmanaged (green squares) forest 
stands (right).
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cloud probability dataset (s2cloudless) by assuming that pixels classified 
with cloud probability larger than 40 % were disturbed by low-to-mid 
atmospheric clouds. Because s2cloudless has no cloud shadow detec
tion and the algorithm is prone to errors on very bright surfaces (Skakun 
et al., 2022), we further applied the Sentinel-2 cloud displacement index 
using the Sentinel-2 Level 1C dataset to reduce the chance of false 
classification of snow surfaces as low clouds (Frantz et al., 2018). 
Moreover, the shadow of all clouds detected based on the above
mentioned criteria was projected for a diameter of 5000 m. If no Sentinel 
imagery were available when following the cloud filtering described 
above, we applied a less aggressive cloud masking by the Sentinel-2 
QA60 band (European Space Agency, 2024a) for those pixels deter
mined with <60 % cloud probability according to s2cloudless. Even 
though the QA60 band has a lower accuracy for cloud detection (Wright 
et al., 2024), the full cloud filtering procedure reduced the erroneous 
rejection of clear pixels and the acceptance of cloudy scenes. We 
downloaded data for a five-year period (2019–2023). For stands where 
forest fires or clear cuts occurred after 2019, data were downloaded only 
for the period after the disturbance.

The basis of the direct estimation approach is an angular-bin-based 
regression connecting Sentinel-2 nadir surface reflectance with 
intrinsic black- and white-sky albedo for Fennoscandian forests. The 
angular regression yields a forest class- and solar viewing geometry- 
dependent look-up table (LUT) database (i.e., reflectance–albedo rela
tionship) for the 10-m resolution near-infrared (NIR) and visible (blue, 
green, and red) bands. The LUT is divided into forest classes of evergreen 
needleleaf forests and deciduous broadleaf forests. Accordingly, prior to 
estimation of surface albedo, each forest stand was classified based on 
their dominant species-specific volumes. The black- and white-sky al
bedo were calculated as follows: 

αxSA(θs, θv,φ) = k0(θs, θv,φ) +
∑4

i=1
ki(θs, θv,φ) × ρS− 2(λi) (1) 

where αxSA is either black- or white-sky albedo, ρS− 2(λi) is the Sentinel-2- 
like surface reflectance at spectral band λi (i = 1, 2, 3, 4), which cor
responds to channels 2 (blue; 490 nm), 3 (green; 560 nm), 4 (red; 665 
nm), and 8 (NIR; 842 nm). k0 is a constant fit parameter and ki is spectral 
band-specific fit parameters for spectral band λi (i= 1, 2, 3, 4) (see 
Bright and Ramtvedt, 2024). θs, θv, and φ represent the solar zenith, 
viewing zenith, and relative azimuth angles, respectively. The latter 
three parameters were obtained from the Sentinel-2 Level 1C metadata. 
According to terrain slope and azimuth as primary factors affecting al
bedo in rugged terrain (Ramtvedt and Næsset, 2023), we used the local 
solar viewing geometry (i.e., relative geometry between terrain slope 
and solar or viewing sensor) as inputs to identify the LUT angular bin (i. 
e., θs, θv, and φ) for each 10-m grid cell within the Sentinel-2 imagery. 
The terrain slope was calculated based on the 30 m resolution global 
digital elevation model of Copernicus (European Space Agency, 2024b). 
We applied resampling based on bilinear interpolation to find terrain 
slope according to the 10-m grid scale of the Sentinel-2 imagery. 
Monthly median black- and white-sky albedo were calculated for each 
stand, by omitting any imagery missing high-quality reflectance ac
cording to the cloud filtering procedure.

2.6. Computation of surface albedo

We estimated monthly surface albedo (α) as follows: 

α = αWSA × fdiff + αBSA

(
1 − fdiff

)
(2) 

where αWSA and αBSA represent the white- and black-sky albedo, 
respectively, as estimated using Eq. (1). fdiff is the fraction of diffuse 
radiation from the total incoming solar radiation. This was predicted 
from the clearness index (defined as the ratio of global solar radiation to 
extraterrestrial radiation) according to the empirical model (Eq. 12) of 

Ibrahim (1985). This model was chosen because of its simplicity and 
good performance in climate similar to that of the current study 
(Despotovic et al., 2016). We calculated average daily extraterrestrial 
radiation for the middle day of each month, by assuming that this choice 
of day had the best correspondence with the time of the monthly mean 
values of the albedo. Average daily global solar radiation was collected 
from the ERA-5 reanalysis product (Hersbach et al., 2020) of the Euro
pean Center for Medium-Range Weather Forecasts (ECMWF). The 
product, which has an improved performance for solar radiation 
compared to previous versions (Tahir et al., 2021), assimilates model 
data with observations from across the world with a horizontal resolu
tion of 0.25◦ × 0.25◦ We downloaded the mean surface downward 
shortwave radiation flux averaged monthly for each forest stand loca
tion. An assessment of this product has revealed a root mean square 
error of 10.2 Wm-2 for high latitudes (59–70◦) (Babar et al., 2019), 
which was considered satisfactory for use in the current study.

2.7. Statistical analysis

A linear mixed-effects model (LMM) was applied to assess the sta
tistical significance of forest type (i.e., unmanaged versus managed 
forest) and stand age on albedo. The natural logarithm of annual albedo 
for the period 2019–2023 was used as a response variable to capture its 
nonlinear response to forest age (Kuusinen et al., 2014). Moreover, the 
log-transformation ensured fulfilling the LMM’s assumption of constant 
variance by removing patterns of heteroscedasticity (i.e., non-constant 
variance of errors). Forest type, stand age, and their interaction were 
included in the LMM as fixed effects, whereas the five-year period with 
repeated albedo estimates for each year was included as a random effect. 
This was done to allow for examination of any potential variation ac
cording to year-to-year differences (e.g., such as snow conditions) yet 
accounting for the within-stand dependency among the albedo esti
mates. Modelling assumptions were checked to ensure validity and 
reliability of their results. The LMM was fitted with the restricted 
maximum likelihood (Patterson and Thompson, 1971) using the lme4 
package (Bates et al., 2015) in the R software (R Core Team, 2024). We 
used the Satterthwaite approximation (Satterthwaite, 1941) to evaluate 
the significance of the fixed effects. This approximation has been found 
to be most suitable with Type 1 error rates close to 0.05 when using the 
restricted maximum likelihood, even for smaller samples (Luke, 2017). 
We reported the dependency between albedo and the fixed effects in 
terms of the marginal (R2

m) and conditional (R2
c ) determination co

efficients (Nakagawa and Schielzeth, 2013). R2
m can be interpreted as the 

proportion of albedo variability explained by the given fixed effects in 
the model, whereas R2

c gives the total variance explained by the model. 
The relative contribution of each fixed effect on albedo variability was 
determined according to Lai et al. (2022). According to violations of 
normality and homoscedasticity, we applied a permutation test 
(Wheeler et al., 2022) based on analysis of variance to determine 
whether the albedo of managed and unmanaged forests differed signif
icantly from each other. Furthermore, correlation analysis of albedo, 
stand age, and volume was conducted to understand the potential dif
ferences between the effects of forest disturbances and the development 
of stand age and volume on albedo.

3. Results

3.1. Albedo dynamics during stand development

Overall, the mean annual albedo over the whole chronosequence was 
significantly lower (p < 0.05) for unmanaged forests (0.17±0.05) than 
managed forests (0.23±0.10). Such a direct comparison should be 
conducted carefully because managed forests span 1–109 years, whereas 
unmanaged forests span 4–375 years. However, because both chro
nosequences are represented with the same number of observations, 
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being evenly spaced within their respective age spans, a direct com
parison was considered valid. Visual inspection of the albedo data 
showed that managed forests had a consistently decreasing albedo trend 
throughout the entire stand development (Fig. 2), whereas this pattern 
was not apparent in the unmanaged forests (Fig. 2). By dividing the two 
chronosequences into young (<30 years) and mature forests (>30 
years), we reveal that the annual albedo for young managed forests 
(0.36±0.04) is twice as large as that of young unmanaged forests (0.18 
±0.04), whereas in mature forests, the albedo of managed stands (0.17 
±0.03) is only slightly larger (approximately 6 %) than that of unman
aged stands (0.16±0.05).

Based on the LMM, we find that forest type (i.e., managed or un
managed forests), stand age since disturbance, and their interactions all 
significantly affect albedo (Table 1). Overall, the predictors explain 90 % 
of the variation in albedo, for which the fixed effects constitute 58 %. 
Forest type and the interaction between stand age and forest type are the 
two most important factors explaining changes in albedo after distur
bance, with relative contributions of 31 % and 51 %, respectively, of the 
total variance explained by the fixed effects (Table 1). We further 
observe that 77 % of the remaining variance (i.e., the variance not 
explained by forest type and stand age) was explained by interannual 
differences in albedo, which is mainly a function of variation in snow 
cover.

We find the largest decrease in managed boreal albedo as young 
stands transition to mature closed canopy stands, approximately 30 
years after clear-cutting (Fig. 2). Based on LMM estimates, albedo in 
unmanaged forests surpasses that in managed forests ~72 years after 
initial disturbance (Fig. 2). Even though LMM estimates reveal a decline 
in albedo following time since disturbance in unmanaged forests, the 
actual observations show a slight increase in albedo from around 200 
years after fire (0.12±0.02) towards the oldest stand of 375 years (0.17 
±0.02) (Fig. 2).

3.2. Seasonal differences in albedo

Given that snow has a considerably higher albedo than coniferous 
trees, we divided the full dataset into subgroups of summer and winter 
observations to distinguish between seasonal differences. Observations 

from October to May were considered winter albedo because visual in
spection revealed that in most of these months, snow was present in the 
stands. Summer albedo was considered as observations from June to 
September. The large positive Δalbedo at younger ages (Fig. 2), were 
mainly caused by higher winter albedo in clear-cut stands compared to 
that in post-fire stands (Fig. 3).

Focusing on seasonal dynamics, it becomes evident that the largest 
seasonal shift in albedo occurs during snow-melting from April to May, 
whereas the largest among-stand albedo difference is found in the period 
from February to April (Fig. 3). As expected, the magnitude of albedo 
declines during snowmelt decreased over time after disturbance, 
meaning that albedo of mature high-density forest stands is less sensitive 
to snowmelt during spring than young stands with a lower fraction of 
canopy cover. By comparing the seasonal albedo dynamics for managed 
stands (Fig. 3a) versus unmanaged stands (Fig. 3b), we observe that the 
pattern of declining albedo with increasing time since disturbance in 
managed forests is not present for winter months in unmanaged forests. 
Specifically, our data shows a weaker relationship between time since 
disturbance and stand volume for unmanaged forests than for managed 
forests, with relatively stable stand volumes for unmanaged stands 
approximately 100 years of age and older (Fig. 4a). The less pronounced 
pattern between stand development and volume for unmanaged forests 
weakens the dependency between albedo and time since disturbance for 
that forest type (Fig. 4b).

During summer, we find the lowest albedo in unmanaged forests 
(0.07±0.006) in the first year after the fire event. While summer albedo 
in unmanaged forests remains unchanged during stand development 
(Fig. 3b), summer albedo in managed forests shows a decreasing trend as 
the stands become older (Fig. 4a). Even-aged management results in 
clear-cuts that are dominated by birch trees and understory plants, 
which influences the summer albedo in most years immediately after 
clear-cutting (<10 years), but also during the gradual transition from 
deciduous to Pinus trees in the young forest.

Fig. 2. Comparison of albedo for chronosequences of managed (orange dots) and unmanaged (green circles) forests for different stand ages on a mean annual basis 
for the period 2019–2023. The lines represent the estimated fit according to the LMM, with shaded regions representing the 95 % confidence interval. Δalbedo 
represents the difference between estimated albedo of managed and unmanaged forests. The dashed vertical line indicates the age of the oldest managed stand 
included in the study. The inserted figure represents the comparison of albedo for only the first 110 years (i.e., corresponding to the observations to the left of the 
dashed vertical line).
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4. Discussion

4.1. Impact of snow cover on albedo

Our results revealed that the largest seasonal shift in albedo occurred 
during snow-melting from April to May, whereas the largest among- 

stand albedo difference was found in the period from February to 
April (Fig. 3). This coincided well with the results reported for 11 
managed sites in Finland and Sweden, with latitudes ranging from 63 to 
69◦ (Hovi et al., 2019).

As shown in Fig. 3b, we found no consistent trend in albedo with 
increasing age in unmanaged forests during winter. This can be related 

Table 1 
Summary of LMM fitted for the natural logarithm of albedo as response variable and forest type (i.e., managed versus unmanaged forests) and age as fixed effects. SE 
denotes the standard error of the predictor estimates. Relative R2

m represents the relative contribution of each predictor to the total variance explained by all fixed 
effects (R2

m).
R2

c denotes the conditional determination coefficient, indicating the total variance in albedo explained by the LMM. Random effect represents the percentage variance 
explained by year-to-year differences in the remaining variance that is not accounted for by the fixed effects.

Predictor SE t-value p Relative R2
m ( %) R2

m R2
c Random effect ( %)

Forest type 0.117 − 5.444 5.3 × 10–6 31.3 ​ ​ ​
Age 0.001 − 6.760 1.2 × 10–7 17.7 0.58 0.90 76.7
Interaction 0.001 5.907 1.4 × 10–6 51.0 ​ ​ ​

Fig. 3. Monthly mean albedo based on all five years (2019–2023) for selected stand ages of managed forests (a) and unmanaged forests (b). It should be noted that 
albedo observations for some stands in January are missing due to lack of high-quality satellite observations during this month (see Sect. 2.5.).

Fig. 4. Relationships between stand age and volume (a), and volume and albedo (b). r represents Pearson correlation coefficient.
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to previous research which has revealed that the presence of snow has a 
small effect on albedo when forest canopies cover >70 % of the ground 
(Ni and Woodcock, 2000), and that the albedo of coniferous forests 
shows substantial variation due to differences in canopy shading 
(Webster and Jonas, 2018). Because unmanaged forests show larger 
structural heterogeneity (Langridge et al., 2023) with larger variability 
in canopy discontinuities and tree size arrangements, the effect of can
opy shading complicates the radiation regime within these forest stands.

The overall goal of the current study was to examine how albedo 
develops over time after wildfires and clear-cutting. Accordingly, the 
impact of snow cover on albedo, such as the temporal distribution of 
snow in the canopy, was not examined separately but treated as a part of 
the overall forest reflectance. Annual differences in snow cover were 
present in the different stands included in the study (indicated by the 
observations in Fig. 2 and the random effect in Table 1). However, given 
that the mean estimates were based on five years of satellite data, 
random year-to-year differences are unlikely to explain systematic al
bedo differences between stands. Moreover, potential spatial differences 
in snow cover were considered negligible, given the relatively small 
study region with similar climatic conditions. We recommend further 
research to examine how dynamics and differences in snow cover impact 
winter albedo in managed and unmanaged boreal forests, particularly 
under global warming with an expected reduced albedo during spring 
due to earlier snow-melting.

4.2. Impact of forest fire severity on albedo

We found the lowest summer albedo in unmanaged forests in the first 
year after the fire event, highlighting the strong reduction in albedo due 
to charcoal residues after wildfire in unmanaged forests (Amiro et al., 
2006; Lyons et al., 2008). Even though there is substantial variability in 
the severity of wildfires among the unmanaged forest stands included in 
the current study, we observed that only a partial reduction in volume 
occurred in response to fire (Fig. 4a). Most of these reductions are 
related to perturbations in canopy cover, with large parts of the standing 
stem volume remaining after the fire events (Fig. 4a.). Despite the strong 
sensitivity of winter albedo to canopy cover (Webster and Jonas, 2018), 
our results revealed that the remaining charred standing tree stems 
(snags) from the high-severity fire in the youngest unmanaged stand 
(Fig. 4a) considerably decreased the winter albedo compared to that of 
clear-cutting (Fig. 3). Snags have been found to potentially be the 
dominant controller of post-fire albedo on decadal timescales 
(O’Halloran et al., 2014). Particularly during winter when snow is 
present, the role of snags on albedo is dependent on fire severity, 
snag-fall rate, and the time required for seedlings and saplings to grow 
tall enough to protrude above the snow cover (O’Halloran et al., 2014). 
Further research is needed to fully understand the role of snags on al
bedo with altered fire regimes and snow conditions under projected 
climate changes. As pointed out by Halim et al. (2019), the presence of 
both black carbon (charcoal and soot) and charred branches and stems 
protruding through snow can contribute to lowering albedo immedi
ately after stand-replacing fires and during late spring and/or early 
winter. We found that the post-fire winter albedo of young stands re
ported here is generally lower than that reported for wildfire-disturbed 
stands located at northern latitudes of 53–63◦ in Canada and Alaska, 
where high-severity fires are more common (Amiro et al., 2006). These 
albedo differences are likely caused by the interplay between fire 
severity and differences in dominant tree species in North America 
compared to Europe. Pinus-dominated forests, as studied here, are 
relatively fire-resistant and less prone to crown fires than the Picea-do
minated forests in North America. Less intensive wildfires, with less 
destroyed living vegetation and fewer killed trees, can result in sub
stantially lower albedo compared to high-severity fires within unman
aged forests (Rogers et al., 2015). However, the cooling albedo effect 
from high-severity wildfires is likely to decrease in future decades owing 
to the reduced snow cover in spring months with climate change (Potter 

et al., 2019).

4.3. Implications on albedo if converting rotational management to 
unmanaged forests

Whereas past forest management practices were primarily driven by 
economic factors and considerations related to woody biomass, today’s 
management practices must increasingly address additional forest 
values, such as biodiversity, climate benefits, and recreation (Mason 
et al., 2022). In Europe, the new EU forest strategy for 2030 aims to 
improve the quantity and quality of forests (European Commission, 
2021). Measures promoting the protection of the EU’s remaining pri
mary old-growth forests and sustainable forest management, e.g., 
avoiding clear-cutting, among others, are proposed in the strategy. A 
relevant question in this context is how the surface albedo of northern 
boreal forests can be affected by such strategies. Accordingly, we per
formed a scenario in which managed forest stands subjected to 
clear-cutting with rotation length varying from 50 to 110 years were 
replaced by unmanaged forests with wildfire frequency in the range of 
60–375 years. This was based on predictions using LMM estimates for 
every fifth year. The rotation lengths were chosen based on typical 
rotation lengths in boreal Fennoscandia (Roberge et al., 2016; Stokland, 
2021).

These scenarios showed that converting managed forests into an old 
unmanaged state generally will reduce albedo (Fig. 5a). Scenarios in 
which clear-cut managed forests with short rotation lengths (50–70 
years) are replaced by unmanaged forests with low wildfire frequency 
(250–375 years), will result in a substantial cumulative albedo decrease 
(>81 % (Fig. 5b)). Furthermore, we observed that albedo will increase 
modestly (<0.06) only in the scenario where unmanaged forests with 
wildfire frequency ≤60 years replaced managed forests aged >81 years 
(Fig. 5a). Our scenario provides important novel insights into potential 
albedo changes, with mainly associated negative climate impacts, if 
clear-cut managed stands are replaced by unmanaged forests. However, 
it is important to emphasize that future boreal forest management re
quires a careful assessment of the multidimensional roles of forests, such 
as carbon sequestration, timber production, and biodiversity. Simula
tion studies in Finland have shown that unmanaged Picea stands result in 
a net climatic cooling effect compared to forest management, with the 
effect of increased carbon stocks surpassing that of changes in surface 
albedo (Kellomäki et al., 2021; 2023). However, this carbon–albedo 
tradeoff was not compensated for loss of no harvest and the potentially 
avoided emissions due to wood material and energy substitution. We 
note that the scenarios presented here were based on a small dataset, 
and the forest types included are not necessarily universal for other 
types of boreal forests. Further, the scenarios were based on current 
forest states, and no adaptations were made to correct for potential 
future changes. The implications of management regimes on albedo 
under forest conversion are likely to change under future global 
warming, due to the increased probability of fires (Kinnunen et al., 
2024) and shorter periods of snow cover (Mellander et al., 2007) in the 
current century in Fennoscandia. For example, if snow cover declines 
due to climate warming, then young managed stands will likely have a 
weaker cooling effect, reducing the albedo difference between managed 
and unmanaged forests. Moreover, with rising temperatures, which are 
increasing faster in the boreal biome than in any other forested region 
(Gauthier et al., 2015), rotation lengths of high-latitude boreal-managed 
forests may become shorter in the future to maintain productivity 
(Kellomäki et al., 2008). This could increase the cooling effect of 
managed forests relative to unmanaged forests.

4.4. Discussion of albedo effect in continuous cover forestry

As an alternative to clear-cut rotational management, harvesting 
methods such as continuous cover forestry (Pommering and Murphy, 
2004) have attracted increasing interest in many European countries to 
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meet the demand for a wider range of ecosystem services (Mason et al., 
2022). The concept of continuous and uninterrupted forest maintenance 
aligns with closer-to-nature management by promoting structural di
versity, canopy heterogeneity, and natural regeneration cycles, similar 
to those found in old-growth unmanaged forests. Apart from two studies 
that simulated albedo for even-aged versus uneven-aged Picea stands 
(Kellomäki, et al., 2021; 2023), no studies have reported the albedo 
effect in boreal forest stands managed with continuous cover forestry. 
Applying the key findings of the observation-driven analysis we per
formed here, suggests that replacing clear-cutting practices with 
continuous cover forestry would likely decrease surface albedo sub
stantially. According to our results, this is mainly due to the omission of 
prolonged winter periods of high albedo, such as those observed in 
young, clear-cut forests during stand re-establishment. It is well estab
lished that albedo generally decreases as volume (Fig. 4), tree height, 
and canopy cover increase (Hovi et al., 2019; Kuusinen et al., 2016; 
Lukeš et al., 2013). Therefore, explicit consideration of albedo is war
ranted alongside more commonly measured greenhouse gases when 
determining the overall climate benefits of different forest management 
practices. Greater inclusion of deciduous species in commercial forestry 
across Fennoscandia could offer one method to maximize wood pro
duction and carbon uptake whilst simultaneously increasing albedo 
during winter (Dubois et al., 2020). Moreover, studies have shown that 
the vertical distribution of biological matter significantly influences al
bedo (Ramtvedt et al., 2024), with highly hierarchical clumped struc
tures increasing the chances of photons being trapped within shoots and 
crowns (Rautiainen and Stenberg, 2005). Despite this, limited research 
has been conducted on how within-stand structural heterogeneity and 
the three-dimensional spatial arrangement of canopy characteristics 
impact the overall stand albedo. Acquiring this knowledge is essential 
for a better understanding of the albedo of structurally heterogeneous 
old-growth unmanaged forests and the potential effects of adopting 
continuous cover forestry as the standard for boreal forest management.

5. Conclusion

This study used a space-for-time approach to compare temporal 
changes in albedo during stand development between unmanaged and 
managed boreal forests, based on high-resolution observational data 
from Sentinel-2 reflectance imagery. We established two chro
nosequences in Pinus-dominated forests in northern Sweden: one in 
unmanaged wildfire-disturbed forests spanning 4–375 years and the 
other in managed clear-cut rotation forests spanning 1–109 years. Our 

results show that albedo decreases over time after disturbance, but 
mainly in managed forests. This decrease was mainly driven by the 
markedly lower albedo in young (<30 years) unmanaged post-fire for
ests (0.18±0.04) compared to that of young clear-cut managed forests 
(0.36±0.04). The mean albedo over the entire unmanaged chronose
quence (0.17±0.05) was significantly lower (p < 0.05) than that of the 
managed chronosequence (0.23±0.10). To find optimal solutions that 
maximize the ecosystem services provided by boreal forests, such as 
biomass production, biodiversity, and climate benefits, our results 
emphasize the need to incorporate albedo considerations into the overall 
assessment, to better understand the relationships and tradeoffs among 
these multiple forest attributes.
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Louis, J., Lubej, M., Mateo-García, G., Osman, J., Peressutti, D., Pflug, B., Puc, J., 
Richter, R., Roger, J.-C., Scaramuzza, P., Vermote, E., Vesel, N., Zupanc, A., Žust, L., 
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