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Abstract
Peatlands store significant amounts of carbon, which is released as greenhouse gases when
peatlands are degraded. Restoration and rewetting can help prevent these emissions, while
continuous monitoring is critical for evaluating their success. Using satellite-derived observations
of essential climate variables, we conducted the first large-scale assessment of how peatland
restoration influences land surface temperature (LST), albedo, and vegetation across 72 sites in
North America and Europe. Our findings indicated that before restoration, degraded peatlands
had a commonly lower daytime LST and albedo but higher nighttime LST, leaf area index (LAI),
and fraction of absorbed photosynthetically active radiation (FPAR) compared to intact sites. The
largest restoration-induced absolute values of monthly changes reached+3.18 ◦C (daytime LST),
−1.22 ◦C (nighttime LST),−2.54 (LAI),−0.29 (FPAR), and−0.16 (albedo). While restored
peatlands tended to align more closely with intact sites a decade after restoration began, the
probability of this alignment varied depending on the climate variables. Restored peatlands became
more similar than different to intact sites in nighttime LST and albedo after a post-restoration
decade, with high similarity projected within five decades. Peatland restoration modifies local and
regional climate and should be included in future climate projections.

1. Introduction

Restoration of ecosystems is increasingly seen as a
vital requirement for humanity’s well-being today
and in future generations (Montanarella et al 2018,
Pörtner et al 2023). Thus, the United Nations

Decade on Ecosystem Restoration 2021–2030 aims
to achieve the highest level of recovery possible
for degraded ecosystems globally (FAO 2023).
The EU has adopted the first countrywide Nature
Restoration Law targeted at restoring degraded eco-
systems (The European Parliament and The Council
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of the European Union 2024). Restoration implies
‘preventing, halting, and reversing the degradation
of ecosystems worldwide to regain their ecological
functionality and to improve the productivity and
capacity of ecosystems to meet the needs of society’
(IUCN 2021). The restoration of carbon-rich ecosys-
tems, such as peatlands, inter alia, leads to regaining
their functions of carbon (C) storage (Humpenöder
et al 2020, Taillardat et al 2020, Loisel and Gallego-
Sala 2022, Mander et al 2023), which makes their res-
toration a cost-efficient method for climate change
mitigation (Humpenöder et al 2020).

Peatlands store significant amounts of C globally
(Pan et al 2011, Nichols and Peteet 2019) by accu-
mulating more organic matter than they decompose
(Page and Baird 2016). However, they have some of
the highest irrecoverable C densities, meaning that
once lost, C cannot be recovered in time to avoid
significant climate impacts (Goldstein et al 2020,
Noon et al 2021). Degraded peatlands lose irrecov-
erable C as, e.g. CO2 greenhouse gas (Evans et al
2021), i.e. when peatlands are drained for forestry,
peat extraction, and grazing (Loisel et al 2021).
Peatland drainage and degradation have occurred
worldwide (Hu et al 2017, Leifeld and Menichetti
2018, Humpenöder et al 2020, Fluet-Chouinard et al
2023) and led to the release of 645 MtC yr–1, equi-
valent to up to 5% of global annual anthropogenic
C emissions (Ma et al 2022a). The largest area of
degraded peatlands is in the northern region, mainly
in Europe and Russia (Humpenöder et al 2020),
where they annually emit 0.26 Gt CO2 equivalent
(Leifeld and Menichetti 2018).

Restoring peatlands can contribute up to
2.7 GtCO2 equivalent annually toward climate mit-
igation efforts (Smith et al 2019). The significance of
peatlands in reducing atmospheric C is reflected in an
increasing number of national restoration strategies,
especially among northern countries (Nordbeck and
Hogl 2024). Given the importance of restoring north-
ern peatlands for the C sink, monitoring and report-
ing systems under these national strategies are cru-
cial for assessing the success of restoration efforts
(IUCN 2021).

Peatland restoration actions include rewetting
drained sites by blocking or filling drainage ditches,
removal of topsoil and non-peatland vegetation, and
revegetation (Similä et al 2014, Klimkowska et al
2019, Allan et al 2024). Monitoring ecosystem health
aims to assess the change in measurable ecosystem
attributes relative to reference sites (Nelson et al
2024). Accordingly, the progress of restoration is
widely being monitored by assessing changes in the
peatlands’ hydrological regime (McCarter and Price
2013, Ahmad et al 2020, Armstrong et al 2022, Gatis
et al 2023), vegetation cover (Howie et al 2009,
Nugent et al 2018, González and Rochefort 2019),

microclimate and surface energy balance (Wilson et al
2016, Worrall et al 2019).

As peatland restoration efforts expand globally,
effective large-scale monitoring becomes essential.
Remote sensing can facilitate in assessing restoration-
induced changes by estimating, for example, proxies
of groundwater depth (Burdun et al 2023, Toca et al
2023), vegetation greenness (Chasmer et al 2018, Lees
et al 2019, Ball et al 2023), and daily variation in land
surface temperature (LST) (Worrall et al 2019, 2020).
These proxies reflect terrestrial biophysical proper-
ties, including evapotranspiration, energy fluxes, and
vegetation productivity, that influence Earth’s climate
and are closely linked to essential climate variables
(Global Climate Observing System 2024). However,
to our knowledge, no studies have conducted a large-
scale assessment of how restoration-induced changes
in peatlands alter the essential climate variables.
While existing studies focus on small-scale peatland
restoration (Chasmer et al 2018, Nugent et al 2018,
Lees et al 2019,Worrall et al 2019, Toca et al 2023), the
absence of large-scale assessments creates uncertainty
about how restoration outcomes may influence local
and regional climate, surface energy balance, surface
reflectivity, and vegetation cover.

In this study, we aim to reveal restoration-induced
monthly changes in several essential climate vari-
ables of 72 degraded northern peatlands in Finland,
Estonia, Latvia, Lithuania, the UK, Canada, and the
USA. We hypothesize that the degraded peatlands’
essential climate variables differ from the correspond-
ing variables of intact reference peatlands before res-
toration, but show increasing similarity after restor-
ation. To test the hypothesis, we utilized MODIS
data which provide global coverage, high temporal
resolution, and a long historical record since 2000.
Specifically, we used data on LST, shortwave albedo,
and MODIS and VIIRS based climate data records of
sensor-independent leaf area index (LAI) and frac-
tion of absorbed photosynthetically active radiation
(FPAR), analyzing them using Bayesian regression
models.

2. Materials andmethods

2.1. Study sites
We selected 72 peatlands that were restored during
the last three decades in Finland, Estonia, Latvia,
Lithuania, the UK, Canada, and the USA (figure 1).
We chose only the peatlands with restoration finished
before 2022 to ensure at least two post-restoration
years for data analysis (table S1). The restored peat-
lands were classified into four main groups based on
their pre-restoration land cover properties: (i) tree-
covered land indicates sites with dominant tree veget-
ation; (ii) cropland and grassland includes peatlands

2



Environ. Res. Lett. 20 (2025) 084037 I Burdun et al

Figure 1. Location of restored peatlands. The color indicates the pre-restoration land cover type of the peatlands. The number
refers to study sites listed in table S1. The location of each, locally matched intact reference site, relative to each of the degraded
peatlands is given in tables S3 and S5.

primarily drained for agriculture; (iii) peat extrac-
tion land includes peatlands whose major area was
used for peat extraction; (iv) open peatland rep-
resent drainage-modified sites that in general pre-
served peatland-specific vegetation cover (table S1).
We chose intact peatlands that fell within 100 km
of restored peatland as their reference sites (French
et al 2016). For more information on study selection
please refer to the supplementary data.

2.2. Essential climate variables
We selected the following essential climate variables,
which are important for understanding Earth’s cli-
mate: LST, albedo, LAI, and FPAR. Accordingly, we
utilized data on (i) LST at 1 km spatial resolution
(Wan 2013) from MODIS MOD11A1 (LST at 10:30
and 22:30) and MYD11A1 (LST at 13:30 and 01:30)
version 6.1 products; (ii) broadband shortwave (0.3–
5.0 µm) black-sky albedo at 500 m spatial resolution
from MCD43A3 product version 6.1; (iii) MODIS
and VIIRS based sensor-independent LAI and FPAR
climate data record at 500 m spatial resolution (see
supplementary data).

2.3. Statistical analysis
We modeled monthly satellite-derived essential
climate variables of each restored peatland and

associated intact peatlands both before and after
restoration periods using R package brms (Bürkner
2017), which is specialized in fitting Bayesian regres-
sion models using ‘Stan’ (Stan Development Team
2022, 2024). For more detailed information on mod-
eling, please see supplementary data.

Because MOD11A1 and MYD11A1 daytime and
nighttime LSTs and LAI/FPAR showed similar pat-
terns, the main text shows only LST at 13:30 and
22:30, LAI, and albedo; remaining variables are in the
supplementary data.

3. Results

3.1. Differences between restored and intact
peatlands before and after restoration
We observed distinct monthly patterns of modeled
differences in LST, LAI, FPAR, and albedo between
degraded peatlands categorized by four pre-
restoration land covers, namely (i) tree-covered land
(23 sites), (ii) cropland and grassland (20 sites), (iii)
peat extraction land (10 sites), and (iv) open peatland
(19 sites), and their intact reference sites before res-
toration (figures 2 and S1). Nevertheless, there was
high heterogeneity in LST, LAI, FPAR, and albedo
differences within each land cover category. Overall,
degraded peatlands generally had lower daytime LST
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Figure 2.Monthly mean differences in daytime land surface temperature (LST at 13:30, panels: (a), (e), (i) and (m)), nighttime
land surface temperature (LST at 22:30, panels: (b), (f), (j) and (n)), leaf area index (LAI, panels: (c), (g), (k) and (o)), and albedo
(panels: (d), (h), (l) and (p)) between restored peatlands before restoration was started, and their respective intact reference
peatlands. The furthest left y-axis labels are for four pre-restoration land cover types. The point colors represent the four seasons:
blue corresponds to winter (December–February), green to spring (March–May), yellow to summer (June–August), and orange
to autumn (September–November). Filled symbols denote months where the 95% credible interval does not include zero,
indicating a statistically significant difference; open symbols denote intervals that overlap zero. Positive values of monthly
differences indicate that the essential climate variable for restored peatland was larger than for the intact ones. Before-restoration
data is not shown for peatlands restored before the availability of satellite-based products (year 2000), namely sites 47, 49, and 50
(see table S1).

and albedo, which were linked to higher nighttime
LST, alongwith increased LAI andFPAR, compared to
their respective intact peatlands both before (figures 2
and S1) and after restoration (figures 3 and S2). In
the following paragraphs, we provide a description
of the differences in LST, LAI, FPAR, and albedo for
each land cover type, with results before restoration
summarized in figure 2 and those after restoration in
figure 3.

Degraded peatlands of the tree-covered land type
had the most similar LST, LAI, FPAR, and albedo dif-
ferences both before and after restoration compared
to sites with other land cover types. Only two south-
ernmost peatlands in the USA were largely distinct
from others, namely sites 53 and 72 (figure S1). Tree-
covered peatlands were generally cooler during the
day (figure 2(a)) and warmer at night (figure 2(b))
compared to intact sites, with the daytime cooling
being greater than the nighttime warming. Most of
these peatlands usually had higher LAI and FPAR than
intact peatlands, especially in summer (figure 2(c)).

Compared with tree-covered peatlands, those
converted to cropland and grassland type were more
variable, both among sites and across months, in the
sign and magnitude of their divergence from refer-
ence intact peatlands. Although they typically had
higher daytime LST (figure 2(e)) and lower night-
time LST (figure 2(f)) during the spring and summer
compared to intact peatlands before restoration, the

between-site difference in daytime LSTwas the largest
compared with other land cover types and ranged
from−2.95 ◦C (95% credible interval—CI:−4.05 to
−1.87, site 71, May) to 5.53 ◦C (95% CI: 2.56–8.58,
site 54, June). We observed seasonal patterns in both
LAI and FPAR differences, with degraded peatlands
usually having lower values of these climate variables
in summer before and after restoration. The degraded
peatlands also had higher albedo than intact sites in
winter and early spring, a difference that was particu-
larly noticeable prior to restoration (figure 2(h)).

Peatlands used for peat extraction demonstrated
a strong inverse pattern in differences in LST, LAI,
FPAR, and albedo both before and following restor-
ation. Overall, degraded peatlands that were cooler
during the day (i.e. had lower daytime LST) ten-
ded to be warmer at night (i.e. had higher night-
time LST) and had more green vegetation (i.e. higher
LAI and FPAR) than intact sites during summer.
Conversely, peatlands used for peat extraction that
were warmer during the day were also typically cooler
at night and had less green vegetation compared
to intact peatlands. Interestingly, peatlands restored
nearly 20 years ago (sites 49 and 50) exhibited notice-
ably lower LAI and FPAR values than the intact peat-
lands (figures 3(k) and S2).

Most of the degraded open peatlands tended to
be warmer at night than intact sites, while some
degraded open peatlands were cooler during the day,
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Figure 3.Monthly mean differences in daytime land surface temperature (LST at 13:30, panels: (a), (e), (i) and (m)), nighttime
land surface temperature (LST at 22:30, panels: (b), (f), (j) and (n)), leaf area index (LAI, panels: (c), (g), (k) and (o)), and albedo
(panels (d), (h), (l) and (p)) between restored peatlands after restoration was started, and their respective intact reference
peatlands. The furthest left y-axis labels are for four pre-restoration land cover types. The point colors represent the four seasons:
blue corresponds to winter (December–February), green to spring (March–May), yellow to summer (June–August), and orange
to autumn (September–November). Filled symbols denote months where the 95% credible interval does not include zero,
indicating a statistically significant difference; open symbols denote intervals that overlap zero. Positive values of monthly
differences indicate that the essential climate variable for restored peatland was larger than for the intact ones.

both before (figures 2(m) and (n)) and after restora-
tion (figures 3(m) and (n)). We also identified vary-
ing patterns in daytime and nighttime LST differences
across these sites, ranging from daytime cooling and
nighttime warming to consistent warming in both
daytime and nighttime. Compared to other degraded
peatlands, open peatlands had the smallest LST differ-
ence with their reference sites, which varied between
−1.93 ◦C (95%CI:−2.66 to−1.15, site 43, April) and
1.41 ◦C (95% CI: −0.42–3.33, site 1, April) prior to
restoration (figures 2(m) and (n)). Higher LAI and
FPAR in summer (figures 2(o) and S1) and lower
albedo in spring (figure 2(p)) were common features
of most degraded open peatlands. The largest differ-
ences in LAI and FPAR were recorded in sites with
relatively high tree cover before restoration (table
S1). These sites typically exhibited lower daytime LST
and warmer nighttime LST, similar to the behavior
observed in tree-covered peatlands (figures 2 and S1).
However, unlike most tree-covered peatlands, their
albedo was not consistently lower than the reference
sites.

3.2. How restoration affected the similarity
between restored and intact peatlands
Overall, the restoration led to various changes in LST,
LAI, FPAR, and albedo differences between restored
and intact peatlands. These changes varied across sites
and depended on pre-restoration land cover types

(figures 4 and S3). Predominantly, we observed the
following changes in differences between restored and
intact peatlands: (i) decreased differences in daytime
LST, (ii) increased differences in nighttime LST, (iii)
changes in LAI and FPAR varied across sites, but both
exhibited similar patterns of change, (iv) differences
in albedowere themost noticeable in winter and early
spring.

Tree-covered peatlands showed restoration-
induced changes in daytime LST that varied from
−1 ◦C (95%CI:−3.00–0.96, site 11, April) to 3.18 ◦C
(95% CI: 0.86–5.50, site 44, June) (figures 4(a) and
S3). One of the largest increase in LST differences
was observed in restored sites 44 and 45—up to
3.18 ◦C (95% CI: 0.87–5.50, June) at 13:30. These
sites also exhibited the strongest decrease in LAI, up
to −2.54 (95% CI: −3.05 to −2.03, August), and
FPAR, up to −0.29 (95% CI: −0.42 to −0.17, July)
differences, as well as an increase in albedo difference
up to 0.04 (95% CI: 0.02–0.06, March). In contrast,
we observed the opposite direction of changes in
LAI and FPAR in restored peatland 53, which had
lower LAI and FPAR values than the intact site before
restoration. Interestingly, decreased LAI and FPAR
differences at sites 44 and 45, as well as increased
LAI and FPAR differences at site 53, both contrib-
uted to an overall increase in similarity between these
degraded peatlands and the intact sites (figures 4(c)
and S3). In February and March, we observed an
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Figure 4. Change from after to before restoration in the monthly differences in daytime land surface temperature (LST at 13:30,
panels: (a), (e), (i) and (m)), nighttime land surface temperature (LST at 22:30, panels: (b), (f), (j) and (n)), leaf area index (LAI,
panels: (c), (g), (k) and (o)), and albedo (panels: (d), (h), (l), (p)) between restored peatlands and their intact reference peatlands.
Positive values of these changes indicate that the difference between the restored and intact peatlands increased (became more
positive or less negative) after restoration. Negative values indicate that the difference between the restored peatland and its
reference peatland was higher before restoration and decreased (became more negative or less positive) after. These values do not
indicate whether the restored and intact peatlands became similar. They show how the numerical difference changed after
restoration. The point colors represent the four seasons: blue corresponds to winter (December–February), green to spring
(March–May), yellow to summer (June–August), and orange to autumn (September–November). Filled symbols denote months
where the 95% credible interval does not include zero, indicating a statistically significant change; open symbols denote intervals
that overlap zero. Changes are not shown for peatlands restored before the availability of satellite-based products (year 2000),
namely sites 47, 49, and 50 (see table S1).

increased difference in albedo between most restored
and intact peatlands. This brought the albedo of
restored peatlands, particularly those that had lower
albedo than intact sites before restoration, closer to
the levels of intact peatlands.

The restored peatlands that used to be croplands
and grasslands showed the largest decrease in day-
time LST difference—up to−2.04 ◦C (95%CI:−3.82
to −0.12, site 61, June) compared to peatlands of
other land cover types (figures 4(e) and S3). This
includes sites 54 and 55, which, before restoration,
were warmer than intact peatlands up to 5.53 ◦C
(95% CI: 2.56–8.58, June) (figures 2(e) and S1). As
a result, these sites became more similar in daytime
LST to intact peatlands after restoration. In contrast,
peatlands cooler than intact sites before restoration—
such as sites 51, 66, and 71 (figures 2(e) and S1)—
also showed a decrease in daytime LST differences
and, thus, were less likely to resemble intact peatlands.
Additionally, we observed a rise in nighttime LST dif-
ferences at many sites, with the magnitude of that
rise in nighttime LST differences, up to 1.14 ◦C (95%
CI: −0.79–3.05, site 71, May) being lower than the
reduction in daytime LST differences (figures 4(e),
(f) and S3). Remarkably, we observed a decrease in
albedo differences between restored and intact sites in
February, up to −0.16 (95% CI: −0.24 to −0.09, site

51), makingmany northernmost degraded sites more
similar to intact peatlands (figures 4(h) and S3).

Peatlands previously used for peat extraction had
the largest decrease in LST difference at 13:30 up to
−1.05 ◦C (95% CI: −2.54–0.34, site 23, June) dur-
ing summer months (figures 4(i) and S3). For these
months, we also observed an increase in LAI and
FPAR differences reaching 0.59 (95%CI: 0.21–1.01,
site 23, July) and 0.08 (95% CI: 0.02–0.15, site 23,
July), respectively (figure 4(k)). These degraded peat-
lands generally showed drops in albedo difference
and, as a result, were less likely to resemble intact peat-
lands, except for site 48, which showed an increase in
albedo difference and greater similarity to intact sites
(figure S3).

In degraded open peatlands, the changes in LST
difference were smaller on average—ranging from
−1.37 ◦C (95% CI: −4.24–1.39, site 46, July) to
1.58 ◦C (95%CI:−0.22–3.42, site 34, August) during
the day and from−1.02 ◦C (95%CI:−2.84–0.85, site
30, March) to 0.79 ◦C (95% CI: −0.79–2.38, site 46,
May) at night—compared to peatlands of other land
cover types (figures 4(m), (n) and S3). Althoughmost
of these peatlands had higher LAI and FPAR than
intact sites before restoration (figures 2(o) and S1),
restoration increased the LAI and FPAR difference in
some of them (e.g. 18, 46, 43, and 27), resulting in
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Figure 5. The monthly posterior probabilities (P) that restoration led to increased similarity between the restored and intact
peatland versus the number of years that had passed after the start of restoration. Daytime land surface temperature indicates LST
at 13:30, and nighttime land surface temperature shows LST at 22:30. Colors indicate the pre-restoration land cover type of
restored peatlands.

a low probability of resembling intact sites. In other
degraded peatlands (e.g. 4, 5, and 35), restoration
decreased LAI and FPAR differences and increased
their similarity with intact peatlands. In some peat-
lands (e.g. 18, 43, 40, 39, 27, 34, 30, and 33), albedo
differences mostly increased in March (figures 4(p)
and S3), bringing them closer to intact peatlands, as
their albedo was lower than of the intact peatlands
before restoration (figures 2(p) and S1).

3.3. Similarity between restored and intact
peatlands increases based on the number of years
since the restoration began
Following restoration, the similarity of LST and
albedo between restored and intact peatlands tends to
increase over time (figure 5). There was a linear rela-
tionship between similarity and the number of years
since restoration began, with this increase in simil-
arity being more pronounced in nighttime LST than
in daytime LST during late spring and summer (table
S14). The strongest relationships between albedo sim-
ilarity and the number of years since restoration were
observed during summer months. However, peat-
lands 44 and 45 did not follow this linear trend for
albedo, resembling the intact site’s albedo just three
years after restoration began. Unlike LST and albedo,
LAI and FPAR similarity did not show a linear rela-
tionship with the number of years since restoration.

4. Discussion

4.1. Site-specific variability in LST, LAI, FPAR, and
albedo changes
The observed heterogeneity in LST, LAI, FPAR, and
albedo differences between restored and intact peat-
lands across various sites and land cover types before
restoration (figures 2 and S1) is a novel finding at
this large scale. This heterogeneity highlights the
challenges in addressing restoration needs and may
be attributed to the variability in local conditions
of degraded peatlands. Factors such as the dens-
ity of drainage ditches (Bring et al 2022), ecolo-
gical features of the catchment area (Similä et al
2014), duration and intensity of drainage (Loisel and
Gallego-Sala 2022b) along with associated subsidence
(Regan et al 2019), surface aerodynamic characterist-
ics related to the vegetation and other micro topo-
graphical complexity (Hemes et al 2018, Lee et al
2021), soil fertility (Tuittila et al 2000) and acidity
(Jarǎsius et al 2022) could contribute to these dif-
ferences. Local conditions, combined with restora-
tion methods, may explain the observed heterogen-
eity in restoration-induced changes in essential cli-
mate variables (figure 4). For instance, spontaneous
revegetation may result in a more limited recovery of
vegetation cover in peat extraction areas compared
to more advanced methods, such as the moss layer
transfer technique (Graf and Rochefort 2016, Allan
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et al 2024). To some extent, this heterogeneity in
restoration-induced changes could also be attributed
to changes in intact sites. Vegetation composition in
intact peatlands may be altered by changes in climate
conditions, such as reduced snow cover (Backéus et al
2023), rising temperatures, variations in precipitation
patterns (Antala et al 2022), and fluctuating water
table depths (Bragazza et al 2012, Oke et al 2020,
Campbell et al 2021, Granlund et al 2022, Ma et al
2022b).

Our results could be partially influenced by
data quality limitations. Although we excluded days
without LST and albedo data due to cloud conditions,
filtered outliers, and used data from the same dates for
both restored and intact peatlands, some uncertainty
may still arise from the varying quality of the data.
For LAI and FPAR, we minimized these uncertainties
by utilizing data records with a low mean absolute
error that is comparable with high-quality LAI and
FPAR retrievals of originalMODISTerra/Aqua/VIIRS
LAI/FPAR products (Pu et al 2024).

Another limitation is the use of black-sky albedo,
which represents directional-hemispherical reflect-
ance at local noon in the absence of a diffuse compon-
ent. While black-sky albedo allows for consistent spa-
tial and temporal comparisons by minimizing atmo-
spheric variability, it may underestimate total surface
albedo (Liu et al 2009). As a result, the full radiative
effects of restored peatlandsmay not be fully captured
in our study.

Additionally, our results might be affected by spa-
tial resolution limitation. We utilized satellite data
with spatial resolution of 1 km and 0.5 km, where
pixels covered peatlands by 60% and 90%, respect-
ively. However, this is currently the only dataset avail-
able that provides global coverage, high temporal res-
olution, and a long historical record of studied essen-
tial climate variables since 2000.

4.1.1. Tree-covered land
Our findings revealed that tree-covered peatlands
exhibited distinct thermal behavior, being cooler dur-
ing the daytime and warmer at night than intact peat-
lands (figures 2(a) and (b)). While similar results
have been observed by Li et al (2015), who repor-
ted daytime cooling and nighttime warming in fores-
ted land compared to open land; our results provide
novel insights into thermal dynamics specifically for
peatland ecosystems. In both our study and Li et al
(2015), daytime cooling generally had a higher mag-
nitude than nighttime warming. The lower albedo
observed in degraded peatland compared to intact
sites (figure 2(d)) likely contributed to nighttime
warming (Bonan 2008) by increasing the absorp-
tion of solar radiation during the day. Consequently,
degraded peatlands with lower albedo generally had
higher nighttime LST than intact peatlands before
restoration (figures 2(b), (d) and S1). In contrast,
degraded sites with higher albedo, such as 53 and 72,

often had lower nighttime LST than intact peatlands
(figure S1).

Degraded tree-covered peatlands had lower
albedo than intact sites during the growing season,
with the largest difference occurring in early spring
(figure 2(d)). After restoration, this large albedo dif-
ference between degraded and intact peatlands in
early spring was narrowed (figure 4(d)). The pro-
nounced albedo difference in early spring may be due
to the longer-lasting snow cover in northern regions,
where the albedo difference between open peatlands
and forested areas becomes greater as solar radiation
increases (Lohila et al 2010). This albedo difference
between degraded and intact peatlands may lead to
significant differences in absorbed energy and albedo-
induced warming of forested land in spring (Lohila
et al 2010). The albedo-induced daytime warm-
ing observed in our study across a large number of
degraded peatlands highlights the significant impact
of reduced albedo on energy absorption and surface
warming during spring (figure 2(d)).

Significant restoration-induced changes in LAI
and FPAR were observed at sites 44 and 45, where
tree cover was notably reduced through clear-felling
(table S1). At the same time, albedo increased in these
peatlands. However, we did not observe overall cool-
ing at these sites, which contrasts with the cooling
typically observed during the transition from forests
to wetlands, driven by increased surface albedo and
reduced sensible and ground heat fluxes (Duveiller
et al 2018). The lack of cooling may be due to
the recent restoration of these sites (in 2020–2021).
Despite the observed albedo change, the sensible and
ground heat fluxes may not have had sufficient time
to adjust to levels typical of intact peatlands. Similar
patterns of increased albedo alongside rising daytime
LST have been observed in non-peatland land cov-
ers, where the warming effect from reduced sensible
heat flux offsets the cooling effect of higher albedo
(Luyssaert et al 2014).

4.1.2. Cropland and grassland
We observed a restoration-induced decrease in day-
time LST and an increase in nighttime LST differ-
ences between restored and intact peatlands, with
a greater amplitude of change in daytime LST. The
changes in daytime and nighttime LST differences
varied across sites, which could be partially attributed
to discrepancies in vegetation cover. For instance, a
case study of three restored peatlands found that sites
restored earlier exhibited smaller daytime cooling and
nighttimewarming than amore recently restored site,
likely due to the presence of a mature, closed canopy
cover (Hemes et al 2018). Overall, the transition from
agricultural land to wetlands was previously found
to result in increased sensible and ground heat flux,
which outweighed the effect of decreased shortwave
albedo (Duveiller et al 2018) and explains the higher
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magnitude of negative daytime LST change observed
in our study.

This study included 20 restored former cropland
and grassland sites with diverse pre-restoration con-
texts across a broad region, reflecting a range of envir-
onmental conditions. Some of our findings, such as
those for site 51, which exhibited higher albedo, lower
daytime temperature, and higher nighttime temper-
ature compared to intact peatlands before restora-
tion, agree with previous studies (Wang et al 2020,
Worrall et al 2020). However, we also found that
degraded peatlands could have predominantly lower
albedo than intact peatlands, specifically sites 70 and
71 in our study. Moreover, the observed variations in
albedo between degraded peatlands and intact sites
did not consistently lead to the same patterns of day-
time cooling and nighttime warming. The possible
explanation for this inconsistency could be the dif-
ference in vegetation height between degraded and
intact peatlands, which could affect overall surface
roughness and, consequently, sensible heat flux and
surface temperature (Worrall et al 2020).

4.1.3. Peat extraction land
The decrease in daytime LST difference between
restored and intact peatlands was observed in most
cases (figures 4(i) and S3). Interestingly, the largest
decrease in daytime LST occurred in degraded peat-
lands with a high tree coverage before restoration.
Tree cover varied between 38% and 61% of the total
restored area for peatlands 9, 26, 29, 31, and 38
before restoration (table S1). These degraded sites
also had higher LAI and FPAR values than intact peat-
lands during the growing season (figures 2(k) and
S1). Tall vegetationmay lower daytime and nighttime
temperatures through enhanced turbulent heat fluxes
(Lee et al 2021). After restoration, changes in vegeta-
tion cover, open water, and bare soil may affect the
Bowen ratio by reducing latent heat flux (Wilson et al
2016) and explain the observed reduced daytime LST
difference.

Most degraded sites had lower albedo than intact
sites before restoration (figures 2(l) and S1). This
lower albedo may be partly attributed to the greater
presence of open water, which covered approximately
26% and 18% of the peatland area in restored sites
26 and 31, respectively, before restoration (table S1).
Increased water bodies lead to decreased albedo and
higher net radiation, which, in turn, may result in
higher nighttime temperatures (Lee et al 2021) that
we observed in peatlands 26 and 31.

4.1.4. Open peatland
We found complex patterns in LST differences
between degraded and intact peatlands before res-
toration that could result from the interplay between
vegetation cover, albedo, and heat fluxes. The find-
ings from previous works are contradictory, and
the physical mechanisms of complex LST patterns

are poorly understood. Drained peatlands could (i)
increase their temperature due to reduced latent heat
flux (Kettridge andWaddington 2014), or (ii) increase
their latent heat fluxes (Worrall et al 2020).Moreover,
vegetation height and peat hydraulic properties could
also change the sensible and latent heat fluxes in
degraded peatlands (Schwärzel et al 2006, Worrall
et al 2021).

Higher LAI and FPAR values in the degraded
peatlands compared to the reference sites before res-
toration (figures 2(o) and S1) may be attributed to
the increased coverage of vascular plants, particu-
larly woody shrubs. This trend was observed in pre-
vious studies on degraded peatlands (Strack et al
2006, Harris et al 2020) and is known as shrubific-
ation, which may further progress to afforestation
(Fay and Lavoie 2009). An increase in vascular plant
and a decrease in Sphagnummoss coverage can occur
because the deepened water table in degraded sites
creates conditions outside the tolerance range for
many peatland species (Harris et al 2020). Potential
shrubification and lower albedo of shrubs (Salko et al
2024) might explain lower albedo in degraded peat-
lands 1, 3, 5, 25, and 33 (figure S1). Thus, restora-
tion led to an increase in the albedo of these sites,
making them more similar to intact peatlands. This
effect was especially noticeable in spring, when snow
cover amplifies the albedo contrast between open and
shrub-covered areas, in a pattern comparable to what
was observed earlier for tree-covered sites.

4.2. Restoration leads to increasing similarities
between restored and intact peatlands over time
Nighttime LST and albedo data indicated that, on
average, 11.82 ± 1.35 years after restoration, there
is approximately a 0.5 probability of restored peat-
lands showing increased similarity to intact sites in
May–September (figure 5, table S14). In other words,
restored peatlands across wide-ranging geographical
extent were more likely to be similar than different
to intact peatlands after a post-restoration decade,
aligning with the varying timelines reported in pre-
vious studies observed on local scale. In peat extrac-
tion sites, the re-establishment of C sink functions
may take varying periods: 3 years (Strack et al 2016),
7 years (Wilson et al 2016), 14 years (Nugent et al
2018), or even more than 18 years (Schaller et al
2022). Re-vegetation may begin within 3–4 years fol-
lowing restoration (Tuittila et al 2000, Renou-Wilson
et al 2019), with more than half of a restored site
potentially revegetated within 10 years (González and
Rochefort 2019). However, 15 yearsmay still be insuf-
ficient time to re-establish peatland-specific vegeta-
tion in heavily degraded sites (Renou-Wilson et al
2019). 45–55 yearsmight be enough formost restored
sites to reach vegetation cover similar to the one at
the reference site (Allan et al 2024). Likewise, in tree-
covered peatlands, only minor changes in vegetation
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were observed within the first 5 years, with signific-
ant changes occurring only after 10 years (Haapalehto
et al 2017, Ball et al 2023).

We demonstrated that multiple satellite-derived
observations, such as albedo and LST, should be
assessed together to ensure a more robust restora-
tion assessment. In our study, sites 44 and 45 closely
resembled intact sites in albedo after restoration, but
not in nighttime LST. In these sites, a significant
reduction in tree cover occurred during restoration
in 2020–2021, due to clear-felling (table S1), which
probably caused their albedo to become more sim-
ilar to their treeless reference peatlands. Changes in
albedo due to clear-felling should not be perceived
as restoration progress as it is a short-term interim
state that may also temporarily reduce water qual-
ity below the restoration site (Härkönen et al 2023).
Meanwhile, nighttime LST showed that the thermal
properties of these restored peatlands did not become
substantially similar to the reference sites within such
a short post-restoration period (figures 4(b) and S3).

However, the finding that restored peatlands
resembling intact sites after a post-restoration dec-
ade should be interpreted with caution, as we did
not model year-by-year changes in the restored sites.
Based on the linear relationship we observed for
nighttime LST and albedo in May–September, it
might be projected that a high probability for restored
peatlands showing increased similarity to intact sites
may be reached within 52± 14 years (table S14). This
projection is speculative, as it is based on the extrapol-
ation of a linear relationship representing past climate
conditions and without the availability of long-term
data for validation.

4.3. Future directions
We observed the following changes in the differ-
ence between restored and intact peatlands caused
by restoration: up to 3.18 ◦C (95% CI: 0.86–5.5)
and −1.22 ◦C (95% CI: −3.08–0.81) in daytime
and nighttime LST, respectively; up to −2.54 (95%
CI: −3.05 to −2.03) in LAI; up to −0.29 (95% CI:
−0.42 to −0.17) in FPAR; and up to −0.16 (95%
CI: −0.24 to −0.09) in albedo. These changes may
influence local and regional climate dynamics, espe-
cially in regions undergoing large-scale restoration
efforts. As the number of restored peatlands con-
tinues to grow, particularly in Europe (Hering et al
2023) and Canada (Alamenciak et al 2023), it is cru-
cial to consider these factors, especially in assessments
of the climatic impacts of land-use change (Hemes
et al 2018). For example, the restoration impact
of peatlands was primarily considered in terms of
biogeochemical impacts, focusing on the role of peat-
lands in reducing greenhouse gas emissions in the
Sixth Assessment Report by the IPCC (Anon 2021).
However, the potential biophysical impacts of res-
toration were not fully integrated into their climate

projections, leaving a gap in the understanding of how
restored peatlands influence local and regional cli-
mate dynamics.

Additionally, future research could examine
how the restoration-induced changes in degraded
peatlands can inform the land-use components of
Nationally Determined Contributions (UNFCCC
2024). This would help ensure that the climatic bene-
fits of restoration are more fully reflected in national
mitigation and adaptation planning. In particular,
the observed linear relationships between albedo,
nighttime LST, and time since restoration could sup-
port projections of long-term climate effects, aiding
the integration of peatland restoration into land-use
scenario planning.

Future studies could also compare our observed
changes in the difference between restored and intact
peatlands caused by restoration with results obtained
from other countries and regions. In tropical peat-
lands, for instance, limited climate resistance may
restrict the recovery of biophysical properties and
reveal how climate influences restoration outcomes
(Girkin et al 2022).

5. Conclusions

Leveraging more than 20 years of satellite data, we
used essential climate variables to reveal changes in
restored peatlands and assess whether they return
to their original, natural state in Finland, Estonia,
Latvia, Lithuania, the UK, Canada, and the USA. The
results of this study indicate that:

• Degraded peatlands generally exhibited lower LST
and albedo, higher nighttime LST and increased
LAI and FPAR compared to their respective intact
counterparts. These differences persisted both
before and after restoration.

• Restoration led to notable shifts in LST, LAI, FPAR,
and albedo, modifying their differences relative to
intact peatlands. Predominantly, we observed: (i)
decreased differences in daytime LST, (ii) increased
differences in nighttime LST, (iii) changes in LAI
and FPAR varied across sites, but both exhib-
ited similar patterns of change, (iv) differences in
albedo were themost noticeable in winter and early
spring.

• Over time, restored peatlands tended to become
more similar to intact sites in terms of LST and
albedo, following a linear relationship with the
number of years since restoration began. We found
that it might take over a decade and around fifty
years after restoration to reach a 0.5 and 1 probab-
ility, respectively, that restored peatlands exhibited
increased similarity to intact sites.

The observed restoration-induced changes in cli-
mate variables may have significant implications for
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regional and local climate dynamics, particularly in
regions undergoing large-scale peatland restoration,
such as North America and Europe. Therefore, we
highlight the need to integrate potential biophysical
impacts of restoration into climate projections.
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