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Abstract Rewetting drained peatland forests restores
pristine  ecosystem  functions, improves peatland
ecological status, and has been considered to mitigate
climate change. We quantified climate impact of rewetting
boreal peatland forests in Northern Europe by comparing
the radiative forcing of alternative restoration pathways to
that of continued forestry use. We considered changes in
soil carbon dioxide, methane and nitrous oxide balance,
tree stand carbon sink-source dynamics, albedo change,
and included the wood product carbon storage and release.
We show that restoring nutrient-rich drained boreal
peatland forests contributes to climate warming in the
short and medium term (< 200 yr), except in specific cases
when tree stand carbon storage is preserved. Rewetting
nutrient-poor peatland forests has a persistent warming
impact. Our results indicate the ecological benefits of
rewetting drained boreal peatland forests come at a climate
cost, and that restoration is unlikely to mitigate climate
change within a timeframe relevant to the EU climate
goals.

Keywords Climate change mitigation - Forest peatland
restoration - Greenhouse-gas balance - Radiative forcing -
Rewetting

INTRODUCTION

Restoration of boreal peatlands drained for forestry benefits
a multitude of ecosystem services, such as biodiversity and
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hydrological cycle (Laine et al. 2011; Andersen et al. 2017;
Elo et al. 2024; Jurasinski et al. 2024). It is also considered
to mitigate climate change (Escobar et al. 2022; Jurasinski
et al. 2024), yet some studies challenge this view (Ojanen
and Minkkinen 2020). Recently, Laine et al. (2024) eval-
uated the impact of rewetting on the atmospheric radiative
forcing (ARF, e.g. Frolking et al. 2006) and proposed that
restoring nutrient-rich forest peatlands provide immediate
climate benefits. They, however, considered only the
change in soil greenhouse gas (GHG) balance following
rewetting, provoking the question of how robust the con-
clusions are if the scope is broadened to include strong
carbon (C) sequestration in managed peatland forest stands,
forest harvesting and subsequent release of C from created
wood products (Jurasinski et al. 2024).

In the Nordic and Baltic countries, ca. 30% of the boreal
peatland area has been drained for forestry during the last
century (Laine et al. 2009). In Finland, 4.9 Mha (54% of all
peatlands) have been drained since the early 1900s
(Korhonen et al. 2024), after the pioneering studies of
Cajander (1906) and Tanttu (1915) suggested the growth of
poorly productive naturally forested peatlands and paludi-
fied forests can be greatly improved by drainage. Forestry
drainage was strongly expanded in the 1960s and 1970s by
the financial support from the state, and a shift from
manual to mechanized digging of the ditches. During that
time, drainage was conducted also in peatlands that were
later found unsuitable for wood production. Drainage of
pristine peatlands was ended by 2000. Currently there are
0.6-0.8 Mha of drained peatlands, mostly nutrient-poor
bogs, where wood production is not economically feasible
(Laiho et al. 2016; Korhonen et al. 2024). In addition, ca.
0.8 Mha of productive drained forest peatlands are reaching
the end of their 1st rotation cycle within the next decade,
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opening a window of opportunity to make smart decisions
on their future (Korhonen et al. 2024). Managing for eco-
logical benefits by rewetting and restoration is an option
that would comply with the European Nature Restoration
Law (European Commission 2022; Hering et al. 2023) but
compromise wood production (Jurasinski et al. 2024).
Moreover, whether restoring drained forest peatlands is
synergetic or acts against reaching climate change miti-
gation targets of European Climate Law (Kulovesi et al.
2024) remains uncertain, yet decisions are urgent.

Drainage deepened the water table (WT), resulting in a
thicker aerobic layer and enhanced peat decomposition and
associated carbon dioxide (CO,) and nitrous oxide (N,O)
emissions to the atmosphere (Laine et al. 1996; Ojanen
et al. 2013; Minkkinen et al. 2020). At the same time,
methane (CH,4) emissions have decreased (Ojanen et al.
2013), and C accumulation into the growing tree biomass
has been rapid (Minkkinen et al., 2001). While peat
decomposition has accelerated in drained forest peatlands,
accumulation of new carbon into living biomass and top-
soil mor humus layer has led to net C sequestration at the
ecosystem level (Minkkinen et al. 2002; Lohila et al. 2011;
Korkiakoski et al. 2023; Tong et al. 2024). In nutrient-poor
forest peatlands also, soil can be a net C sink, similarly to
pristine peatlands (Ojanen and Minkkinen 2019; Minkki-
nen et al. 2020). The positive climate impact of the
enhanced C sink after forestry drainage has been partly
counteracted by decreased surface albedo (Lohila et al.
2010), but studies are consistent on the net cooling effect
on global climate over the first forest rotation period after
drainage (Laine et al. 1996; Minkkinen et al. 2002; Lohila
et al. 2010).

After successful rewetting, hydrological functions and
WT dynamics of undrained peatlands are restored, causing
a cascade of biological, ecological, and biogeophysical
changes that recover the ecosystem functions of pristine
peatlands (Escobar et al. 2022). The peatland GHG balance
dynamics after rewetting remain poorly quantified, but the
shallower aerobic layer reduces the rate of organic matter
decomposition, thereby increasing soil C sequestration or
decreasing net CO, emissions. The CH, emissions are
known to gradually increase, while N,O emissions
decrease to a very low level (Minkkinen et al. 2020;
Escobar et al. 2022). Overall, studies suggest that GHG
balances return to levels comparable with pristine peat-
lands 15-30 yr after restoration (Laine et al. 2019; Purre
et al. 2019; Minkkinen et al. 2020; Escobar et al. 2022).

Recently, Laine et al. (2024) defined the plausible
restoration outcomes for drained peatland forests in Finland
and showed that when nutrient-rich peatland forests are
restored, their soil turns from a CO, source to a sink (see
Table 1), and the associated cooling is stronger than the
warming caused by elevated CH, emissions (i.e. ARF <0).
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Table 1 Soil GHG balances (g (gas) m~? afl) used in this study. For
CO,, the rotation cycle average of Eq. S3 (Fig. S4) and range cor-
responding to young and mature stands (in parenthesis) are given. The
values are from Laine et al. (2024), with exception of drained peat-
land forests for which they used constant values + 265 gCO, m 2 a~"'
(FNR) and — 45 gCO, m~2a~! (ENP). Data sources and uncertain-

ties are described in Laine et al. (2024)

Peatland type Soil gas balance (g (gas) m™>a~")

CO, CH,; NO
Drained nutrient rich (FNR) + 384 (140...490) + 034 +0.23
Drained nutrient poor (FNP) — 15 + 0.34 + 0.08
(— 130...+ 40)
Spruce mire - 91 + 1.7 +0.10
Pine mire - 97 + 48 +0.03
Open eu/mesotrophic — 104 + 15 +0.10
Open oligotrophic — 124 +22 +0.03
Open ombotrophic - 95 +9.7 4 0.03

Laine et al. (2024) concluded that restoring nutrient-rich
peatlands to forested mires yields immediate climate bene-
fits, while the climate mitigation potential of restoring
nutrient-poor peatlands is weak. Their results are, however,
conditional to the fact that post-restoration change in only
soil GHG balance was accounted for, and transition from
drained to restored state assumed instantaneous. Here, we
complement their analysis by including the tree stand C sink-
source dynamics, approximate the direct radiative forcing of
the albedo change, and broaden the system boundaries to
include the fate of wood product C storage on ARF (Fig. 1).
We show that restoring drained boreal forest peatlands
contributes to climate warming in short and medium term
(< 200 yr), except in a specific case when tree stand C
storage of a on nutrient-rich peatland can be preserved.

MATERIALS AND METHODS
Hypothetical restoration pathways

We illustrate the effects of dynamic tree stand CO, sink,
the fate of harvested wood products, and the albedo change
on ARF using hypothetical restoration cases:

e (Case I: Restoration of a nutrient-rich forest peatland
(FNR) in Southern Finland to an open eutrophic/
mesotrophic peatland. We assume restoration takes
place via clear-cutting a mature tree stand, which the
stem wood is allocated to short- and long-term wood
products. Harvest residues are left to decompose on-
site. The restoration impact on soil CO,, CH, and N,O
fluxes (Fysi1) and albedo are assumed to be instanta-
neous. In the restoration scenario, wood product and
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Fig. 1 Schematics of carbon dioxide (CO,) sinks/sources (i.e., CO, balance) and albedo during a rotation cycle of nutrient-rich drained peatland
forest, and the expected situation after restoration to open peatland. The arrow size illustrates flux magnitude. The change in the atmospheric
radiative forcing ARF,, summarizes the warming/cooling impact caused by the changes in soil, tree stand, residue and wood product CO,
balances between forestry drained and restored. Depending on the system boundaries, release of CO, from wood products is either included or

excluded from the analysis

residue C pools are depleted over time, while in the
reference forestry scenario they are periodically replen-
ished through harvests.

e (Case 2: Restoration of FNR to a spruce mire, assuming no
harvestis conducted, and tree stand C storage is preserved
after restoration. According to Laine et al. (2024), Case
1&2 restoration pathways offer the strongest climate
benefits. This raises the question: to what extent does
accounting for the tree stand C sequestration, harvests and
wood use alter their conclusion?

e (uase 3: Assessment of how the climate impact depends
on timing of restoration? Building on Case I, Restora-
tion is now initiated at different points during the 58 yr
forest rotation cycle.

e (Case 4: Evaluation of how a gradual rather than
instantaneous change of F 4 from drained to restored
state affects ARF? We assume net soil GHG balances
change linearly over a post-restoration period (t,) up to
40 yr, covering the typical equilibration time of
15-30 yr (Escobar et al. 2022). Finally, we compare
our results to those of Laine et al. (2024).

In all cases, the reference scenario is even-aged forest
management, where rotation cycles and management
practices continue unchanged for the next 200 years.

www.kva.se/en

Estimating the change in net GHG fluxes
and atmospheric radiative forcing

We adopt, as far as possible, the same assumptions and
parameters as Laine et al. (2024). Detailed description of
the methods, underlying assumptions and data used in
this study are provided in the Supplementary Material
(Suppl.).

A simple book-keeping model is used to track changes
in C storage (S;(¢), C m~?) over time (f) in soil, tree stand,
harvest residues, and wood products made from harvested
biomass (Suppl. S1). The model yields the annual net flux
of CO, between the atmosphere and the peatland—wood
product system Fo(?) (g CO, m2a’l):

Fc02(t) = Fco2.s0il(t) - Ftree(t) + Fres(t) + pr(l‘), (1)

where negative F,, indicates net CO, uptake. The soil
CO; balance (Fco2,s0il), tree stand biomass change (Fire),
and CO; emissions from residue decomposition (Fyes) sum
up to the net ecosystem exchange (NEE). The full Eq. 1
also includes CO, emissions from wood products (pr),
thus accounting for the dynamics of the wood product C
storage.

Biomass increment and F..(¢) are simulated using the
Motti forest simulator (Hynynen et al. 2005) following the
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current guidelines for even-aged forestry in Finland (Kel-
lomaki 2022). Forest dynamics are modeled across a range
of site types representing peatland forests ranging from
eutrophy to oligo-ombrotrophy, and for climate conditions
in Southern and Northern Finland (Suppl. S1.5). The water
table deepens with increasing stem volume (Vol, m® ha™")
based on Sarkkola et al. (2010), which influences the soil
CO, balance following Ojanen and Minkkinen (2019). Our
formulation is a dynamic version of that used in Laine et al.
(2024) to estimate drained peatland forest soil CO, balance
(Table 1, Fig. S4).

During the rotation period, biomass is removed through
thinnings (partial harvests) and final clear-cut. Harvests
provide input to harvest residue pools that decompose on-
site, and to short- (mean lifetime t = 3 yr, incl. bioenergy)
and long-term (t = 30 yr) wood product pools. These pools
emit CO, at rates proportional to their size and decay rate:
Fyi(t) = Syi(t)e /%, where ;= 3-300yr is the mean
lifetime of pool i. For restored peatlands, we assume that
stumps and roots decompose slowly (t = 300 yr) in anoxic
conditions, Fiee(f)= 0 and Fcoo sl i constant in time. For
CH,4 and N,O assume that only soil and forest floor pro-
cesses contribute to their balances that remain constant
over time but differ between peatland types and between
drained vs. restored scenarios (Table 1). Thus, for CH4 and
N0, EQ- 1 reduces to Fepg = Fch4,soil and Fpp, = Fn20,soil-

Impact of restoration on GHG balance is computed as
the difference between restored (r) and drained (d) peat-
land, i.e., AF¢p2d—(t) = F,(t) — F4(t). The REFUGE 4
method (Lindroos 2023) is used to quantify how such
change in the net CO,, CH; and N,O uptake/emission
affects their atmospheric stocks and radiative forcing
(Suppl. S1.3). The approach accounts for the dynamic
response of atmospheric GHG storages to surface emis-
sions/sinks and includes the effects of atmospheric chem-
istry and land—ocean GHG sink.

The change in annual radiative forcing ARFy(r) (W m™>
(earth) m~? (land restored)) of gas k contributes either to
climate warming (ARF; > 0) or cooling (ARF; <0). The
radiative forcings are additive, and the time-dependent
total radiative forcing from forest peatland restoration is:

ARF (1) = ARF ¢ 50i1 (1) + ARFyee (1) + ARFies (1) + ARF (1)
—+ ARFCh4(l) + ARFHZO(Z’) —+ ARF-‘[][,(Z‘)7

(2)

where the last term ARF ., approximates the direct radia-
tive forcing due to change in the surface albedo (Suppl. S1.
4). Equations 1 and 2 enable analyzing how the dynamic
changes in different GHG fluxes and (eco)system compo-
nents contribute to ARFq(1).

@ Springer

RESULTS

In Case 1, a fertile spruce stand at the end of its rotation
(age 58 yr, Vol. ~ 400 m> ha~!, mean annual increment in
late rotation ~ 10 m>ha™! a ! Fig. S1 and 2) on a
mesotrophic (Mtkg) drained peatland in Southern Finland
is restored to an open eutrophic/mesotrophic fen (Fig. 2a,
b). Over the forest rotation, 28% of the harvested stem
wood was allocated to long-term forest products. Restora-
tion contributes to climate warming (ARF,;>0) over the
first 58 yr forest rotation period and for most of the 2nd
rotation cycle. Restoration starts to provide continuous
climate benefits (ARF,<0) only after the third rotation,
but the average contribution remains warming for ca.
200 yr (Figs. 2a, b and 4a). Stand productivity has signif-
icant impact on ARF,;<0: the more productive the restored
NRF stands are, the stronger and more long-term the
associated warming impact (Fig. S3).

The role of different (eco)system components and GHGs
on ARF, varies over time, as their contributions are affected
by stand, residue and wood product dynamics impact on net
CO; source/sink strength (Eq. 1; Fig. S1), and the differing
atmospheric lifetimes of GHGs (Suppl. S1.3). Increasing
surface albedo after restoration creates a persistent cooling
effect, which is the strongest when compared to mature
forests (Fig.2b and Fig. S4). Soon after restoration,
increasing methane emissions have a major warming impact
but the effect saturates due to the short atmospheric lifetime
of CH, (Frolking et al. 2006). Increasing CH4 emissions also
explain why ARFy; is positive for the first ca. 60-80 yrs after
rewetting. Thereafter the role of CO, becomes more
prominent and the change in soil GHG balance creates a
cooling effect because. This occurs because the restored
peatland soil is assumed to be a constant sink of CO,
(Table 1), while net emissions from drained forest peatland
soil increase with deepening of WT toward the end of rota-
tion (Suppl. S1.1; Fig. S4). After the first decades, the vari-
ability in ARF is driven by the cyclic C sequestration and
release from the ecosystem components (on-site) and wood
products (Fig. 2a and Fig. S1). The C sequestered into tree
biomass is converted into residues and wood products after
partial harvests (thinnings) and the final clear-cut at the end
of rotation, resulting in a characteristic ‘saw-tooth’ pattern in
ARF, (Fig. 2a). At the end of rotation period, the forest
stand CO, sink is temporarily removed, and rapid release of
C stored in residues and wood products yields strong net CO,
emissions (Fig. S1) into the atmosphere, causing the drop in
ARF .

On timescales longer than rotation period, the net C
sequestration into living biomass, residues or wood prod-
ucts is small, and the long-term trend in ARF is driven by

www.kva.se/en


http://dx.doi.org/10.1007/s13280-025-02225-6
http://dx.doi.org/10.1007/s13280-025-02225-6
http://dx.doi.org/10.1007/s13280-025-02225-6
http://dx.doi.org/10.1007/s13280-025-02225-6
http://dx.doi.org/10.1007/s13280-025-02225-6
http://dx.doi.org/10.1007/s13280-025-02225-6
http://dx.doi.org/10.1007/s13280-025-02225-6
http://dx.doi.org/10.1007/s13280-025-02225-6
http://dx.doi.org/10.1007/s13280-025-02225-6
http://dx.doi.org/10.1007/s13280-025-02225-6
http://dx.doi.org/10.1007/s13280-025-02225-6
http://dx.doi.org/10.1007/s13280-025-02225-6
http://dx.doi.org/10.1007/s13280-025-02225-6
http://dx.doi.org/10.1007/s13280-025-02225-6
http://dx.doi.org/10.1007/s13280-025-02225-6

Ambio

1e—13 Case 1: FNR --> RME. Clear-cut at t=0.

1.00
a)
5 0754
g
]
g 0.50
2
© 0.25 1
b
€ 0.00 -
<
3 -0.25 1
b
1S
—0.50 { == Total
E Total
w (no WP)
S —0.75 { — soil
_ Total
L24
-1.00 T . T T , T T
0 25 50 75 100 125 150 175
Case 2: FNR --> Spruce mire. No harvest at t=0.
1.00 Le—13
c)
3 0754
g
2
g 0.50
2
& 0.25-
b
€ 0.00
=
£
3 -0.25 1
b
1S
z —0.50 1
'S
S —0.75 1
-1.00 T T .

75 100 125 150 175

year since restoration

0 25 50

ARF (W m~2(earth) m~2 (land restored))

200

ARF (W m~2(earth) m~2 (land restored))

200

Case 1: Contributions

1.00 le—-13
b) = Total
Restoration warming CO,
0.75 A == CH4
== N0
0.50 - —— Albedo
0.25 A
0.00 A
—0.25 1
—0.50 1
—0.75 4
Restoration cooling
-1.00 T T T T T T T
0 25 50 75 100 125 150 175 200
le—13 Case 2: Contributions
1.00
d) = Total
Restoration warming CO,
0.75 A == CHs4
== N0
0.50 - —— Albedo
0.25 A

—0.25 4
~0.50 - //\/
—-0.75 1
Restoration cooling A
-1.00 T T T T T T T
0 25 50 75 100 125 150 175 200

year since restoration

Fig. 2 Change in the annual radiative forcing ARF, (a) and its components (b). Case 1: Restoring nutrient-rich forest (FNR, mesotrophic Mtkg
in Southern Finland) to an open eutrophic/mesotrophic peatland by clear-cutting at the end of rotation period. Development of C storages and
CO, fluxes between the considered system and the atmosphere are shown in Fig. S1. Case 2 (¢, d) show ARF,,, when the same forest is restored
to a tree-covered mire leaving the tree stand intact, assuming it preserves its C storage infinitely. In left panels (a, c) the thin black line (L24)
shows the estimates of Laine et al. (2024), which include only on the change in soil GHG balances. Orange dashed line (no WP) shows ARF, if
the release of CO, from the wood products is not accounted for. Figure S3 shows the impact of forest productivity on Case 1

the difference of soil C storage development between
restoration (increase) and forestry (decrease in FNR,
increase in FNP) scenarios (Table 1, Fig. S1). This also
explains the overall cooling contribution of CO, (Fig. 2b).
Thus, the centennial-scale dynamics of ARF, caused by
restoring into an open peatland is driven mainly by the
change in soil GHG balance, as implicitly assumed in
Laine et al. (2024). However, the estimated near-future
climate impacts are strikingly different depending on
whether only the soil or the entire system GHG balance is
considered.

In Case 2, the same forest is restored into a spruce mire
now leaving tree stand intact, and assuming it preserves its
C storage ad infinitum (Fig. 2c¢). This restoration pathway
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provides an immediate and persistent cooling effect
(ARF ,1<0), mainly because the initial CO, emissions from
wood products and harvest residues are avoided in the
restoration scenario. Also, the increase of CH, emissions
from drained to restored state is smaller than in Case I
(Table 1) and resulting warming impact (ARF4>0)
remains small, and total climate impact is driven by CO,
(Fig. 2d). The effect of Case 2 rewetting on ARFy, is
opposite to that of Case I, as albedo of mature (restored)
forest stand is lower than in young managed stands. The
difference between Case I and 2 demonstrates how central
the fate of pre-restoration tree stand C storage is for the
climate impact.
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In previous cases, restoration was done at the end of
rotation in tandem with clear-cutting and regeneration
(Fig. 2). In real world, rewetting a peatland area requires
restoration measures are applied simultaneously at different-
aged stands. In Case 3, we initiate Case [ restoration at
different times during the 58 yr rotation cycle (Fig. 3a). The
results show interesting dynamics with respect to timing of
restoration relative to the rotation length of managed forest.
The caused long-term warming impact is the stronger the
younger the restored stands are, as the C sink of an estab-
lished, well-growing tree stand is lost for the remaining
rotation period. On the other hand, the most unfavorable
short-term climate impact occurs when mature forest stands
are restored, as the earlier loss of biomass C storage leads to
earlier large CO, emissions to the atmosphere compared to
continued forestry scenario. When the alternative, as in this
analysis, is to continue fixed-length rotation forestry,
restoration to open peatland habitats causes least climate
harm if it can be done at end of rotation cycle. On peatland
scale this is, however, rarely practical.

The gradual rather than instantaneous transition of the soil
GHG balances from drained to restored state (Case 4, Fig. 3b)
has only a minor effect on ARF, which pales in comparison
to timing of restoration (Fig. 3a) and the selected restoration

Case 3: FRM --> Open mesotrophic.
Restoration during stand rotation.

a le—-14
a) to/trot
Restoration warming — 1.0
3 0.8
- — 0.6
\\ ---- 0.4

ARFo, 1 (W m~2(earth) m=2 (land restored))

Restoration cooling
_2 T T T
0 25 50 75

years since restoration

100 125 150

DARFo, 11 (W m~2(earth) m~2 (land restored))

175 200

pathway (Fig. 2). This suggests that uncertainty in post-
restoration GHG balance equilibration time (Escobar et al.
2022) may not be critical for assessing climate impact
dynamics. However, delayed return (t,= 40 yr) of pristine
ecosystem functions (e.g. gradual increase in CH4 emissions)
appears to lead to more favorable short-term (< 30 yr) and
more negative long-term climate impact compared to the
instantaneous (7,= 0) GHG balance recovery (Fig. 3b).

DISCUSSION

Rewetting drained boreal forest peatlands is unlikely to
mitigate climate change in the twenty-first century. The
results unequivocally show that restoring drained forest
peatlands to open peatland habitats (Figs. 2a and 4) will
contribute to climate warming (ARF,> 0) both on short
and medium term (< 200 yr), while longer-term benefits
may emerge when restoring nutrient-rich sites. Our results
align with those by Ojanen and Minkkinen (2020), who
showed that restoring boreal forestry drained peatlands will
have a warming effect at least for the first century after
restoration, depending on forestry practices applied.
Although Laine et al. (2024) only considered the impacts

Case 4: FRM --> Open mesotrophic.
Gradual change of Fgj.

4 le—-14
b) T, (yr)
Restoration warming —— 0.00
31 5.00
— 10.00
— 20.00
2 ---- 40.00

Restoration cooling

_2 T T T T T T T
0 25 50 75 100 125 150 175 200

years since restoration

Fig. 3 Effect of conducting Case I restoration during the forest rotation cycle (a). The lines show average change in total radiative forcing
(ARF o) from time t = 0 until a given point in time (in x-axis). Restoration during the forest rotation (¢o /tior < 1) leads to stronger short- and
long-term warming than rewetting at the rotation end. A gradual change in soil GHG balance from drained to restored state over a period 7, (b)
has only a minor impact on ARF|y. Thick blue line is same in both panels and equals time-averaged ARFy from Fig. 2a
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of restoration on the soil GHG balance, their results pro-
vide similar conclusion (Fig.4). Our findings are also
consistent with earlier studies showing that draining boreal
peatlands for forestry has contributed to climate cooling, as
C accumulation in the growing tree stand has outweighed C
losses from peat soil (Laine et al. 1996; Minkkinen 1999;
Minkkinen et al. 2002) and negative effects of decreased
albedo (Lohila et al. 2010).

Short- to medium-term (< 200 yr) climate impact of
restoration is dictated by the fate of the C sequestered in
the tree stand (Figs. 2 and 3a). If the tree stand C storage
can be preserved when restoring to tree-covered mires
(Figs. 2b and 4), the avoided CO, emissions from decom-
posing residues and wood products provide climate benefits
and it is possible to achieve the anticipated synergies
between improved biodiversity and climate mitigation
goals (Bullock et al. 2011; Dinesen et al. 2021; Laine et al.
2024). Our results reveal that in an optimal case, successful
restoration of nutrient-rich forest peatlands to tree-covered
mires (Fig.4) may provide climate mitigation exceeding
that offered by improved soil GHG balance only. However,
our analysis also suggest that climate impacts of restoration
are highly dependent on the selected restoration targets
(stand age, productivity, site type) and desired outcomes
(post-restoration habitats), leading to varying synergies and
trade-offs between different ecosystem services (Ojanen

le—14 Nutrient rich forests
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and Minkkinen 2020; Elo et al. 2024; Laine et al. 2024).
For instance, when the restoration targets are open peatland
habitats, the adverse short- and medium-term climate
warming impact can, to some degree, lessened if restora-
tion is applied to mature instead of young stands (Fig. 3a).
Among nutrient-rich forest peatlands, it is less harmful to
restore low- than high-productivity stands (compare
Fig. 2a,b and Fig. S3).

The fate of the tree stand C storage and sink, and the
release of CO, from residues and wood products determine
the radiative forcing dynamics at short timescales but for
periods significantly longer than the stand rotation, ARF
trend depends mainly on how the soil C storage develops
after restoration compared to that of continued forestry use
(Fig. 2a, c). This is because the C storage of wood products
and residues is mostly depleted during the forest rotation
cycles, the radiative forcing caused by N,O emissions is
small overall, and that from elevated methane emissions
saturates after ca. 100 yrs (Fig. 2b, d). Conclusions on the
climate impact of rewetting, and the underlying causal
mechanisms are thus highly dependent on the timescale of
interest. Focusing on the change in soil GHG balance
(Laine et al. 2024) is viable when long-term climate
impacts of restoration to open peatlands are considered but
gives a biased view in the short-term, and particularly
when restoring to tree-covered mires (Fig. 4).

Nutrient poor forests

le—14
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Restoration warming

—2
—4
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Fig. 4 Change in the total radiative forcing (ARF,) when a nutrient-rich (a) and a nutrient-poor (b) drained peatland forest is restored to
different habitats. The continuous lines show the average radiative forcing (ARF|y ) from t = 0 until a given point in time (in x-axis). The
colored range shows the variability due to different forest dynamics across site types and south-north climate gradient (see Suppl. S1.5).
Vegetation C storage is assumed intact when restoring to tree-covered mires. Dashed lines show comparison to Laine et al. (2024), who

considered only the change of soil GHG balances
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Our analysis also illustrates how the conclusion on the
climate impact can differ depending on whether the wood
end-use is included (Fig. 2a, ¢ and Fig. S3 blue line) or
excluded (dashed orange line). The latter assumption is
implicitly made if ARFy is evaluated at the site level using
ecosystem NEE (Fig. 1 and S1). In managed forests this
would mean the harvested wood C transported from the site
and turned into wood products is omitted from the analysis
(or assumed to form an infinite C storage). For timescales
longer than the wood product life cycle this is conceptually
incorrect and would unrealistically favor the forest man-
agement scenario. On the other hand, rewetting a peatland
is unlikely to affect regional wood demand in the short
term, and restoration may lead to compensatory harvesting
elsewhere (harvest leakage; Kallio and Solberg 2018;
Schwarze et al. 2002). This means the positive effects of
preserving stand C storage when restoring to tree-covered
mires (Fig. 2c) would be counteracted by emissions from
residues and wood products caused by increased harvests
elsewhere. In a broader context, this means that unless
restoration affects wood demand, rewetting nutrient-rich
peatland forests to tree-covered mires is likely to provide
only long-term climate mitigation, analogously to restoring
to open peatlands (Figs. 2 and 4). Deeper exploration on
roles of system boundaries is beyond the scope of this
work, but results highlight the need to consider restoration
gains and trade-offs as part of a wider analysis and valu-
ation of the ecologically, environmentally, climatically,
and economically sustainable boundaries for using forests
and peatlands (e.g. Bullock et al. 2011; Koskinen et al.
2017; Juutinen et al. 2020; Makrickas et al. 2023).

Our model of C storage and GHG balance development
over forest rotation cycles assumes that forest management will
continue as in the past, omitting potential benefits of a changing
environment, altered biogeochemistry and improved manage-
ment on growth and C sequestration of drained peatlands
(Hokka et al. 2024a,b). The magnitude of the predicted NEE
after clear-cutting of a fertile forest peatland is in line with
recent observations (Korkiakoski et al. 2023; Tikkasalo et al.
2025), but as we exclude ground vegetation and pioneering
vegetation net primary productivity, the recovery of CO, sink
after clear-cutting is delayed compared to observations from a
fertile drained peatland (Korkiakoski et al. 2023) and from
young mineral soil stands (Grelle et al. 2023). Otherwise, NEE
dynamics with stand age are realistic compared to those
observed in managed boreal forests (Goulden et al. 2011;
Peichl et al. 2023). We also omitted the possibility to adapt
peatland forestry, e.g., via continuous cover forestry (Nieminen
et al. 2018), raising water table for better growth (Hokka et al.
2024b) and reduced CO, emissions (Ojanen et al. 2013), or by
lengthening rotation cycles for improved tree stand C storage.
We also neglected the possible changes in wood use and
ignored the substitution effects. It can thus be argued that our

@ Springer

results may unrealistically favor restoration, as future forest
management on peatlands can be adjusted to improve its
impact on the climate.

We compared the atmospheric radiative forcing of
alternative restoration outcomes to that of continued even-
aged forest management. By doing so, we assume forest
growth, management, and wood use, as well as restored
peatland GHG balance, will remain as in the past for the
next 200 years. In absence of post-rewetting data on stand
development, we also made the naive assumption that tree
stand C storage is preserved permanently when restoring to
tree-covered mires (Case 2, Fig. 2¢c, d). These simplifica-
tions mean potential effects of increased abiotic (drought,
floods, windthrows, peat fires) and biotic disturbances on
peatland forests’ C cycle (Turetsky et al. 2004; Lindner
et al. 2014; Venildinen et al. 2020), restoration success
(Elo et al. 2024) and any changes in peatland ecosystem
functions that would affect their GHG balance in a future
climate (Frolking et al. 2011; Wu and Roulet 2014) are not
accounted for. Our analysis focuses on the change in global
atmospheric radiative forcing (ARF,) and does not con-
sider the biophysical impacts of rewetting on the local
surface energy partitioning (Helbig et al. 2020). It has, e.g.,
been suggested that extensive rewetting of boreal peatlands
can buffer against high summer temperatures on a regional
scale (Helbig et al. 2020).

CONCLUSION AND IMPLICATIONS

To comply with the European Nature Restoration Law
(Hering et al. 2023), the demand to restore drained boreal
forest peatlands will increase in the next decade. With
limited knowledge and data on post-restoration GHG bal-
ances (see review in Escobar et al. 2022), tree growth and
restoration success (Elo et al. 2024), and future peatland
forest management (HOkk& et al. 2024a,b), predictions of
the resulting climate impacts are well-aimed shots into the
dark. Still, the objective use of ecosystems ecology of
managed forests and natural peatlands is our best asset to
inform decision-making on restoration today. Our results,
supported by those of Ojanen and Minkkinen (2020) and
Laine et al. (2024) show that the ecological benefits of
restoring drained boreal peatland forests in the Northern
Europe will in most cases have a climate cost (warming
impact) throughout the twenty-first century, acting against
reaching the EU climate-neutrality 2050 target.

Our results have four key implications for planning
restoration of boreal drained peatland forests: (1) Rewetting
nutrient-rich production forests to open peatland habitats
will contribute to climate warming in the short and medium
term (< 200 yr), while restoring nutrient-poor forests leads
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to even more long-term warming; (2) The adverse climate
impact of restoration can be partly mitigated by focusing
restoration activities to late-rotation stands; (3) Successful
rewetting of nutrient-rich drained peatlands to tree-covered
mires can have a cooling effect if the tree stand carbon
storage can be preserved; and (4) In most cases, there is a
clear trade-off between restoring peatland ecological func-
tions and biodiversity (Elo et al. 2024; Jurasinski et al. 2024)
and the lost climate change mitigation (this study). There-
fore, it is imperative to consider restoration as part of a
broader analysis and valuation of the ecological, environ-
mental, climatic, and economic sustainability boundaries for
the use of forests and peatlands.
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