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SUMMARY

Boreal peatlands comprise one of the largest terrestrial carbon pools, provide a variety of ecosystem services,
and are important for biodiversity. The characteristic multifunctionality of peatland forests calls for research
that is able to assess trade-offs between marketed (timber) and non-marketed (water quality, greenhouse gas
balance) public goods. Once the trade-offs are revealed, it becomes feasible to pursue sustainable forest
management. An openly available database was used to derive an empirical dataset representing a miniature
of the Kiiminkijoki catchment in northern Finland, which was used for stand-level simulations (Motti stand
simulator) and landscape-level optimisation in drained peatland forests. For each initial state, stand projections
were simulated for rotation forestry (RF) and continuous cover forestry (CCF) management. The rationale was
to investigate trade-offs between nutrient export, greenhouse gas balance and net present value (NPV). The
cost efficiency of reducing greenhouse gas emissions and nutrient export was calculated by optimising forest
management (both RF and CCF) within the Kiiminkijoki catchment. The results suggested that applying both
RF and CCF in drained peatlands constitutes a highly cost-effective way to reduce greenhouse gas emissions,
the cost range being € ~5-20 per tonne of CO,. However, the nitrogen equivalent (NE) cost of reducing nutrient
export tends to be quite high (€ 17-58 kg) compared to values for mineral soils provided by existing literature.
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INTRODUCTION

Forest ecosystems account for approximately 80 % of
aboveground terrestrial carbon and 70 % of soil
organic carbon (Dixon et al. 1994, Hui et al. 2015).
They are also net carbon sinks (Pan et al. 2011), and
the forest sector is seen as an important contributor
towards reaching climate mitigation objectives
(Eriksson 2015, Riviere & Caurla 2021). Boreal
forests play a key role in carbon uptake because, after
wetlands, they are estimated to contain the highest
carbon stocks per unit area (IPCC 2001). Boreal
peatlands are one of the largest terrestrial carbon
pools globally (Bradshaw & Warkentin 2015). In
total, about 15 million hectares of peatland have been
drained for forestry in the boreal and temperate zones,
providing aneconomically important source of woody
biomass (Paavilainen & Péivédnen, 1995). In Finland,
approximately 4.7 million hectares of drained
peatland constitute an integral part (23 %) of the total
productive forestland area (Korhonen et al. 2017).
Drainage can turn unproductive peatlands to
timber production (MacDonald & Yin 1999,

Pdivanen 2007), although Nordic countries are no
longer draining pristine peatlands (Péivanen &
Hanell 2012). In previously converted peatlands,
ditch bank erosion and vegetation colonisation
gradually reduce water movement in the ditches and
raise the ditch water level. This causes re-wetting and
may reduce tree growth. To prevent this, ditch
network maintenance (DNM) is commonly carried
out (Sikstrom & Hokka 2015). In rotation forestry
(RF), DNM is usually conducted 1-2 times within a
rotation (of 80-100 years) and specifically in
connection with clearcutting (Sikstrom & HOkka
2015, Hokka et al. 2017). Drainage improves tree
growth (e.g., Ahti et al. 2008, Sikstrom et al. 2020),
but at the same time causes negative side effects: a
pulse of suspended solids (SS), nutrients (mainly
phosphorus and nitrogen) and dissolved organic
carbon is exported to surface waters (Finér et al.
2021). Of particular concern are headwater
catchments, where forestry may be the predominant
local contributor of nutrient exports to watercourses
(Finér et al. 2010) which are highly sensitive to
effects of eutrophication, increased siltation and
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turbidity (Turunen 2018). Various water protection
measures such as overland flow fields, sedimentation
ponds and peak runoff control dams (e.g., Miettinen
et al. 2020) are applied to prevent nutrient and
sediment export, but these are costly and, more
importantly, their efficiency varies considerably
(Haahti et al. 2018, Nieminen et al. 2018a). Another
environmental drawback associated with forestry
practice on drained peatlands is carbon dioxide (CO2)
emissions due to the increased heterotrophic soil
respiration and accelerated decomposition of the
aerated peat layer. In high-volume mature stands,
especially in the most nutrient-rich sites with deep
peat layers, clear-cutting (in particular) can result in
such large carbon emissions that forestry drained
peatlands become net CO, sources (Korkiakoski et
al. 2023). Nitrous oxide (N2O) emissions from the
dry peat profile also present environmental
drawbacks (e.g., Ojanen et al. 2013, Korkiakoski et
al. 2023). These emissions are caused by the
biological consequences of drainage sustained by the
high rate of evapotranspiration in high-volume stands
(Sarkkola et al. 2010, Hokka et al. 2021).

To avoid detrimental effects associated with RF
(nutrient and sediment export, as well as greenhouse
gas emissions from soil), alternative management
practices can be chosen. One such alternative is
continuous cover forestry (CCF), which applies
partial felling methods (Bose et al. 2014). CCF
avoids clearfelling and relies on natural regeneration.
In most cases, it also refrains from site preparation
(Pommerening & Murphy 2004). In CCF only a
subset of the trees is harvested, and a considerable
number of trees is retained to maintain forest cover
(Appelqgvist et al. 2021). Because the tree stand is the
second most crucial factor in regulating the peatland
water table (Sarkkola et al. 2010), maintaining a
continuous tree cover with adequate
evapotranspiration capacity could reduce or even
exclude the need for regular DNM operations
(Sarkkola et al. 2010, 2013), resulting in a more
stable water table in CCF than in RF. This, in turn,
would be favourable for water quality (Nieminen et
al. 2018b, Leppa et al. 2020). Moreover, CCF makes
it possible to manage water table level and
concurrently reduce soil disturbance (compared to
RF), so the cascading effects of water table control
may not only reduce greenhouse gas emissions, but
also simultaneously improve biodiversity (Laudon &
Hasselquist 2023).

Recent literature has shown CCF to be preferable
to RF from both economic (e.g., Juutinen et al.
2018a, Parkatti et al. 2019, Parkatti & Tahvonen
2020) and environmental perspectives (Nieminen et
al. 2018b, Peura et al. 2018). However, CCF involves
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substantial uncertainties such as ingrowth by natural
regeneration (Saksa & Nerg 2008, Lappi & Pukkala
2020), growth of large trees more than 1.3 m in height
(Hynynen et al. 2019, Bianchi et al. 2020) and
damage risks (remaining trees and roots) associated
with harvests (Nevalainen & Piri 2020). Growth of
large trees and damage risks tend to be particularly
divergent from the situation under RF. With regard to
carbon sequestration, it seems that a higher carbon
emission trading price extends the felling cycle and
increases the average tree capital in CCF (Assmuth et
al. 2018, 2021; Parkatti & Tahvonen 2021). This also
seems to apply to RF (Niiniméki et al. 2013,
Pihlainen et al. 2014). To date there have been only
a few studies either tackling financial comparison
between CCF and RF (Juutinen et al. 2021) or
prioritising between minimum net greenhouse gas
balance, economic timber value and income-flow
requirements from timber in boreal peatland forests
(Eyvindson et al. 2023). Furthermore, the current
literature lacks studies focusing on the cost-
efficiency of carbon sequestration in boreal peatland
forests when there is a free choice between CCF, RF,
and their combination at landscape level. Such
information is urgently needed for decision-making
in the land-use sector.

The purpose of this study was to first investigate
trade-offs between nutrient export, greenhouse gas
balance and net present value (NPV) in drained
boreal peatland forests when either RF or CCF is
applied, then to assess the cost-efficiency of reducing
greenhouse gas emissions and nutrient export by
optimising forest management between CCF and RF,
in drained boreal peatland stands located within a
target region in northern Finland. The time period for
assessing the greenhouse gas balance and nutrient
export was set to 50 years, corresponding roughly to
the period ending in the year 2070 which is a possible
net-zero target for energy systems (IEA 2020). The
optimisation was conducted using alternative interest
rates to discover how sensitive the cost-efficiency is
to different returns on capital. Technically, the cost-
efficiency calculation was solved through mixed-
integer optimisation which resolves maximum NPV,
minimum greenhouse gas emissions, and minimum
nutrient export. Furthermore, we examined how
much the inclusion of soil greenhouse gas balance
affects cost-efficiency compared to a situation where
only carbon sequestered in tree biomass is included.
The latter analysis provides new insights on the
feedback mechanism between felling strategy and
soil greenhouse gas balance in monetary terms.
Finally, a sensitivity analysis involving an alternative
time period (20 years) was conducted to explore the
effect of timescale on the results.
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METHODS

Data

Forest data from the Kiiminkijoki catchment area
(Figure 1) were extracted from an openly available
database managed by the Finnish Forest Centre (FFC
2022), and filtered to include only drained peatland
stands dominated by Scots pine (Pinus sylvestris L.)
because such stands represent over 70 % of all
peatland forest stands in northern Finland (Korhonen
et al. 2017). The data included stand-level
information by tree species along with information
on site type classes (Table 1). In general, the data
encompassed young and advanced (pre-mature)
thinning stands (Table 1) with average age >30
years, prior to clearfelling phase.

The simulation data were constructed as follows.
First, we categorised the catchment area according to
dominant tree species (Scots pine or Norway spruce
(Picea abies, Karst. L.)) and site type (Herb-rich
type, Vaccinium myrtillus type I, Vaccinium vitis-
idaea type Il or dwarf-shrub type, according to the
site type classification of drained peatlands (Laine et
al. 2012)), which we then ranked in terms of area so
that we finally included a total of six site types. These
site types covered >98 % of the drained peatland
forest within the catchment area. Secondly, for each
species-site type  combination we calculated
arithmetic averages of tree stand age, height, mean
diameter, basal area and stem number (shown in
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Table 1). Thirdly, for the most representative
species - site type combinations (each covering > 8 %
of the total catchment area), we also applied quartiles
to mimic variation (see Table 1 for details). As a
result we obtained eleven simulation stands
altogether, to comprehensively represent the
dominant tree species, site types and stand properties
on drained peatlands in the Kiiminkijoki area
(Table 1). These simulation stands were fed as inputs
into the Motti stand simulator.

For the simulations we constructed a miniature
catchment (hereafter ‘miniature’) to represent the
original catchment area. The miniature consisted of
drained peatland sites and stand structures in
identical proportions to those in the real catchment
area. The rationale of establishing the miniature was
to apply stand-level simulations in combination with
hydrological modelling, and thus to enable a detailed
assessment of soil greenhouse gas balance. Applying
this approach to the whole catchment area, which
contains over 17,000 individual stands of average
area 0.7 ha covering approximately 13,000 hectares
in total, would have required enormous
computational capacity since daily weather data were
applied in hydrological modelling of the water table
(WT). Instead, we employed a miniature of 1,000
hectares representing an identical forest structure and
thus describing the catchment area in a relevant

65°N

manner, but with a considerably smaller
computational requirement.
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Figure 1. Location of the Kiiminkijoki catchment area. Kiiminkijoki catchment area shape file © Finnish
Environment Institute, August 2023. Background map raster © the National Land Survey of Finland,

August 2023.
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Table 1. Initial stand characteristics for the simulation stands included in this study. The names of site types
follow the Finnish site classification system of forestry-drained peatlands (Laine et al. 2012). Grey-shaded site
types represent pine peatlands while spruce peatlands are presented without shading. The total area consisting
of different peatland site types corresponds to the area of the miniature (1,000 hectares). Variables in bold were
fed as input into the Motti simulator to represent a stand corresponding the particular simulation stand. Values
of the variables (Age, Mean height, Mean diameter, Basal area, Stem number) are arithmetic averages or
guartiles corresponding each site type, derived from the original data for the catchment area.

Simulation stands by site type and stand | Area| Age Mgan _Mean Basal Stem Volume
roperties (from poorest to most fertile) | (ha)? | (years) height | diameter area | number (m3ha?)
prop P d m) | ©m) | (m?had) | (ha?)
509 | 11.0 | 146 8.8 747 | 519
L 1)
Ev";’f;f es““‘b e 206 | 58 | 100 | 131 1.2 116 6.8
9 46 | 101 | 110 12 150 6.4
N 65 | 153 | 19.1 158 723 119
Conar cuartiled 32| 70 | 136 | 175 3.7 211 | 256
pperq 54 | 132 | 140 40 335 | 254
L 47 92 | 11.9 53 813 | 275
}ﬁg;”'ﬁ;nrt‘i’l';'s"daea type Il 60 | 42 76 | 103 0.4 68 1.9
g 34 75 8.3 06 205 27
Vaccinium vitis-idaea type Il ol LeL e 128 o0 S84
Average yp 495 | 61 | 11.6 | 154 18 132 | 104
9 50 | 115 | 131 1.9 189 | 107
Vaccinium vitis-idaea type Il 67 16.1 20.7 15.7 611 123.8
ik yp 48 | 73 | 145 | 194 45 215 | 318
pperq 57 | 137 | 150 5.0 386 | 33.0
Vaccinium myrtillus type 11 50 10.3 13.7 6.2 641 36.3
e quart”é’ y 8 | 49 92 | 128 1.4 168 6.9
39 93 | 108 11 372 53
Vaccinium myrtillus type Il 64 15.0 19.5 12.3 581 95.7
Average y yp 66 | 67 | 131 | 1738 31 175 | 19.9
9 53 | 128 | 144 24| 258 | 186
Vaceiniam myrtillus tvoe I 72 | 169 | 217 151 512 | 1239
Loner aua rt”g’ yp 8| 77 | 153 | 210 65 259 | 472
pperq 63 | 145 | 16.0 73 497 | 492
Vaccinium vitis-idaea type Il o7 13.4 17.9 8.3 494 57.0
erage yp 22| 60 | 119 | 16.3 4.8 350 | 298
9 50 | 121 | 138 52 540 | 316
Vaccinium myrtillus type |1 62 14.5 19.7 8.2 365 61.0
erage y yp 47 | 66 | 134 | 189 6.3 319 | 423
9 55 | 131 | 153 70 556 | 453
Herb-rich tvoe 50 | 144 | 188 72 316 | 546
o yp 8| 66 | 134 | 183 6.0 280 | 41.0
9 52 | 133 | 150 7.7 519 | 51.0

UFor forestry-drained peatland site types, see Laine et al. 2012; ?for instance, 206 ha within the 1,000 ha
miniature (206 /1,000) corresponds to the proportion (20.6 %) of the particular peatland site type in the original
catchment area; ®uppermost value is the variable value for pine (59 years), the middle value is for spruce
(58 years) and the lowermost value is for birch (46 years); “quartiles (upper: 90 %, lower 10 %) were applied
in cases where the proportion of the particular peatland site type in the original catchment area exceeded 8 %
(for Dwarf-shrub site type the lower quartile was not calculated owing to obsolete stratum data). The rationale
of applying quartiles was to capture the variation within the original forest data for the Kiiminkijoki catchment
area; “average” means an arithmetic mean for all sites belonging to the particular peatland site type
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Simulations of stand dynamics

For both forestry systems (CCF and RF), stand
projections were produced using the Motti stand
simulator. The Motti stand simulator is a stand-level
decision support tool for assessing the effects of
forest management on stand dynamics (Salminen et
al. 2005, Hynynen et al. 2015). The core of Motti is
a stand simulation module consisting of stand level
and individual-tree level models, both based on an
empirical-statistical modelling approach (e.g.,
Hynynen et al. 2015). Natural regeneration and early
growth models are based on stand-level modelling,
while for established trees (dominant height >7 m),
predictions are based on sample trees each
representing a certain number of trees per hectare and
simulated with individual-tree models (for technical
details of the models, see Supplementary Data in
Juutinen et al. (2018b)). The Motti stand simulator
has been widely applied in research which deals with
tree growth and stand management (see, e.g.,
Monkkonen et al. 2014, Pingoud et al. 2018,
Ahtikoski & HOkké 2019). Recently, Motti has been
incorporated into new models describing, for
example, the effect of shading on ingrowth in Scots
pine stands on peatland which are managed by strip
felling (Ahtikoski et al. 2022), strip felling being the
CCF method used in stands dominated by Scots pine.
In Norway spruce dominated stands the CCF method
applied is selective felling.

The simulations were started from the initial stand
data, which were fed into the Motti stand simulator
as input (see Table 1). Simulations were conducted to
infinity meaning that, in the case of RF, stand
management for the ongoing rotation was simulated
first and after that the next generation was simulated
starting from bare land with planting (technically, the
identical next generation was repeated to infinity). In
the case of CCF, a conversion phase was simulated
first. During the conversion phase (transition period),
selective felling and natural regeneration were
applied such that the stand transitioned gradually into
a steady state in which an equilibrium distribution
with a fixed harvesting interval was maintained to
infinity. The conversion phase could take several
decades, depending crucially on the initial stand
structure (e.g., Pommerening & Murphy 2004).
Technically, the conversion phase was simulated by
following current silvicultural recommendations
(Aijala et al. 2019, p. 113) which provide guidelines
for the basal area range (expressed in m? hat) to be
attained in CCF. In the case of RF, the silvicultural
guidelines (Aijala et al. 2019) adopted for the
simulations were based on thinning limits (basal area
expressed as a function of dominant height;
exceeding the given limit triggers thinning) and
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rotation periods specific to soil type and main tree
species (Aijala et al. 2019). CCF was simulated
according to a procedure in which the felling cycle
and thinning intensity were altered so that the
resulting management regime for each peatland site
type was feasible in terms of forestry practice (e.g.,
securing felling removals and growing stock that
were both reasonable). Examples of stand
development in RF and CCF simulations are
presented in Figure 2.

Water table dynamics

Daily WT was simulated for 50 years using the
process-based hydrological module of the SUSI
model (Laurén et al. 2021), following the stand
projections described above. SUSI calculates
aboveground and belowground hydrology in a
transect between two ditches using a daily time step.
We used similar weather data for every year in order
to enable evaluation of the differences between RF
and CCF (in particular) as well as between different
peatland site types. Daily weather data for the year
2009, from the weather station in Kiiminki
municipality (annual precipitation 540 mm, June—
August precipitation 194 mm, June—August mean
temperature 14.5 °C), were chosen to represent
average conditions in the catchment. The weather
data were obtained from the Finnish Meteorological
Institute’s 10 x 10 km grid data (Venéldinen et al.
2005). Peat parameterisation (water retention
characteristics and hydraulic conductivity) followed
a previous study (Hokka et al. 2021); i.e., for dwarf-
shrub sites Sphagnum peat was assumed, and for
other peatland site types Carex peat was assumed
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Figure 2. Example of simulated development under
RF (dashed line) and CCF (solid line) over a 50-year
period for Vaccinium myrtillus type 1. In RF,
clearfelling occurs in year 25 of the simulation.
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(see Table 1). Ditch spacing was assumed to be 40 m
in all cases. Ditch depth was assumed to be 0.5 m
until DNM which deepened the ditch to 0.8 m (as in
current recommendations). After DNM the ditch
depth was assumed to decrease linearly back to 0.5 m
over the next 30 years, which roughly follows the
typical shallowing rate of peatland forest ditches
(HOkké et al. 2020). In this study the simplified linear
shallowing rate was applied in SUSI for technical
reasons, to enable the simulation to continue from the
correct ditch depth after felling operations. For
greenhouse gas balance and nutrient export
estimations, we calculated average simulated WT
between the two ditches for May—October and
August of each year, respectively.

Greenhouse gas balance

In this study, greenhouse gas emissions (sources) are
presented as positive values (positive balance).
Negative balance represents a sink. The greenhouse
gas (GHG) balance included CO, balance due to
changes in living tree biomass (tree growth and
felling) and soil CO2, N.O balance and methane
(CH,) balance. Soil CO. balance is the difference
between heterotrophic soil respiration and litter
production (Ojanen & Minkkinen 2019). Carbon (C)
storage changes in logging residues and wood
products were not taken into account. Greenhouse
gas balance was calculated as a sum for the whole
simulation period of 50 years. Living tree biomass
included stem, living and dead branches, foliage,
stumps, coarse roots and fine roots. Dry biomass
(expressed in tonnes, t) was first converted into C
mass (t) by applying a coefficient of 0.5 (Penman et
al. 2003) to determine total C content. Then, C mass
was converted into CO, mass by applying a
coefficient of 3.67 (Penman et al. 2003), which is the
atomic weight quotient of CO; and C (44/12).

To estimate soil GHG balance, we linked the
May—October mean WT obtained from the
hydrological module of the SUSI model (Lauren et
al. 2021) to statistical models for estimating the
annual GHG balance of forestry-drained boreal peat
soils for CO, (Ojanen & Minkkinen 2019), N,O
(Minkkinen et al. 2020) and CH4 (Ojanen et al.
2010). The deeper the WT, the higher the CO; and
N-O emissions and the lower the CH4 emissions from
the soil. The CO2 and NO emissions are also higher
on more fertile compared to less fertile site types.
CHy4 emissions from ditches (Rissanen et al. 2023)
were included, assuming 40 m ditch spacing, 1 m
ditch width, 67 % moss-covered ditches and 33 %
moss-free ditches. To aggregate the GHG balances
into a single value, we converted CHs and N.O
balances to the 100-year global warming potential
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COz-eq. values, using 298 for N,O and 34 for
CH. (Stocker et al. 2014).

Nutrient export

The nutrient export caused by RF and CCF practices
was determined for the whole simulation period of 50
years. The so-called nitrogen equivalent (NE) factor
sums up the nitrogen and phosphorus loads
(Miettinen et al. 2020) in terms of their effects in
causing eutrophication. In this context, one
phosphorus load unit corresponds to 7.2 nitrogen load
units, which reflects the ratio of phosphorus to
nitrogen in aquatic plankton (Wetzel 2001). Thus, the
nitrogen equivalent is calculated as follows:

NE = TotN + 7.2TotP [1]

where NE is nitrogen equivalent (kg ha), TotN is the
export of total nitrogen (kg hal) and TotP is the
export of total phosphorus (kg ha) during the time
period of 50 years.

The primary contributors to nutrient export from
drained peatland sites are forest management
practices such as harvesting, DNM and fertilisation
(Finér et al. 2010). Also, substantial long-term
nutrient inputs result from initial drainage of the site
(additional drainage effect) owing to the lowered
WT, accelerated peat decomposition and consequent
release of nutrients (Nieminen et al. 2021, 2022).The
calculations of nitrogen and phosphorus exports were
based on: i) estimation of the drainage effect by the
SUSI model (Laurén et al. 2021), as averaged by
Nieminen et al. (2023), taking into account site
fertility and WT; and ii) new information about
nutrient exports caused by forestry treatments in
peatlands, where the amounts of nitrogen and
phosphorus exported are correlated with the amount
of wood (stand volume) removed by harvesting
(Nieminen et al. 2023). The effects of DNM included
in RF simulations were taken into account such that
DNM lowered the water level and further increased
peat decomposition, which in turn increased the
nitrogen and phosphorus loads (additional drainage
effect). TotN and TotP loads were calculated
annually, and the 50-year NE values were calculated
by summing up the annual loads.

Profitability

Net present value (NPV)

NPV was defined as the profitability of both CCF and
RF. For CCF the NPV (€ ha') was calculated in the
following way. Let felling revenues (including
sawlogs and pulpwood) be denoted by CRéi where |
is the 1" felling during the conversion phase, 1=1...
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L at time t; and the duration of the conversion phase
is tr. The discount factor is b =1/(1+r) where r is the
interest rate. At steady state, CR;_ indicates cutting
revenues within a cutting cycle ts. Given this notation,
the NPV (€ ha') for CCF was calculated as:

bEs*CRy

1-bts *b'T [2]

NPVecr = iTzo bbi ¥l CRtlri +

The first term on the right-hand side of Equation 2
describes the NPV of the conversion phase by
summing up the felling revenues (CR) occurring at
different times t; during the conversion phase {to,tr}
and further discounting them by a discount factor b
for each time t; felling takes place. The second term
represents the NPV of felling revenues during the
steady state with a fixed felling cycle of t; years, and
is further discounted from the end of the conversion
phase (tr) to the present (to) by a discount factor b
with an exponent tr. For instance, to could be 0, t; 18
years, tr 43 years and ts 25 years indicating that the
first felling in the conversion phase occurs at year 0,
the second felling at year 18 and the conversion phase
ends at year 43, when a steady state is achieved. Then
the felling cycle of the steady state is 25 years.

The NPV (in € ha?) for RF was assessed as
follows. Let CR{‘i be felling revenues (including
sawlogs and pulpwood) from the k™ felling in the
ongoing rotation at year t; (tr denotes the timing of
clearfelling in the ongoing rotation, in years). Felling
revenues from the h™ felling in the next generation
are denoted by CR?n atyeart, h=1...H so that CR{fV
indicates felling revenues from a clearfell at rotation
end. Then, SCp,,, is the silvicultural cost of measure

p (e.g., soil preparation) at time tn, p=1...P. The
discount factor (b) is identical to that in Equation 2.
Note that tw < tn. The NPV (€ ha') for RF was
calculated with:

NPVgr = Xi-o b Ziz1 CR{% +
H
Zg=1 b'n Yh=1 CR?n_Zanzo btm 25:1 Stm

1-btN

* btr [3]

In Equation 2 the first term on the right-hand side
describes the NPV of the ongoing rotation, and the
second term describes a discounted bare land value
for all future generations (rotations). In both Equation
2 and Equation 3, the NPV was assessed at stumpage,
indicating standing sales. Thus, there was no need to
include harvesting costs in the financial analysis.

Financial data

For assessing the NPVSs, time series covering the
latest ten years for both stumpage prices and
silvicultural costs were applied. Both series were
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deflated by the cost-of-living index (base year
1951:10=100, see Statistics Finland 2022) to attain
values in real terms. Then, arithmetic averages for
silvicultural costs and stumpage prices in real terms
were calculated (presented in Table 2). The rationale
of applying a ten-year time series was to capture
several business cycles such that the average value
would include both peak and bottom values for
stumpage prices and silvicultural costs.

Optimisation

To find out the lowest cost for reducing greenhouse
gas emissions and nutrient export, an optimisation
framework was applied. Altogether there were eleven
simulation stands (representing the miniature of the
Kiiminkijoki catchment area; see Tablel and
Table 3) which could be managed according to either
CCF or RF. There were three objective functions, of
which the first one was:

MaxNPV, = a, Y L NPVEp + Bn YiL, NPVE,
[4]

subject to

an+pp=1|ap €{0,1} [5]

where MaxNPV, is the maximum net present value
(€) for the miniature A extending to 1,000 hectares;

Table 2. Stumpage prices (€ m™) and costs (€ ha') of
silvicultural measures.

. Sawlogs | Pulpwood
Measure Species (€ m?) (€ m?)
First pine 39.23 12.11
commercial  |spruce 40.68 11.93
thinning birch 32.75 11.84
. pine 48.00 15.35
:E}ﬁar&eilate spruce 48.82 15.77
g birch 37.03 14.76
Einal pine 56.68 18.19
fellin spruce 57.97 19.47
g birch 43.60 17.62

Forest management costs (€ ha?)

Clearing of a thinning area 194.17
Planting 706.18
Seeding 273.35
Mounding 411.62
Early cleaning 388.03
Pre-commercial thinning 464.41
Ditch network maintenance 241.72
Fertilisation 387.75
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Table 3. Simulated management regimes under CCF and RF, for each peatland site type. In the case of RF,

good condition of ditches at the onset of the simulation was assumed.

CCF RF
Simulation stand ;
Conversion Steady state Ongoing? Future?
phase
Dwarf-shrub type 15:32.7 (8.5)Y _ 3| 48:65.6(18.3)Y
average 15: 416 (23.4)2 2 BUST2 (00 561419 (605) | ¢16.01 3 15.7)

Dwarf-shrub type
upper quartile

0: 81.4 (36.6)
30: 51.2 (28.0)

30[30]:51.2 (28.0)

0: 53.9 (12.8)
C50: 205.5 (103.4)

C115: 164.4 (30.1)

Vaccinium vitis-idaea type 11
lower quartile

40:53.3 (31.8)

40[25]: 53.3 (31.8)

C48: 221.2 (124.0)

44:49.3 (2.0)

upper quartile

15:67.8(43.0)

15[20]:64.7(40.0)

Vaccinium vitis-idaea type 11| 10: 55.8 (31.4) , 24:65.4 (30.0) _
average 35: 61.8 (41.7) | 1291588 (36.6) o3y 518 9 (143.7) c7i§'g§'116(1(§§2) 0
Vaccinium vitis-idaea type 11| 0: 97.9 (49.3) _ 0: 64.2 (16.5)
upper quartile 20: 55,5 (37.9) | 2002515183 (B4.1) | o 917 3 (129.8)
Vaccinium myrtillus type Il | 30:56.8 (31.7) , .
lower quartle 50 63.9 (43.5) | 01201:60.4 (37.6) | C40:263.0(143.9)

- : ) 39:56.0(2.6)
;’\f‘gggg”m AL B 2%‘_7&31(‘(%9%) 25[20]:67.7 (42.5) | C26:274.5(167.2) | 51:76.5(20.4)

- 091 (82 C67:287.9(200.4)

Vaccinium myrtillus type Il 0:114.3(62.1) 0:71.9(23.5)

C17:149.0(138.0)

- - 46:60.1(3.3)
Vaccinium vitis-idaea type 11|  5:52.8(19.6) . 17:55.5(20.2) .
average 25:50.8(28.2) | 22[291544(82.0) | oar.153 5(65.8) ng_'ggé9§?§i3)3)
- . ) , 36:51.9(0.3)
Vaccinium myrtillus type 1l 0:62.9(26.1) . 13:71.7(25.8) ,
average 20:62.6(37.4) 20[20]:57.2(2.9) C25:226.3(137.2) 0855-'23545?;4%)8)
; . . 35:54.1(0.1)
Herb-rich type 0:59.9(27.0) , 9:63.7(12.1) )
average 15:56.0(24.3) 15[20]:55.3(25.9) C24:193.0(164.3) 47:119.2 (90.6)

C68:352.3(307.2)

YBold value 15 indicates the timing of the first felling operation during the conversion phase expressed in
years from the start of the simulation, then the following value 32.7 shows the removal by felling (m* ha),
and the value in parenthesis (8.5) represents sawlog removal; ?bold value 45 represents the timing of the
second felling operation during the conversion phase, so the following value 41.6 represents removal by felling
(m®hat) and the value in parenthesis (23.4) corresponds to the removal of sawlogs; ®bold value 45 indicates
the time when the steady state begins expressed in years from the start, the value in square brackets [30] shows
the felling cycle of the steady state in years, the following value 37.2 indicates removal by felling (m® ha?),
and the value in parentheses (16.0) is sawlog removal; 9“Ongoing” refers to the present tree generation and
“Future” to all generations following the present generation, so the bold value 48 indicates the timing of
thinning (in years) and the bold term C56 refers to the year when clearfelling occurs, in the ongoing rotation,
then the value 65.6 represents removal by felling and the value in parenthesis (18.3) indicates sawlog removal
(m® hat). Note that S16 denotes natural regeneration, so self-seeded trees are removed at year 16 after the start

of the simulation.
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NPVccr and NPVge are calculated according to
Equations 1 and 2, respectively; and a and f are
binary decision variables such that, for each n, when
a=1, then =0, and vice versa. In other words, only
one management regime (either CCF or RF) is
chosen for each simulation stand n in the optimum
solution (note that each simulation stand n has a
different area in hectares, see Table 1). The eleven
simulation stands (see Table 1) constitute the
miniature so that Y11, a,, = A (i.e., 1,000 hectares).
Then, the second objective function describes the
GHG emissions to be minimised:

MinGHG, = a, Y11, GHG .p + B YiL, GHGE:
[6]

where MinGHGa (t CO) is the minimum GHG
emission for the miniature A (1,000 hectares), the
same constraint (Equation 5) applies as for the
MaxNPV, objective function (Equation 4), and
GHGccr and GHGrr refer to GHG emissions when
CCF or RF is applied. The third objective function
represents the nutrient export to be minimised:
MinNE, = an Xnti NElcr + Bn ZntiNERR [7]
where MInNEa is the minimum nutrient export NE
(kg) for the miniature A (1,000 hectares), the same
constraint (Equation 4) applies as for MaxNPV,, and
NEcce and NEge refer to nutrient export associated
with CCF and RF, respectively.

Since the optimisation problem was relatively
simple, a spreadsheet (Microsoft 365 Apps for
enterpise) routine incorporated with  Solver
application (Microsoft Visual Basic for Applications,
ver 7.1) was constructed for solving the problem.
Equations 4, 6 and 7 were solved first, then a
proportion was constructed to calculate a trade-offs
between NPV and GHG emissions and NPV and NE
for each case k, k=1 ... K. For instance, for each case
k, MaxNPV, is associated with GHG emissions of
Cmaxnpy, and MinGHGa is associated with a NPV
value of NPVyingue, - The proportion used to
calculate the trade-off between NPV and CO;
emissions for case k (TOx; expressed in € tCO2?) is
simply:

MaxNPVA—NPVMinGHbA

TO, = (8]

|MiTLGHGA _EMaxNPVA |

where is trade-off between financial value and
greenhouse gas emissions for case k,. Different cases
k=1 ... K correspond to alternative interest rates
(2%, 3 % or 4 %) and the inclusion or exclusion of

MANAGEMENT TRADE-OFFS INFORESTRY ON PEATLAND IN NORTHERN FINLAND

soil carbon. A trade-off between financial value and
nutrient export was assessed accordingly. When
interpreting the trade-off results it should be borne in
mind that the NPV values (nominator in Equation 8)
are generated from an infinite time horizon
(Equations 2 and 3) whereas the GHG emissions and
nutrient export (denominator in Equation 8) represent
a fixed time horizon of 50 years. This discrepancy of
timespans prevents generalisation of the results.
However, the results can be compared with other
results for similar conditions.

RESULTS

Total yield and felling removals

Total yield associated with RF tended to be higher
than that associated with CCF (Table 4). For instance,
total yield associated with a 50-yr simulation period
(plus accumulated yield corresponding to initial
stands before simulation) was 335.8 m®ha* for RF
and 275.4 m® ha? for CCF (Table 4), indicating a
difference between RF and CCF of approximately
22 %. Regarding felling removals associated with a
50-year simulation period, RF outperformed CCF by
as much as 77 % (255.6 m3ha versus 144.3 m*ha;
Table 4). With a 20-year simulation period the
differences between CCF and RF were considerably
smaller; for instance, total felling removal was
73.4 m® ha! under CCF and 75.9 m® ha! under RF
(Table 4). However, the difference in total yield
between RF and CCF was similar to that for the 50-
year simulation period, at around 26 % (231.9 m® ha!
versus 184.3 m® hal; Table 4).

Net present values, NPVs

The NPVs associated with RF and CCF are presented
in Table 5. On average, RF resulted in higher NPVs
compared to CCF, but CCF outperformed RF in
nutrient-poor peatland sites (dwarf-shrub type) and
with high interest rates (Table 5). At stand level RF
outperformed CCF by 16-45 %, depending on the
interest rate (Table 5).

Greenhouse gas balance and nutrient export

The greenhouse gas balance and nutrient export for
the 50-year period are presented for each simulation
stand associated with RF and CCF management, in
Table 6. RF tended to result in higher GHG emissions
and NE export than CCF on average, but there were
considerable fluctuations amongst the peatland site
types (Table 6). For instance, Vaccinium vitis-idaea
type Il (average) was a notable GHG source under RF
management and a GHG sink under CCF
management (Table 6). On the other hand, RF
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Table 4. Total yield and removals by felling associated with CCF and RF, when stand growth was simulated
for 20 or 50 years from the initial stands. Grey-shaded site types represent pine mires, while spruce mires are
presented without shading. For RF, good condition of ditches is assumed at the onset of simulations. Note that
the 20-year time period is included here for comparison only - the 50-year period was applied for both

greenhouse gas emissions and nutrient loading.

Management system | Continuous cover forestry (CCF) Rotation forestry (RF)
. Removal by felling . Removal by felling
Simulation stand Tield (m°ha) Tield (m°ha)
(m3ha') (m3*ha™)
total sawlogs total sawlogs

Dwarf-shrub type 126.79 32.7 8.5 141.7 0.0 0.0
average 183.7 74.3 32.0 220.0 65.6 18.3
Dwarf-shrub type 204.0 81.4 36.6 218.6 53.9 12.8
upper quartile 259.0 132.6 64.5 284.3 259.3 116.3
Vaccinium vitis-idaea type 11 80.3 0.0 0.0 99.9 0.0 0.0
lower quartile 194.0 53.3 31.8 244.8 221.2 124.0
Vaccinium vitis-idaea type Il 175.0 55.8 31.4 231.8 0.0 0.0
average 275.7 117.6 73.1 332.2 283.6 173.6
Vaccinium vitis-idaea type Il 246.2 153.3 87.1 292.7 281.6 146.2
upper quartile 327.0 200.5 117.5 354.1 281.6 146.2
Vaccinium myrtillus type 11 115.4 0.0 0.0 149.5 0.0 0.0
lower quartile 236.7 120.7 75.2 298.0 263.0 143.9
Vaccinium myrtillus type Il 210.0 70.3 42.9 271.9 0.0 0.0
average 311.8 135.5 85.0 372.3 274.5 167.2
Vaccinium myrtillus type Il 288.3 182.2 105.1 327.3 308.7 168.6
upper quartile 375.7 243.7 142.2 452.9 308.7 168.6
Vaccinium vitis-idaea type Il 176.4 52.8 19.6 237.8 55.5 20.2
average 256.1 161.5 83.8 3234 263.3 156.9
Vaccinium myrtillus type 1l 209.4 62.9 26.1 284.2 71.7 25.8
average 287.5 177.3 94.9 383.7 298.0 163.0
Herb-rich type 195.7 115.9 51.3 295.4 63.7 12.1
average 322.0 170.4 78.9 428.2 311.0 176.4
Arithmetic average? 184.3 734 37.1 231.9 75.9 35.1

g 275.4 144.3 79.9 335.8 257.3 141.3

YUpper values are for 20-year and lower line for 50-year simulation period, note that yield indicates total yield
at the simulation year 20 or 50 including the yield accumulated before the initial stand is fed into the Motti
stand simulator (values are comparable since identical initial stands were used for both CCF and RF
simulations - see Table 1; ?for simplicity, arithmetic average (rather than area-weighted average) was calculated.

produced significantly lower greenhouse gas
emissions than CCF for the dwarf-shrub stand type
(upper quartile). With regard to nutrient export, RF
introduced more loading than CCF without
exception, i.e., for all peatland site types (Table 6).

Trade-offs between NPV, greenhouse gas balance
and sediment and nutrient export

The optimal solutions spanned both management
systems (RF and CCF) for every objective function
except MInNE (minimising nutrient export), for

which CCF management was always chosen
(Table 7). For the MaxNPV (maximising net present
value) objective function, RF was selected for nine of
the eleven peatland site types and CCF outperformed
RF only in the Dwarf-shrub site type (Table 7). An
interesting outcome was that, in general, CCF was
chosen when the objective function was to minimise
greenhouse gas emissions including soil emissions.
The two exceptions to that rule represented the site
type with the lowest nutrient status, i.e., Dwarf-shrub
type (Table 7).
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Table 5. NPVs (€ ha'l) associated with RF (upper values) and CCF management (lower values) at interest rates
of 2 %, 3 % and 4 %. Bold values indicate cases where CCF emerges as the superior management approach.

Simulation stand 2% 3% 4%

Dwarf-shrub type 1905.8 1130.3 701.8
average 1810.8 1112.6 773.0
Dwarf-shrub type 3950.4 2743.0 2064.5
upper quartile® 4705.2 3700.1 3229.7
Vaccinium vitis-idaea type 11 4393.6 2255.7 1298.4
lower quartile 2393.5 1184.8 661.4
Vaccinium vitis-idaea type 11 7023.9 4355.1 2976.8
average 4642.9 3032.4 2237.9
Vaccinium vitis-idaea type 11 8991.0 6482.0 5197.7
upper quartile 6859.9 5395.5 4674.3
Vaccinium myrtillus type 11 6257.7 3395.5 2070.6
lower quartile 2393.5 1184.8 661.4
Vaccinium myrtillus type Il 8890.8 5627.9 3968.2
average 7265.9 4957.6 3822.9
Vaccinium myrtillus type Il 10998.3 7890.4 6341.6
upper quartile 8689.5 6912.2 6024.9
Vaccinium vitis-idaea type 1l 7438.8 4419.6 30125
average 4432.8 3015.1 2318.6
Vaccinium myrtillus type 11 9533.0 5851.8 4156.6
average 6487.1 4608.8 3694.0
Herb-rich type 11742.6 7096.7 4949.8
average 5972.1 4390.8 3611.7

The trade-offs between minimal GHG emissions,
minimal nutrient export and maximal NPV were
assessed according to Equation 8. Table 7 illustrates
the optimal solution for each objective function.
Figure 3 shows the cost of GHG emission reduction
(based on the trade-off calculation according to
Equation 8), with and without soil emissions. The
outcome was that the cost is practically identical,
whether soil emissions are included or not (Figure 3).
The difference was <2 % depending on the interest
rate applied. This was due to differences in soil GHG
emissions between RF and CCF, which were minor
compared to the differences in tree stand biomass. In
practical terms, the cost of GHG emission relates to
comparisons between situations where a forest owner
maximises the NPV or, alternatively, minimises the
GHG emissions; when choosing the latter, the forest
owner loses money but reduces GHG emissions.
Then, the cost of GHG emissions is the loss in NPV
weighed against the reduction of GHG emissions.

When considering the cost of NE nutrient export
expressed in € kg, we found a considerably higher
sensitivity to interest rate compared to the cost of CO-

emissions (Figure 4 versus Figure 3). For instance,
with a 2 % interest rate, the cost of NE nutrient export
exceeded € 58 kg, while with a 4 % interest rate this
cost decreased to less than € 17 kg (Figure 4).

Sensitivity analysis

Since the original analyses were conducted over a 50-
year time period, a new set of optimisations was
executed for the 20-year time period (Figure 5). The
costs of reducing GHG emissions and nutrient export
were higher with the 20-year time period than with
the 50-year period, particularly for reducing nutrient
export (Figure 5). This outcome can be simply
explained by the fact that less improvement (in terms
of reduction) can be achieved during a shorter time
period, while the financial performance is kept intact
(see Equations 4 and 8).

Furthermore, the time period significantly
influenced the GHG balance and nutrient export, as
fewer felling operations occurred when the study was
limited to the first 20 years. Especially, there were
fewer final fellings under RF management. As a
result, RF led to lower GHG emissions than CCF
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Table 6. Greenhouse gas emissions with and without soil emissions (i.e., only living biomass) and nutrient
loading associated with RF and CCF management. Negative greenhouse gas emissions indicate sinks, positive
ones indicate sources. Nitrogen equivalents (NE) are the summed loads of nitrogen and phosphorus where
phosphorus and nitrogen loads are measured jointly in terms of their effects in causing eutrophication. All

values are sums for the 50-yr time period.

Simulation stand CO,-eq GHG emissions (t hat) NE Nutrient export (kg ha)
RF CCF RF CCF

DUEED e -66.02 (-47.00)Y | -45.32 (-21.63) 84.46 76.65

average

Dwarf-shrub type 5354 (-34.69) | 73.31(98.98) 83.56 69.60

upper quartile

vacciniumvitssidacaliypell 3563 (39.83) | -98.81(93.80) | 108.97 94.30

lower quartile

BTN P TR e 110.37 (107.19) | -19.00 (-21.63) | 166.19 121.60

average

Vaccinium vitis-idaea type Il

Upper quartile 17413 (183.02) | 96.11 (98.98) 127.89 105.16

Y""CC'”'“”‘ T Bee L 237.44 (46.57) | 77.29 (-123.67) | 170.62 116.52

ower quartile

Wietes M /L U 752 1 312.99 (123.02) | 199.39 (1.26) 173.46 119.66

average

Vaccinium myrtillus type 1 354.50 (172.70) | 333.64 (121.39) | 142.81 140.05

upper quartile

Vaccinium vitis-idaea type Il 116.73 (133.07) | 34.83 (44.15) 140.14 113.70

average

Vaccinium myrtillus type I 288.64 (138.25) | 233.04 (51.59) 144,52 124.64

average

Herb-rich type 175.97 (-0.91) | 199.06 (-0.98) 163.89 123.39

average

Arithmetic average? 129.38 (63.42) 90.70 (6.21) 128.88 103.69

Yvalues in parentheses represent greenhouse gas emissions of only living biomass, i.e., without soil emissions;
Afor simplicity, arithmetic average was applied instead of area-weighted average (see text below Table 4).

during the 20-year time period in most cases
(Table 8), which is a reversal of the findings from
analysis of the 50-year time period (see Table 6).
Nutrient export was still lower in CCF compared to
RF during the first 20 years, although the difference
was relatively small (Table 8).

DISCUSSION

Peatlands provide a variety of ecosystem services
worldwide (Juutinen et al. 2020a). Ecosystem
services such as climate change mitigation and
biodiversity conservation require actions which are
directly linked to decisions on how to manage

peatland forests. Furthermore, trade-offs between
timber production and, e.g., carbon sequestration
need to be revealed for successful multipurpose land
management. Eyvindson et al. (2023) have recently
suggested that there could be a wide range of
management alternatives for drained peatland forests
that contribute positive economic benefits while
being reasonable in terms of managing ecosystem
GHG balance. However, to date there have been no
studies tackling the trade-offs between financial
performance (NPV), nutrient export and greenhouse
gas balance in the context of exercising free choice
between CCF and RF in drained peatland forests (cf.
the contribution of Juutinen et al. 2020a in which
only RF was considered). This study fills that
knowledge gap.
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Table 7. Optimal solutions for each objective function. Symbol “X” indicates that RF, and symbol “A” that
CCF was chosen in the optimal solution for a particular simulation stand.

Objective function

Simulation stand MinGHG MinNE? MaxNPV

with?  without 2% 3% 4%
Dwarf-shrub type X X A X X A
average
Dwarf-shrup type X A A A A A
upper quartile
Vaccinium \_/ltls-ldaea type Il A X A X X X
lower quartile
Vaccinium vitis-idaea type |1 A X A X X X
average
Vaccinium vitis-idaea type || A X A X X X
upper quartile
Vaccinium myrtillus type |1 A X A X X X
lower quartile
Vaccinium myrtillus type 11 A A A X X X
average
Vaccinium r_nyrtlllus type Il A X A X X X
upper quartile
Vaccinium vitis-idaea type I A X A X X X
average
Vaccinium myrtillus type 11 A X A X X X
average
Herb-rich type A X A X X X
average

Dewith” indicates that soil emissions are included in greenhouse gas (GHG) emissions, and “without” refers
to GHG emissions of living biomass only; ?MinNE corresponds to the objective function to minimise
sediment and nutrient loading.

25 70

m with soil carbon
without soil carbon

60 4

20 4

50
15 -
40

10
30
] I N
10 T T T
0 T T T
4%

2% 3% 4%
2%

€1C0,”
€ NEkg'

3%
Interest rate Interest rate

Figure 3. Cost of greenhouse gas emission reduction  Figure 4. Costs (€ kg™l) of reducing NE nutrient
with and without soil emissions according to the  export with alternative interest rates, according to the
optimisation for a 50-year period. optimisation for a 50-year period.
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Figure 5. Cost of greenhouse gas emission reduction (a) and cost of reducing nutrient export (b) with 50-year
and 20-year time periods. Interest rates 2 % and 4 %. Greenhouse gas emission reductions included soil carbon.
Note that the black bars are identical to the corresponding bars presented in Figure 3 and 4.

Current literature focusing on stand-level
optimisation in mineral-soil forests tends to impose a
restricting forest management strategy whereby the
optimal solution favours either CCF or RF (to hame
a few recent articles, Parkatti et al. 2019, Parkatti &
Tahvonen 2021, Parkatti et al. 2023). Although the
division at stand level holds (i.e., the forest owner
chooses either RF or CCF), at landscape level the
situation is different: optimal forest management
might entail a solution involving both RF and CCF
(Eyvindson et al. 2021). Of course, this depends on
the objective function as well as on the forest
structure in question (Eyvindson et al. 2021).
Furthermore, both management systems (RF and
CCF) have their benefits. For instance, CCF causes
less soil disturbance (Laudon & Hasselquist 2023)
and generates milder detrimental impacts than RF on
ecosystem services provided by peatlands (Nieminen
et al. 2018b), while RF produces more timber per unit
area (Tahvonen & Ramo 2016, Hynynen et al. 2019,
Bianchi et al. 2020). At landscape level the ultimate
guestion is how to gain the most benefits from both
management systems, RF and CCF.

In this study the optimal solution was free of
management restrictions, i.e., both RF and CCF
management systems could be included. This
approach is identical to the approach adopted by
Eyvindson et al. (2021), and generally enables a
considerably larger solution space for optimisation -
let alone the fact that it makes forest management
versatile and thus contributes multifunctionality

(Peura et al. 2018, Eyvindson et al. 2021). The
landscape was a miniature (1,000 ha) of an existing
large catchment area with forest data representing
Scots pine dominated drained peatland stands. Our
focus was on stands dominated by Scots pine because
they constitute over 70 % of the forestry drained
peatland sites in northern Finland, whereas the
proportion of stands dominated by Norway spruce is
less than 20 % (Korhonen et al. 2017). The results of
this study demonstrate that the cost of reducing GHG
emissions (i.e., the cost of C abatement, see Assmuth
et al. 2018 for definition) ranges between ~5 and 20
€ tCO_%, depending on the interest rate applied (2 %,
3 % or 4 %). These values are low compared to the
recent clearing prices at auctions of carbon in the
European Union Emissions Trading System (EU
ETS) (EU carbon permits; see  https:/
tradingeconomics.com/commaodity/carbon).
Furthermore, the values are well below the global
social cost of carbon (SCC) presented by Ricke et al.
(2018). SCC is a widely employed metric for the
expected economic damage from CO; emissions, and
the global median SCC is estimated to be US$ 417
which corresponds to about € 383 (ECB 2023) per t
of CO; (but note that the 66 % lower confidence
interval lies at US$ 177 corresponding to about € 163
per t of COy; see Ricke et al. 2018). Thus, in our case-
study area it would be very cost-efficient and
beneficial for society to sequester carbon. In addition,
future carbon prices are likely to rise rather than
decline (e.g., Hintermayer 2020) which improves
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Table 8. Greenhouse gas (GHG) emissions including soil emissions and nutrient export associated with RF
and CCF management for a 20-yr time period. Negative greenhouse gas emissions indicate sinks, positive ones
indicate sources. Nitrogen equivalents (NE) are the summed loads of nitrogen and phosphorus where
phosphorus and nitrogen loads are jointly measured in terms of their effects causing eutrophication.

Simulation stand CO,-eq GHG emissions (t ha?) NE nutrient export (kg ha)
RF CCF RF CCF

Dwarf-shrub type 53,68 -19.96 29.20 31.52
average

SRS e 19.17 37.98 29.79 25.03
upper quartile

Vaccinium vitis-idaea type Il 6454 -60.89 24.60 26.71
lower quartile ' ' ' '

Vaccinium vitis-idaea type Il 75.72 9.78 48.49 49.17
average

Vaccinium vitis-idaea type I 23.15 47.97 48.68 39.97
upper quartile

?/accmlum myrtlllus type |1 -10.30 0.20 36.06 39.91
ower quartile

Vaccinium myrtillus type 11 226 74.41 51.52 49.86
average

Vaccinium myrtlllus type Il 35354 224 30 73.69 48.84
upper quartile

Vaccinium vitis-idaea type |1 -28.35 13.68 46.01 40.97
average

Vaccinium myrtillus type 1l 57.69 68.67 58.22 45.86
average ' ' ' '
Herb-rich type 39.81 139.54 59.31 50.20
average

Arithmetic average? 13.66 36.92 45.47 38.11

YFor simplicity, arithmetic average was applied instead of area-weighted average (see text below Table 4).

the economic feasibility presented here. The
inclusion of soil GHG emissions into the assessments
of this study changed the cost of GHG emission
reductions by a minuscule amount. This result
contradicts the oucome of another recent study
(Parkatti et al. 2023), but one should bear in mind that
our study tackled landscape level assessments while
Parkatti et al. (2023) focused on stand-level analyses.
Also, Parkatti et al. (2023) conducted their analyses
on mineral soil and with pure Norway spruce stands
while our study focused on Scots pine - dominated
stands on drained peatlands. However, our result (no
considerable difference in the cost of greenhouse gas
emissions whether soil emissions are included or
omitted) is worth testing with larger datasets
incorporating other tree species and geographical
locations, and alternative sets of initial stand data.
According to the EU Water Framework Directive
(WFD 2000), efficient mitigation measures to

improve the quality of water discharging from
drained peatland forests are urgently called for
(Nieminen et al. 2022). Given that drained peatland
forests have been shown to be more significant
sources of nutrients than undrained pristine peatlands
(Finer et al. 2021), it is logical to prioritise drained
peatland forest areas for action. Additionally,
Continuous Cover Forestry (CCF) on peatlands
tended to contribute less nutrient export than
Rotation Forestry (RF) in this study (Table 6), as also
reported by, e.g., Nieminen et al. 2018b and Sarkkola
et al. 2021). However, at the same time the losses in
NPV associated with CCF (see Table 5) were
notable, resulting in an optimal solution in which the
cost of reducing NE nutrient export turns out to be
high (ranging from about € 17 to € 58 kg) when
compared to literature values from mineral soil sites
where the reducing cost of CCF has been on average
€ 8 kg™ (Gren 2001). One reason for the discrepancy
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between earlier studies and our study is that earlier
studies report cleaning/purifying costs while we
assessed the cost of reducing nutrient export through
optimisation with the corresponding opportunity
cost, i.e., loss of NPV (see Equation 7). Nevertheless,
according to our results, reducing nutrient export
tends to be somewhat expensive, indicating that
alternative measures (Nieminen et al. 2017,
Nieminen et al. 2018b) - other than applying CCF -
might be more cost-effective.

To avoid misinterpretations of the results it should
be stressed that the financial performance (here NPV)
associated with CCF is highly dependent on the
initial state of a stand, especially the size distribution
of trees (e.g., Juutinen et al. 2020b). In this study the
initial stands were derived from openly available data
representing young and advanced thinning stands
well before maturity. In that respect the results are ad
hoc and conditional on the initial stand structures.
Furthermore, it seems that the initial stand structure
favours RF in economic terms. On the other hand, the
initial stands were identical for both RF and CCF
systems. One can argue that the dataset here is a valid
representation of existing Scots pine-dominated
forests on drained peatlands located in northern
Finland (see Korhonen et al. 2017). Another apparent
constraint of this study is the fact that GHG emissions
and nutrient export were assessed for a fixed time
period of 50 years whereas the financial performance
(NPV) was calculated to infinity. This creates a slight
discrepancy which limits the generalisability of our
results. On the other hand, a sensitivity analysis
spanning an alternative time period (20 years) was
conducted indicating that the results vary
substantially between different time periods. Thus,
the temporal element is crucial. However, the results
of this study serve as a first attempt to evaluate trade-
offs between financial performance and ecosystem
services on drained peatlands.

When it comes to sustainable forest management
with multifunctionality, the bottom line is to be able
to quantify trade-offs between multiple benefits of
entire forest landscapes (Makrickas et al. 2023). This
study demonstrated that combining CCF and RF -
rather than restricting forest management to focus on
either RF or CCF only - would result in the best
solutions for cost-effective reduction of greenhouse
gas emissions and nutrient export in drained Scots
pine - dominated peatland forests in northern Finland.
At the same time, however, the results were
divaricated: the costs of reducing greenhouse gas
emissions through combining RF and CCF were very
low while the costs of reducing nutrient export tended
to be much higher than reported so far. Thus, further
studies on the subject are called for.

MANAGEMENT TRADE-OFFS INFORESTRY ON PEATLAND IN NORTHERN FINLAND

AUTHOR CONTRIBUTIONS

AA originated and planned the work, wrote the first
draft, is the corresponding author, and is responsible
for the Motti simulations for RF, optimisation and
financial analyses; JR is responsible for the Motti
simulations for CCF and commented on the draft; HH
provided guidance for building the calculation
framework and commented on the draft; SS is
responsible for the sediment and nutrient export
assessments and commented on the draft; PO is
responsible for the greenhouse gas emission
calculations and commented on the draft; SH is
responsible for building the bridge between Motti
and SUSI simulators and commented on the draft; LS
is responsible for building the bridge between SUSI
and Motti simulators, calculated the average WT and
commented on the draft; AJ helped in designing the
financial calculation (NPV) and optimisation
frameworks, and commented on the draft.

REFERENCES

Ahti, E., Kojola, S., Nieminen, M., Penttila, T.,
Sarkkola, S. (2008) The effect of ditch cleaning
and complementary ditching on the development
of drained Scots pine-dominated peatland forests
in Finland. In: Farrel, C., Feehan, J. (eds.) After
Wise Use - The Future of Peatlands, Proceedings
of the 13th International Peat Congress, Volume 1
(oral presentations), International Peat Society,
Tullamore, Ireland, 457—459.

Ahtikoski, A., Hokka, H. (2019) Intensive forest
management - does it financially pay off on
drained peatlands? Canadian Journal of Forest
Research, 49, 1101-1111.

Ahtikoski, A., Hokka, H., Siipilehto, J. (2022) Strip
cutting management in Scots pine stands on
peatlands - a financial comparison to rotation
forestry. Scandinavian Journal of Forest
Research, 37(2), 119-129.

Aijala, O., Koistinen, A., Sved, J., Vanhatalo, K.,
Vdisdnen, P. (2019) Metséhoidon suositukset
(Silvicultural Recommendations). Tapio Forestry
Development Centre, Finland, 252 pp. (in Finnish).

Appelqvist, C.E., Sollander, J., Norman, O,
Forsberg, K., Lundmark, T. (2021) Hyggesfritt
skogsbruk: Skogsstyrelsens definition (Clear-cut
Free Forestry: The Swedish Forest Agency’s
Definition). Report 2021/8, Skogsstyrelsen,
Sweden, 66 pp. (in Swedish). Online at: https:
Ilwww.skogsstyrelsen.se/globalassets/om-oss/
rapporter/rapporter-20222021202020192018/
rapport-2021-8-hyggesfritt-skogsbruk---

Mires and Peat, Volume 31 (2024), Article 22, 20 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2023.0MB.Sc.2411678

16



A. Ahtikoski et al.

skogsstyrelsens-definition.pdf, accessed 03 Jul 2023.

Assmuth, A., Ramd, J., Tahvonen, O. (2018)
Economics of size-structured forestry with carbon
stage. Canadian Journal of Forest Research,
48(1), 11-22.

Assmuth, A., R&ma, J., Tahvonen, O. (2021) Optimal
carbon storage in mixed-species size-structured
forests. Environmental and Resource Economics,
79(2), 249-275.

Bianchi, S., Huuskonen, S., Siipilehto, J., Hynynen,
J. (2020) Differences in tree growth of Norway
spruce under rotation forestry and continuous
cover forestry. Forest Ecology and Management,
458, 117689, 7 pp.

Bose, A.K., Harvesy, B.D., Brais, S., Beaudet, M.,
Leduc, A. (2014) Constraints to partial cutting in
the boreal forest of Canada in the context of
natural disturbance-based management: a review.
Forestry, 87(1), 11-28.

Bradshaw, C.J.A., Warkentin, 1.G. (2015) Global
estimates of boreal forest carbon stocks and flux.
Global and Planetary Change, 128, 24-30.

Dixon, R.K., Solomon, A.M., Brown, S., Houghton,
R.A., Trexier, M.C., Wisniewski, J. (1994)
Carbon pools and flux of global forest
ecosystems. Science, 263, 185-190.

ECB (2023) Euro foreign exchange reference rates:
1 Euro=USD 1.0895 on 05 July 2023. European
Central Bank (ECB) web page. Online at:
https://www.ecb.europa.eu/stats/policy_and_exc
hange_rates/euro_reference_exhange_rates/html/
eurofxref-graph-usd.en.html, accessed 05 Jul 2023.

Eriksson, M. (2015) The role of the forest in an
integrated assessment model of the climate and
the economy. Climate Change Economics, 6(3),
1550011, 29 pp.

Eyvindson, K., Duflot, R., Trivino, M., Blattert, C.,
Potterf, M., Monkkonen, M. (2021) High boreal
forest multifunctionality requires continuous
cover forestry as a dominant management. Land
Use Policy, 100, 104918, 10 pp.

Eyvindson, K., Launiainen, S., Leppa, K,
Salmivaara, A., Lehtonen, A. (2023) Trade-offs
between greenhouse gas mitigation and economic
objectives with drained peatlands in Finnish
landscapes. Canadian Journal of Forest
Research, 53, 444454,

FFC (2022) Metsavaratiedot (Forest Resource
Information). Open forest information database,
Finnish Forest Centre (FFC). Online at:
www.metsakeskus.fi/fi/avoin-metsa-ja-
luontotieto/metsatietoaineistot/metsavaratiedot,
(in Finnish), accessed 12 Nov 2022.

Finér, L., Mattsson, T., Joensuu, S., Koivusalo, H.,
Laurén, A., Makkonen, T., Nieminen, M., Tattari.

MANAGEMENT TRADE-OFFS INFORESTRY ON PEATLAND IN NORTHERN FINLAND

S., Ahnti, E., Kortelainen, P., Koskiaho, J.,
Leinonen, A., Nevalainen, R., Piirainen, S.,
Saarelainen, J., Sarkkola, S., Vuollekoski, M.
(2010) Metséisten valuma-alueiden
vesistokuormituksen laskenta (Assessing
Sediment and Nutrient Loads in Water Catchment
Areas with Abundant Forests in Finland).
Suomen ympéristd 10, Finnish Forest Research
Institute (METLA), Helsinki, 33 pp. (in Finnish).
ISBN 978-952-11-3756-3.

Finér, L., Lepistd, A., Karlsson, K., Réike, A.,

Harkonen, L., Huttunen, M., Joensuu, S.,
Kortelainen, P., Mattsson, T., Piirainen, S.,
Sallantaus, T., Sarkkola, S., Tattari, S.,

Ukonmaanaho, L. (2021) Drainage for forestry
increases N, P and TOC export to boreal surface
waters. Science of the Total Environment, 762,
144098, 13 pp.

Gren, I.M. (2001) International versus national
actions against nitrogen pollution of the Baltic
Sea. Environmental and Resource Economics,
20(1), 41-59.

Haahti, K., Nieminen, M., Finér, L., Marttila, H.,
Kokkonen, T., Leinonen, A., Koivusalo, H.
(2018) Model-based evaluation of sediment
control in a drained peatland forest after ditch
network maintenance. Canadian Journal of
Forest Research, 48(2), 130-140.

Hintermayer, M. (2020) A carbon price floor in the
reformed EU ETS: Design matters! Energy
Policy, 147, 111905, 12 pp.

Hokka, H., Salminen, H., Ahtikoski, A., Kojola, S.,
Launiainen, S., Lehtonen, M. (2017) Long-term
impact of ditch network maintenance on timber
production, profitability and environmental loads
at regional level - a simulation study. Forestry,
90(2), 234246, 13 pp.

Hokka, H., Stenberg, L., Laurén, A. (2020) Modelling
depth of drainage ditches in forested peatlands of
Finland. Baltic Forestry, 26(2), 453, 9 pp.

Hokka, H., Laurén, A., Stenberg, L., Launiainen, S.,
Leppa, K., Nieminen, M. (2021) Defining guidelines
for ditch depth in drained Scots pine dominated
peatland forests. Silva Fennica, 55(3), 10494, 20 pp.

Hui, D., Deng, Q., Tian, H., Luo, Y. (2015) Climate
change and carbon sequestration in forest
ecosystems. In: Chen, W.Y., Suzuki, T., Lackner,
M. (eds.) Handbook of Climate Change Mitigation
and Adaptation, Springer, New York, 40 pp.

Hynynen, J., Salminen, H., Ahtikoski, A., Huuskonen,
S., Ojansuu, R., Siipilehto, J., Lehtonen, M.,
Eerikéinen, K. (2015) Long-term impacts of forest
management on biomass supply and forest
resource development: a scenario analysis for
Finland. European Journal of Forest Research,

Mires and Peat, Volume 31 (2024), Article 22, 20 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2023.0MB.Sc.2411678

17



A. Ahtikoski et al.

134, 415-431.

Hynynen, J., Eerikdinen, K., Mékinen, H., Valkonen,
S. (2019) Growth response to cuttings in Norway
spruce stands under even-aged and uneven-aged
management. Forest Ecology and Management,
437, 314-323.

IEA (2020) Energy Technology Perspectives 2020:
Special Report on Carbon Capture Utilisation
and Storage - CCUS in Clean Energy Transitions.
International Energy Agency (IEA), Paris, 172 pp.
Online at: https://www.iea.org/reports/ccus-in-
clean-energy-transitions, accessed 26 Dec 2024.

IPCC (2001) Climate Change 2001: Mitigation. In:
Metz, B., Davidson, O., Swart, R., Pan, J. (eds.)
Contribution of Working Group Il to the Third
Assessment Report of the Intergovernmental
Panel on Climate Change, Cambridge University
Press, Cambridge, UK, 305 pp.

Juutinen, A., Ahtikoski, A., Mékipad, R., Shanin, V.
(2018a) Effect of harvest interval and intensity on
the profitability of uneven-aged management of
Norway spruce stands. Forestry, 91, 589-602.

Juutinen, A., Ahtikoski, A., Lehtonen, M., Mékipaa,
R., Ollikainen, M. (2018b) The impact of a short-
term carbon payment scheme on forest
management. Forest Policy and Economics, 90,
115-127.

Juutinen, A., Tolvanen, A., Saarimaa, M., Ojanen, P.,
Sarkkola, S., Ahtikoski, A., Haikarainen, S.,
Karhu, J., Haara, A., Nieminen, M., Penttila, T.,
Nousiainen, H., Hotanen, J.P., Minkkinen, K.,
Kurttila, M., Heikkinen, K., Sallantaus, T.,
Aapala, K., Tuominen, S. (2020a) Cost-effective
land-use options of drained peatlands — integrated
biophysical-economic  modeling  approach.
Ecological Economics, 175, 106704, 13 pp.

Juutinen, A., Ahtikoski, A., Ramd, J. (2020b)
Puuntuotannon  kannattavuuteen  vaikuttavat
tekijat jatkuvapeitteisessd metsankasvatuksessa.
(A review on the factors affecting the profitability
of continuous cover forestry). Metsétieteen
Aikakauskirja, 2020, 10313, 11 pp. (in Finnish).

Juutinen, A., Shanin, V., Ahtikoski, A., Ramo, J.,
Makipaa, R., Laiho, R., Sarkkola, S., Laurén, A.,
Penttila, T., Hokka, H., Saarinen, M. (2021)
Profitability of continuous cover forestry in
Norway spruce-dominated peatland forest and the
role of water table. Canadian Journal of Forest
Research, 51, 859-870.

Korhonen, K.T., lhalainen, A., Ahola, A., Heikkinen,
J., Henttonen, H.M., Hotanen, J.P., Nevalainen,
S., Pitkénen, J., Strandstrom, M., Viiri, H. (2017)
Suomen metsdt 2009-2013 ja niiden kehitys
1921-2013 (Finnish Forests 2009-2013 and their
Development from 1921 to 2013). Luonnonvara-

MANAGEMENT TRADE-OFFS INFORESTRY ON PEATLAND IN NORTHERN FINLAND

ja biotalouden tutkimus 59/2017, Luonnonvara-
keskus (LUKE), Helsinki, 86 pp. (in Finnish).

Korkiakoski, M., Ojanen, P., Tuovinen, J.P.,
Minkkinen, K., Nevalainen, O., Penttila, T.,
Aurela, M., Laurila, T., Lohila, A. (2023) Partial
cutting of a boreal nutrient-rich peatland forest
causes radically less short-term on-site CO.
emissions than clear-cutting. Agricultural and
Forest Meteorology, 332, 109361, 17 pp.

Laine, J., Vasander, H., Hotanen, J-P., Nousiainen,
H., Saarinen, M., Penttilg, T. (2012) Suotyypit ja
turvekankaat - opas kasvupaikkojen tunnistamiseen
(Peatland Site Types - An Identification Guide).
Metsékustannus Oy, Helsinki, 160 pp. (in Finnish).

Lappi J., Pukkala T. (2020) Analyzing ingrowth
using zero-inflated negative binomial models.
Silva Fennica, 54(2), 10370, 19 pp.

Laudon, H., Hasselquist, E.M. (2023) Applying
continuous-cover forestry on drained boreal
peatlands; water regulation, biodiversity, climate
benefits and remaining uncertainties. Trees,
Forests and People, 11, 100363, 11 pp.

Laurén, A., Palviainen, M., Launiainen, S., Leppa,
K., Stenberg, L., Urzainki, I., Nieminen, M.,
Laiho, R., Hokka, H. (2021) Drainage and stand
growth response in peatland forests - Description,
testing, and application of mechanistic peatland
simulator SUSI. Forests, 12, 293, 23 pp.

Leppd, K., Korkiakoski, M., Nieminen, M., Laiho,
R., Hotanen, J.P., Kieloaho, A.J., Korpela, L.,
Laurila, T., Lohila, A., Minkkinen, K., Makipaa,
R., Ojanen, P., Pearson, M., Penttila, T.,
Tuovinen, J.P., Launiainen, S. (2020) Vegetation
controls of water and energy balance of a drained
peatland forest: Responses to alternative
harvesting practices. Agricultural and Forest
Meteorology, 295, 1018198, 17 pp.

Macdonald, S.E., Yin, F. (1999) Factors influencing
size inequality in peatland black spruce and
tamarack: evidence from post-drainage release
growth. Journal of Ecology, 87(3), 404-412.

Makrickas, E., Manton, M., Angelstam, P.,
Grygoruk, M. (2023) Trading wood for water and
carbon in peatland forests? Rewetting is worth
more than wood production. Journal of
Environmental Management, 341, 117952, 14 pp.

Miettinen, J., Ollikainen, M., Aroviita, J.,
Haikarainen, S., Nieminen, M., Turunen, J.,
Valsta, L. (2020) Boreal peatland forests: ditch
network maintenance effort and water protection
in a forest rotation framework. Canadian Journal
of Forest Research, 50, 1025-1038.

Minkkinen, K., Ojanen, P., Koskinen, M., Penttila, T.
(2020) Nitrous oxide emissions of undrained,
forestry-drained, and rewetted boreal peatlands.

Mires and Peat, Volume 31 (2024), Article 22, 20 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2023.0MB.Sc.2411678

18



A. Ahtikoski et al.

Forest Ecology and Management, 478, 118494, 10 pp.
Monkkdnen, M., Juutinen, A., Mazziotta, A.,
Miettinen, K., Podkopaev, D., Reunanen, P.,
Salminen, H., Tikkanen, O.P. (2014) Spatially
dynamic forest management to  sustain
biodiversity and economic returns. Journal of
Environmental Management, 134, 80—89.

Nevalainen, S., Piri, T. (2020) Metsatuhoriskit tasa-
ja eri-ikdismetsataloudessa (Damage risks in
continuous cover and rotation forestry).
Metsatieteen Aikakauskirja, 10310, 5 pp. (in Finnish).

Nieminen, M., Sarkkola, S., Laurén, A. (2017)
Impacts of forest harvesting on nutrient, sediment
and dissolved organic carbon exports from
drained peatlands: A literature review, synthesis
and suggestions for the future. Forest Ecology and
Management, 392, 13-20.

Nieminen, M., Piirainen, S., Sikstrém, U., Léfgren,
S., Marttila, H., Sarkkola, S., Lauren, A., Finer, L.
(2018a) Ditch network maintenance in peat-
dominated boreal forests: review and analysis of
water guality management options. Ambio, 47(5),
535-545.

Nieminen, M., Hokka, H., Laiho, R., Juutinen, A.,
Ahtikoski, A., Pearson, M., Kojola, S., Sarkkola,
S., Launiainen, S., Valkonen, S., Penttild, T.,
Lohila, A., Saarinen, M., Haahti, K., Makipé4, R.,
Miettinen, J., Ollikainen, M. (2018b). Could
continuous cover forestry be an economically and
environmentally feasible management option on
drained boreal peatlands? Forest Ecology and
Management, 424, 78-84.

Nieminen, M., Sarkkola, S., Hasselquist, E.M.,
Sallantaus, T. (2021) Long-term nitrogen and
phosphorus dynamics in waters discharging from
forestry-drained undrained boreal peatlands.
Water, Air & Soil Pollution, 232, 371, 9 pp.

Nieminen, M., Hasselquist, E.M., Mosquera, V.,
Ukonmaanaho, L., Sallantaus, T., Sarkkola, S.
(2022) Post-drainage stand growth and peat
mineralization impair water quality from forested
peatlands. Journal of Environmental Quality, 51,
1211-1221.

Nieminen, M., Pukkal, T., Stenberg, L., Sarkkola, S.,
Vihonen, A., Valkeapds, A. (2023) Jatkuvan
kasvatuksen ja tasaikaismetsatalouden vaikutus
metsien valuma-alueiden vesistokuormitukseen
Suomessa (Effect of rotation and continuous
cover forestry on nutrient loading in forested
catchment areas in Finland). Metsatieteen
Aikakauskirja, 22001, 18 pp. (in Finnish).

Niinimaki, S., Tahvonen, O., Mékela, A., Linkosalo,
T. (2013) On the economics of Norway spruce
stands and carbon storage. Canadian Journal of
Forest Research, 43, 637-648.

MANAGEMENT TRADE-OFFS INFORESTRY ON PEATLAND IN NORTHERN FINLAND

Ojanen, P., Minkkinen, K. (2019) The dependence of
net soil CO, emissions on water table depth in
boreal peatlands drained for forestry. Mires and
Peat, 24, 27, 8 pp.

Ojanen, P., Minkkinen, K., Alm, J., Penttila, T.
(2010) Soil-atmosphere CO,, CH, and N2O fluxes
in boreal forestry-drained peatlands. Forest
Ecology and Management, 260, 411-421.

Ojanen, P., Minkkinen, K., Penttild, T. (2013) The
current greenhouse gas impact of forestry-drained
boreal peatlands. Forest Ecology and
Management, 289, 201-208.

Paavilainen, E., Péivénen, J. (1995) Peatland
Forestry: Ecology and Principles. Ecological
Studies 111, Springer-Verlag, Berlin, Heidelberg,
New York, 248 pp.

Paivanen, J. (2007) Suot ja Suometsat—Jarkevén
Kayton Perusteet (Peatlands and Peatland Forests

—Fundamentals for Practical Management).
Metsdkustannus, Hameenlinna, 368 pp. (in
Finnish).

Paivanen, J., Hanell, B. (2012) Peatland Ecology and
Forestry, a Sound Approach. Publication 3,
Department of Forest Sciences, University of
Helsinki, Helsinki, 267 pp.

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R. and 14
others (2011) A large and persistent carbon sink
in the world’s forests. Science, 333, 988-993.

Parkatti, V.P., Tahvonen, O. (2020) Optimizing
continuous cover and rotation forestry in mixed-
species boreal forests. Canadian Journal of
Forest Research, 50, 1138-1151.

Parkatti, V.P., Tahvonen, O. (2021) Economics of
multifunctional forestry in the Sa'mi people
homeland region. Journal of Environmental
Economics and Management, 110, 102542, 15 pp.

Parkatti, V.P., Assmuth, A., Ramd, J., Tahvonen, O.
(2019) Economics of boreal conifer species in
continuous cover and rotation forestry. Forest
Policy and Economics, 100, 55-67.

Parkatti, V.P., Tahvonen, O., Viskari, T., Liski, J.
(2023) Including soil alters the optimization of
forestry with carbon sinks. Canadian Journal of
Forest Research, 53, 591-604.

Penman, J., Gytarsky, M., Hiraishi, T., Krug, T.,
Kruger, D., Pipatti, R., Buendia, L., Miwa, K.,
Ngara, T., Tanabe, K., Wagner, F. (eds.) (2003)
Good Practice Guidance for Land Use, Land-Use
Change and Forestry. Institute for Global
Environmental Strategies (IGES) for IPCC
National Greenhouse Gas Inventories
Programme, Intergovernmental Panel on Climate
Change (IPCC), Kanagawa, Japan, 590 pp.

Peura, M., Burgas, D., Eyvindson, K., Repo, A.,
Monkkdnen, M. (2018) Continuous cover forestry

Mires and Peat, Volume 31 (2024), Article 22, 20 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2023.0MB.Sc.2411678

19



A. Ahtikoski et al.

is a cost-efficient tool to increase multi-
functionality of boreal production forests in Fenno-
scandia. Biological Conservation, 217, 104-112.

Pihlainen, S., Tahvonen, O., Niinimé&ki, S. (2014)
The economics of timber and bioenergy
production and carbon storage in Scots pine
stands. Canadian Journal of Forest Research,
44(9), 1091-1102.

Pingoud, K., Ekholm, T., Sievédnen, R., Huuskonen,
S., Hynynen, J. (2018) Trade-offs between forest
carbon stocks and harvests in a steady state - A
multi-criteria analysis. Journal of Environmental
Management, 210, 96-103.

Pommerening, A., Murphy, S.T. (2004) A review of
the history, definitions and methods of continuous
cover forestry with special attention to afforest-
ation and restocking. Forestry, 77(1), 27-44.

Ricke, K., Drouet, L., Caldeira, K., Tavoni, M.
(2018) Country-level social cost of carbon.
Nature Climate Change, 8, 895-900.

Rissanen, A.J., Ojanen, P., Stenberg, L., Larmola, T.,
Anttila, J., Tuominen, S., Minkkinen, K.,
Koskinen, M., Makipéa, R. (2023) Vegetation
impacts ditch methane emissions from boreal
forestry-drained peatlands—maoss-free ditches
have an order-of-magnitude higher emissions than
moss-covered ditches. Frontiers in Environmental
Science, 11, 1121969, 16 pp.

Riviere, M., Caurla, S. (2021) Landscape
implications of managing forests for carbon
sequestration. Forestry, 94(1), 70-85.

Saksa T., Nerg P. (2008) Kuusen istutus, luontainen
uudistaminen ja naiden yhdistelmat kuusen
uudistamisessa (Planting, natural regeneration
and their combinations in spruce stand
establishment). Metsétieteen Aikakauskirja, 4,
255-267 (in Finnish).

Salminen, H., Lehtonen, M., Hynynen, J. (2005)
Reusing legacy FORTRAN in the MOTTI growth
and yield simulator. Computers and Electronics in
Agriculture, 49,103-113.

Sarkkola, S., Hokk&, H., Koivusalo, H., Nieminen,
M., Ahti, E., Pdivanen, J., Laine, J. (2010) Role of
tree stand evapotranspiration in maintaining
satisfactory drainage conditions in drained
peatlands. Canadian Journal of Forest Research,
40, 1485-1496.

Sarkkola, S., Nieminen, M., Koivusalo, H., Laurén,
A., Ahti, E., Launiainen, S., Nikinmaa, E., Marttila,
H., Laine, J., HOkka, H. (2013) Domination of
growing-season evapotranspiration over runoff makes
ditch network maintenance in mature peatland

MANAGEMENT TRADE-OFFS INFORESTRY ON PEATLAND IN NORTHERN FINLAND

forests questionable. Mires and Peat, 11, 2, 11 pp.

Sarkkola, S., Haahti, K., Penttild, T., Minkkinen, K.,
Ojanen, P., Korkiakoski, M., Laiho, R., Lohila, A.,
Nieminen, M. (2021) Mitigation of phosphorus,
nitrogen and organic carbon exports by continuous
cover forestry on drained peatlands. Abstract 62680
(oral presentations), Proceedings of the 16™
International Peatland Congress, International
Peatland Society, Tallinn, Estonia, 227.

Sikstrom, U., Hokk&, H. (2015) Interactions between
soil water conditions and forest stands in boreal
forests with implications for ditch network
maintenance. Silva Fennica, 50(1), 1416, 29 pp.
https://doi.org/10.14214/sf.1416

Sikstrém, U., Jansson, G., Pettersson, F. (2020) Growth
responses of Pinus sylvestris and Picea abies after
ditch cleaning - a survey in Sweden. Scandinavian
Journal of Forest Research, 35(1-2), 69-84.

Statistics Finland (2022) Cost-of-living index
1951:10=100. Online at: Cost-of-living index
(1951:10=100) by Year and Information. PxWeb
(stat.fi), accessed 18 Jan 2023.

Stocker, T., Qin, D., Plattner, G.K., Tignor, M.M.B.,
Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex,
V, Midgley, P.M. (eds.) (2014) Climate Change
2013: The Physical Science Basis. Working Group
I contribution to the fifth assessment report of the
Intergovernmental Panel on Climate Change,
Cambridge University Press, New York, 1552 pp.

Tahvonen, O., Ramo, J. (2016) Optimality of
continuous cover vs. clear-cut regimes in
managing forest resources. Canadian Journal of
Forest Research, 46, 891-901.

Turunen, J. (2018) Responses of Biodiversity and
Ecosystem Functions to Land Use Disturbances
and Restoration in Boreal Stream Ecosystems.
Dissertation, Acta Universitatis Ouluensis A708,
52 pp.

Venalainen, A., Tuomenvirta, H., Pirinen, P., Drebs,
A. (2005) A Basic Finnish Climate Data Set 1961—
2000: Description and Illustrations. Report 2005:5,
Finnish Meteorological Institute, Helsinki, 27 pp.

Wetzel, R.G. (2001) Limnology, Lake and River
Ecosystems. 3 edition, Academic Press, San
Diego CA, 1006 pp.

WFD (2000) Water Framework Directive 2000/60/EC.
European Commission, Brussels. Online at:
http://ec.europa.eu/environment/water/water-
framework/index_en.html

Submitted 11 Oct 2023, revision 15 Aug 2024
Editors: Gerald Jurasinski and Olivia Bragg

Author for correspondence: Anssi Ahtikoski, Principal Scientist, Natural Resources Institute Finland (Luke),
Tekniikankatu 1, FIN-33720 Tampere, Finland. Tel: +358 50 391 4416; E-mail: anssi.ahtikoski@]luke.fi

Mires and Peat, Volume 31 (2024), Article 22, 20 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2023.0MB.Sc.2411678

20



