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ARTICLE INFO ABSTRACT

Keywords: Forest management is at the crossroads of economic, environmental, and social goals, often requiring strategic
Continuous cover forestry trade-offs. As global demands surge, it’s vital to employ management strategies fostering multifunctional
Biodiversity

landscapes, enabling ecosystem integrity while procuring resources. Historically, the boreal forest in Fenno-
scandia has been intensively managed for timber, causing environmental shifts and conflicts with biodiversity
conservation and climate mitigation policies. Application of current management practices while increasing
harvests are a threat to both biodiversity and carbon stocks. To explore this issue, we quantify the cost-efficiency
of two forest management regimes: rotation forestry (RF) and continuous cover forestry (CCF), considering
specific forest attributes like soil type (mineral and peat soils), site type (fertility classes) and tree stand age,
which have been underexplored in previous research. We simulated 45,559 forest stands for 100 years in
Northern boreal forests of Finland. We proposed two straightforward cost-efficiency indices (CEI) to evaluate the
performance of these management regimes, specifically focusing on their impact on economic output, biodi-
versity conservation (measured as a biodiversity index for six forest vertebrates, including five bird species and
one mammal) and carbon stock. Our findings suggest that continuous cover forestry holds the potential to deliver
more cost-efficient ecosystem services and maintain greater biodiversity compared to rotation forestry ap-
proaches. Continuous cover forestry, however, is not optimal for all at management units, which calls for
alternative management options depending on the stand characteristics. The cost-efficiency indices performance
of rotation forestry and continuous cover forestry depend on the characteristics of the initial stand which is
largely determined by the previous management of the stand. Our results contribute to guiding forest man-
agement towards enhanced sustainability and ecological balance. The great variation in stand characteristics
suggest a need for diverse management strategies to create multifunctional landscapes. Our proposed cost-
efficiency indices could serve as practical tools for decision-making.

Ecosystem services
Climate change
Cost-efficiency index

services without compromising ecosystem integrity (Diaz-Yanez et al.,
2019; Eyvindson et al., 2021). Implementing the appropriate silvicul-
tural practices—precisely calibrated in degree, scale, and extent can
foster forests that are both resilient to resource extraction and func-

1. Introduction

Forests provide a multitude of ecosystem services, including timber
production, biodiversity conservation, carbon sequestration, climate

mitigation, and recreational benefits. However, providing these services
inevitably involve trade-offs (Andreassen and Oyen, 2002; Akujarvi
etal., 2021; Mason et al., 2022; Nakajima et al., 2017; Pohjanmies et al.,
2019; Pukkala, 2022; Redon et al., 2014; Sharma et al., 2016). Due to
the ever-increasing global demand for forest ecosystem services, it is
critical to adapt management strategies that create multifunctional
forest landscapes, thereby ensuring the provision of varied ecosystem
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tionally diverse (Messier et al., 2019).

The boreal forest, accounting one third of the world’s remaining
forests, has been extensively managed for timber production in recent
decades, especially for pulp and sawmill operations (Hansen et al.,
2010). Rotation forest (RF) management has been the predominant
option for the past decades, driven by the timber demands from indus-
trial needs (Blattert et al., 2023; Gauthier et al., 2015). Clear-cutting,
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promoting homogenous species compositions, and enforcing even-aged
structures have instigated enduring environmental shifts, which reflects
a dissonance between bioeconomy policies and those aimed at preser-
ving biodiversity and ecosystem services at the national and EU levels
(Eyvindson et al., 2018; Vergarechea et al., 2023). With rising harvest
levels coupled with current management practices, biodiversity is
increasingly under threat (Raty et al., 2023), and carbon sinks are
decreasing, which pose challenges for the forests to mitigate and adapt
to climate change (Makela et al., 2023; Monkkonen et al., 2022).

Efforts can be made to support biodiversity and carbon stocks
through forest management, and to guide the effort, new knowledge is
needed about economic viability and how different management re-
gimes affect these variables on different soil and site (habitat) types.
Forests in Fennoscandia are key biodiversity habitats, with 32% and
42% of the red-listed species are forest-dwelling, respectively for
Finland and Sweden (Andersson et al., 2020; Hyvarinen et al., 2019).
This highlights the pressure and threats to forest biodiversity in the re-
gion, given the dependency of many red-listed species on forest eco-
systems. Forest species composition and carbon stock vary based on
forest management regime, site type, and age class of tree stands
(Akujarvi et al., 2021; Repo et al., 2021). Forest age structure has shifted
towards younger age classes due to earlier clear-cutting. The species
most negatively influenced by forests management are typically those
specialized in old-growth habitats (Hjaltén et al., 2023). Concerning
carbon stocks, clear-cutting results in periods of low carbon stocks and
leads to fluctuating carbon stocks over time, depending on the age class
of the stand. While younger forests possess lesser carbon storage ca-
pacities than their older counterparts, their rapid growth rates enable
them to sequester carbon at a more pronounced rate (Diaz-Yanez et al.,
2019).

Continuous cover forestry (CCF) (Pukkala and Gadow, 2012) repre-
sents a management alternative that maintains a permanent forest
canopy through avoidance of clear-felling, potentially enhancing
biodiversity and offering stable, larger carbon stocks compared to RF
(Peura et al., 2018; Pukkala, 2016). Previous research indicates that the
effectiveness of CCF compared to RF in promoting biodiversity is
context-dependent and varies with factors such as species type and
management intensity. While CCF can provide more habitats for mature
forest species and affect understory vegetation and soil fauna, its supe-
riority in conserving biodiversity over RF is not absolute and depends on
specific ecological conditions and management practices (Atlegrim and
Sjijberg, 1996; Atlegrim and Sjoberg, 2004; Calladine et al., 2015;
Jalonen and Vanha-Majamaa, 2001; Kuuluvainen et al., 2012; Matvei-
nen-Huju and Koivula, 2008; Pukkala, 2016; Pukkala et al., 2010, 2013,
2016; Siira-Pietikainen and Haimi, 2009). Additionally, CCF may
economically benefit forest owners more than RF (Pukkala, 2016; Tah-
vonen, 2016; Tahvonen et al., 2010; Tahvonen and Ramo, 2016), though
results vary regarding economic profitability (Andreassen and Qyen,
2002; Juutinen et al., 2018). The debate about CCF’s overall benefits
persists due to a lack of long-term large-scale empirical research.
Though prior studies highlight CCF’s potential in delivering multiple
services (Pukkala, 2016), there is limited focus on the cost-efficiency of
forest management regimes in relation to the forest stand attributes
particularly regarding soil and site types and age classes.

There are a number of studies on economic and ecological impacts of
forest management in boreal forests. However, in prior research studies
(e.g., Diaz-Yanez et al., 2019; Eyvindson et al., 2018, 2021; Juutinen
etal., 2018, 2021; Peura et al., 2018; Pukkala, 2016, 2021; Trivino et al.,
2017), forest attributes such as soil (mineral soil versus peat soil), site
types (fertility classes) and tree stand age class were not explicitly
analyzed. We specifically focus on differentiating between peat and
mineral soils, classifying distinct site types, and identifying various age
classes of tree stands. Unlike previous studies, we did not attempt to
optimize ecosystem services. Instead, our aim was to conduct a
comparative analysis across these variables, offering an in-depth insight
into their influence on ecosystem services under alternative
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management regimes. By doing so, we focus to enhance the discussion
and guide the development of cost-efficient forest management
methods.

The objective of this study was to assess the cost-efficient provision
of biodiversity and carbon stocks by comparing how RF and CCF in-
fluences on these variables. Specifically, cost-efficiency is assessed in
terms of the ratio of ecological benefits (biodiversity and carbon stocks)
to the economic performance (net present value, NPV) involved in each
management regime. We employed a simulation approach to answer
four research questions:

(Question 1) How do different management regimes (RF and CCF at
two levels of harvest intensity) impact the economic performance of
timber production?

(Question 2) What could be the potential effects of the management
regimes on biodiversity indicators (measured as a biodiversity index for
six forest vertebrates, including five bird species and one mammal)?

(Question 3) How do different forest management regimes influence
the change in carbon stock?

(Question 4) How does the management regime affect cost-efficiency
of enhancing biodiversity and carbon benefits?

2. Materials and methods
2.1. Study areas

Our study area was the municipality of Ii in northern Finland. Ii is
part of the boreal biogeographical zone, characterized by extensive
boreal forests, mires, and lakes (Ahti et al., 1968). The climate in North
Ostrobothnia features an annual rainfall of between 353 and 756 mm
and an average annual temperature range of —0.3 to 5.2 °C.

We employed publicly available forest inventory data maintained by
the Finnish Forest Centre (www.metsaan.fi) (Fig. 1). The forests in the
study area consist of 45,559 forest stands. The predominant tree species
include Scots pine (Pinus sylvestris), which is the primary species in 60%
of the stands, followed by Norway spruce (Picea abies) at 19%, silver
birch (Betula pendula) comprising 20%, and downy birch (B. pubescens)
representing 0.5%. Approximately 60% of the stands and their area
coverage locate on mineral soils and 40% on peat soils. The age group of
50-75 years is dominant amongst the stands, stands over 100 years
being notably rare. The majority of the stands (57%) in the study area
are small, spanning less than 1 ha. Stands represents both nutrient-rich
site types (Mineral soil (OMT, MT), Peat soil (Mtkg I, Mtkg II)) and
nutrient-poor site types (Mineral soil (VT, CT), Peat soil (Ptkg I, Ptkg II)).

2.2. Forest management regimes

We conducted a simulation of 45,559 forest stands over a 100-year
period. We applied two management regimes with two variants of
each to all forest stands, regardless of their initial conditions and sub-
sequent development:

. Rotation forest management (RF)

. Extended rotation by 15 years (RF+15)

. Continuous cover forestry (CCF high post-harvest BA)
. Continuous cover forestry (CCF low post-harvest BA)

A WN -

The proposed management regimes were informed by the ‘best
practices guide’ for forest management in Finland (Aijili et al., 2014).
Two regimes were variations of the traditional RF with final felling,
while two others followed CCF practices. The silvicultural systems under
CCF involve continuous maintenance of forest cover, with only selected
trees being harvested (Eyvindson et al., 2021; Peura et al., 2018; Repo
et al., 2020). This assortment of management regimes facilitated diverse
decision-making for each specific stand.

The first regime, a traditional RF method representing business as
usual management regime, was guided by decision-making rules which
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Fig. 1. Land use in the municipality of Ii in 2018. Stands data were provided by the Finnish Forest Centre (dark brown). CORINE land cover data were provided by

the Finnish Environment Institute.

took into account several factors, including height of the dominant tree
species, age and site type of the stands (Eyvindson et al., 2021; Repo
et al., 2020). Depending on the site type, final felling was conducted
when the dominant height exceeded either 16 or 14 m, and the stand age
was over 70 or 90 years. After final felling, the stand was prepared for
regeneration, which was achieved artificially through planting or
seeding. We retained five retention trees per hectare. We conducted
pre-commercial thinning to promote growth by reducing competition
for resources. We employed two thinning rules: one without thinning at
the beginning of the simulation and another incorporating thinning
where possible. The option that provided the larger NPV was selected for
our analysis. The second regime, RF+15, was a modified version of RF
approach, extending the rotation time by 15 years representing there-
fore a more environmentally friendly management option compared to
the RF regime (Eyvindson et al., 2021; Repo et al., 2020).

The CCF management alternatives were designed through a struc-
tured decision tree (Eyvindson et al., 2021; Repo et al., 2020). Har-
vesting actions under CCF regimes involved thinning from above,
promoting natural regeneration of the stand. To promote economic ef-
ficiency, we did not require the maintenance of retention trees in CCF
stands, with the assumption being increased economic value at an
ecological cost. The decision to conduct thinning was based on stand
basal area, with specific thresholds dependent on the site fertility. To
create two variations of CCF, we adjusted the basal area threshold,
resulting in a high basal area regime (CCF high post-harvest BA, 14-16
m? ha™!) and a low basal area regime (CCF low post-harvest BA, 8-10
m? ha 1), with the specific limit depending on site fertility (Eyvindson
et al., 2021; Repo et al., 2020). Hence, these two regimes represent
extensive and intensive CCF options, respectively.

2.3. SIMO forest stand simulations

We utilized the freely available SIMO (SIMulation and Optimization)

forest simulator to simulate tree growth and yield, as outlined by
Rasinmaki et al. (2009). The SIMO framework uses a range of models
that represent natural processes like growth and mortality, along with
forestry operations (Kangas and Rasinmaki, 2008). Growth and yield
predictions for RF used the models devised by Hynynen et al. (2002).
These models were grounded in extensive field measurement data
sourced from the National Forest Inventory. This means that the models
are designed to accommodate all primary tree species and site types
found in Finland (Hynynen et al., 2002). In contrast, we used model for
growth, and yield as defined by Pukkala et al. (2013) for CCF manage-
ment. We opted to use these sets of models, as they are the best available
models for the different management styles. We chose a time horizon of
100 years, split into 20 periods of 5 years each. This time horizon is long
enough for the economic and ecological effects of different harvest re-
gimes to manifest.

2.4. Net present value, biodiversity, carbon stock, and cost-efficiency
index

We computed the net present value (NPV), biodiversity, and carbon
stock at the stand level. These components encapsulate key aspects
crucial to Finland’s natural environment, specifically timber production,
the creation of appropriate habitats for terrestrial vertebrate biodiver-
sity, and measures for mitigating climate change, respectively.

NPV: We computed the NPV for each stand and each management
regime. The NPV was calculated as the sum of discounted net income at
each time step using a 3% discount rate:

20

Net income; i
NPVU = kz: 1.03veark !
—1 .

where NPV;; represents the NPV of timber production for stand i under
management regime j. Net income;;x signifies the income remaining after
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deducting costs from harvest revenues at time step k, while 1.03 ac-
counts for a 3% discount rate. Year, k denotes the mid-year of time-step
k. For our NPV calculations, we determined stumpage prices for eight
timber assortments. These encompassed pulp wood and saw logs from
different tree species: Norway spruce, Scots pine, birch, and other de-
ciduous trees. In addition, we factored in the unit costs for silvicultural
and operational work components: harvesting, mounding, fertilization,
tending, planting, and tending of seedling stands (Table S1). The
stumpage prices applied were different for RF and CCF, to reflect the
change in costs associated to timber extraction (Table S2).
Biodiversity (BD): Following Trivino et al. (2017), we analyzed the
habitat suitability index (HSI) of six focal species: hazel grouse (Bonasia
bonasa), siberian flying squirrel (Pteromys volans), western capercaillie
(Tetrao urogallus), lesser-spotted woodpecker (Dendrocopos minor),
long-tailed tit (Aegithalos caudatus), and three-toed woodpecker (Picoides
tridactylus) as indicator for biodiversity. The specific models for the HSI
were originally presented in Monkkonen et al. (2014). The selection of
these focal species was guided by their embodiment of a wide spectrum
of habitat types, along with their cultural and economic importance.
Hazel grouse inhabits mixed forests, preferring areas with dense conif-
erous (especially Norway spruce) or deciduous undergrowth (Angelstam
et al., 2004). Hazel grouse also holds economic value in hunting. Also,
the siberian flying squirrel, a strictly protected species under the Habi-
tats Directive (92/43 EC) of the European Union, prefers mature mixed
boreal forests (Hanski, 1998). The presence of Norway spruce (Picea
abies) and deciduous trees provides a suitable habitat for the species.
However, the habitat of Siberian flying squirrel has been adversely
affected by intensive rotation forestry regime (Hanski et al., 2000). The
Capercaillie, a game bird of significant social and economic importance,
serves as an umbrella species (Pakkala et al., 2003). Meanwhile, the
Lesser-spotted woodpecker is a resident bird species that thrives in
woodlands characterized by aged deciduous trees and an abundance of
such trees showing signs of decay (Angelstam et al., 2004). The
Long-tailed tit is known to favor habitats primarily consisting of
middle-aged to old deciduous stands (Jansson and Angelstam, 1999).
The three-toed woodpecker favors mature, predominantly coniferous
forests with dead or dying trees, which are essential for its feeding and
breeding. The habitat suitability models of these focal species were
based on the expert insights concerning the specific habitat prerequisites
(Monkkonen et al., 2014; Trivino et al., 2017). Following the method-
ology of Tikkanen et al. (2007), and Monkkonen et al. (2014), we also
analyzed the HSI of four species groups associated with dead wood. We
modeled dead wood decay using the decomposition models suitable to
Finnish conditions (Makinen et al., 2006). These groups included en-
dangered Ditylus and vulnerable Ceruchus, (insects), as well as the en-
dangered, vulnerable, near threatened Piloporia and Amyloporia
(fungi). The groups comprised 1, 1, 6, 5 species, respectively. We
selected species associated with dead wood as our focal taxa, recog-
nizing the significant proportion of species in boreal forests that depend
on dead and decaying wood. The HSI, which ranges from O (unsuitable)
to 1 (most suitable), indicates the probability of a species being present
in a stand. Due to the varied habitat preferences of the 10 focal species
and the varying characteristics of the studied forests stands, the habitat
suitability for each species can vary widely, thereby contributing
differently to the combined HSI. This type of measurement of biodi-
versity is an appropriate approach for a dynamic landscape level anal-
ysis including many stands that can provide habitat for different species
and whose characteristic change over time. Notice also that this measure
assigns a larger HSI for stands that can provide suitable habitat for
several species at the same time. The combined HSI over a 100-year
period was calculated for each stand and management regime. In
addition, we assessed several forest characteristics under the manage-
ment regimes, including deadwood diversity index, deadwood volume,
deciduous tree volume, basal area of fresh deadwood, basal area of fresh
deciduous deadwood, tree age and stem density. Deadwood diversity
index is the volume of deadwood weighted by the types of deadwoods
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(e.g., snags and logs) and diversity of decay stages such as recently died,
weakly decayed, medium decayed, very decayed, and totally decayed
(Trivino et al., 2017).

Carbon stock (C): We computed carbon stock for each forest stand
considering the carbon content in standing timber, dead wood, and soil,
all quantified in tons of carbon (tons per ha C) (Eyvindson et al., 2021).
We calculated carbon content of the standing timber based on the total
volume from different tree species. We determined the volume of dead
wood as the sum of various types of deadwood, which included different
tree species at various decay stages, as per the decomposition models
from Makinen et al. (2006). We assessed the carbon content of standing
timber and deadwood to be 50% of the dry biomass.

For mineral soils, we computed initial stock of soil carbon based on
Liski and Westman (1997) and the Yasso07 modeling framework to
predict soil carbon stock development (Tuomi et al., 2011). The Yasso07
model accounts for soil carbon inputs from various sources such as
thinning, natural mortality, understory vegetation and living tree litter
(leaves, roots, branches, and stems) and incorporates decay functions to
model the decomposition and subsequent carbon release (Makinen
et al., 2006). For peatland soils, we applied the carbon stock models
suggested by Ojanen et al. (2014). Here, the carbon stock is the sum of
the understory vegetation and the living tree litter (leaves, roots,
branches, and stems) with an additional contribution of 300 tons as an
initial stocks of carbon in peat soils (Sarkkola, 2008).

Cost-efficiency index (CEI): We proposed two straightforward CEI
indices as a means to assess the efficiency of different management re-
gimes. These indices were implemented to evaluate the performance of
these regimes, specifically focusing on their impact on biodiversity
conservation, carbon storage, and NPV output. The indices were calcu-
lated using following two formulas:

CEL. — HSI; /HSInx
BT (11— NPV, /NPV,g)
CElc = i/ Crax

(1.1 — NPV;/NPVyay)

here, CEIyg; represents biodiversity-based CEI index, while CEI; repre-
sents carbon-based CEI index. HSI; denotes the biodiversity value at a
given stand i, while HSI,,, indicates the maximum biodiversity value
observed across all stands and all management regimes. Similarly, C;
stands for the carbon storage value at a specific stand i, with Cpgy
denoting the maximum carbon storage value among all stands and all
management regimes. The NPV at the stand is designated as NPV;, and
the maximum NPV across all stands and all regimes is NPVpq,. By
dividing the relative biodiversity or carbon storage value by the adjusted
relative NPV, we obtain a measure of the CEI of each stand in providing
these ecosystem services. The maximum index value a stand can achieve
is 10, representing the case where biodiversity or carbon storage are in
perfect synergy (both are at the maximal level simultaneously). Thus,
the objective is to strive to have the highest CEI as possible, indicating
low economic costs while generating either positive biodiversity or
carbon storage impacts.

We conducted statistical analyses to assess the significance of the
differences in NPV, biodiversity, carbon stock and CEI results between
the forest management regimes. We employed ANOVA (Analysis of
Variance) followed by post-hoc Tukey-HSD (Honestly Significant Dif-
ference) tests to determine whether the average values of NPVs, biodi-
versity, carbon stock and CEIs for RF, RF+15, and the two CCF regimes
were statistically (p < 0.05) distinct from one another. All statistical
analysis were performed using the R programming language (R Core
Team, 2024).
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3. Results
3.1. Net present value (NPV)

The RF+15 yielded the smallest NPV per hectare on average,
whereas the CCF low post-harvest BA resulted the largest NPV per
hectare, followed by the CCF high post-harvest BA and RF (Table 1). This
pattern held valid for both mineral and peat soils. When comparing all
stands, the RF+15 resulted in 20% smaller NPV than the RF. Conversely,
the CCF with high and low post-harvest BA resulted in 73% and 91%
larger NPV than the RF, respectively. Notably, NPV values were, on
average, 26% smaller in peat soils than in mineral soils, with the range
varying between 20% and 38%.

Significant variation in NPV was observed across different stands
within each regime (Table 1). As such, the profitability of the manage-
ment regimes largely hinged on the stand-specific characteristics. Spe-
cifically, the CCF regime with low post-harvest BA resulted in the largest
NPV for majority (81.65%) of the stands. The proportions decreased to
15.83%, 2.49%, and 0.01% for the CCF high post-harvest BA, RF, and
RF+15, respectively.

NPV values were consistently larger in nutrient-rich site types (OMT,
MT, Mtkg I, Mtkg II) compared to nutrient-poor site types (VT, CT, Ptkg
I, Ptkg II) across both soil types (Fig. 2). For instance, the CT site type
recorded 63-75% smaller NPV relative to the MT. Moreover, older forest
stands, particularly those aged between 75 and 100 years and those over
100 years old, had larger NPV values compared to the younger age
classes (50-75 and under 50 years old). This age-related trend was
observable in both peat and mineral soils. For instance, the under 50
years age class yielded an NPV that was 50-85% smaller than the older
age classes, relatively speaking. These patterns were similar for all re-
gimes. For the youngest age class (<50), both CCF regimes provided a
similar NPV than both RFs. Considering the VT and Ptkg I site types, the
NPVs of both CCF were relatively close each other across all age class. In
fact, the CCF low post-harvest BA produced the largest NPV for many of
stands (varying from 7.4% to 51.1% among the age classes) within these
specific site types. Notice also that the NPV of RF was relatively close to
the largest NPV in the oldest age class (>100), particularly in the
nutrient-rich sites (OMT, MT, Mtkg I, Mtkg II). Importantly, the results
for peatland stands are subject to some uncertainty, because the oldest
age glass included 55 stands in Mtkg I site type and only 6 stands in Ptkg
II site type. In the other categories the number of stands varied from 121
to 4964 among the mineral and peat soil site types and the age classes.

3.2. Biodiversity measured as habitat suitability index (HSI)

On average RF yielded the smaller HSI, while CCF high post-harvest
BA resulted the largest HSI, followed by the CCF low post-harvest BA
and RF+15 (Table 2). Both mineral and peat soils exhibited this same
trend. When all stands were considered, the RF resulted in 17%]laller HSI
values than the RF+15. Conversely, the CCF high post-harvest BA and
the CCF low post-harvest BA resulted in 154% and 138% larger HSI than

Table 1

Journal of Environmental Management 370 (2024) 122438

the BAU, respectively. On average, the HSI values were 13% smaller in
mineral soils compared to in peat soils, with a range of 11-17%.

Large variation was noted in the HSI between stands within each
regime indicating the HSI largely relied on stand-specific characteristic.
Specifically, CCF high post-harvest BA achieved the largest HSI for a
majority (66%) of the stands. Following this were the CCF high post-
harvest BA (25%), RF+15 (7%), and RF (2%), respectively. These dif-
ferences can be attributed to the increased volume of deciduous trees,
and deciduous tree deadwood in the CCF regimes (Fig. S1 and Table S3).

Nutrient-rich site types (OMT, MT, Mtkg I, Mtkg II) generally dis-
played larger HSI values than nutrient-poor site types (VT, CT, Ptkg I,
Ptkg II) across both peat and mineral soil types (Fig. 3). For instance, RF
showed that the CT site type yielded an HSI that was 23-41% smaller
than the MT, in relative terms. In the nutrient-rich site types, the CCF
high post-harvest BA resulted clearly the largest HSI values, whereas in
the nutrient poor site types, the differences were less pronounced.

Subtle variation in HSI values were observed across different age
classes. For example, in the Ir-100-years age class, RF showed an HSI
that varied by 5-26% (either smaller or larger) compared to the 75-100
years age class. Interestingly, a trend of decreasing HSI values was noted
when forest stands aged in both RF regimes while no such trend was
visible for either CCFs. The relative difference between CCF and RF
appeared to be influenced by the site type: the disparity was larger in
nutrient rich sites compared to nutrient poor sites. For instance, the
difference between RF and CCF high post-harvest BA in 50-years age
class was 61% in the MT site type, but only 22% at the CT. Notably,
RF+15 performed better in the nutrient poor site types.

3.3. Carbon stock

Variability in carbon stocks across all regimes was relatively modest
(Table 3). On average, RF yielded the smallest carbon stocks, whereas
CCF high post-harvest BA had the largest. These were closely followed
by the RF+15 and CCF low post-harvest BA. This consistency was
observed in both mineral and peat soil types. Interestingly, peat soils
generally had larger carbon stocks than mineral soils due to their sig-
nificant carbon stock. It is also worth noting that, compared to NPV and
HSI, carbon stock showed less fluctuation across different regimes in
both soil types.

The relative differences between the regimes were also quite mini-
mal. In fact, when taking into account all stands, RF reported carbon
stock that were only 4% smaller than RF+15. The CCF high post-harvest
BA and the CCF low post-harvest BA demonstrated 11% and 3% larger
carbon stocks than RF, respectively. Carbon stocks values were, on
average, 71% smaller in mineral soils than in peat soils with a range of
70-73%. In terms of stand distribution, the CCF high post-harvest BA
resulted in the largest carbon stocks for majority (73.1%) of stands. This
compares with 20.4%, 5.6%, and 0.8% for the RF+15, RF and CCF high
post-harvest BA, respectively.

In mineral soil, carbon stocks were somewhat larger in nutrient-rich
site types (OMT, MT, Mtkg I, Mtkg II) than in nutrient-poor site types

Net present value (NPV) at all stands, and separately for soil types under rotation forestry (RF and RF+15), continuous cover forestry (CCF high post-harvest BA and
CCF low post-harvest BA). SD - Standard deviation. The ANOVA test confirmed significant (p < 0.05) differences in NPV among the management regimes, and Tukey-

HSD tests confirmed the pairwise differences were statistically significant.

Regimes NPV, all stands, NPV, mineral soil, NPV, peat soil, Volume increment m?, all stands,
per hectare, per hectare, Mean + SD per hectare, Mean + SD per hectare,
Mean + SD Mean + SD

RF? 4379 + 7507 4844 + 8147 3006 + 4924 2.41 £ 0.79

RF+15° 3519 + 6035 3890 + 6539 2423 + 4010 2.29 £+ 0.80

CCF high post-harvest BA® 7593 + 10051 8002 + 10617 6387 + 8035 3.99 + 1.04

CCF low post-harvest BA? 8381 + 10935 8850 + 11589 6999 + 8573 4.13 +1.56

a,b,c,d: Regimes with different letters differ significantly from each other at the 0.05 significance level (Tukey-HSD).
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Fig. 2. Net present value (NPV) separately for soil types, site types and age classes for rotation forestry (RF and RF+15), and continuous cover forestry (CCF high

post-harvest BA and CCF low post-harvest BA).

(VT, CT, Ptkg I, Ptkg II) (Fig. 4). For instance, relative to the MT site
types, the CT site type exhibited 24-27% smaller carbon stock. In peat
soil, however, carbon stocks were similar between nutrient-rich and
nutrient-poor site types. The variation in carbon stocks among different
age classes of stands was also minimal. For example, stands in the RF
regime that were older than 100 years showed only a 1-11% variation
(either smaller or larger) in carbon stock compared to stands aged
75-100 years. Overall, the trend of carbon stock values remained neutral
or stable as stands aged.

CCF high post-harvest BA regime provided typically the largest
carbon stocks across various site type and age class categories, ranging
from 18.8 to 100% of stands. In contrast, RF+15 provided the largest
values specially in the youngest age class (under 50 years) covering

Table 2

10-67% of stands across different site types. It also performed well in
other age classes but mainly in nutrient poor sites (VT, CT, Ptkg I and II).
Interestingly, CCF low post-harvest BA rarely led in carbon stock values,
except in the nutrient poorest sites (CT, Ptkg II).

3.4. Cost-efficiency index (CEI)

When examining biodiversity-based CEI, both CCFs outperformed
both RFs (Table 4). Specifically, the CCF low post-harvest BA exhibited
the largest CEI value, followed by the CCF high post-harvest BA and RF.
The RF+15 yielded the smallest CBI, indicating it was the least cost-
efficient in terms of biodiversity. This trend was consistent across both
soil types.

Average habitat suitability index (HSI) at all stands, and separately for soil types under rotation forestry (RF and RF+15), continuous cover forestry (CCF high post-
harvest BA and CC- low post-harvest BA). SD — Standard deviation. The ANOVA test confirmed significant (p < 0.05) differences in NPV among the management
regimes, and Tukey-HSD tests confirmed the pairwise differences were statistically significant.

Regimes All stands, Mean + SD Mineral soil, Mean + SD Peat soil, Mean + SD
RF* 0.24 £ 0.14 0.23 £0.13 0.28 £ 0.16
RF+15° 0.29 +0.17 0.28 + 0.16 0.32 + 0.17
CCF high post-harvest BA® 0.61 + 0.22 0.60 + 0.22 0.67 + 0.23
CCF low post-harvest BA¢ 0.57 £ 0.20 0.55 £+ 0.20 0.63 £+ 0.20

a,b,c,d: Regimes with different letters differ significantly from each other at the 0.05 significance level (Tukey-HSD).
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Fig. 3. Average habitat suitability index (HSI) values separately for soil types, site types and age classes for rotation forestry (RF and RF+15), and continuous cover

forestry (CCF high post-harvest BA and CCF low post-harvest BA).

Table 3

Carbon stock at all stands, and separately for soil types under rotation forestry (RF and RF+15), continuous cover forestry (CCF high post-harvest BA and CCF low post-
harvest BA). SD — Standard deviation. The ANOVA test confirmed significant (p < 0.05) differences in NPV among the management regimes, and Tukey-HSD tests
confirmed the pairwise differences were statistically significant except between all stands of RF+15 and CCF low post-harvest BA.

Regimes All stands, tons/ha, Mean + SD Mineral soil, tons/ha, Mean + SD Peat soil, tons/ha, Mean + SD
RF? 149 + 102 90 +11 324 +£8

RF+15%¢ 155 + 101 96 + 14 328 +£9

CCF high post-harvest BA® 165 + 105 104 + 18 344 £ 10

CCF low post-harvest BA%® 154 + 154 93 + 16 334+9

a,b,c,d: Regimes with different letters differ significantly from each other at the 0.05 significance level (Tukey-HSD).
e: All stands of RF+15 and CCF low post-harvest BA differ insignificantly from each other at the 0.05 significance level (Tukey-HSD).

Interestingly, the variation in CEI between mineral and peat soils was
marginal, showing only a slight 0.05% increase for peat soil. The dis-
parities in CEI between RF and CCF were considerable. Specifically,
when compared to RF, the CCF low post-harvest BA had a CEI value 6.6
times larger, while CCT high post-harvest BA was 10.5 times larger.
Notably, CCF low post-harvest BA displayed a markedly larger CEI than
the CCF high post-harvest BA. This suggests that the relative increase in
HSI values associated with the CCF high post-harvest BA was insufficient
to offset the relative decrease in NPV. The difference between RF and
RF+15 was relatively modest at 7%.

In each site type-age class category studied, CCF low post-harvest BA
ranked the highest in CEIL followed by CCF high post-harvest BA (Fig. 5).
However, the performance of both CCFs was smaller in the nutrient
poorest site types (CT, Ptkg II) compared to other site types. In contrast,
RF performance improved on nutrient poor sites. The pattern was not
that clear for the RF+15. Regarding the age classes, CCF low post-
harvest BA maintained quite stable performance across age classes. In
contrast, CCF high post-harvest BA displayed a decreasing CEI trend as
the forests stand aged. The performance of RF and RF+15 was largest in
the oldest age class in mineral soils, but their performance decreased

with the stand age in peat soils excluding the site type Mtkg II where the
pattern was the opposite.

On the one hand, there was less variation of CEI values across site
types for RF and RF+15 (Fig. 5). For example, when expressed in rela-
tive terms, MT site type in the RF displayed a 33% smaller CEI than the
CT site types with a range of 6-46%. On the other hand, there is more
variation of CEI across site types for CCF low and high post-harvest BA.
For instance, the MT site type showed a 71% larger CEI in CCF high post-
harvest BA than the CT in CCF low post-harvest BA with a range of
36-111%.

Furthermore, minor variation of CEI values were observed within
different age classes. For example, in relative terms, the RF had a 17%
larger CEI in the under 50 years age class compared to the 50-75 years
class.

Carbon-based CEI also favored CCFs over RFs (Table 5). The CCF low
post-harvest BA produced the largest CBI, while the RF+15 had the
smallest. This was followed by the CCF high post-harvest BA and RF,
respectively. This pattern was similar for both mineral and peat soils.

The difference in CEI values between peat and mineral soil was more
pronounced for carbon-based CEI, with a 6% increase for peat soils. The
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Fig. 4. Carbon stock separately for soil types, site types and age classes for rotation forestry (RF and RF+15), and continuous cover forestry (CCF high post-harvest

BA and CCF low post-harvest BA).

Table 4

Biodiversity-based cost-efficiency index (CEI) at all stands, and separately for
soil types under rotation forestry (RF and RF+15), continuous cover forestry
(CCF high post-harvest BA and CCF low post-harvest BA). SD — Standard devi-
ation. The ANOVA test confirmed significant (p < 0.05) differences in NPV
among the management regimes, and Tukey-HSD tests confirmed the pairwise
differences were statistically significant.

Regimes All stands, Mean Mineral soil, Mean Peat soil, Mean
+ SD + SD + SD
RF? 0.72 + 0.72 0.71 + 0.69 0.72 + 0.77
RF+15° 0.67 + 0.42 0.67 + 0.42 0.64 + 0.40
CCF high post- 5.48 + 2.42 5.51 +2.38 5.39 + 2.53
harvest BA®
CCF low post- 8.23 + 2.00 8.20 + 2.02 8.34 +£1.94

harvest BA¢

a,b,c,d: Regimes with different letters differ significantly from each other at the
0.05 significance level (Tukey-HSD).

gap in CEI between RF and CCF regimes were substantial. Relative to the
RF, the CCF low and high post-harvest BA resulted in 4 times and 2.4
times larger CEIL respectively.

Generally, older forests showed an upwards trend across all regimes
except for CCF high post-harvest BA which showed a decline (Fig. 6). For
instance, the under 50 years age class for all site types of the RF
demonstrated a CEI value that was 52% (ranging from 22 to 65%)
smaller than the over 100 years age class. However, for all site types of
the CCF high post-harvest BA, the over 100 years age class resulted in a
36% (range 24-45%) larger CEI than the under 50 years age class.
Notice however that the trend was not linear with respect to the age
classes in all site types. In particular, the differences in the CEI of the CCF
low post-harvest BA between the age classes were small.

Moreover, the relative difference between the CCF and RF regimes
does not appear to be dependent on the age class of the stands. Changes
in CEI value also do not seem to be influenced by the site type, except

that the performance of RF deteriorated when moving from nutrient rich
to the nutrient poor sites, especially in the older age classes. In general,
the RF seem to perform better in mineral than peat soil while the
opposite is true for the CCF low post-harvest BA, but the differences were
quite small. Regarding the CCF high post-harvest BA, there was not any
systematic differences in CEI between the soil types across the studies
site type-age class categories.

4. Discussion

Forests management faces challenges regarding contrasting envi-
ronmental, economic, and social targets. Compromises may therefore be
needed to find the most cost-efficient strategy to reach the targets. In
many cases, landowners must consider which trade-offs between
biodiversity/carbon stock and the economic performance are acceptable
according to their management objectives. Our study demonstrates the
benefits of adopting diverse management approaches. Utilizing forest
growth simulations, we examined long-term effects of four management
regimes including rotation forest management (RF), and continuous
cover forestry (CCF) on net present value (NPV), biodiversity and carbon
stock by categorizing the effects by soil and site types and age classes.
Our findings suggest that CCF holds the potential to deliver more cost-
efficient ecosystem services and maintain greater biodiversity in
Northern boreal forests of Finland compared to RF approaches.

Reflecting on the outcomes of our case study, we again consider our
research questions. First, how do different management regimes (RF and
CCF at two levels of harvest intensity) impact the economic performance of
timber production? In our study, the CCF low post-harvest BA, in which
the stand was thinned to the lower BA limit defined by the forest law
performed well across both nutrient rich and poor sites. Interestingly,
CCF high post-harvest BA performed also relatively well in nutrient poor
sites. This suggests that CCF is more effective than RF in promoting
forest growth and potentially leading to higher timber yields. This aligns
with previous research demonstrating the benefits of intensive thinning
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Fig. 5. Biodiversity-based cost-efficiency index (CEI) values separately for soil types, site types and age classes for rotation forestry (RF and RF+15), and continuous

cover forestry (CCF high post-harvest BA and CCF low post-harvest BA).

Table 5

Carbon-based cost-efficiency index (CEI) at all stands, and separately for soil
types under rotation forestry (RF and RF+15), continuous cover forestry (CCF
high post-harvest BA and CCF low post-harvest BA). SD — Standard deviation.
The ANOVA test confirmed significant (p < 0.05) differences in NPV among the
management regimes, and Tukey-HSD tests confirmed the pairwise differences
were statistically significant.

Regimes All stands, Mean Mineral soil, Mean Peat soil, Mean
+ SD + SD + SD
RF? 1.65 + 1.27 1.62 + 1.14 1.73 +1.59
RF+15° 1.35 £+ 0.66 1.35 + 0.58 1.37 + 0.85
CCF high post- 5.63 + 2.40 5.64 + 2.33 5.60 + 2.59
harvest BA®
CCF low post- 8.37 +1.58 8.14 +1.48 9.05 + 1.66

harvest BA¢

a,b,c,d: Regimes with different letters differ significantly from each other at the
0.05 significance level (Tukey-HSD).

in CCF regimes (Pukkala et al., 2010; Ramo and Tahvonen, 2017). It is
important to emphasize that the increase in timber yield under CCF
compared to RF largely accounts for the higher NPV observed for CCF in
our study. However, a higher long-term timber yield in RF regimes
compared to CCF regimes was also reported in several studies (e.g.,
Ekholm et al., 2023).

If the timber yield in CCF were similar to that of RF, the economic
advantage of CCF would diminish, making its NPV closer to that of RF,
depending on factors like management costs and market prices. In such a
situation, non-economic services, such as biodiversity and carbon stock,
might become more decisive factors in management decisions. More-
over, existing literature highlights that the relative economic perfor-
mance of RF and CCF depend on the characteristics of the initial stand
which is largely determined by the previous management of the stand
(Juutinen et al., 2018; Nakajima et al., 2017; Tahvonen and Ramo,
2016). For instance, old even-aged stands managed according to the RF

may not be that suitable for CCF in terms of financial performance
(Juutinen et al., 2018).

Second, what could be the potential effects of the management regimes on
biodiversity indicators? The relative effectiveness of RF and CCF in terms
of biodiversity depends on specific initial stand characteristics particu-
larly the site type, which includes both mineral and peat soils across
various fertility classes and age classes. This highlights the significant
influence of fertility class on biodiversity. This is consistent with pre-
vious studies (e.g., Calladine et al., 2015; Diaz-Yanez et al., 2019; Peura
et al., 2018; Pukkala, 2016, 2022), that the CCF method can achieve
higher biodiversity values (HSI). The six focal species and four dead-
wood associated species examined in our study depend on various forest
characteristics for their survival including basal area, age, stem density,
deadwood volume and the volume of deciduous trees (Fig. S1 and
Table S3). However, there are differences in biodiversity value between
the species groups (Peura et al., 2018). The proportion of deciduous tree
volume is positively influenced with all vertebrate species except the
Hazel grouse which prefers 20-40% deciduous tree volume. With
respect to the proportion of pine volume, the Siberian flying squirrel
shows a negative influence while the Capercaillie shows a positive in-
fluence (Miettinen et al., 2024; Monkkonen et al., 2014). It is important
to note that, the habitat of the flying squirrel diminishes with increasing
levels of timber extraction, regardless of the management scenarios
(Eyvindson et al., 2021). The deadwood volume is positively influenced
with all vertebrate species.

The use of RF could potentially decrease species diversity, particu-
larly if young forests are managed according to recommendations that
involve removing most deciduous trees during tending and weeding
treatments. In contrast, CCF promotes biodiversity by minimizing
clearfelling, increased broadleaf trees due to ingrowth and avoiding the
establishment of pine or spruce monocultures (Diaz-Yanez et al., 2019;
Peura et al., 2018). The presence of mature trees in CCF regimes
contribute to higher suitability for these species compared to RF re-
gimes. Additionally, CCF promotes higher vertical and horizontal
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structural diversity, including a mix of tree ages, species, spatial distri-
bution of trees and openings within the forest, resulting in a complex
habitat that beneficial for the focal species (Schiitz et al., 2012; Mason
et al., 2022). These features provide diverse nesting, foraging, and
shelter opportunities for birds and the flying squirrel (Klein et al., 2020).
CCF management regimes provides higher levels of deadwood, decidu-
ous trees, and stem density, contributing to greater structural
complexity and potentially increased biodiversity. Conversely, RF,
particularly in old even-aged stands (>80 years), may not offer such
habitat complexity, leading to lower biodiversity suitability values
(Savilaakso et al., 2021).

It is also important to note that CCF is not necessarily the universally
best approach. Duflot et al. (2022) highlight that while CCF generally
benefits some species, CCF might not be optimal for all stands at the
landscape level, especially when considering specific management al-
ternatives. Klein et al. (2020) also note that the requirements of suitable
habitat of a species differ across species groups, and the presence or
diversity of a specific species group doesn’t necessarily imply the pres-
ence of suitable habitat in other groups. Further research is needed to
explore the nuanced effects of these management regimes on a wider
range of species.

Third, how do different forest management regimes influence the change
in carbon stock? Across all regimes, fluctuations in carbon stocks were
relatively minor, irrespective of soil type, forest stand age classes, and
site types. However, the CCF high post-harvest BA typically yielded the
largest carbon stock values. It should be noted that while CCF can
potentially hold larger carbon stocks in the forest ecosystem itself, it
might produce less timber (and hence less carbon stored in long-lived
wood products) than RF, which should also be taken into account in a
comprehensive carbon accounting framework (Peura et al., 2018).
Previous studies such as those by Ahtikoski et al. (2022), Lehtonen et al.
(2023), Nieminen et al. (2018), Peura et al. (2018), highlighted that CCF
outperformed RF in terms of carbon sequestration efficiency, particu-
larly in mineral soils and peatlands. These studies emphasized the
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ecological benefits of avoiding clearcutting in RF and maintaining
continuous natural regeneration in CCF.

Last, how does the management regime affect cost-efficiency of enhancing
biodiversity and carbon benefits? Our findings align with earlier studies
(Peura et al., 2018; Pukkala, 2022) showing that CCF can enhance
biodiversity indicators and carbon storage while maximizing the NPV.
This is not surprising, as CCF eschews clear-felling, a practice detri-
mental to the habitat of the six focal species we studied. Nonetheless,
CCF may sometimes decrease biodiversity, as highlighted in studies by
Felton et al. (2016), Nolet et al. (2018), and Schall et al. (2018). Previous
research suggests the positive impact of CCF on CEIs may fluctuate when
applying more specific indicators, such as the habitat suitability for
certain species (Pukkala, 2016). In our case, NPV largely drives the
cost-efficiency index (CEI) results. CCF implements thinning from
above, focusing primarily on larger trees, which yields more sawlogs and
less pulpwood compared to RF’s strategy of thinning from the below,
and targeting smaller trees. Additionally, CCF relies on natural regen-
eration, which reduces costs associated with the artificial planting
practices employed in RF. These features improve the financial perfor-
mance of CCF relative to RF (Eyvindson et al., 2021). Norway spruce,
being more shade-tolerant than other common Finnish tree species like
Scots pine and downy birch, which require direct sunlight and typically
establish after disturbances like fire or clear-cutting, may become more
dominant under CCF. This suggests that CCF implementation could
result in forests becoming more spruce-dominated, as other native spe-
cies may not naturally regenerate as effectively (Laudon and Hassel-
quist, 2023). CCF may boost certain species, its success in natural
regeneration is not guaranteed, potentially affecting its profitability and
if natural regeneration fails, the forest must be regenerated by the
artificial regeneration which increase the costs. However, the
cost-efficiency depends on the choice of variables included in the anal-
ysis. Readers should exercise caution when attempting to generalize our
results to other regions, as the ecosystem services can vary significantly
by forest characteristics and forest management with spatial trade-offs
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(Mazziotta et al., 2023; Vergarechea et al., 2023).

Over the past century, boreal forests management has largely been
dominated by RF due to its ability to provide quick yields and relatively
predictable economic returns (Puettmann et al., 2015). In contrast, CCF
emerges as an alternative that poses fewer ecological risks and allows for
a more heterogenous forest structure, which not only supports diverse
habitats but can also enhance the resilience of forests against pests and
diseases (Mason et al., 2022). Despite these advantages, the dissemi-
nation of knowledge and skill development for CCF lags behind RF,
hindering its widespread adoption. In fact, the practice of CCF was not
legal in Finland until 2014, when the Finnish forest legislation was
changed. Yet, the paradigm in forests management is shifting. Height-
ened awareness about climate change, habitat destruction, and biodi-
versity decline has intensified interest in CCF. Consequently, CCF, with
its multifaceted ecological benefits, is drawing attention from both re-
searchers and practitioners. However, CCF necessitates active manage-
ment, including the removal of damaged and insect-infested trees. CCF
also requires the implementation of harvesting techniques that minimize
damage to the remaining trees and the careful management of natural
regeneration. Thus, CCF management practices can be intensive (Mason
et al., 2022; Seedre et al., 2018). However, transformation to CCF need
not be more costly than RF if natural regeneration is successful (Davies
and Kerr, 2015). Research on CCF practices in Scots pine-dominated
forests are still under development, and its effectiveness as a preferred
management regime requires further research (Haggstrom et al., 2024).
A recent study by Miettinen et al. (2024) highlights a potential chal-
lenge: the large gap size needed for Scots pine regeneration could
potentially affect CCF’s ability to maintain water levels. This is an
important consideration for future research.

Although our modeling approach offers valuable insights, it has
certain uncertainties, particularly in economic returns, biodiversity, and
carbon stock. First, our study may have overestimated the economic
performance of CCF for several reasons. Hynynen et al. (2019) suggested
that timber yield from CCF might decrease over time, but this was not
taken into account in our simulations. Additionally, Ahtikoski and
Hokka (2019) showed that an optimized RF management regime could
yield a higher NPV than what is officially recommended. In our study,
the NPV of CCF was probably closer to an optimal level than the NPV of
RF because the low post-harvest BA regime has been found to be close to
optimum in previous studies. Also, it’s likely that tree growth rates for
RF could surpass those predicted in our simulations, given the use of
genetically improved seedling (Ahtikoski et al., 2020). The growth
models for RF used in our study bases on empirical data which probably
does not fully capture this effect. A lower growth increment from CCF
compared to RF was reported in Hannerz et al. (2017), Lundqvist
(2017), and Hynynen et al. (2019). Second, we focused on select um-
brella species to represent biodiversity, but other indicators exist. For
instance, species that depend on decaying wood or old growth could
benefit more from the RF+15 scenario. Still, as Jonsson et al. (2010)
demonstrated, extending rotation length is not always cost-effective,
even though it increases substrate availability for wood-dwelling spe-
cies, as shown in three Swedish regions. Third, the road network was
sufficient in our study area where small patches of forest are frequently
harvested across the landscape. This requirement to continually harvest
small patches has already had a dramatic impact on road networks, and
can be compared to other countries that do not have as extensive road
networks (Angelstam et al., 2018). Fourth, thinning from below or
clear-felling in RF, which beneficial in certain contexts, requires careful
planning and execution to avoid negative impacts on the forest
ecosystem, such as reduced biodiversity, and potentially increased
vulnerability to pests and diseases. Fifth, CCF characterized by contin-
uous forest cover and understory, may inadvertently increase the risk of
surface fires escalating to the canopy, thereby heightening forest fire
severity. However, the link between CCF and elevated fire risks is
complex and not directly established by studies. The inherent nature of
CCF could theoretically aid in the spread of fires from the surface to the
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canopy. Nevertheless, this risk depends on a range of factors, including
forest composition, climatic conditions, and specific management
practices tailored to CCF (Hyytiainen and Haight, 2012). Last, we used
carbon stock as an indicator variable from viewpoint of climate change.
However, the carbon stock is not fully representative of the impact of
forest management on climate change, particularly concerning peat-
lands. This is because it doesn’t differentiate between various types of
greenhouse gases like CO,, N2O and CH4, which have distinct global
warming potentials and radiative forcing effects. Accurately measuring
soil emissions from peatland under different management regimes re-
mains a challenging task (Alm et al., 2022). Notice also that the carbon
storage and sequestration calculations are sensitive to the time frame
considered. In our case, we considered a 100-year period (i.e., approx-
imately one rotation in RF regime), and therefore, the average carbon
stock calculated over the period did not vary much between the man-
agement regimes.

In conclusion, our results indicate that CCF is an underutilized forest
management practice in Finland, with substantial potential for more
widespread application. Its multifaceted benefits lend support to this
proposition. However, previous forest law may have contributed to its
current underutilization. Forest owners are also showing a growing
intention to utilize CCF more frequently in the future, suggesting a need
for additional information and guidance in this area (Juutinen et al.,
2020; Pukkala, 2021). This is further corroborated by public support, as
indicated by Mantymaa et al. (2023). Finally, it is important to notice
that there was great variation in the stand characteristic among the
studied stands, so it is likely that the forests should be managed in
multiple ways to create multifunctional forest landscapes. Further
research is needed on forest increment and Scots pine regeneration
under CCF practices. For this purpose, our proposed cost-efficiency
indices may provide a more practical decision-making tool than
stand-level optimization knowledge, which is often impractical due to
its time-consuming and data-intensive nature (Kurttila et al., 2013).
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