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• A modelling framework allowing spatial
anddynamic analysis of carbonprocesses
and biodiversity aspects was developed.

• Modellingof forestrymeasures andemis-
sion reductions showed that carbon neu-
trality could be achieved in the area
by 2030.

• Application of space and airborne mea-
surements for mapping and monitoring
biodiversity and ecosystem processes is
described.

• Optimal allocation of set-aside areas for
conservation would contribute to pre-
serving both biodiversity and carbon
values.

• Biodiversity gain in the area can be in-
creased without a loss of carbon-related
benefits.
⁎ Corresponding author.
E-mail address: martin.forsius@syke.fi (M. Forsius).

https://doi.org/10.1016/j.scitotenv.2021.145847
0048-9697/© 2021 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 7 September 2020
Received in revised form 9 February 2021
Accepted 9 February 2021
Available online 14 February 2021
The challenges posed by climate change and biodiversity loss are deeply interconnected. Successful co-managing
of these tangled drivers requires innovative methods that can prioritize and target management actions against
multiple criteria, while also enabling cost-effective land use planning and impact scenario assessment. This paper
synthesises the development and application of an integratedmultidisciplinarymodelling and evaluation frame-
work for carbon and biodiversity in forest systems. By analysing and spatio-temporally modelling carbon
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processes and biodiversity elements, we determine an optimal solution for their co-management in the study
landscape. We also describe how advanced Earth Observation measurements can be used to enhance mapping
and monitoring of biodiversity and ecosystem processes. The scenarios used for the dynamic models were
based on official Finnish policy goals for forest management and climate change mitigation. The development
and testing of the system were executed in a large region in southern Finland (Kokemäenjoki basin,
27,024 km2) containing highly instrumented LTER (Long-Term Ecosystem Research) stations; these LTER data
sources were complemented by fieldwork, remote sensing and national data bases. In the study area, estimated
total net emissionswere currently 4.2 TgCO2eq a−1, butmodelling of forestrymeasures and anthropogenic emis-
sion reductions demonstrated that it would be possible to achieve the stated policy goal of carbon neutrality by
low forest harvest intensity. We show how this policy-relevant information can be further utilized for optimal
allocation of set-aside forest areas for nature conservation, which would significantly contribute to preserving
both biodiversity and carbon values in the region. Biodiversity gain in the area could be increased without a
loss of carbon-related benefits.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The recent IPBES (Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services) assessment shows that humans
are increasing pressure on biodiversity (BD) and ecosystem services
(ES) at a truly planetary scale (Diaz et al., 2019). The incipient sixth
mass extinction has erased over 300 mammal species and, with them,
more than 2.5 billion years of unique evolutionary history (Davis et al.,
2018). Accelerating anthropogenic land use and greenhouse gas
(GHG) emissions -induced climate change is projected to cause further
significant deterioration and loss of natural ecosystems and BD, as well
as negatively impact regional carbon (C) budgets by depleting the C se-
questration and storage capacity of ecosystems (Le Quéré et al., 2018;
IPCC, 2019; Overland et al., 2019). Climate change will also severely im-
pact global climatic conditions needed for human thriving (Xu et al.,
2020). The challenges posed by climate change, BD loss, and harmful
land use are thus deeply interconnected problems (Diaz et al., 2019).

It is increasingly understood that effective combatting of, and
adaptation to, these detrimental trends requires development of
regional-scale multidisciplinary approaches. In such approaches,
spatially explicit data on valuable aspects of BD, and factors determining
the regional C budgets and the spatial variation in C processes, can be
jointly assessed with state-of-the-art methods. Due to the linkages
between BDandC processes, and the limited resources for conservation,
cost-effective land use planning also requires methods that can
optimally prioritize sites for the co-management of BD and C values.
An integrative approach based on multiple data sources, including
robust modelling tools to fill data gaps and rapidly updated and
ecologically meaningful Earth Observation (EO) applications, is thus
needed (Forsius et al., 2013; Kujala et al., 2018a; Holmberg et al.,
2019; Buotte et al., 2020; Heikkinen et al., 2020). Such multi-source
information enables detection of sites with maximal potential for
current and future BD conservation and C sequestration/storage.

In this context, a good understanding of the regional C budget, the
magnitude of C storage, and its vulnerability to change, is vitally impor-
tant (Nabuurs et al., 2015; Bustamante et al., 2016; Akujärvi et al., 2019;
Hutchins et al., 2020). Estimation of complete regional C budgets, con-
sistent with national accounting rules, for different land use classes is
an integral step to predict responses and potential feedbacks to a chang-
ing climate regime, and for the design of differentmanagement andmit-
igation actions/measures (Buffam et al., 2011; Morecroft et al., 2019).
Globally, the land sector (agriculture, forestry, and other land uses) is
responsible for 10–12 GtCO2eq a−1 (carbon dioxide equivalent), about
25% of net anthropogenic greenhouse gas (GHG) emissions, with ap-
proximately half from agriculture and half from land use, land-use
change and forestry (LULUCF) (Le Quéré et al., 2018; Roe et al., 2019).
LULUCF emissions represent the net balance between emissions from
soils, land-use change and C sequestration from the regeneration of veg-
etation and soils. Transforming the land sector and deployingmitigation
2

measures in agriculture, forestry, wetlands and bioenergy could feasibly
and sustainably contribute 15 GtCO2eq per year (about 30%) of the
global mitigation needed in 2050 to deliver on the 1.5 °C target (Roe
et al., 2019). Recently, governments have also introduced concepts
such as ‘Cneutrality’, and ‘climate neutrality’where the aim is to achieve
a balance between sources and sinks of CO2 or GHGs by a target year
(e.g. EU Commission, 2018). Also, the term ‘net zero emission’ is in-
creasingly used to describe a broader commitment to climate action,
meaning that any GHG emissions are balanced by absorbing an equiva-
lent amount from the atmosphere by natural or technological options
(e.g. Rogelj et al., 2019).

There are great expectations on EO systems providing standardized,
spatially complete, and cost-effective information for detection, quanti-
fication, and forecasting of BD and C processes at large scale (Lausch
et al., 2016; Vihervaara et al., 2017). New concepts such as Essential Bio-
diversity Variables (EBVs) have stimulated progress to unify BD and ES
monitoring globally (Pereira et al., 2013; Pettorelli et al., 2016). EO tech-
niques are also in the core in EU policy processes for mapping the land-
use changes. Yet, the potential of EO data in BD conservation and other
ecological research remains underutilized (Pettorelli et al., 2016). Cur-
rent EO-based systems provide accurate information on, e.g., forest re-
sources in terms of growing stock, annual growth and distribution of
main tree species (Tomppo et al., 2008). However, this information is
designed mainly for the needs of forest sector, which greatly affects
its usability in other fields. The estimates rely on common features
of forest environment that are rather evenly dispersed within the
landscape. Focusing on the common forest metrics, the current
methods provide reliable data on abundant species, but are unable
to provide accurate information on rare species which is essential
for BD assessment.

As intensive species-level mapping of BD is infeasible at large scale,
various surrogates are usedwhen assessing the state of BD. For example,
in boreal forests the amount of dead wood and presence of keystone
species have shown to indicate the overall level of BD (Siitonen, 2001;
Kouki et al., 2004). The surrogates are typically rare and unevenly dis-
persed in forest landscape, and mapping their distribution introduces
special challenges for EO-based systems. Spatial resolution of a sensor
must be detailed enough to capture small details like individual trees.
On the other hand, spectral resolution must be sufficient for classifying
individual species by spectral reflectance. Finally, temporal resolution
needs to be suitable for monitoring the surrogates over time. Thus,
new thinking and technologies are needed to capture and detect differ-
ent features andmonitor their changes to support landuse andmanage-
ment planning at landscape-level. For example, new EO methods can
provide detailed regional information on boreal keystone species such
as European aspen (Populus tremula L.) trees (Kivinen et al., 2020;
Viinikka et al., 2020). Furthermore, biophysical and biochemical proper-
ties, and genetic diversity of trees can be studied with recent EO
methods (Madritch et al., 2014).



M. Forsius, H. Kujala, F. Minunno et al. Science of the Total Environment 775 (2021) 145847
A key challenge for spatial planning is to find a balance between the
use of land resources, BD conservation, actual and potential future C se-
questration/storage in the ecosystems, and other environmental im-
pacts. A solution to this task is to apply integrated adaptive land use
and conservation planning methods which can support sustainable re-
source management, and lead to win-win situations regarding both
conservation and mitigation. Such methods use mathematical formula-
tions and optimization to analyse large amounts of spatial data, and to
identify sets of locations that jointly meet the different objectives
(Thomas et al., 2013; Moilanen et al., 2014; Kujala et al., 2018a; Buotte
et al., 2020; Reside et al., 2020). By identifying areas with high present
and future BD values, C storage and C sequestration rates, forestry and
other management actions can be planned around these areas to mini-
mize negative impacts on the regional BD and to maximize climate
change mitigation. The BD and C storage and sequestration policies
can be implemented by a combination of anthropogenic emission miti-
gation actions,municipal and regional land-use planning, and voluntary
actions by private land-owners. The latter can be incentivised by devel-
oping economic instruments for joint BD protection and C-storage/
sequestration (Kangas and Ollikainen, 2021; Kosenius, 2021).

The aim of this study is to (i) describe the development of a quanti-
tative, spatially explicit modelling and evaluation framework that inte-
grates results on C storage/sequestration and C neutrality in the forested
landscape, mapping of BD values, and joint spatial planning and priori-
tization of BD and C benefits; (ii) advance the use of diverse EO tech-
niques in producing improved spatial datasets for assessing and
monitoring the state of BD; (iii) give an overview of the background as-
sumptions, methodology, data derivation and calculation and mapping
of the selected ecosystem variables and BD indicators; (iv) demon-
strate the approach and methods using data from an intensively
studied large region in southern Finland (Kokemäenjoki river
basin), and (v) synthesize key results and discuss uncertainties as
well as needs for further developments.

We focus on the forested ecosystems because they cover the largest
part of our study area and have the highest potential for C sequestration
Fig. 1. Location of Kokemäenjoki river basin (left) and its land cover (right, source: Corine Lan
intensive data collection are also shown.
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and management. We use spatio-temporal C- and GHG-modelling and
future scenarios based on formal national forestry policies and climate
change mitigation strategies for anthropogenic emissions. High-
resolution EOdatawas collectedwith a particular aim to improve detec-
tion of the keystone species European aspen and explore methods for
upscaling this information for large-scale spatial prioritization and
monitoring.

2. Materials and methods

2.1. Study area

The Kokemäenjoki river basin (27,024 km2), located in south-
western Finland, has mixed land-use with forest and seminatural
areas covering about 68% of the area (Fig. 1, Table 1). The mean and
maximumelevation for the study area is 118m and 254m, respectively.
The geomorphology of the region has mainly been formed by the latest
Ice Age processes. Superficial deposits are mainly composed of gravelly
and sandy till (56%), clay and silt deposits (17%) together with pre-
Quaternary bedrock exposures, peat and glaciofluvial deposits (GTK,
2014).

The dominant tree species are Norway spruce (Picea abies), Scots
pine (Pinus sylvestris), silver birch (Betula pendula) and downy birch
(Betula pubescens). Approximately 83% of forest land is on mineral
soil, 14% on peatland, and 3% on rocky soil (SYKE, 2019a). Protected
areas (PAs) cover 1.8% of the region. Lakes and other water bodies
form an important part of the landscape (ca. 11% of total area). The sec-
ond largest city region of Finland, Tampere,with ca. 330,000 inhabitants
is located within the area.

There are two LTER (Long-TermEcosystemResearch) heavily instru-
mented research stations located within the area, and data from these
stations (e.g. C flux data from eddy covariance tower of Hyytiälä
SMEAR II station) has been used for model calibration/validation
(Fig. 1). The detailed EO-based studies were conducted at Evo test site,
which belongs to Lammi LTER area.
d Cover 2018, SYKE). Location of Evo test site and the two main LTER research stations for



Table 1
Main characteristics of Kokemäenjoki area.

Climatea

Annual mean air temperature (°C) 4.4
January mean air temperature (°C) −6.4
July mean air temperature (°C) 16.9
Annual precipitation sum (mm) 598

Land cover (% of the total area)b

Artificial surfaces 5.1
Agricultural areas 14.8
Coniferous forest 42.2
Mixed forest 13.8
Broadleaved forest 2.5
Transitional woodland/shrub 9.1
Inland marshes 0.6
Peatbogs 1.1
Water bodies 10.7

Protected areas (% of the total area)c

State-owned 1.2
Privately-owned 0.6

Populationd 817,500
Population density (per km2) 30

a Tampere-Pirkkala airport 1981–2010 (Pirinen et al., 2012).
b CORINE Land Cover 2018 (SYKE, 2019a).
c SYKE (2019b).
d Statistics Finland (2018).
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2.2. Conceptual framework for modelling and evaluation

Our integrated conceptual framework connects different databases,
GIS, EO data sets, models and tools, scenarios and socio-economic eval-
uations, and facilitates the flow of data between different sections
(Fig. 2). The methodology, model systems and databases for each sec-
tion are summarised below (Sections 2.3.1–2.3.4). A large effort was de-
voted to collect the required input and background information by
intensive field studies and from the research sites in the study region
(Fig. 1), national and regional databases, and literature sources (e.g.
for emissions coefficients and model parameters). The dynamic model
systems were calibrated using site-specific data and other data sources,
C pools and flu
• PREBAS modelling
• FRES modelling
• Empirical coefficien
• GIS-data and mode
• C-neutrality assess

Spa�al BD-data
• Na�onal BD-database
• BD-proxies
• Land-use data
• Maxent modelling
• GIS modelling

EO data and indicators
• Satellite data
• Land-use data
• EO based indicators
• Monitoring schemes

Economic and p
analysis

• Stakeholder surveys
• Compensa�on mec

Dissemina�on of results and interac�

Fig. 2. Conceptual framework and flow of data for modelling and evaluation. Result
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and the impacts of the different scenarios on the C budget/processes
assessed.

We focused here on the methodological development and inte-
grated application on four main sectors: i) scenario-based modelling
of C processes/neutrality, ii) derivation and mapping of BD data, iii) in-
tegrated land-use and conservation planning based on the derived
spatial BD and C data, and iv) the use of EO-based technologies for
enhanced data derivation, assessment and monitoring of changes
(Fig. 2). The fifth sector, development of economic incentives for land
owners is described in detail elsewhere (Kangas and Ollikainen, 2021;
Kosenius, 2021). Utilizing our integrated conceptual framework, we
show how a systematic approach linked with spatial and quantita-
tive multi-source information can assist in finding optimal landman-
agement solutions for climate change mitigation and conservation
planning.

2.3. Methodology for C- and biodiversity modelling and EO-based
indicators

2.3.1. Derivation of main C and GHG fluxes and modelling of C neutrality
Calculation of present-day C pools and fluxes for the different land-

use classes of the study area is described in detail in Holmberg et al.
(2021). Here, we focus on describing the scenario-based modelling for
assessing C and GHG fluxes and the concept of C neutrality. The net
emissions of C from the forested areas in Kokemäenjoki basin were
based on the results of the forest growth and gas exchange model
PREBAS, which combines a process-based forest growth model
(Valentine and Mäkelä, 2005), and a daily canopy gas exchange model
(Peltoniemi et al., 2015). The model has been calibrated using informa-
tion fromNordic eddy covariance sites and Finnish growth experiments
(Minunno et al., 2016, 2019). PREBAS was used to simulate forest C bal-
ance, growth andmanagement in the study area. The initial state of for-
ests in forest C balance simulations was determined based on MS-NFI
(Multi Source – National Forest Inventory) maps, which describe the
forest parameters in the form of thematic maps across Finland at
16 × 16 m resolution. MS-NFI maps are developed by combining the
xes

ts
lling
ment

s

Spa�al priori�za�on
• Zona�on modelling
• Spa�al C and BD-data
• Integrated land use and 

conserva�on planning 

olicy

hanisms

on at different spa�al scales

s on the economic and policy analysis are not presented in detail in this paper.
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information from NFI field measurements, satellite imagery and digital
mapdata (Tomppo et al., 2008). To decrease computational load, similar
forest areas were segmented, with the size of segmented area varying
between 256 and 505,008 m2 and a mean size of 3926 m2.

PREBAS was used to calculate the net ecosystem exchange (NEE, gC
m−2 a−1) for current climate conditions, and the amount of harvested
biomass (gC m−2 a−1). The harvested amount for each simulation
year was specified by realized removals statistics. Removals data de-
fined the total amount of harvests in the study area. Regarding forests
growing on mineral soils, the PREBAS model is linked to the soil C
model YASSO07 (Tuomi et al., 2009), which estimated soil respiration.
For forests on drained peatland soils, soil respiration estimates were
based onmeasured soil respiration,which includes both peat decompo-
sition and litter decomposition (or accumulation) (Minkkinen et al.,
2018). Total NEE was calculated as a sum of stand and soil fluxes, and
it acquired positive values when the C flux from the decomposition of
soil organic matter was larger than the assimilation of C into growing
vegetation, and negative when the assimilation of C into growing vege-
tation was larger than the C flux from decomposing soil organic matter.
The net emissions of forests were calculated by adding the NEE to the
amount of harvested biomass. Net emissions are positive when the for-
est acts as a source of CO2 to the atmosphere, and negativewhen the for-
est is a sink.

The forest harvesting scenarios and their assumptions were based
on the national climate and energy strategy (Koljonen et al., 2017)
and forestry planning, where total annual removal of biomass in the
three main scenarios at the country-scale amount to: Low ca. 40 Mm3

a−1, Policy ca. 80 Mm3 a−1 and Maximum Sustainable Cuttings
(MaxSust) ca. 85 Mm3 a−1. The scenarios and related forest modelling
have been described in Kalliokoski et al. (2019). The PREBAS scenario
results for the Kokemäenjoki region were extracted from these
national-scale simulations and aggregated using GIS-techniques.

Emissions from other ecosystems (arable land, surface waters and
undrained mires) were also estimated although we here focus on for-
ests which are by far the most important ecosystem for C pools and
fluxes. A detailed description of methodology regarding the processes
and net emissions from other land-use classes is given in Holmberg
et al. (2021; see also Supplementary information S.1.1).

The anthropogenic CO2, CH4 and N2O emissions of the study area
under current and future conditions were calculated with the Finnish
Regional Emission Scenario (FRES) model (Karvosenoja, 2008). The
emissions are given separately for point sources on municipal level
and area sources on 250 m × 250 m resolution. The point source emis-
sions indicate the emissions from major energy production and indus-
trial plants, calculated based on several year average emissions. The
point sources were aggregated to municipal level, including only
sources within the Kokemäenjoki basin for each municipality. The
FRES model uses several proxies to estimate the spatial distribution of
the area source emissions (Paunu et al., 2013; Karvosenoja et al.,
2018). The area sources are aggregated to 5 sectors: traffic exhaust
(CO2), machinery and off-road (CO2), small scale wood combustion
(CH4, N2O), other small-scale combustion (CO2) and agriculture (CH4,
N2O). The emissions from agriculture originate from fertilization
(N2O) and cattle (CH4 as enteric emissions). The emissions of methane
(CH4) and nitrous oxide (N2O) were converted to CO2eq to account
for the climate warming impact of each substance. Results of two sce-
narios for future conditions, based on assumptions on energy use and
mitigation measures of the national climate and energy strategy were
used and derived for the Kokemäenjoki area:WEM (with existingmea-
sures) andWAM (with additional measures). Assumptions of these sce-
narios are described in detail in Koljonen et al. (2017).

2.3.2. Assessing biodiversity values
We developed three types of spatially explicit data on forest BD

values in the study area: (i) distribution of forest stand types likely to in-
clude valuable BD elements, (ii) observation frequency of National Red
5

List forest species, and (iii) modelled nesting suitability for four forest-
dwelling bird species indicative of forest stands with conservation
value. In addition, we included (iv) spatial data on the dead wood po-
tential of forest stands, described in Mikkonen et al. (2018) and
Mikkonen et al. (2020). All the source data for these different BD data
layers were converted or resampled using ArcGIS 10.5.1 tools (Esri) to
a uniform 96 × 96 m grid covering the study area.

The distribution of four types of valuable forest stands was deter-
mined based on the spatial distribution of ecologically important forest
features. The data for this mapping were extracted from three national
sources of forest survey data, The Finnish Forest Centre, Metsähallitus
Parks & Wildlife and the multi-source forest inventory conducted by
Natural Resources Institute Finland. These three data were combined
to cover the whole study area at 16 × 16 m resolution, providing de-
tailed data on the mean forest stand age and key forest structure ele-
ments such as stand volume and dominant tree species (for details see
Supplementary information S.1.2.1.). The first three forest types in-
cluded mature and old-growth forests, delimited using the following
age and main tree species criteria: 1) pine-dominated forests with
stand age > 120 years, 2) spruce-dominated forests with stand
age > 100 years and 3) deciduous-tree-dominated forests with stand
age > 60 years. Due to the slow growth rate of boreal forests and inten-
sive forestmanagement in Finland,where stands are clear-cut at the age
of 60–100 years, old-growth forests and their species have become na-
tionally rare and/or endangered. The three mature and old-growth for-
est layers were derived in two steps. First, a 96-m grid cell was assigned
into the respective dominant tree category if at least half (18/36) of the
16-mpixelswithin itmet one of the above criteria (e.g., if ≥18pixels had
spruce as dominant tree species and average age > 100 years, it was
assigned as spruce-dominated mature and old-growth forest cell). Sec-
ond, the final value of the 96-m cell was calculated as the summed age
of those 16-m pixels meeting the age criteria (e.g., for a spruce-
dominated cell, we summed the age of all pixels >100 years). This ap-
proach allowed us to identify those 96-m cells that had large proportion
of old forest stands, while also differentiating between the ecological
value of mature and the even rarer old-growth forests.

As the fourth type of forest stands, we delineated the locations of the
96-m grid cells which were spruce-dominated with a mean stand
age > 60 years, but which also included deciduous trees higher than
20 m. Such forest stands represent sites where large deciduous trees
of conservation importance, such as European aspen (Kivinen et al.,
2020), occur as mixed stands within coniferous forest. Such forests are
potentially valuable to many red-listed species, such as the Siberian fly-
ing squirrel (Pteromys volans) (Santangeli et al., 2013).

To assess the observation frequency of forest-dwelling threatened
species in the study area, we extracted records of Critically endangered
(CR), Endangered (EN), Vulnerable (VU), Near threatened (NT) and
Data deficient (DD) species from the national HERTTA database for en-
dangered species maintained by Finnish Environment Institute (see
S.1.2.2.). We excluded records of extinct species and those made before
the year 1990. In addition, we only included records with spatial accu-
racy of 100 m or finer. Each occurrence was assigned to a 96-m grid
cell, and then a weighted sum of species observations, using the follow-
ing weights: DD 1, NT 2, VU 5, EN 10, CR 20, was calculated for each cell.

For the third measure, we used species distribution modelling
(SDM) software Maxent (v. 3.4.1.; Elith et al., 2011; Merow et al.,
2013) to develop maps of potentially valuable forest stands across the
study area.We used ringing data from1990 to 2017 for four bird species
considered as indicators of forest BD values (e.g. occurrences or richness
of rare forest species, species of conservation importance, and species
dependent on mature and old-growth forests): European honey buz-
zard (Pernis apivorus), common buzzard (Buteo buteo), northern gos-
hawk (Accipiter gentilis) and Eurasian three-toed woodpecker (Picoides
tridactylus) (Burgas et al., 2014; Pakkala et al., 2014; Björklund et al.,
2015; Mononen et al., 2018). Nesting sites that had been substantially
logged after the ringing were excluded (S.1.2.3.). After these exclusions,
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the number of breeding sites remainingwere: European honey buzzard,
N=126, commonbuzzard,N=458, northern goshawk,N=1222, Eur-
asian three-toed woodpecker, N = 128.

For each species, we selected a set of explanatory variables that de-
scribed (i) forest stand structure and quality, and (ii) type of land use
at the focal cell, together with (iii) landscape level forest structure-
quality and land use around the nest (500-m and 1-km buffer for the
Eurasian three-toed woodpecker and the three hawk species, respec-
tively) (S.1.2.3.). We accounted for observation bias by building a den-
sity layer of all bird ringing points and used this to weight sampling of
backgroundpoints.We ranMaxentwith auto-features and 10,000 back-
groundpoints, using a one-timedata-splittingmodel validation and cal-
culated the area under the ROC curve (AUC) in test data to measure
model performance. We used the logistic output of final (full) model
as predictions of nesting suitability for the four species.

There are well known dependencies between threatened forest BD
and the amount, type and composition of dead wood parcels in boreal
forests (Siitonen, 2001; Junninen and Komonen, 2011; Lassauce et al.,
2011). Thus, dead wood volume provides a useful indicator of both for-
est naturalness and the presence of rare and threatened species. Dead
wood potential (DWP) was estimated for each forest stand using a
mechanistic forest growth model (MOTTI v 3.3, Salminen et al., 2005;
Hynynen et al., 2014; Hynynen et al., 2015) and spatial data on forest
site type and tree species (diameter at breast height (DBH) and vol-
ume), resulting in 20 combinatory data layers across 5 forest site
types (herb-rich, herb-rich like, mesic, semi-xeric, xeric) and 4 tree spe-
cies (Scots pine, Norway spruce, birches, other broad-leaved trees).
These describe the potential DBH corrected volume of dead wood on
site, summed across tree species and aggregated (summed) to each
96-m cell (Fig. 4C). The data have been used together with information
on forest condition to identify important forests for BD conservation and
have been shown to correspond well with ecological forest indicators
(Lehtomäki et al., 2015; more details see Mikkonen et al., 2018 and
Mikkonen et al., 2020).

2.3.3. Landscape prioritization for integrated biodiversity and C evaluation
We used the spatial prioritization tool Zonation (v.4.0) (Moilanen

et al., 2005; Moilanen et al., 2014) to identify jointly important areas
for BD protection and C processes. The premise of such analysis is that
tree harvesting in a currently forested location has negative impacts
for both BD and C processes through the destruction of habitat and re-
sources for forest-dwelling species, reduction of local C storage, and by
shifting C net ecosystem exchange (NEE) from a sink to a source.

As input data, we used maps of C pools and fluxes (Section 2.3.1) and
the different BD values (Section 2.3.2, Fig. 4). In the prioritization, we fo-
cused only on forests onmineral grounds (Supplementary S.1.4.1), as im-
pacts of forestry actions on the net C fluxes of peatland forests are more
complex and currently less well understood (despite these uncertainties,
peatland forests were considered in the PREBAS modelling of the C-
processes for the whole study area, Section 2.3.1). Here, to introduce the
prioritization approach, we focussed in our analyses on data on C stored
in forest trees (including roots) and the net ecosystem production
(NEP), which includes soil respiration (role of stored soil C will be exam-
ined in futurework).NEPdescribes the total amount of organic C available
for storage (gCm−2a−1) after accounting for gross primary production
and ecosystem respiration in the PREBAS model. We only included posi-
tive values for NEP (setting negative values to zero) as we are only inter-
ested in including C sinks, not sources, to the priority areas. In total, we
included 31 data layers: two for carbon (storage andNEP), and 29 for bio-
diversity values. As our aim is to demonstrate a joint prioritization for C
and BD values, we weighted all input data equally.

Zonation produces a hierarchal priority ranking of each spatial unit
(here 96 × 96 m grid cells) through an iterative process in which, at
each iteration, the value of retaining (not harvesting) a unit is assessed
based on input data, and the least important remaining spatial unit is re-
moved from the analysis. The removal order defines the priority rank of
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each unit, the most important units being removed last. The amount of
values remaining for each input feature is tracked throughout the prior-
itization, so that all features are captured in the solution in a balanced
manner (Moilanen et al., 2011; Moilanen et al., 2014). Consequently, a
set of top ranked priority areas together typically capture high value
areas for all input features (Supplementary S.1.4.1).

In the prioritization, we accounted for past forestry actions (logging
and management, Supplementary S.1.4.2) at each pixel by penalizing
locations where forest management and drainage of wet forests have
changed tree volume and the naturalness of forest. The penalty values
(a multiplier with values 0–1) were constructed separately for C stor-
age, NEP and two groups of BD values, i) dead wood potential on
herb-rich soils; ii) all other BD values and were based on the intensity
and frequency of management and time since management actions
(Supplementary S.1.4.2). The ecological connectivity of sites was
accounted for in twoways: For all features, we used kernel connectivity
transformation at a 400mmeandecay distance to highlight areaswhere
many high value sites occur near each other.We also accounted for con-
nectivity between similar forest habitats, based on the spatial patterns
of deadwood potential in different forest types (Section 2.3.2) (Supple-
mentary S.1.4.1). The prioritization focused on unprotected areas, but
we also included information from protected areas, so to identify
those priority forests onmineral grounds that best complement the cur-
rent reserve network.

2.3.4. Derivation of EO-based indicators for spatial assessment and
monitoring

A large variety of EO data were acquired with different sensors and
platforms and in different scales to produce species level information
of forest BD (Table 2). Comprehensive field data were collected from
the Evo test site (83 km2), located in the south-eastern part of the
Kokemäenjoki basin (Fig. 1), to support the EO approaches. These data
consist of 400 circular sample plots, 2256 RTK-GNSS positioned trees,
and leaf and soil samples, used as ground truth when developing
methods for tree species detection and recognition of their biochemical
characteristics.

Particular attention was given to detecting the keystone species
European aspen, together with three main tree species (Norway spruce,
Scots pine, birch).Weused three different data sourceswith different spa-
tial scales: Unmanned aerial Vehicles (UAV), aeroplane-operated sensors,
and satellite data. First, the tree-level detection with highest spatial reso-
lution was conducted using high-resolution photogrammetric point
clouds and combination of spectral features derived from two different
multispectral UAV cameras using linear discriminant analysis (LDA) and
support vector machine. The results were validated with the field-
measured reference data. Second, to extend the geographical area for
aspen detection, we used high-resolution airborne hyperspectral imaging
and airborne laser scanning (ALS) data that have earlier been successfully
utilized for individual tree detection and species classification in different
forest environments (Dalponte et al., 2014; Fassnacht et al., 2016;
Tuominen et al., 2018). Here, we assessed the role of different wavebands
(455–2500 nm), principal component analysis (PCA) and vegetation indi-
ces (VI) in tree species classification based on canopy spectral reflectance
using two machine learning classifiers: support vector machine (SVM)
and random forest (RF) (Viinikka et al., 2020). In addition, the usability
of convolutional neural networks (3D-CNNs) in tree species classification
was assessed (Mäyrä et al., 2021). Third, we tested area-based estimation
of species occurrence using Sentinel-2 satellite imagery that further ex-
tends the spatial scale of the study.

3. Results

3.1. Regional C budget and estimation of C neutrality of the study area

Regional C budget patterns for forested areas were simulated
with PREBAS, under both present and future conditions (Fig. 3,



Table 2
Key EO datasets available and used for integrated carbon and biodiversity assessment within the Kokemäenjoki river basin. UAV = Unmanned Aerial Vehicle, MS = multispectral,
HS = hyperspectral, ALS = airborne laser scanning. For sources: SYKE = Finnish Environment Institute, NLS = National Land Survey, UEF = University of Eastern Finland.

Platform Spatial
resolution

Sensor Data
type

Temporal
resolution

Input data for ecosystem indicators and
biodiversity variables

Input data
for models

Source

Satellite 10–20 m Sentinel-2A/2B
MSI

MS 5 days Habitat structure, ecosystem extent,
fragmentation and disturbance, tree species
richness and diversity, land surface
phenology

Land cover models (CORINE), Species distribution
models (Maxent), Species abundance models,
Statistical models for drivers of BD indicators
(EBVs)

nsdc.
fmi.fi

Airplane 0.5–1 m HySpex
VNIR-1800 and
SWIR-384

HS On demand, for
Evo site in July
2018

tree species classification, species richness
and diversity, canopy biochemistry

Habitat suitability models, e.g., for epiphytic
species

SYKE

0.5
pulses/m2

Various ALS Varies between
sites, whole
Finland,
2008–2019

Large scale elevation and surface modelling,
tree species detection, distribution and
vertical structure of vegetation

Species distribution models (Maxent), Species
abundance models

NLS

10.2
pulses/m2

Leica ALS70P ALS On demand, for
Evo site in July
2018

Same as above but in local scale, deadwood Species abundance models, Dynamic species
population models

SYKE

UAV 3.9–14.5 cm Fixed wing
Ebee plus RTK,
Phantom RTK
Pro
Matrice 210

MS On demand, for
Evo site in July
2018

tree species classification Small-scale distribution of species, specialized on
specific tree species

UEF

10 cm Specim FX-10 HS On demand, for
Evo site in July
2018

tree species classification Small-scale distribution of species, specialized on
specific tree species

UEF
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Tables 3 and 4). These results were used also for the landscape prior-
itization for integrated BD and C evaluation (see Sections 2.3.3 and
3.3). FRES model results for anthropogenic emissions for both pres-
ent and future (WEM and WAM mitigation scenarios) were also de-
rived for the area (Tables 3 and 4).
Fig. 3. Example on PREBAS model results from the Kokemäenjoki area for present day
conditions. Net C emissions (gCO2eq m−2 a−1) for segmented forest areas are shown.
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Forested areas formed the largest sinks in the present-day GHG-
budget of the study area (Table 3). Forests were also the largest source
together with anthropogenic emissions from artificial surfaces, while
other ecosystems (arable land, surface waters and undrained mires)
were lesser but quantitatively important sources. Lakes and rivers
form a source of about 1.1 TgCO2eq a−1 (Holmberg et al., 2021; Tg =
1012 g), due to decomposition of terrestrially derived C in the waters
and are thus affecting the regional C budget (Kortelainen et al., 2006).
Emissions from agricultural areas were estimated at ca. 0.6 TgCO2eq
a−1 (Holmberg et al., 2021). Forests dominate estimated present-day
sinks of the area and form a sink even after accounting for harvesting
removals and decomposition/respiration processes (net emissions
−3.7 TgCO2eq a−1). However, the anthropogenic emissions from artifi-
cial surfaces, emissions from forests (harvesting + decomposition/
respiration) and other ecosystems greatly exceed the total sinks in the
area at present, with estimated total net emissions of ca. 4.2 TgCO2eq
a−1 (Table 3). Thus, the Kokemäenjoki area is far from C neutrality, a
general policy target set to be reached by 2035. Note that we do not ac-
count for C stored in wood-based products because our analysis does
not include life-cycle calculations.

Mitigating anthropogenic emission sources indicated a limited po-
tential for significant reductions by year 2030, with net emission of 5.1
and 4.8 TgCO2eq a−1 for the WEM (with existing measures) and
WAM (with additional measures) scenarios, respectively. Longer-term
policy scenarios for the anthropogenic emissions were currently not
available. However, the study areas' forests presently provide a large
theoretical sink of −11.5 TgCO2eq a−1 (Table 3). Under the Low
harvesting intensity scenario, net emissions for forests amount to
−5.8 TgCO2eq a−1 by themid-century (Table 4), compared to the Policy
(base) scenario outcome of −1.4 TgCO2eq a−1. The net sink of all sce-
narios is affected by changes in the forest age structure caused by al-
ready implemented cuttings in the area. Harvesting according to the
MaxSust scenariowould convert forests into an emission source already
by 2026–2033 (net emissions 1.6 TgCO2eq a−1, Table 4).

3.2. Assessing biodiversity values

The three types of old forest stands (spruce, pine and deciduous for-
ests) occur sporadically in the study area and their cover is very low (see
Supplementary information S.2.2.4). The most abundant type of the
three, spruce-dominated forests with mean age > 100 years, covers

http://nsdc.fmi.fi
http://nsdc.fmi.fi


Table 3
Estimated current GHG emissions and sinks (TgCO2eq a−1) by land use in theKokemäenjoki area (modified fromHolmberg et al., 2021). Positive numbers indicate emissions and negative
numbers sinks. Emissions from forests are due to cutting removals and decomposition and respiration processes. The land use class ‘Other ecosystems’ refers to arable land, surfacewaters
and undrained mires.

Land use Area (km2) Area (%) Emissions TgCO2eq a−1 Emis. wrt total (%) Sinks TgCO2eq a−1 Sinks wrt total (%) Net emissions TgCO2eq a−1

Forests 17,782 66% 7.8 50% −11.5 99.8% −3.7
Other ecosystems 8013 30% 1.8 11% −0.02 0.20% 1.8
Artificial surfaces 1331 5% 6.1 39% 0 0% 6.1
Total 27,125 100% 15.7 100% −11.5 100% 4.2
Leaching to the sea 0.3 2%
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approximately 225 km2, thus accounting only for 1.15% of the forested
land in Kokemäenjoki basin (Fig. 4A). Moreover, in all the three forest
types, their overall cover decreases drastically towards older age catego-
ries indicating a severe general loss of oldest forests from the study area
(S.2.2.4). Examination of the forest stand age data inside vs. outside PAs
further highlights the sparsity of oldest forests outside PA network, as
more than 70% of the spruce forests >160 years old, and of the pine for-
ests >180 years old, respectively, are situated within PAs (S.2.2.4). Over
>60 years old spruce forestswith tall (>20m)deciduous trees aremore
common and cover ca. 13% of the forested land.

The total number of threatened forest-dwelling species included in
the analysis was 235 (4 DD; 120 NT; 66 VU; 34 EN; 11 CR). The mean
number of occurrences across all species was 49.2, ranging from one oc-
currence (67 species) to 7494 (Siberianflying squirrel, VU). The number
of occurrences among critically endangered species (CR) varied from
one (Scapania apiculate and Fuscocephaloziopsis catenulate) to 20
(Nephroma laevigatum), and in endangered (EN) from one (12 species)
to 1915 occurrences (eastern pasque flower Pulsatilla patens), respec-
tively. The summed Red List species index varied among the 96-m
cells from zero with no records of the Red List species to 65 (Fig. 4 B).
The spatial patterns in the summed Red List index are notably driven
by the occurrences of twowell-surveyed species, Siberianflying squirrel
and eastern pasque flower.

The final Maxent models predicting the nesting site suitability for
our four focal bird species (see S.1.2.3.) included 6–9 predictor variables
depending on species (S.2.2.5). The most important variables (with
>10% contribution) predominantly described forest stand characteris-
tics at 96-m resolution, including age, height and volume of trees,
with predicted suitability showing a positive relationship with these
variables (S.2.2.2 and S.2.2.3). Of the landscape level variables, cover of
urban areas showed a notable negative relationship with nesting suit-
ability for common buzzard and northern goshawk, whereas stand
suitability for the Eurasian three-toed woodpecker increased with in-
creasing mean tree volume and cover of forested peatlands in the
surrounding 500 m buffer. Spruce was typically the dominant tree spe-
cies in stands suitable for the three-toed woodpecker.
Table 4
Impact of forest cutting scenarios (PREBASmodel) and scenarios of anthropogenic emissions (ar
Kokemäenjoki area. The forest harvesting scenarios are based on the national climate and energ
Policy (base scenario) ca. 80 Mm3 a−1 and Maximum Sustainable Cuttings (MaxSust) ca. 85 M
amount of harvested biomass. Positive numbers indicate emissions and negative numbers sinks
caused by changes in climate conditions. FRES model results for theWEM (with existing measu
shown. These scenarios are based on assumptions of the national climate and energy strategy.

Land use Area (km2) Scenario Years Em

Forests 17,782 Policy (base) 2017–2025 7.
Policy (base) 2026–2033 7.
Policy (base) 2034–2050 7.
Low 2017–2025 4.
Low 2026–2033 4.
Low 2034–2050 4.
MaxSust 2017–2025 9.
MaxSust 2026–2033 9.
MaxSust 2034–2050 9.

Artificial surfaces 1331 Present 2015 6.
WEM 2030 5.
WAM 2030 4.
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The predictive discrimination performance of the models, as mea-
sured by Maxent's test AUC statistics, was clearly better than random
(i.e. 0.5; see Phillips et al., 2009) for all four species, varying from 0.78
(common buzzard) to 0.91 (Eurasian three-toed woodpecker) (Supple-
mentary Table BD2). The maps of predicted nesting suitability showed
spatial differences between species. For the common buzzard and the
northern goshawk, the most optimal sites were relatively widely and
evenly spread (S.2.2.1) whereas for the European honey buzzard
nesting suitability decreased towards coastal areas (Fig. 4 C). Suitable
nesting sites were spatially most limited for the Eurasian three-toed
woodpecker (S.2.2.1). For all four species, only 3.5–6% of their total pre-
dicted values were estimated to reside in protected areas (S.2.2.5). This
suggests that theway how the optimal sites for the four bird species are
managed outside PAs can have an important impact on the regional per-
sistence of these species.

3.3. Landscape prioritization for integrated biodiversity and C evaluation

Integrating information about the regional C budget (Section 3.1)
and BD values (Section 3.2), we explored how BD values and C storages
and sinks could be retained within the Kokemäenjoki area under four
optional conservation scenarios: i) only currently protected forests on
mineral ground are retained, or; in addition to protected areas, harvest-
ing would not be allowed in the top 10% ranked unprotected locations
(~190,000 ha) identified using ii) biodiversity values only; iii) C values
only, or; iv) both BD and C values (called ‘balanced’ here onwards)
(Fig. 5 A, C–D). In total, the currently protected forests on mineral soils
store approximately 2.6 Tg of C and assimilate another 0.06 Tg each
year (0.22 TgCO2eq a−1), representing ~2.4% of the total C pools and
fluxes of mineral soil forests in the region. On average, the protected
areas capture ~10% of BD features' values on mineral soil forests (see
Section 3.2 for more on protection).

With optimal allocation of no-harvest areas, the amount of both BD
and C values retained in the study region could be significantly im-
proved (Fig. 5B). However, using either BD or C values to identify
these priority forests resulted in spatially divergent patterns (Fig. 5C–
tificial surfaces, FRESmodel) on aggregatedGHG emissions and sinks (TgCO2eq a−1) in the
y strategy,with total annual country-scale harvest removal quotas of: Low ca. 40Mm3 a−1,
m3 a−1.The net emissions of forests have been calculated by adding NEE estimates to the
. Results for forests are shown as averages for several years to reduce the annual variability
res) andWAM-scenarios (with additional measures) for the anthropogenic emissions are
See text for details.

issions TgCO2eq a−1 Sinks TgCO2eq a−1 Net emissions TgCO2eq a−1

8 −11.5 −3.7
8 −9.0 −1.2
9 −9.3 −1.4
7 −12.9 −8.2
7 −11.3 −6.6
7 −10.5 −5.8
4 −10.8 −1.4
4 −7.8 1.6
5 −8.4 1.1
1 0 6.1
1 0 5.1
8 0 4.8



Fig. 4. Spatial patterns in (A) occurrences of spruce dominated forests>100years old,measured as the sumofmean ages (years) of all 16-mresolution pixelswithin a 96-mpixel thatmeet
the age criteria, and displayed here on a log10-scale, (B) summed Red List species index (for visibility, shown as points), (C) the predicted nesting suitability of forest stands for the
European honey buzzard (Pernis apivorus), and (D) the summedDBH (diameter at breast height) corrected index of deadwood potential (DWP) on Scots pine (Pinus sylvestris) dominated
semi-xeric site fertility type. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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D), indicating that best locations for conservation and climate change
mitigation do not necessarily overlap. Despite spatial differences,
using either C or BD values to prioritize areas made relatively little dif-
ference to how much more C pools and fluxes could be increased
(Fig. 5B). On the other hand, BD values are poorly captured by areas
prioritised only for C, in comparison to the BD only scenario. The bal-
anced solution (Fig. 5A) closely mimics the BD only solution: this is be-
cause options for increasing C pools and fluxes are numerous in the
region, whereas many of the BD values have restricted distributions
(Fig. 5) and hence constrain the solution more (Kujala et al., 2018b).
The priority areas identified in the balanced solution nevertheless con-
tain similar C pool as the C only solution (12.1 vs 13.2 TgC, respectively),
whereas C fluxes are smaller in the balanced solution (0.20 vs. 0.43 TgC
a−1 in the C only solution) but still considerably higher than fluxes in
just protected areas (0.06 TgC a−1).

3.4. EO-based tree species detection for indicator development and
monitoring

For providing new datasets of biodiversity indicators, EO techniques
can be utilized. UAV-based remote sensing proved to be very efficient in
providing ultra-high spatial and temporal resolution RGB, multispectral
or hyperspectral imagery for a detailed forest properties assessment in
boreal forests at individual tree and stand-level. The best classification
results were obtained with linear discriminant analysis which gave
82% accuracy for the recognition of the keystone species European
aspen. Similarly, European aspen could be detected with high accuracy
9

using high-resolution airborne hyperspectral and airborne laser scan-
ning (ALS) data. To extend the geographical area from the UAV based,
tree level aspen discrimination, we used high-resolution airborne
hyperspectral imaging and ALS. The best classification accuracy of 92%
for aspen from the other dominant species was reached using the sup-
port vector machine (SVM) classifier with mean spectral reflectance
values together with selected vegetation indices (cf. Viinikka et al.,
2020). Overall, the best method for tree species classification consider-
ing all species was 3D convolutional neural network (3D-CNN) utilizing
250 spectral bands, with overall accuracy of 86% (cf. Mäyrä et al., 2021).

Very-High-resolution EO data enabled the identification of the spe-
cies at tree-level with reliable and accurate results (Viinikka et al.,
2020). However, data obtained from satelliteswith lower spatial resolu-
tion is mainly suitable for area-based estimation of species occurrence.
Therefore, upscaling of the tree species detection using satellite data
to large geographical areas seems challenging. The spatial resolution af-
fects the identification of individual trees, which is demonstrated in
Fig. 6. Whereas canopies can be delineated in Lidar data and individual
trees can be recognized from UAV and airborne imagery, in Sentinel-2
data, each pixel consists of several trees which makes it difficult to de-
tect the spectral traits of a single scarcely occurring tree species. Our
preliminary results on tree species detection with Sentinel-2 data
showed that correlations between spectral bands and species propor-
tions are rather weak, especially in case of species with scarce occur-
rence, such as aspen and larch (Larix spp.).

At current state,we have been able to produce estimates of aspen oc-
currence and abundance on an 83 km2 area from fusion of airborne



Fig. 5. Examples from landscape prioritization for biodiversity and carbon in the Kokemäenjoki river basin. All maps show the currently protected areas (in dark grey) and the best 10% of
forests on mineral soils, where harvesting should be avoided (in colour). Panel A) gives the integrated balanced priority areas (in orange) that maximize both biodiversity values and
carbon pools and fluxes. Panels C) and D) show priority areas for biodiversity only (in blue) and carbon only (in red), respectively. Boxplots in panel B) show how much these priority
areas capture of the total values within mineral soil forests, shown separately for biodiversity (dead wood potential, old forests, threatened species and focal birds) and carbon (pool
and fluxes) features (x-axis), and for currently protected areas and the three different priority solutions (A,C,D) (boxplots). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 6. Comparison of EO datasets covering the same area at different spatial resolutions. A: ALS-derived Canopy Height Model (CHM) at 0.5 m resolution, with delineated aspen canopies
overlaid. B: False-colour composite (Near Infrared-Red-Green) of UAV imagery at 0.07m resolutionwith aspen treetopsmarked. C: False colour composite of hyperspectral aerial imagery
at 0.5 m resolution with aspen treetops marked. D: False colour composition of Sentinel-2 imagery at 10 m resolution with aspen treetops marked. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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hyperspectral and Lidar data (Fig. 7; Viinikka et al., 2020). This indicates
the potential of the derived methodology for spatial BD mapping and
identification of new areas for protection.

4. Discussion

Fig. 2 presents the integrated modelling and evaluation framework
of our study and shows how the different sectors are linked. Our discus-
sion is structured based on this conceptual framework and we describe
how it can be used for finding optimized solutions for co-management
of C and BD in the landscape.

4.1. Assessing C pools and fluxes and C neutrality

Estimation of C budgets is a key necessity in assessingwhether and by
which means warming can be constrained to the limits of global average
temperature increase, as set out in the United Nations Paris Agreement
(1.5 °C andwell below2 °C, Rogelj et al., 2019). Reaching this goal requires
both rapid transformation of national energy, industrial and land-use sec-
tors and large-scale deployment of negative emissions technologies
(NETs) and other land-based measures (Smith et al., 2016; Roe et al.,
2019). These NETs and land-based mitigation include techniques
such as increased use of bioenergy combinedwith C capture, reduced
forest deforestation and degradation, less intensive forest manage-
ment, and afforestation. These measures are also central for reaching
‘net zero emissions’ in climate mitigation target setting. Forests thus
play a major role in the global and regional climate change mitiga-
tion efforts.

In Finland, forests cover ca. 70% of the land area, and the forest indus-
try is an important part of the national economy. Total Finnish GHGs
emissions were 52.8 TgCO2eq in 2019 and the LULUCF sector was a
sink, varying from approximately 19 to 50% of the total annual emis-
sions from other sectors during 1990 to 2017 (Statistics Finland,
2020). Forests (trees and soil) thus absorb a significant proportion of
Fig. 7. Percentage of the predicted aspen occurrence in 100 m grid based on the Support Vecto
current protected areas are marked.
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Finland's CO2 emissions. C budget calculations are therefore of impor-
tance for decisions on land-use policies and management at different
spatial scales.

Our results show the large importance of forests in the regional C
budget also of our study area (estimated present net emissions
−3.7 TgCO2eq a−1, Table 3; negative number indicating a sink)
and, subsequently, the potential for using management measures
of forests, other land-use sectors and anthropogenic emission reduc-
tions in mitigation. The possibilities for reaching policy goals of C
neutrality are clearly demonstrated (Table 4), indicating that C neu-
trality could be achieved but would require significant reductions in
the current forest cutting levels. As shown in Table 4, the estimated
mitigated anthropogenic emissions in the area by year 2030 amount
to 5.1 (WEM scenario, planned existing measures) and 4.8 TgCO2eq
a−1 (WAM scenario with stringent additional measures), respec-
tively. The net emissions of forests in the area according the Low
intensity harvesting scenario by around 2030 are estimated to
−6.6 TgCO2eq a−1 (sink) but would be significantly lower for the
Policy (base) scenario for the same period (−1.2 TgCO2eq a−1,
Table 4). Cuttings close to a Low scenario could thus compensate
for mitigated anthropogenic emissions by around 2030. Forest har-
vesting according to the high-intensity MaxSust scenario would con-
vert forests into an emission source (Table 4). Our model system can
therefore be used to assess the impacts of different scenario combi-
nations for different time frames, allowing long-term planning and
adaptation. Municipalities and other regional actors can use this
information to make decisions that affect local GHG emissions and
sinks, in particular via land use planning and management
(Vanhala et al., 2016). Importantly, after clear-cutting, a boreal forest
stand becomes a source for C and other GHG emissions for several
decades (Grant et al., 2010; Korkiakoski et al., 2019), indicating the
long time-frame involved. Our results also clearly demonstrate the
potential for integrated C and BD management (see Section 3.3 and
discussion below).
r Machine classifier, mean spectral reflectance values and selected vegetation indices. The
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4.2. Enhancing mapping of BD values for landscape-level analyses

Compiling comprehensive spatial data for BD has well-known chal-
lenges. Although forest attributes provide useful and relatively accessi-
ble proxies for BD at larger scales, conserving BD values often requires
data on the exact distribution of individual species. Observation records
of species are becoming rapidly available and are increasingly used in
various BD assessment (GBIF Secretariat, 2019). However, the point-
nature of most species data limits their use in landscape level analyses,
such as integrated land-use optimizations, as they include large
unsurveyed areas where species presence is unknown. One option is
to combine records of species within relevant BD groups, as done here
for the forest-dwelling threatened species, which allows exploration
of BD patterns in broad terms (Section 3.2). Such approach is particu-
larly suitable for including very rare, elusive or taxonomically cryptic
species for which data quality is typically low (Edenius and
Mikusiński, 2006; Becker andEncarnação, 2012). Combiningdata across
species may alleviate data gaps and biases, thereby enabling identifica-
tion of valuable forest stands for poorly known species (Mikusinski
et al., 2001; Wiens et al., 2008; Burgas et al., 2014).

For species with enough observations (>30), Species Distribution
Models (SDMs) offer a powerful tool for filling data gaps in unsurveyed
parts of the landscape. There are numerous established SDM methods
and their use in a range of conservation decisions is proliferating
(Guisan et al., 2013). Here we modelled the nesting suitability of forest
stands for four bird species. Earlier research has suggested that these
species are dependent on the presence of old, mature forests with
high stand volume, and their optimal nesting sites can indicate high-
quality mature forest in terms of BD value (Pakkala et al., 2014;
Burgas et al., 2014; Björklund et al., 2015). Our results, based on nest
data and fine-grained forest data accumulated across the whole
Kokemäenjoki basin (Section 3.2), are in line with these earlier
findings with respect to the study species ecology. Important to
acknowledge is that most BD observation data are spatially biased
towards easily-accessible and frequently visited locations and that it is
central to account for these biases when building SDMs (Phillips et al.,
2009).

In our Kokemäenjoki study, we used complementary BD measures
known to be relevant for forest BD conservation, and which reflect
more than just one element of forests (i.e., forest maturity, mixed tree
composition, amount of dead wood and forest characteristics at local
and landscape scale). From forest conservation planning perspective,
more data on ecological forest attributes is needed, as e.g. many threat-
ened forest species are epiphytes, favoring old stands or stands with
large aspen trees. Inmanaged forests thesemature forest stands are sys-
tematically harvested and clear-cut (Björklund et al., 2020; Virkkala
et al., 2020), causing declines in mature and old-growth forest associ-
ated species, such as our focal forest birds, three of which are already
regarded as red-listed (Hyvärinen et al., 2019). In the study region, the
remaining old mature forests appear to be retained predominantly in
protected areas.

4.3. Improving spatial BD data compilation using EO techniques

The diverse structure of naturemakes it difficult to identify andmap
surrogates that accurately represent themany levels of BD and ES values
(Rodrigues and Brooks 2007). Combining EO and field-measured train-
ing data, some surrogates, such as standmean age, are particularly chal-
lenging to define, whereas others (i.e., stand volume) can be mapped
reliably from appropriate data sets (Vastaranta et al., 2016). Large-
scale data on BD relevant forest attributes can be, to some degree,
sourced fromnational forest inventories (Section 2.3.1), which combine
remote sensing data with intensive field surveys (Tomppo et al., 2008;
Pukkala, 2020a). However, the maximum level of detail depends on
the amount of field data and the EOmaterial used in the process. Scarce
tree species (e.g., European aspen) and stochastic phenomena
12
(e.g., deadwood) that are not directly linked to visible canopy cannot
bemapped reliably at large scale. In Finland, current approach provid-
ing forest resource data for operational forestry struggles in discrim-
inating European aspen and other deciduous trees as the field data
are typically targeted for mapping the dominant and economically
significant tree species (Scots pine, Norway spruce and birch) and
stands.

Our results showed that EO data with very high spatial and spectral
resolution provide spatially accurate information of tree species that can
help to target BD conservation efforts in boreal forests (Section 3.4). Pre-
vious studies have made similar conclusions (Säynäjoki et al., 2008;
Dalponte et al., 2014; Puliti et al., 2015; Fassnacht et al., 2016;
Nevalainen et al., 2017; Alonzo et al., 2018; Tuominen et al., 2018).
According to our results in the Evo test site, UAV data, airborne
hyperspectral reflectance and ALS data enable the tree-level detection
of ecologically important tree species, such as European aspen
(Viinikka et al., 2020; Mäyrä et al., 2021). However, spatial coverage of
UAV data is often limited, and airborne data are overly expensive to ac-
quire for large areas. Thus, there are still obvious challenges in gathering
of ecologically useful data over wide geographical regions. In the future,
linking highly detailed UAV data with high resolution satellite imagery
is a viable option for tackling these challenges (Kattenborn et al., 2019).

The spatial and spectral resolution of EO data greatly affects what
kind of attributes may be mapped. Low-density (≈ 1 pulse/m2) ALS
data accompanied with aerial images and extensive field data can pro-
duce robust area-based estimates of features such as standmean height
and volume (Næsset, 2002; Hyyppä et al., 2008), whereas higher den-
sity ALS data supplementedwith fieldmeasurements are often required
for detecting single trees (Hyyppä et al., 2001), or to describe the verti-
cal structure of forests (Lindberg et al., 2012; Vastaranta et al., 2016).
Multispectral data fromhigh spatial resolution commercial satellite sen-
sors have been available for two decades, but their high cost and limited
spectral resolution limit their operational use. Currently, Sentinel-2 is
the most suitable freely available satellite data in terms of spatial
(10m) and spectral (13 bands) resolution. Our preliminary results indi-
cate that the high classification accuracies obtained at tree-level cannot
be easily repeated using Sentinel-2 data for area-based estimation of
species occurrences (see also Stratoulias et al., 2015; Immitzer et al.,
2016; Radoux et al., 2016), particularly when trying to detect scarcely
occurring tree species among the dominant species. Moreover, the
broader spectral bandwidths of Sentinel-2 cannot capture the subtle dif-
ferences in spectral reflectance which are important in accurately dis-
criminating between tree species. To overcome the issue, efforts of
multi-temporal monitoring by Sentinel-2 data have given promising
improvement (Bolyn et al., 2018; Persson et al., 2018). There are also
other satellites either in the orbit or satellite missions in preparation
with very high spatial (e.g. WorldView-3) or spectral (e.g. GaoFen5,
PRISMA) resolution which could enable more accurate large-scale de-
tection of rare tree species. The data from these missions, however, is
not yet openly available, or requires heavy processing to be usable.
Our results clearly demonstrate the potential for fusion of different EO
based data for spatial BD mapping and identification of new areas for
protection (Fig. 7).

4.4. Enhancing joint spatial planning and prioritization of BD and C benefits

There is a great need for integrative research and conservation plan-
ning in forest environments to identify feasible options, environmental
risks and sustainable policies. A key objective of the national strategy
and action plan for BD conservation is to halt BD loss in Finland. The
strategy includes several measures such as consideration of climate
change impacts, halting the decline in forest species and habitats, en-
hancing the network of protected areas and accounting for the mainte-
nance of BD and ecosystem services (ES) in land use planning. The
recent EU BD strategy has similar objectives. According to Hyvärinen
et al. (2019), 2667 species in Finland (11.9% of the assessed species)
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are classified as threatened (CR, EN, VU), and only some 2% of the for-
ested area in southern Finland is protected.

Considering BD conservation is essential also for GHG management
strategies. A key aspect in reaching BD and C policy targets is landscape
and regional level land-use planning (Thomas et al., 2013; Moilanen
et al., 2014; Kujala et al., 2018a; Buotte et al., 2020; Reside et al.,
2020). With optimized planning, intensive commercial forestry can be
directed to locations less valuable for BD and C storage/sequestration,
and BD-friendly management and local conservation actions applied
in areas with notable BD and ES values. In addition, different sets of ap-
proaches, including varying intensity of forestry actions alongwith pro-
tection and nature management, can be applied, accommodating
consideration of other land-use aspects (e.g. limited conservation bud-
gets, private land owner interest). In the Kokemäenjoki basin, for exam-
ple, the reduced forest cuttings needed to reach the C neutrality target
(Table 4) could be allocated to areas with high conservation and C
values (integrated solution, Fig. 5A), whichwould significantly improve
the amount of both BD and C values retained in the study region. To
achieve this outcome by the choices of private landowners requires
reshaping current economic incentives, such as METSO programme
(Forest Biodiversity Programme for Southern Finland), to account for
both BD and C values (see below).

As our results on spatial BDmapping and EO based approaches indi-
cate, gathering robust data for detailed landscape-level spatial optimi-
zations is not a trivial task. Our study also demonstrates how C
measurements from intensive research sites can be extrapolated to
larger regions using modelling tools and national forest inventory
data. Similar approach has been used, for example, in the design of re-
search infrastructures for ecosystem research where intensive sites
with heavy instrumentation are integrated into larger sites for socio-
ecological research (so-called LTSER sites, Mirtl et al., 2018). Neverthe-
less, it would be valuable to improve the existing extensive measuring
schemes with simple but informative additional measures such as soil
C and additional BD indicators.

4.5. Using economic incentives for enhanced BD conservation and C
sequestration

Implementing an integrated approach for the enhancement of BD
conservation and C sequestration requires support from economic in-
centives, and active voluntary participation of forest owners is key for
the success when forest land is privately owned. In Finland forest
owners accept economic incentives for voluntary BD conservation
(e.g. Horne, 2006; Juutinen and Ollikainen, 2010). Inclusion of climate
targets in the incentives provides, however, a special challenge requir-
ing co-creating through forest owners' participation to ensure social ac-
ceptance. An ideal participatory payment mechanism provides an
extension of the existing METSO compensation scheme for BD conser-
vation to C storage/sequestration (Kangas and Ollikainen, 2021;
Kosenius, 2021). At the heart of the process, there is a need to develop
economic mechanisms of joint ES provision (Lankoski et al., 2015;
Ollikainen, 2016) and the associated trading rules, as well as means to
assess the coherence of various environmental policies and their accep-
tance among the stakeholders. It has previously been shown that subsi-
dizing forest C sequestration by 50 € t−1 (metric ton) would increase
the C sequestration of Finnish forestry by 50%, andwith higher subsidies
even more (Pukkala, 2020b).

4.6. Potential for fully integrated multi-objective spatial prioritization

There are also apparent challenges in developing and successfully
applying multi-objective plans for regional land use and conservation.
Prioritization methods can be tailored to find optimal “win-win” solu-
tions, accounting for several factors such as expected climate change,
land-use change, land cost, area size, ecological connectivity, and
other ESs, and willingness of land owners to participate in conservation
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schemes. However, the diversity of elements and how they are valued
and traded-off against each other make it a highly complex issue
(Moilanen et al., 2014; Kujala et al., 2018a, 2018b). Our study showed
that it is possible to optimise for both C and BD values in a landscape,
but also that the best locations for conservation and climate changemit-
igation do not necessarily overlap (Section 3.3, Fig. 5). Similar results
have been obtained in other studies (Buotte et al., 2020; Repo et al.,
2020), indicating the need for diverse strategies. These should accom-
modate a range of actions that can promote multiple goals, including
continuous-cover silviculture, lengthening of harvest cycles and conser-
vation of managed landscapes (Forsius et al., 2016; Buotte et al., 2020;
Eyvindson et al., 2020; Repo et al., 2020). Indeed, the next step in devel-
oping themulti-objective spatial prioritization approach used here is to
include different types of BD-friendly forest management measures as
well as land owner-based socio-economic elements into one analysis.
Despite their complexity, such analyses have been demonstrated to be
very useful for uses such as zoning, conservation planning, or impact
avoidance in development (Whitehead et al., 2017; Jalkanen et al.,
2020).

5. Conclusions

Climate change and loss of biodiversity are massive global chal-
lenges and deeply interconnected problems. Efforts to develop common
solutions at different scales and in different ecosystems are therefore re-
quired. As demonstrated in this paper, developing a detailed integrated
multidisciplinarymodelling and evaluation framework, where different
carbon processes and biodiversity aspects can be analysed simulta-
neously and where optimized solutions in the landscape are sought
for, can assist in these efforts. We link these analyses to formal environ-
mental policy goals of the society. The next step will be to expand the
tested methodologies to the national scale, thereby further increasing
the policy-relevance of our approach. Still, it is likely that much of the
real progress aiming at finding integrated solutions to these problems
will be achieved at the local and regional scale where the actual land-
use decisions are made, and anthropogenic emission mitigation efforts
are planned and implemented. For the data needs of these actions, the
detailed spatial scale of our approach is well suited.

Our results show that it would be possible to achieve the stated pol-
icy goal of carbon neutrality in our study area by mitigating anthropo-
genic greenhouse gas emissions and substantially decreasing the level
of forest harvesting, and that one can further utilise this information
to optimise for retaining both biodiversity and carbon values in the
landscape. Such a policy can be implemented by a combination of an-
thropogenic emission mitigation actions, municipal and regional land-
use planning, and voluntary actions by land-owners, incentivised by
economic instruments for joint biodiversity protection and carbon stor-
age/sequestration. The impacts of these actions in the landscape can be
studied and monitored by utilizing advanced Earth Observation-based
techniques and indicators.

However, our study also shows the complexity of the issues and the
large data needs and heavy computing resources required to carry out
the detailed analyses. Moreover, we recognise the large uncertainties
involved in the ecosystem processes studied, in the model simplifica-
tions made, and in the data extrapolation efforts carried out. Continued
intensive research, data collection and mapping efforts are therefore
needed. The long time-scales involved also necessitate frequent
updating of the different impact and management scenarios to mini-
mize uncertainties and keep the results relevant for the end-users.

Role of authors

MF planned and organised the study and wrote/edited the first ver-
sion of the paper. HK, NM, SKu, RM, AM, RV, MPek and RKK collected
biodiversity data and site information, carried out Maxent and Zonation
based modelling and mapping work and participated in writing of the



M. Forsius, H. Kujala, F. Minunno et al. Science of the Total Environment 775 (2021) 145847
paper. FM,MH, AA, JB, AM, KR, TR and PVa collected data on carbon pro-
cesses, carried out modelling work based on the PREBAS model and
landscape level analyses on carbon processes, and participated in writ-
ing of the paper. NL and IA carried out GIS-based data aggregation and
analyses. V-VP and NK carried out modelling work using the FRES
model on anthropogenic greenhouse gas emissions. TT, PH, JM, SKi,
SK-S, AV, PVi, TK, AK, and LP carried out the analyses using Earth Obser-
vation techniques and participated in writing of the paper. A-KK and
MO provided information on using economic incentives in land-use
planning and provided comments on the paper. MPel and ST provided
data on forest segmentation used in carbon modelling.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The Strategic Research Council under the Academy of Finland (IBC-
Carbon project number 312559, SOMPAproject number 312912), Acad-
emy of Finland/FIRI programme (INAR RI 2020 project number
337075), the European Commission (eLTER PLUS H2020-project num-
ber 871128), and the FinnishMinistry of the Environment (Finnish Eco-
system Observatory project number VN/5082/2020, and METSO
projects YM8/221/2010 and VN/6587/201), are acknowledged for fi-
nancial support of this study.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.145847.

References

Akujärvi, A., Shvidenko, A., Pietsch, S.A., 2019. Modelling the impacts of intensifying forest
management on carbon budget across a long latitudinal gradient in Europe. Environ.
Res. Lett. 14, 034012. https://doi.org/10.1088/1748-9326/aaf766.

Alonzo, M., Andersen, H.E., Morton, D.C., Cook, B.D., 2018. Quantifying boreal forest struc-
ture and composition using UAV structure from motion. Forests 9, 119.

Becker, N.I., Encarnação, J.A., 2012. Cost-effectiveness of habitat-suitability maps using
low-detailed data for elusive bat species. Eur. J. Wildl. Res. 58, 945–953. https://doi.
org/10.1007/s10344-012-0637-z.

Björklund, H., Valkama, J., Tomppo, E., Laaksonen, T., 2015. Habitat effects on the breeding
performance of three forest-dwelling hawks. PLoS One 10 (9), e0137877. https://doi.
org/10.1371/journal.pone.0137877.

Björklund, H., Parkkinen, A., Hakkari, T., Heikkinen, R.K., Virkkala, R., Lensu, A., 2020.
Predicting valuable forest habitats using an indicator species for biodiversity. Biol.
Conserv. 249, 108682. https://doi.org/10.1016/j.biocon.2020.108682.

Bolyn, C., Michez, A., Gaucher, P., Lejeune, P., Bonnet, S., 2018. Forest mapping and species
composition using supervised per pixel classification of Sentinel-2 imagery.
Biotechnol. Agron. Soc. Environ. 22 (3), 16.

Buffam, I., Turner, M.G., Desai, A.R., Hanson, P.C., Rusak, J.A., et al., 2011. Integrating
aquatic and terrestrial components to construct a complete carbon budget for a
north temperate lake district. Glob. Chang. Biol. 17, 1193–1211. https://doi.org/
10.1111/j.1365-2486.2010.02313.x.

Buotte, P.C., Law, B.E., Ripple, W.J., Berner, L.-T., 2020. Carbon sequestration and biodiver-
sity co-benefits of preserving forests in the western United States. Ecol. Appl. 30 (2),
e02039 10.1002/eap.2039. doi:10.1002/eap.2039.

Burgas, D., Byholm, P., Parkkima, T., 2014. Raptors as surrogates of biodiversity along a
landscape gradient. J. Appl. Ecol. 51, 786–794. https://doi.org/10.1111/1365-
2664.12229.

Bustamante, M.M.C., Roitman, I., Aide, T.M., Alencar, A., Anderson, L.O., et al., 2016. To-
ward an integrated monitoring framework to assess the effects of tropical forest deg-
radation and recovery on carbon stocks and biodiversity. Glob. Chang. Biol. 22,
92–109. https://doi.org/10.1111/gcb.13087.

Dalponte, M., Ørka, H.O., Ene, L.T., Gobakken, T., Næsset, E., 2014. Tree crown delineation
and tree species classification in boreal forests using hyperspectral and ALS data. Re-
mote Sens. Environ. 140, 306–317.

Davis, M., Faurby, S., Svenning, J.-C., 2018. Mammal diversity will take millions of years to
recover from the current biodiversity crisis. PNAS 115, 11262–11267. https://doi.org/
10.1073/pnas.1804906115.

Diaz, S., Settele, J., Brondízio, E.S., Ngo, H.T., Agard, J., Arneth, A., Balvanera, P., Brauman,
K.A., et al., 2019. Pervasive human-driven decline of life on earth points to the need
14
for transformative change. Science 366 (2019), eaax3100. https://doi.org/10.1126/
science.aax3100.

Edenius, L., Mikusiński, G., 2006. Utility of habitat suitability models as biodiversity as-
sessment tools in forest management. Scand. J. For. Res. 21 (S7), 62–72. https://doi.
org/10.1080/14004080500486989.

Elith, J., Phillips, S.J., Hastie, T., Dudik, M., Chee, Y.E., Yates, C.J., 2011. A statistical explana-
tion of MaxEnt for ecologists. Divers. Distrib. 17, 43–57.

EU Commission, 2018. A Clean Planet for all. A European Strategic Long-term Vision for a
Prosperous, Modern, Competitive and Climate Neutral Economy. Brussels
(28.11.2018. COM(2018) 773 final).

Eyvindson, K., Duflot, R., Triviño, M., Blattert, C., Potterf, M., Mönkkönen, M., 2020. High
boreal forest multifunctionality requires continuous cover forestry as a dominant
management. Land Use Policy 100 (2021), 104918. https://doi.org/10.1016/j.
landusepol.2020.104918.

Fassnacht, F.E., Latifi, H., Stereńczak, K., Modzelewska, A., Lefsky, M., Waser, L.T., et al.,
2016. Review of studies on tree species classification from remotely sensed data. Re-
mote Sens. Environ. 186, 64–87. https://doi.org/10.1016/j.rse.2016.08.013.

Forsius, M., Anttila, S., Arvola, L., Bergström, I., Hakola, H., Heikkinen, H.I., Helenius, J., et al.,
2013. Impacts and adaptation options of climate change on ecosystem services in
Finland: a model based study. Curr. Opin. Environ. Sustain. 5, 26–40. https://doi.
org/10.1016/j.cosust.2013.01.001.

Forsius, M., Akujärvi, A., Mattsson, T., Holmberg, M., Punttila, P., Posch, M., Liski, J., Repo,
A., Virkkala, R., Vihervaara, P., 2016. Modelling impacts of forest bioenergy use on
ecosystem sustainability: Lammi LTER region, southern Finland. Ecol. Indic. 65,
66–75. https://doi.org/10.1016/j.ecolind.2015.11.032.

GBIF Secretariat, 2019. GBIF Science Review 2019. https://doi.org/10.15468/QXXG-7K93.
Grant, R.F., Barr, A.G., Black, T.A., Margolis, H.A., Mccaughey, J.H., Trofymow, J.A., 2010. Net

ecosystem productivity of temperate and boreal forests after clearcutting—a Fluxnet-
Canada measurement and modelling synthesis. Tellus Ser. B Chem. Phys. Meteorol.
62, 475–496. https://doi.org/10.1111/j.1600-0889.2010.00500.x.

GTK, 2014. Superficial deposits of Finland 1:1 000 000. Geological Land Survey of Finland.
Guisan, A., Tingley, R., Baumgartner, J.B., Naujokaitis-Lewis, I., Sutcliffe, P.R., Tulloch, A.I.T.,

Regan, T.J., et al., 2013. Predicting species distributions for conservation decisions.
Ecol. Lett. 16, 1424–1435. https://doi.org/10.1111/ele.12189.

Heikkinen, R.K., Leikola, N., Aalto, J., Aapala, K., Kuusela, S., Luoto, M., Virkkala, R., 2020.
Fine-grained climate velocities reveal vulnerability of protected areas to climate
change. Sci. Rep. 10, 1678. https://doi.org/10.1038/s41598-020-58638-8.

Holmberg, M., Aalto, T., Akujärvi, A., Arslan, A.N., Bergström, I., Böttcher, K., Lahtinen, I.,
Mäkelä, A., Markkanen, T., Minunno, F., Peltoniemi, M., Rankinen, K., Vihervaara, P.,
Forsius, M., 2019. Ecosystem services related to carbon cycling – modelling present
and future impacts in boreal forests. Front. Plant Sci. 10, 343. https://doi.org/
10.3389/fpls.2019.00343.

Holmberg, M., Akujärvi, A., Anttila, S., Autio, I., Haakana, M., Junttila, V., Karvosenoja, N.,
Kortelainen, P., Mäkelä, A., Minkkinen, K., Minunno, F., Rankinen, K., Ojanen, P.,
Paunu, V.-V., Peltoniemi, M., Rasilo, T., Sallantaus, T., Savolahti, M., Tuominen, S.,
Tuominen, S., Vanhala, P., Forsius, M., 2021. Sources and Sinks of Greenhouse Gases
in the Landscape: Approach for Spatially Explicit Estimates (submitted manuscript,
available on request).

Horne, P., 2006. Forest owners’ acceptance of incentive based policy instruments in forest
biodiversity conservation – a choice experiment based approach. Silva Fennica 40 (1),
169–178. https://doi.org/10.14214/sf.359.

Hutchins, R.H.S., Tank, S.E., Olefeldt, T.D., Quinton, W.L., Spence, C., Dion, N., Estop-
Aragonés, C., Mengistu, S.G., 2020. Fluvial CO2 and CH4 patterns across wildfire-
disturbed ecozones of subarctic Canada: current status and implications for future
change. Glob. Chang. Biol. 26, 2304–2319. https://doi.org/10.1111/gcb.14960.

Hynynen, J., Salminen, H., Ahtikoski, A., Huuskonen, S., Ojansuu, R., Siipilehto, J., Lehtonen,
M., Rummukainen, A., Kojola, S., Eerikäinen, K., 2014. Scenario analysis for the bio-
mass supply potential and the future development of Finnish forest resources. Work-
ing Papers of the Finnish Forest Research Institute. 302 106 pp. http://urn.fi/URN:
ISBN:978-951-40-2487-0.

Hynynen, J., Salminen, H., Ahtikoski, A., Huuskonen, S., Ojansuu, R., Siipilehto, J., Lehtonen,
M., Eerikainen, K., 2015. Long-term impacts of forest management on biomass supply
and forest resource development: a scenario analysis for Finland. Eur. J. For. Res. 134
(3), 415–431.

Hyvärinen, E., Juslén, A., Kemppainen, E., Uddström, A., Liukko, U.-M. (Eds.), 2019. The
2019 Red List of Finnish Species. Ministry of the Environment and Finnish Environ-
ment Institute, Helsinki.

Hyyppä, J., Kelle, O., Lehikoinen, M., Inkinen, M., 2001. A segmentation-based method to
retrieve stem volume estimates from 3-D tree height models produced by laser scan-
ners. IEEE Trans. Geosci. Remote Sens. 39 (5), 969–975.

Hyyppä, J., Hyyppä, H., Leckie, D., Gougeon, F., Yu, X., Maltamo, M., 2008. Review of
methods of small-footprint airborne laser scanning for extracting forest inventory
data in boreal forests. Int. J. Remote Sens. 29, 1339–1366.

Immitzer, M., Vuolo, F., Atzberger, C., 2016. First experience with Sentinel-2 data for crop
and tree species classifications in Central Europe. Remote Sens. 8, 166.

IPCC, 2019. Technical summary, 2019. In: Shukla, P.R., Skea, J., Slade, R., van Diemen, R.,
Haughey, E., Malley, J., Pathak, M., Pereira, J. Portugal (Eds.), Climate Change and
Land: an IPCC Special Report on Climate Change, Desertification, Land Degradation,
Sustainable Land Management, Food Security, and Greenhouse Gas Fluxes in Terres-
trial Ecosystems [P.R. Shukla, J. Skea, E. Calvo Buendia, V. Masson-Delmotte, H.-O.
Pörtner, D. C. Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen, M. Ferrat, E.
Haughey, S. Luz, S. Neogi, M. Pathak, J. Petzold, J. Portugal Pereira, P. Vyas, E. Huntley,
K. Kissick, M, Belkacemi, J. Malley, (eds.)]. (In press).

Jalkanen, J., Toivonen, T., Moilanen, A., 2020. Identification of ecological networks for
land-use planning with spatial conservation prioritization. Landsc. Ecol. 35,
353–371. https://doi.org/10.1007/s10980-019-00950-4.

https://doi.org/10.1016/j.scitotenv.2021.145847
https://doi.org/10.1016/j.scitotenv.2021.145847
https://doi.org/10.1088/1748-9326/aaf766
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0010
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0010
https://doi.org/10.1007/s10344-012-0637-z
https://doi.org/10.1007/s10344-012-0637-z
https://doi.org/10.1371/journal.pone.0137877
https://doi.org/10.1371/journal.pone.0137877
https://doi.org/10.1016/j.biocon.2020.108682
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0030
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0030
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0030
https://doi.org/10.1111/j.1365-2486.2010.02313.x
https://doi.org/10.1111/j.1365-2486.2010.02313.x
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0045
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0045
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0045
https://doi.org/10.1111/1365-2664.12229
https://doi.org/10.1111/1365-2664.12229
https://doi.org/10.1111/gcb.13087
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0060
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0060
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0060
https://doi.org/10.1073/pnas.1804906115
https://doi.org/10.1073/pnas.1804906115
https://doi.org/10.1126/science.aax3100
https://doi.org/10.1126/science.aax3100
https://doi.org/10.1080/14004080500486989
https://doi.org/10.1080/14004080500486989
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0080
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0080
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0085
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0085
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0085
https://doi.org/10.1016/j.landusepol.2020.104918
https://doi.org/10.1016/j.landusepol.2020.104918
https://doi.org/10.1016/j.rse.2016.08.013
https://doi.org/10.1016/j.cosust.2013.01.001
https://doi.org/10.1016/j.cosust.2013.01.001
https://doi.org/10.1016/j.ecolind.2015.11.032
https://doi.org/10.15468/QXXG-7K93
https://doi.org/10.1111/j.1600-0889.2010.00500.x
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0125
https://doi.org/10.1111/ele.12189
https://doi.org/10.1038/s41598-020-58638-8
https://doi.org/10.3389/fpls.2019.00343
https://doi.org/10.3389/fpls.2019.00343
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0145
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0145
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0145
https://doi.org/10.14214/sf.359
https://doi.org/10.1111/gcb.14960
http://urn.fi/URN:ISBN:978-951-40-2487-0
http://urn.fi/URN:ISBN:978-951-40-2487-0
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0165
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0165
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0165
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0170
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0170
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0170
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0175
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0175
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0175
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0180
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0180
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0180
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0185
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0185
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0190
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0190
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0190
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0190
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0190
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0190
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0190
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0190
https://doi.org/10.1007/s10980-019-00950-4


M. Forsius, H. Kujala, F. Minunno et al. Science of the Total Environment 775 (2021) 145847
Junninen, K., Komonen, A., 2011. Conservation ecology of boreal polypores: a review. Biol.
Conserv. 144 (1), 11–20.

Juutinen, A., Ollikainen, M., 2010. Trading in nature values as a means of biodiversity con-
servation in boreal forests: theory and experience from Finland. For. Sci. 56, 201–211.

Kalliokoski, T., Heinonen, T., Holder, J., Lehtonen, A., Mäkelä, A., Minunno, F., Ollikainen,
M., Packalen, T., Peltoniemi, M., Pukkala, T., Salminen, O., Schelhaas, M‐J, Seppälä, J.,
Vauhkonen, J., Kanninen, M., 2019. Skenaarioanalyysi metsien kehitystä kuvaavien
mallien ennusteiden yhtäläisyyksistä ja eroista. Raportti 2/2019. Suomen
ilmastopaneeli. (Report of the Finnish Climate Panel 2/2019). Scientific Paper Forth-
coming (88 pp.

Kangas, J., Ollikainen, M., 2021. A PES Scheme Promoting Forest Biodiversity and Carbon
Sequestration (Submitted Manuscript).

Karvosenoja, N., 2008. Emission scenario model for regional air pollution. Monographs of
the Boreal Environment Research 32.

Karvosenoja, N., et al., 2018. A high-resolution national emission inventory and dispersion
modelling – is population density a sufficient proxy variable? 36th International
Technical Meetings (ITM) on Air Pollution Modelling and its application, Ottawa,
Canada, 14.05.2018–18.05.2018

Kattenborn, T., Lopatin, J., Förster, M., Braun, A.C., Fassnacht, F.E., 2019. UAV data as alter-
native to field sampling to map woody invasive species based on combined Sentinel-
1 and Sentinel-2 data. Remote Sens. Environ. 227, 61–73.

Kivinen, S., Koivisto, E., Keski-Saari, S., Poikolainen, L., Tanhuanpää, T., Kuzmin, A.,
Viinikka, A., Heikkinen, R.K., Pykälä, J., Virkkala, R., Vihervaara, P., Kumpula, T.,
2020. A keystone species, European aspen (Populus tremula L.), in boreal forests: eco-
logical role, knowledge needs and mapping using remote sensing. For. Ecol. Manag.
462, 118008. https://doi.org/10.1016/j.foreco.2020.118008.

Koljonen, T., Soimakallio, S., Asikainen, A., Lanki, T., Anttila, P., et al., 2017. Energia- ja
ilmastostrategian vaikutusarviot: Yhteenvetoraportti (2017-02-02). http://urn.fi/
URN:ISBN:978-952-287-355-2.

Korkiakoski, M., Tuovinen, J.-P., Penttilä, T., Sarkkola, S., Ojanen, P., Minkkinen, K., Rainne,
J., Laurila, T., et al., 2019. Greenhouse gas and energy fluxes in a boreal peatland forest
after clear-cutting. Biogeosciences 16, 3703–3723. https://doi.org/10.5194/bg-16-
3703-2019.

Kortelainen, P., Rantakari, M., Huttunen, J., Mattsson, T., Alm, J., Juutinen, S., Larmola, T.,
Silvola, J., Martikainen, P., 2006. Sediment respiration and lake trophic state are im-
portant predictors of large CO2 evasion from small boreal lakes. Glob. Chang. Biol.
12, 1554–1567. https://doi.org/10.1111/j.1365-2486.2006.01167.x.

Kosenius, A.-K., 2021. Integrating Private Forest Owners’ Motivations and Preferences for
Voluntary Forest Conservation (Submitted Manuscript).

Kouki, J., Arnold, K., Martikainen, P., 2004. Long-term persistence of aspen–a key host for
many threatened species–is endangered in old-growth conservation areas in Finland.
J. Nat. Conserv. 12, 41–52.

Kujala, H., Lahoz-Monfort, J.J., Elith, J.J., Moilanen, A., 2018a. Not all data are equal: influ-
ence of data type and amount in spatial conservation prioritization. Methods Ecol.
Evol. 9, 2249–2261. https://doi.org/10.1111/2041-210X.13084.

Kujala, H., Moilanen, A., Gordon, A., 2018b. Spatial characteristics of species distributions
as drivers in conservation prioritization. In: Travis, Justin (Ed.), Methods in Ecology
and Evolution. 9, pp. 1121–1132. https://doi.org/10.1111/2041-210X.12939.

Lankoski, J., Ollikainen, M., Marshall, E., Aillery, M., 2015. Environmental co-benefits and
stacking in environmental markets. OECD Food, Agriculture and Fisheries. OECD Pub-
lishing Papers no 72.

Lassauce, A., Paillet, Y., Jactel, H., Bouget, C., 2011. Deadwood as a surrogate for forest bio-
diversity: meta-analysis of correlations between deadwood volume and species rich-
ness of saproxylic organisms. Ecol. Indic. 11 (5), 1027–1039.

Lausch, A., Bannehr, L., Beckmann, M., Boehm, C., Feilhauerd, H., Hackere, J.M., Heurichf,
M., Jung, A., et al., 2016. Linking earth observation and taxonomic, structural and
functional biodiversity: local to ecosystem perspectives. Ecol. Indic. 70, 317–339.
https://doi.org/10.1016/j.ecolind.2016.06.022.

Le Quéré, C., Andrew, R.M., Friedlingstein, P., Sitch, S., Hauck, J., Pongratz, J., Pickers, P.A.,
Korsbakken, J.I., et al., 2018. Global carbon budget 2018. Earth Syst. Sci. Data 10,
2141–2194. https://doi.org/10.5194/essd-10-2141-2018.

Lehtomäki, J., Tuominen, S., Toivonen, T., Leinonen, A., 2015. What data to use for forest
conservation planning? A comparison of coarse open and detailed proprietary forest
inventory data in Finland. PLoS One 10 (8), e0135926. https://doi.org/10.1371/jour-
nal.pone.0135926.

Lindberg, E., Olofsson, K., Holmgren, J., Olsson, H., 2012. Estimation of 3D vegetation struc-
ture from waveform and discrete return airborne laser scanning data. Remote Sens.
Environ. 118, 151–161.

Madritch, M.D., Kingdon, C.C., Singh, A., Mock, K.E., Lindroth, R.L., Townsend, P.A., 2014.
Imaging spectroscopy links aspen genotype with below-ground processes at land-
scape scales. Philosophical Transactions of the Royal Society B: Biological Sciences
369, 20130194.

Mäyrä, J., Keski-Saari, S., Kivinen, S., Tanhuanpää, T., Hurskainen, P., Kullberg, P.,
Poikolainen, L., Viinikka, A., Tuominen, S., Kumpula, T., Vihervaara, P., 2021. Tree Spe-
cies Classification From Airborne Hyperspectral and LiDAR Data Using 3D
Convolutional Neural Networks. (submitted manuscript).

Merow, C., Smith, M.J., Silander Jr., J.A., 2013. A practical guide to MaxEnt for modeling
species’ distributions: what it does, and why inputs and settings matter. Ecography
36, 1058–1069.

Mikkonen, N., Leikola, N., Lahtinen, A., Lehtomäki, J., Halme, P., 2018.Monimuotoisuudelle
tärkeät metsäalueet Suomessa. Suomen ympäristökeskuksen raportteja. 9. Finnish
Environment Institute, Helsinki 104 pp.

Mikkonen, N., Leikola, N., Halme, P., Heinaro, E., Lahtinen, A., Tanhuanpää, T., 2020.
Modeling of dead wood potential based on tree stand data. Forests 11 (9), 913.
https://doi.org/10.3390/f11090913.
15
Mikusinski, G., Gromadzki, M., Chylarecki, P., 2001. Woodpeckers as indicators of forest
bird diversity. Conserv. Biol. 15, 208–217.

Minkkinen, K., Ojanen, P., Penttilä, T., Aurela, M., Laurila, T., Tuovinen, J.-P., Lohila, A., 2018.
Persistent carbon sink at a boreal drained bog forest. Biogeosciences 15, 3603–3624.
https://doi.org/10.5194/bg-15-3603-2018.

Minunno, F., Peltoniemi, M., Launiainen, S., Aurela, M., Lindroth, A., Lohila, A.,
Mammarella, I., Minkkinen, K., Mäkelä, A., 2016. Calibration and validation of a
semi-empirical flux ecosystem model for coniferous forests in the Boreal region.
Ecol. Model. 341, 37–52. https://doi.org/10.1016/j.ecolmodel.2016.09.020.

Minunno, F., Peltoniemi, M., Härkönen, S., Kalliokoski, T., Mäkinen, H., Mäkelä, A., 2019.
Bayesian calibration of a carbon balance model PREBAS using data from permanent
growth experiments and national forest inventory. For. Ecol. Manag. 440, 208–257.
https://doi.org/10.1016/j.foreco.2019.02.041.

Mirtl, M., Borer, E.T., Djukic, I., Forsius, M., Haubold, H., Hugo, W., Jourdan, J., Lindenmayer,
D., et al., 2018. Genesis, goals and achievements of long-term ecological research at
the global scale: a critical review of ILTER and future directions. Sci. Total Environ.
626, 1439–1462. https://doi.org/10.1016/j.scitotenv.2017.12.001.

Moilanen, A., Franco, A.M.A., Early, R.I., Fox, R., Wintle, B., Thomas, C.D., 2005. Prioritizing
multiple-use landscapes for conservation: methods for large multi-species planning
problems. Proc. R. Soc. B Biol. Sci. 272, 1885–1891. https://doi.org/10.1098/
rspb.2005.3164.

Moilanen, A., Leathwick, J.R., Quinn, J.M., 2011. Spatial prioritization of conservationmanage-
ment. Conserv. Lett. 4, 383–393. https://doi.org/10.1111/j.1755-263X.2011.00190.x.

Moilanen, A., Laitila, J., Vaahtoranta, T., Dicks, L.V., Sutherland, J.W., 2014. Structured anal-
ysis of conservation strategies applied to temporary conservation. Biol. Conserv. 170,
188–197. https://doi.org/10.1016/j.biocon.2014.01.001.

Mononen, L., Auvinen, A.-P., Packalen, P., Virkkala, R., Valbuena, R., Bohlin, I., Valkama, J.,
Vihervaara, P., 2018. Usability of citizen science observations together with airborne
laser scanning data in determining the habitat preferences of forest birds. Forest Ecol-
ogy and Management 430, 498–508. https://doi.org/10.1016/j.foreco.2018.08.040.

Morecroft, M.D., Duffield, S., Harley, M., Pearce-Higgins, J.W., Stevens, N., Watts, O.,
Whitaker, J., 2019. Measuring the success of climate change adaptation and mitiga-
tion in terrestrial ecosystems. Science 366 (2019), eaaw9256. https://doi.org/
10.1126/science.aaw9256.

Nabuurs, G.-J., Delacote, P., Ellison, D., Hanewinkel, M., Lindner, M., Nesbit, M., Ollikainen,
M., Savaresi, A., 2015. A new role for forests and the forest sector in the EU post-2020
climate targets. From Science to Policy 2. European Institute for Forest Research (30
pp).

Næsset, E., 2002. Predicting forest stand characteristics with airborne scanning laser using
a practical two-stage procedure and field data. Remote Sens. Environ. 80 (1), 88–99.

Nevalainen, O., Honkavaara, E., Tuominen, S., Viljanen, N., Hakala, T., Yu, X., Hyyppä, J.,
Saari, H., Pölönen, I., Imai, N., Tommaselli, A.M.G., 2017. Individual tree detection
and classification with UAV-based photogrammetric point clouds and hyperspectral
imaging. Remote Sens. 9, 185.

Ollikainen, M., 2016. Forest management, public goods, and optimal policies. Ann. Rev.
Resour. Econ. 8, 207–226. https://doi.org/10.1146/annurev-resource-100815-
095450.

Overland, J., Dunlea, E., Box, J.E., Corell, R., Forsius, M., Kattsov, V., Skovgård Olsen, M.,
Pawlak, J., Reiersen, L.-O., Wang, M., 2019. The urgency of Arctic change. Polar Science
21, 6–13. https://doi.org/10.1016/j.polar.2018.11.008.

Pakkala, T., Lindén, A., Tiainen, J., Tomppo, E., Kouki, J., 2014. Indicators of forest biodiver-
sity: which bird species predict high breeding bird assemblage diversity in boreal for-
ests at multiple spatial scales? Ann. Zool. Fenn. 51, 457–476. https://doi.org/10.5735/
086.051.0501.

Paunu, V.-V., Karvosenoja, N., Savolahti, M., Kupiainen, K., 2013. High quality spatial
model for residential wood combustion emissions. 16th IUAPPA World Clean Air
Congress, Cape Town, South Africa, 29 September–4 October 2013 4 pp.

Peltoniemi, M., Pulkkinen, M., Aurela, M., Pumpanen, J., Kolari, P., Mäkelä, A., 2015. A
semi-empirical model of boreal-forest gross primary production, evapotranspiration,
and soil water— calibration and sensitivity analysis. Boreal Environ. Res. 20, 151–171.

Pereira, H.M., Ferrier, S., Walters, M., Geller, G.N., Jongman, R.H.G., Scholes, J., et al., 2013.
Essential biodiversity variables. Science 339, 277–278. https://doi.org/10.1126/
science.1229931.

Persson, M., Lindberg, E., Reese, H., 2018. Tree species classification with multi-temporal
Sentinel-2 data. Remote Sens. 10, 1794.

Pettorelli, N., Wegmann, M., Skidmore, A., Mücher, S., Dawson, T.P., Fernandez, M., Lucas,
R., et al., 2016. Framing the concept of satellite remote sensing essential biodiversity
variables: challenges and future directions. Remote Sens. Ecol. Conserv. 2, 122–131.
https://doi.org/10.1002/rse2.15.

Phillips, S.J., Dudík, M., Elith, J., Graham, C.H., Lehmann, A., Leathwick, J., Ferrier, S., 2009.
Sample selection bias and presence-only distribution models: implications for back-
ground and pseudo-absence data. Ecol. Appl. 19, 181–197. https://doi.org/10.1890/
07-2153.1.

Pirinen, P., Simola, H., Aalto, J., Kaukoranta, J.P., Karlsson, P., Ruuhela, R., 2012. Tilastoja
Suomen ilmastosta 1981-2010. Climatological Statistics of Finland 1981–2010. Hel-
sinki, Finnish Meteorological Institute.

Pukkala, T., 2020a. Calculating the additional carbon sequestration of Finnish forestry.
J. Sustain. For. https://doi.org/10.1080/10549811.2020.1792935.

Pukkala, T., 2020b. At what carbon price forest cutting should stop. J. For. Res. 31,
713–727. https://doi.org/10.1007/s11676-020-01101-1.

Puliti, S., Orka, H.O., Gobakken, T., Nasset, E., 2015. Inventory of small forest areas using an
unmanned aerial system. Remote Sens. 7, 9632–9654.

Radoux, J., Chomé, G., Jacques, D.C., Waldner, F., Bellemans, N., Matton, N., et al., 2016.
Sentinel-2’s potential for sub-pixel landscape feature detection. Remote Sens. 8, 488.

http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0200
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0200
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0205
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0205
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0210
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0210
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0210
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0210
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0215
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0215
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0220
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0220
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0225
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0225
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0225
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0225
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0230
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0230
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0230
https://doi.org/10.1016/j.foreco.2020.118008
http://urn.fi/URN:ISBN:978-952-287-355-2
http://urn.fi/URN:ISBN:978-952-287-355-2
https://doi.org/10.5194/bg-16-3703-2019
https://doi.org/10.5194/bg-16-3703-2019
https://doi.org/10.1111/j.1365-2486.2006.01167.x
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0260
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0260
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0265
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0265
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0265
https://doi.org/10.1111/2041-210X.13084
https://doi.org/10.1111/2041-210X.12939
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0280
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0280
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0280
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0285
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0285
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0285
https://doi.org/10.1016/j.ecolind.2016.06.022
https://doi.org/10.5194/essd-10-2141-2018
https://doi.org/10.1371/journal.pone.0135926
https://doi.org/10.1371/journal.pone.0135926
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0305
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0305
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0305
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0310
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0310
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0310
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0320
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0320
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0320
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0325
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0325
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0325
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0330
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0330
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0330
https://doi.org/10.3390/f11090913
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0340
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0340
https://doi.org/10.5194/bg-15-3603-2018
https://doi.org/10.1016/j.ecolmodel.2016.09.020
https://doi.org/10.1016/j.foreco.2019.02.041
https://doi.org/10.1016/j.scitotenv.2017.12.001
https://doi.org/10.1098/rspb.2005.3164
https://doi.org/10.1098/rspb.2005.3164
https://doi.org/10.1111/j.1755-263X.2011.00190.x
https://doi.org/10.1016/j.biocon.2014.01.001
https://doi.org/10.1016/j.foreco.2018.08.040
https://doi.org/10.1126/science.aaw9256
https://doi.org/10.1126/science.aaw9256
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0390
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0390
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0390
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0395
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0395
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0400
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0400
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0400
https://doi.org/10.1146/annurev-resource-100815-095450
https://doi.org/10.1146/annurev-resource-100815-095450
https://doi.org/10.1016/j.polar.2018.11.008
https://doi.org/10.5735/086.051.0501
https://doi.org/10.5735/086.051.0501
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0420
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0420
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0420
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0425
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0425
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0425
https://doi.org/10.1126/science.1229931
https://doi.org/10.1126/science.1229931
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0435
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0435
https://doi.org/10.1002/rse2.15
https://doi.org/10.1890/07-2153.1
https://doi.org/10.1890/07-2153.1
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0450
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0450
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0450
https://doi.org/10.1080/10549811.2020.1792935
https://doi.org/10.1007/s11676-020-01101-1
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0465
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0465
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0470


M. Forsius, H. Kujala, F. Minunno et al. Science of the Total Environment 775 (2021) 145847
Repo, A., Eyvindson, K.J., Halme, P., Mönkkönen, M., 2020. Forest bioenergy harvesting
changes carbon balance and risks biodiversity in boreal forest landscapes. Canadian
Journal of Forest Research, Early online. https://doi.org/10.1139/cjfr-2019-0284.

Reside, E.A., VanDerWal, J., Moran, C., 2020. Trade-offs in carbon storage and biodiversity
conservation under climate change reveal risk to endemic species. Biol. Conserv. 207,
9–16. https://doi.org/10.1016/j.biocon.2017.01.004.

Rodrigues, A.S.L., Brooks, T.M., 2007. Shortcuts for biodiversity conservation planning: the
effectiveness of surrogates. Annu. Rev. Ecol. Evol. Syst. 38, 713–737. https://doi.org/
10.1146/annurev.ecolsys.38.091206.095737.

Roe, S., Streck, C., Obersteiner, M., Frank, S., Griscom, B., Drouet, L., Fricko, O., Gustiet, M., et
al., 2019. Contribution of the land sector to a 1.5 °C world. Nat. Clim. Chang. 9,
817–828. https://doi.org/10.1038/s41558-019-0591-9.

Rogelj, J., Forster, P.M., Kriegler, E., et al., 2019. Estimating and tracking the remaining car-
bon budget for stringent climate targets. Nature 571, 335–342. https://doi.org/
10.1038/s41586-019-1368-z.

Salminen, H., Lehtonen, M., Hynynen, J., 2005. Reusing legacy FORTRAN in the MOTTI
growth and yield simulator. Comput. Electron. Agric. 49 (1), 103–113.

Santangeli, A., Hanski, I.K., Mäkelä, H., 2013. Integratingmulti-source forest inventory and
animal survey data to assess nationwide distribution and habitat correlates of the Si-
berian flying squirrel. Biol. Conserv. 157, 31–38.

Säynäjoki, R., Packalén, P., Maltamo, M., Vehmas, M., Eerikäinen, K., 2008. Detection of as-
pens using high resolution aerial laser scanning data and digital aerial images. Sen-
sors 8, 5037–5054.

Siitonen, J., 2001. Forest management, coarse woody debris and saproxylic organisms:
Fennoscandian boreal forests as an example. Ecol. Bull. 49, 11–41.

Smith, P., Davis, S.J., Creutzig, F., Fuss, S., Minx, J., Gabrielle, B., Kato, S., et al., 2016. Bio-
physical and economic limits to negative CO2 emissions. Nat. Clim. Chang. 6, 42–50.
https://doi.org/10.1038/NCLIMATE2870.

Statistics Finland, 2018. Population Grid Data 1 km × 1 km.
Statistics Finland, 2020. Greenhouse Gas Inventory. https://www.stat.fi/tup/khkinv/

index_en.html.
Stratoulias, D., Balzter, H., Sykioti, O., Zlinszky, A., Tóth, V.R., 2015. Evaluating sentinel-2

for lakeshore habitat mapping based on airborne hyperspectral data. Sensors 15
(9), 22956–22969.

SYKE, 2019a. CORINE Land Cover 2018, 20m (Finnish Environment Institute).
SYKE, 2019b. Nationally Designated Nature Protected Areas and Wilderness Reserves

(Finnish Environment Institute).
Thomas, C.D., Anderson, B.J., Moilanen, A., Eigenbrod, F., Heinemeyer, A., Quaife, T., Roy,

D.B., Gillings, S., Armsworth, P.R., Gaston, K.J., 2013. Reconciling biodiversity and car-
bon conservation. Ecol. Lett. 16, 39–47. https://doi.org/10.1111/ele.12054.
16
Tomppo, E., Olsson, H., Ståhl, G., Nilsson, M., Hagner, O., Katila, M., 2008. Combining na-
tional forest inventory field plots and remote sensing data for forest databases. Re-
mote Sens. Environ. 112, 1982–1999.

Tuomi, M., Thum, T., Järvinen, H., Fronzek, S., Berg, B., Harmo, M., et al., 2009. Leaf litter
decomposition – estimates of global variability based on Yasso07 model. Ecol.
Model. 220, 3362–3371. https://doi.org/10.1016/j.ecolmodel.2009.05.016.

Tuominen, S., Näsi, R., Honkavaara, E., Balazs, A., Hakala, T., Viljanen, N., et al., 2018. As-
sessment of classifiers and remote sensing features of hyperspectral imagery and
stereo-photogrammetric point clouds for recognition of tree species in a forest area
of high species diversity. Remote Sens. 10 (5), 714.

Valentine, H.T., Mäkelä, A., 2005. Bridging process-based and empirical approaches to
modeling tree growth. Tree Physiol. 25, 769–779. https://doi.org/10.1093/treephys/
25.7.769.

Vanhala, P., Bergström, I., Haaspuro, T., Kortelainen, P., Holmberg, A., Forsius, M., 2016. Bo-
real forests can have a remarkable role in reducing greenhouse gas emissions locally:
land use-related and anthropogenic greenhouse gas emissions and sinks at the mu-
nicipal level. Sci. Total Environ. 557–558, 51–57. https://doi.org/10.1016/j.
scitotenv.2016.03.040.

Vastaranta, M., Niemi, M., Wulder, M.A., White, J.C., Nurminen, K., Litkey, P., Honkavaara,
E., Holopainen, M., Hyyppä, J., 2016. Forest stand age classification using time series of
photogrammetrically derived digital surface models. Scand. J. For. Res. 31, 194–205.

Vihervaara, P., Auvinen, A.-P., Mononen, L., Törmä, M., Ahlroth, P., Anttila, S., Böttcher, K.,
Forsius, M., Heino, J., Heliölä, J., Koskelainen, M., Kuussaari, M., Meissner, K., Ojala, L.,
Tuominen, S., Viitasalo, M., Virkkala, R., 2017. How essential biodiversity variables
and remote sensing can help national biodiversity monitoring. Global Ecology and
Conservation 10, 43–59. https://doi.org/10.1016/j.gecco.2017.01.007.

Viinikka, A., Hurskainen, P., Keski-Saari, S., Kivinen, S., Tanhuanpää, T., Mäyrä, J.,
Poikolainen, L., Vihervaara, P., Kumpula, T., 2020. Detecting European aspen
(Populus tremula L.) in boreal forests using airborne hyperspectral and airborne
laser scanning data. Remote Sens. 12 (16), 2610. https://doi.org/10.3390/rs12162610.

Virkkala, R., Lehikoinen, A., Rajasärkkä, A., 2020. Can protected areas buffer short-term
population changes of resident bird species in a period of intensified forest harvest-
ing? Biol. Conserv. 244, 108526. https://doi.org/10.1016/j.biocon.2020.108526.

Whitehead, A.L., Kujala, H., Wintle, B.A., 2017. Dealing with cumulative biodiversity im-
pacts in strategic environmental assessment: a new frontier for conservation plan-
ning. Conserv. Lett. 2017 (10), 195–204. https://doi.org/10.1111/conl.12260.

Wiens, J.A., Hayward, G.D., Holthausen, R.S., Wisdom, M.J., 2008. Using surrogate species
and groups for conservation planning and m anagement. Bioscience 58, 241–252.

Xu, C., Kohler, T.A., Lenton, T.M., Svenning, J.C., Scheffer, M., 2020. Future of the human cli-
mate niche. PNAS 117 (21), 11350–11355. https://doi.org/10.1073/pnas.1910114117.

https://doi.org/10.1139/cjfr-2019-0284
https://doi.org/10.1016/j.biocon.2017.01.004
https://doi.org/10.1146/annurev.ecolsys.38.091206.095737
https://doi.org/10.1146/annurev.ecolsys.38.091206.095737
https://doi.org/10.1038/s41558-019-0591-9
https://doi.org/10.1038/s41586-019-1368-z
https://doi.org/10.1038/s41586-019-1368-z
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0500
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0500
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0505
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0505
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0505
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0515
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0515
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0515
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0520
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0520
https://doi.org/10.1038/NCLIMATE2870
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0535
https://www.stat.fi/tup/khkinv/index_en.html
https://www.stat.fi/tup/khkinv/index_en.html
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0545
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0545
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0545
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0550
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0555
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0555
https://doi.org/10.1111/ele.12054
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0565
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0565
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0565
https://doi.org/10.1016/j.ecolmodel.2009.05.016
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0575
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0575
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0575
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0575
https://doi.org/10.1093/treephys/25.7.769
https://doi.org/10.1093/treephys/25.7.769
https://doi.org/10.1016/j.scitotenv.2016.03.040
https://doi.org/10.1016/j.scitotenv.2016.03.040
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0595
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0595
https://doi.org/10.1016/j.gecco.2017.01.007
https://doi.org/10.3390/rs12162610
https://doi.org/10.1016/j.biocon.2020.108526
https://doi.org/10.1111/conl.12260
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0635
http://refhub.elsevier.com/S0048-9697(21)00914-1/rf0635
https://doi.org/10.1073/pnas.1910114117

