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While traditional forest management systems aim at maximizing timber production, sustainable forest man-
agement focuses on the multiple benefits of entire forest landscapes. The latter is now at the top of policy
agendas. This calls for learning through evaluation to support the implementation of policies aiming towards
multi-functional forest landscapes. The aim of this study is to quantify the economic trade-offs among natural,
current, and re-wetted peatland forests using seven indicators, viz. drainage maintenance, rewetting, water
retention, wood production, and three types of carbon sequestration as economic indicators. We discuss ways to
adapt to and mitigate effect of forest draining on climate change toward securing multi-functional forest land-
scapes. The cost benefit analysis showed that in a potential natural state, Lithuania’s peatland forests would
deliver an economic benefit of ~€176.1 million annually. In contrast, compared to natural peatland forests, the
drainage of peatland forests for wood production has caused a loss of ~€309 million annually. In comparison,
peatland forest rewetting is estimated to increase the economic value by ~€170 million annually. This study
shows that satisfying different ecosystem services is a balancing act, and that a focus on wood production has
resulted in net losses when foregone values of water storage and carbon sequestration are considered. Valuation
of different sets of ecosystems service benefits and disservices must be assessed, and can be used as a tool towards
creating, implementing and monitoring consequences of policies on both sustainability and biodiversity.

1. Introduction support biodiversity conservation, and provide other benefits for human

well-being (Angelstam et al., 2022).

Landscapes are social-ecological systems that provide goods, services
and benefits required for human well-being. Society has become more
environmentally aware of the critical issues arising from intensive
landscape management, as well as the role societal commitment con-
tributes towards landscape conservation and improving environmental
quality (Bibri, 2021). Nevertheless, the increasing human footprint on
forest landscapes illustrates that the demands for benefits may exceed
their capacity (Felton et al., 2020; Lindahl et al., 2017). This represents a
wicked problem (Nikolakis and Innes, 2020), which requires knowledge
production, learning, and to transform traditional habits and routines to
meet current and future needs (Angelstam et al., 2018). For a long time,
land management has been related to the yield of crops, wood and other
renewable goods at the expense of natural patterns and processes that

* Corresponding author.

This has triggered shifts in policies that promote conservation,
restoration, and sustainable use of forest landscapes (Convention on
Biological Diversity, 2010, 2022; European Commission, 2013, 2019,
2020, 2021). Additionally, under the Paris Agreement (United Nations,
2015), EU member states have committed to significantly reducing
greenhouse gas (GHG) emissions, which led to legislative amendments
that propose to reduce carbon emissions by 55% by 2030. According to
FAO (2022), there are three interrelated forest management pathways
that can sustain both economic benefits and environmental recovery of
forest ecosystems. These are (1) halting deforestation and maintaining
existing natural forests; (2) restoring degraded forest land; and (3) sus-
tainably using forests and building green value chains. As outlined in the
EU’s forest strategy (European Commission, 2021), this includes
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improving water quality, water retention, nutrient filtration, carbon
storage, and the maintenance of biodiversity by applying
closer-to-nature forest management (Larsen et al., 2022). Thus, the
sustainable management of forests is not only about the production of
timber, but entails maintaining multi-functional forest landscapes .
Moreover, this policy development has triggered a hot debate on how to
manage forests sustainably for the future (Larsen et al., 2022; Tadesse
et al., 2022).

The ecosystem services approach emphasizes that forest landscapes
provide an important range of goods, services and values, and that
improved landscape management is needed to safeguard their benefits
(TEEB, 2010). Peatlands sequester and store more carbon than any other
type of terrestrial ecosystem, including the global above-ground carbon
stock of forest ecosystems (Dunn and Freeman, 2011). However, peat-
land forests have sustained unprecedented degradation and loss in the
drive for timber production (Manton et al., 2021; Tanneberger et al.,
2021). This includes the draining of peatlands which impairs hydro-
logical processes (Stachowicz et al., 2022), modifies energy flows,
nutrient cycles, and GHG emissions (Escobar et al., 2022), and causes
losses in biodiversity (Lohmus et al., 2015; Tanneberger et al., 2021),
peat subsidence and negatively impacts on human well-being (Joosten
et al., 2017; Tanneberger et al., 2017). GHG emissions from drained
peatlands are estimated to constitute about five percent of the global
CO; emissions caused by human activities (IPCC, 2014; Tanneberger
et al., 2017). The disservices of drained peatlands continue to increase
until they are re-wetted and restored. Rewetting peatland forests is key
towards mitigating climate change, conserving biodiversity, and
improving human well-being (Joosten et al., 2016; Klgve et al., 2017;
Nyberg et al., 2022). Thus, producing knowledge on the maintenance of
peatlands, including natural, drained, re-wetted states is a management
priority towards a sustainable future for forest ecosystem resilience
(FAO, 2020).

The aim of this study is to quantify the economic trade-offs among
natural, current, and re-wetted peatland forests using seven indicators,
viz. drainage maintenance, rewetting, water retention, wood

- Forest - Peatland Forest
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production, and three types of carbon sequestration as economic in-
dicators. We discuss the opportunity to shift from wood production to
rewetting, the sensitivity of the analysis and new portfolios of man-
agement and governance drivers.

2. Materials and methods
2.1. Case study area and framework

Lithuania was chosen as a case study (e.g., Yin, 2014) because it is a
country that is at the crossroad between continuing traditional forest
management for sustained yield wood production and meeting Euro-
pean Commission’s policy (e.g., European Commission, 2019, 2021)
supporting the development of multi-functional forest that deliver a
variety of ecosystems services.

Lithuania has two main social-ecological system gradients. First, it is
located in the hemi-boreal forest transition zone (Fig. 1) between the
temperate ecoregion to the south and the boreal ecoregion to the north
(Ahti et al., 1968; Manton et al., 2022). The Lithuanian landscape is
relatively flat, ranging from sea level to 293 m in altitude (National Land
Service, 2017). Peatlands cover ~10% (650 000 ha) of the country, and
of these ~70% are drained (470 000 ha) (Jarasius et al., 2015; Valatka
et al., 2018). Second, Lithuania’s occupation by the USSR from WW2 to
1990 triggered the prohibition of private land ownership and creation of
cooperative state-owned farms (Plakans, 2011). This led to industrial-
ized agriculture and forestry, and created an invasive freshwater
drainage network to enhance production of food, feed, and fiber
(Povilaitis et al., 2011). In 1990, Lithuania regained its independence
and began the transition to an open market economy through the
restitution of private land ownership (Brukas, 2015).

Lithuania’s total forest land area is ~2 200 200 ha (~34% of the
country) (State Forest Service, 2021b). Scots pine (Pinus sylvestris) forms
the dominant species (34%) followed by silver birch (Betula pendula)
22%, Norway spruce (Picea abies) 21%, alder (Alnus glutinosa and
A. incana) 14%, aspen (Populus tremula) 5%, oak (Quercus robur) 2%, ash
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Fig. 1. Map showing Lithuania’s forests, and both semi-natural and drained peatland forests (State Forest Service, 2021a). The insert map shows Lithuania’s position
(red) in the European hemiboreal forest zone (orange). (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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(Fraxinus excelsior) 1%, and other species 1%. The mean growing stock
volume is 238 m®/ha, total growing stock volume 552 million m®, and
~7.2 million m® of timber is harvested annually (State Forest Service,
2020). In total, the forestry sector contributes 4.4% to Lithuania’s GDP
(State Forest Service, 2021b).

We used a five-step process (Fig. 2) to 1) identify the area of peatland
forest, the area of peatland forest affected by drainage and the length of
the drainage ditch networks, 2) estimate the costs of maintaining the
drainage system vs. rewetting construction costs, 3) quantify the eco-
nomic value of wood, water and carbon for three peatland forest states
and, 4) undertake a cost benefit analysis of peatland forest area, and 5)
to discuss the economic trade-offs of natural vs. current vs. rewetted
peatland forests.

2.2. Analyses of peatland forests and drainage

We used three Lithuanian spatial data sets to identify the current
amount of peatland forest and the area of undrained (natural) and
drained peatland forests, using GIS. We applied five approaches using
three data sets to identify the state of Lithuania’s different peatlands
(Table 1).

2.3. Estimation of drainage maintenance and rewetting costs

Regardless of the action taken by management, in terms of business
as usual for wood production or the rewetting of peatland forests, a
range of management costs are involved. For instance, wood production
needs the drainage systems of peatland forests to be maintained to ac-
quire optimal soil moisture for sustained maximum tree growth (Finér
et al., 2018; Povilaitis et al., 2015). Whereas, the restoration of drained
peatlands, first and foremost requires the re-creation of the topsoil with
high-water saturation (Andersen et al., 2017). This is an inherent initial
restoration action. Rewetting usually implies the blocking of ditches
and/or the construction of barriers that reduces the drainage influence
of ditches and drains. Therefore, we analyzed both the cost to maintain
the drainage system of peatland forests, and the cost of rewetting
drained peatlands through ditch blocking.

Because the hydrological waterways and drainage data (National
Land Service, 2021) provides the best available spatial data on water-
ways and drainage for Lithuania, we used the results from approach 3
(Table 1) to calculate the total, average and maximum length of the
non-natural drains that intersect the National forest database (State
Forest Service, 2021a). There was no other available spatial data iden-
tifying waterways and drains data.

2.3.1. Maintenance of the peatland forest drainage

The continuous succession of trees, bushes, and shrubs; land subsi-
dence, rubbish dumping, and beaver (Castor fiber) activity, diminish the
efficiency of forest draining systems. Therefore, we estimated the
ongoing maintenance cost of the current forest peatland drainage

3. Quantification
of 3 different
economicvalues
for 3 peatland
forests states:

1. Identification
of the area of

2. Estimati
Lithuania’s Pkl
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system. First, we obtained the current costs of ditch maintenance from
three contractors (Table 2). Second, we used the hydrological waterways
and drains data (National Land Service, 2021) that intersected the
peatland forests (see Table 1, approach 2) to calculate the drainage
maintenance costs using the following Formula (1).

Drcost=Mcost-L/A/25 (€8]

Where: Dr cost — different drainage maintenance costs; M cost - average
maintenance cost €/km (cleaning of drainage dich); L - total length of
drainage in kilometers (drainage length in peatland forests — 13 626 km
(National Land Service, 2021). The average drainage maintenance cost
was divided by area — 143 818 ha of drained peatland forests - A and
subsequently multiplied by 1 time every 25 years representing the
reoccurrence of drainage maintenance (Finér et al., 2018). For com-
parison between actions, we estimated the average ditch maintenance
cost €/ha/yr. We assumed that the average drainage ditch size was 4 m
wide and 2 m deep as this was the dimension specified by the three
contractors providing the quotations for forest drainage maintenance.

2.3.2. Rewetting drained peatlands — dam construction costs

Rewetting peatlands is often the first step of restoration that aims to
improve the delivery of ecosystem services and their benefits for human
well-being (Stachowicz et al., 2022). Rewetting drained forest peatlands
requires the blocking of man-made drains. This can be achieved by
building hydrotechnical constructions (Fig. 3) that retain water (for
instance ditch blocks, peat dams, spillways and sheet-piles) that
slow-down surface runoff and increase water levels in the ditches
(Landry and Rochefort, 2012; Stachowicz et al., 2022).

To estimate dam construction costs, we used a quotation from a
professional dam building contractor in Lithuania provided during the
spring of 2022, and additionally used the estimated average, cross-
sectorial ditch block construction cost following Stachowicz et al.
(2022) (Table 2). Using the average cost of dam construction, we
calculated the cost of rewetting Lithuania’s drained peatland forests
using the following Formula (2).

(2)

Where: D cost yr - dam construction cost per year; DC cost - average dam
construction cost €/unit; n - number of dams needed for rewetting of all
peatland forests (length of drainage in peatland forests 13 626 km/
average frequency of dams for rewetting 0.062 km; 2.5% - annual
depreciation rate for 40 years period of dam (for hydrotechnical in-
stallations); t — hydrotechnical construction ageing time (depreciation
40 years) (Szatkiewicz et al., 2018).

D cost yr = (DC cost - n/2.5%) / t

2.4. Estimating the value of wood, water and carbon in peatland forests

2.4.1. Assumptions
We estimated the potential value of stored wood, water and carbon

T T of costs of 4, Cost- 5. Discussion of
p' i drainage benefit trade-offs between

DENE maintenance = GO analysis of managing peatland
area affected by s and firewood 4 i :

dElbeE e vs rewetting S oo peatland forests for multiple

* construction g forests uses
the length of e retention
the drainage - Carbonin living
network trees, wood

products and

soil

Fig. 2. The step-wise framework applied in this study to assess the trade-offs between peatland forest benefits delivered by wood production, water retention and

carbon sequestration and emissions.
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Table 1
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Different data sources and analyses used to identify peatland forests and their characteristics in Lithuania.

Approach Source

GIS analysis process

GIS result

Secondary analysis process

Final results

State Forest
Service (2021a)

1. National forest
database

State Forest
Service (2021a)

2. National forest
database and

Hydrological and National
waterways and Land Service
drains (2021)

National Land
Service (2021)
and State Forest
Service (2021a)

3. Hydrological
waterways and
drains and National
forest database

4. National peatland
database

VsI Gamtos
paveldo fondas
(2018)

5. National peatlands
database and
National forest

Vs[ Gamtos
paveldo fondas
(2018) and State

Attribute selection and export
All peatland - Forest site type = P*

Select non-natural hydrological
features from the attribute table
(“TIPAS” type = 2,3,4 and 9999).
Intersect selection with all peatland
forests (results of Approach 1)

Select non-natural hydrological
features from the attribute table
(“TIPAS” Type = 2,3,4 and 9999).
Bulffer selected features by 100m.
Intersect 100m drainage buffer with all
peatland forests (results of Approach
1)

Attribute selection and export of forest
peatland - “Land use type” = “m0”

Intersect the peatland forests from the
National Peatland database (results of
approach 4) with the Peatland of the

Layer of natural and
drained peatland
forests

Layer of forest peatland
intersected with non-
natural drainage

Layer of forest peatland
intersected with an
area affected by non-
natural drainage
(100m)

Layer of natural and
drained peatland
forests

Layer of peatland
forests intersected with
the national peatland

Drained vs. non-drained peatlands
using attribute data Forest site type
= P*vs. P*n

Drained vs. non-drained peatlands
using attribute data Forest site type
= P* vs. P*n, and the match of P*n
from Approaches 1 and the outcome
of this approach

Drained vs. non-drained peatlands
using attribute data Forest site type
= P* vs. P*n, and the match of P*n
from Approach 1 and the outcome of
this approach

Drained vs. non-drained peatlands
using attribute data “Melioration” =
“Mg” or “Md”

Drained vs. non-drained peatlands
using attribute data.
A peatland was considered drained

A. Total forest
peatland area.

B. Total drained
peatland area

A. Total drained
peatland area

B. Matching drained
forest peatland area
from Approaches 1 and
2 (this approach)

A. Total drained
peatland area.

B. Matching drained
forest peatland area
from Approaches 1 and
3 (this approach)

A. Total forest
peatland area
B. Total drained
peatland area
A. Total forest
peatland area
B. Total drained

database Forest Service National Forest database (Results of database when both datasets indicated peatland area
(2021a) Approach 1) drainage
Table 2
Cost quotations for the maintenance and rewetting of drained peatlands. A drainage maintenance frequency of 25 years was applied (Finér et al., 2018).
Action Source Ditch size Activity Cost €/km
Drainage maintenance Small partnership “Dirginta” 4 m width x 2 m depth Cutting bushes, small trees 850
Private limited company “Melsvita™ 4 m width x 2 m depth Cutting bushes, small trees 1100
Private limited company “Sistela” 4 m width x 2 m depth Cutting bushes, small trees 1 550
Cleaning ditches with machinery 2453
(bushes, trees and excavation <40 cm).
Average maintenance cost/km €1 488
Rewetting (dam construction — blocking) Stachowicz et al. (2022) (+1-5) m width Wood and peat dams 1114
(+£2-3) m depth)
Private limited company “Sistela” 4 m width x (0,5-1) m depth Wood and peat 196
Wood and rocks 3153
Average rewetting (construction) cost/dam €1 487

for Lithuania’s peatland forests using three different alternative states of
peatland forests, viz.; i) natural peatland forests not impacted by
drainage (Natural), ii) the current mix of drained and undrained peat-
land forests (Current), iii) rewetted peatlands — a hypothetical analysis
of rewetting all the drained peatland forests in combination with the
natural undrained forests (Rewetted).

We used Lithuania’s National forest database ((State Forest Service,
2021a) see Table 1, approach 1) as the most reliable data source to es-
timate values of stored wood, water, and carbon in each of the three
peatland forest states (Manton et al., 2021; Mozgeris et al., 2021). In
addition, the National forest database contains a wide range of forest
data (i.e., forest harvesting volume and species, stand age and area,
drained and non-drained forest stands and carbon storage) that was used
in the analysis.

2.4.2. Wood volume

As traditional forest management is based on wood production
(Angelstam et al., 2021, 2022; Mozgeris et al., 2021), we estimated the
value of the standing timber volume of Lithuania’s peatland forests for

the three broad peatland forest states (natural, current and rewetted). To
do this we used forest stand characteristics (i.e., tree species, area, site
type, age and standing wood volume (for wood production) contained
within the National forest database (State Forest Service, 2021a). In
addition, we reviewed the sales value data of raw wood (round logs and
firewood in Lithuania for each tree species for the years 2021-22 (https:
//emps.baltpool.eu/;  https://giriuaukcionai.lt/;  https://www.voli
meda.lt/It/pirkimai Accessed 22-4-2022) and calculated the weighted
average wood value per hectare for Lithuania’s peatland forests. Scots
pine, Norway spruce, birch, oak, ash and aspen were calculated as round
wood and all other tree species were counted as firewood. Analyzing the
peatland forest by tree species and possible product type (i.e., round
wood or firewood) we estimated the mean sales price of raw wood from
peatland forest to be €42/m°>. The price of wood was stable over the past
twenty years with price increases matching inflation.

We assumed that all of Lithuania’s forest stands have reached har-
vesting age, which is ~100 years of age (Ministry of the Environment,
1994; Parliment of the Republic of Lithuania, 2010), and calculated the
total volume of today’s forest stands and projected the yearly growth
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Fig. 3. Peatland rewetting and restoration using ditch blocking to raise the water table and water storage capacity in Aukstumala raised bog, Lithuania, photos by L.

Jarasius and J. Sendzikaité.

increment of wood volume (m®) for each of the three peatlands states;
natural, current, rewetted. We applied Formula (3).

WV = A - V (natural, current, rewetted) - W price / A / 100 3)

Where: WV — Wood value, €/ha/yr; A — area of drained and non-
drained peatland forests, 302 585 ha; V natural - wood volume in nat-
ural peatland forest stands, m®/ha; V current volume in current peatland
forest stands, mg/ha; V drain - wood volume in drained peatland forest
stands, m®/ha; V rewet - wood volume m3/ha in rewetted peatland
forest stands; W price - market wood price, €/m>; 100 - time scale in
years’; 0.72 — volume reduction in rewetted peatland forests (Laine
etal., 2011). As rewetting of peatland forests, raises the water table, and
reduces the growing conditions of trees, often ending in mortality due to
an overabundance of water (Maanavilja et al., 2014). Therefore, we
estimated the wood volumes in option R — rewetted peatland forests by
applying a 72% reduction in forest stand volume (Laine et al., 2011)
between the difference of Option Current — (Current — Natural) - 0.72.

The three options used were as follows:

1. Natural WV = A - V natural - W price / A / 100, not impacted by
drainage all peatland forests

2. Current WV = A - V current - W price / A / 100, situation natural and
drained forests peatlands

3. Rewetted WV =V current - ((V current - V natural) - 0.72) / A / 100),
all drained and natural peatlands rewetted

2.4.3. Water storage

High water saturation of peatlands is a key element that supports and
facilitates multiple ecological functions. The loss of stored water caused
by artificial drainage disrupts the natural processes of peatlands and
their ability to function and provide ecosystem services like COy
sequestration (Joosten, 2009; Komulainen et al., 1999), flood preven-
tion (Lohmus et al., 2015; Tolvanen et al., 2013), water and organic
matter storage (Mustamo et al., 2016) and water filtering (Wallage et al.,
2006). Artificially lowered water tables within peatlands increases the
decomposition of peat (Jarasius et al., 2015), causes the reduction of
typical peatland vegetation species growth and increases CO emissions
(Jarasius et al., 2022; Joosten et al., 2017). The rewetting and raising of
the water level in peatlands, together with selective vegetation har-
vesting, can deliver a range of benefits including improved peat struc-
ture, carbon sequestration, water storage and filtration and thus overall
peatland functioning (Laine et al., 2011; Pakalne et al., 2021).

To estimate the water storage capacity for the three peatland forest
states, we assume that rewetted peatland forests will store more water
than drained peatland forests, due to the reduction of draining network
functionality, restored moss layers in rewetted peatland, in contrast to
drained peatlands (strong drainage and the loss of the moss layer,
respectively). Additionally, an increased water table (Price et al., 2003)
and higher porosity (McCarter and Price, 2014) as well as lower bulk
density (Mustamo et al., 2016) are characteristics of rewetted peatlands
compared to drained sites. This allows for more water to be retained in
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the topsoil. To estimate water retention (water storage W in peatland
forests, m®) in the three peatland forest states we used following For-
mula (4).

W=A-1-p-10000-0.53/A/0.025 4

Where: A - total area of peatland forests, ha; | — water table level (we
assumed the mean depth of peatlands in Lithuania was 3 m and adjusted
the water level as required to distinguish the rise in the water table of
peatlands (Menberu et al., 2016)); p - effective porosity coefficient (we
assumed to be constant for all peatlands - 0.87 (Stachowicz et al.,
2022)); 10 000 is used to convert area of peatlands to mz, 0.025 -
depreciation rate. Thus, the three rewetting options used were as
follows.

1. Natural (W = (drained peatland forest area ha - 2.9 - 0.87 - 10 000) +
(non-drained forest peatland area - 2.9 - 0.87 - 10 000)) - 0.53 / A /
0.025

2. Current (W = (drained peatland forest area ha - 2.4 - 0.87 - 10 000) +
(non-drained peatland forest areaha - 2.9 -0.87 - 10 000)) - 0.53 / A/
0.025

3. Rewetted (W = (drained peatland forest area ha - 2.5 -0.87 - 10 000)
+ (non-drained peatland forest area ha - 2.9 - 0.87 - 10 000)) - 0.53 /
A /0.025

Subsequently, we estimated the value of water retention as an
ecosystem service for each of the three peatland forest states by multi-
plying the volume (m®) of water by the unit value of water retention,
which was estimated as €0.53/m*yr based on market costs of water
retention (see, Stachowicz et al., 2022).

2.4.4. Carbon in peatland forests

Carbon accounting requires the consideration of both sequestration
(uptake) and emissions (respiration) from multiple sources (Jarasius
et al., 2022; Maljanen et al., 2010). Peatland forests sequester and store
carbon in the soil, in trees and also in products made from wood.
Therefore, first we estimated both the carbon sequestration, accumula-
tion and emissions from peatland forest soil, second the accumulation of
carbon in living trees (natural above ground carbon in living trees) and
third, the carbon stored in wood products created after raw wood pro-
cessing for each of the three peatland forest states.

2.4.4.1. Peatland forest soils. Soil carbon sequestration and emission
were estimated for three forest peatland options using the updated
greenhouse gas emission site types (GEST) and measurements for in the
Baltic States (Couwenberg et al., 2011; Jarasius et al., 2022). To analyze
the water level indicators for the GEST vegetation of “Forested Peatlands”
we first allocated each GEST into the three peatland forest options. The
allocation of the GESTs by water level was as followed; Natural peatland
forest = +4 to +5, Drained peatland forests = —3 to —2, and rewetted
peatland forests = +2 to +3. The mean CO; emissions rate (t
CO9-eq./ha/yr) was estimated respectively. The mean CO; emissions
rate (t COz-eq./ha/yr) were natural peatland forest —0.77, drained
peatland forests 29.81, and rewetted peatland forests 11.33. Subse-
quently, we used the average CO; emission market price of €67.81
(Vicap) (May 1st, 2021, to April 30th, 2022), to estimate the value of
carbon stored in the each of the three peatland forest states (Interna-
tional Carbon Action Partnershi p, 2022). We applied 3 Formulas (5), (6)
and (7) to estimate the soil CO, emission value €/ha/yr for each of the
three peatland forest options.

Natural Csn = A - Aln - Vicap/ A 5)

Current Cs cr = (An - Aln) 4 (Ad - Ald) - Vicap/ A (6)
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Rewetted Cs rw = (An - Aln) + (Ad - Alr) - Vicap/ A (2]

Where: Cs n - soil carbon in natural peatland forests, €/ha/yr; Cs cr -
soil carbon in current peatland forests, €/ha/yr; Cs rw - soil carbon in
rewetted peatland forests, €/ha/yr; A — total area of peatland forests 302
585 ha; An - area of natural undrained peatland forests — 158 767 ha; Ad
— area of drained peatland forests — 143 818 ha, Aln — average emission
value for natural undrained peatlands —0.77 forests t COy-eq./ha/yr;
Ald - average emission value for drained peatland forests 29.81 t CO»-
eq./ha/yr; Alr - average emission value for rewetted peatland forests
11.33 t COz-eq./ha/yr (Jarasius et al., 2022). Vicap — average CO-»
emission market price of €67.81 (International Carbon Action Partner-
ship, 2022).

2.4.4.2. Living trees. The estimation of the values of carbon in living
tree required three steps. First, using the wood volumes acquired in
section 2.4.2 (Value of wood in Lithuania’s forests), we estimated the
fixed living carbon stored with in each of the three peatland forest states,
respectively. Second, we converted the estimated value of living tree
carbon sequestration in the three peatland forest states respectively, by
multiplying the amount of t C/ha/yr by 3.67 to get value of stored t COy/
ha/yr (Jarasius et al., 2022; Penman et al., 2003). Third, we used the
average European CO, emission market price €67.81 (Vicap) (May 15t
2021, to April 30th, 2022), to calculate the estimated value of carbon
stored in the each of the three peatland forest states (International
Carbon Action Partnership, 2022). We expressed the result as €/ha/yr.
To do this we applied Formula (8) following Penman et al. (2003):

C=(V-D-BEF)-(1 +R)-CF/A -3.67 Vicap/ 100 8)

C - Fixed carbon in wood biomass tons of carbon; V — tree volume m>/
ha; D - Basic wood density, tons dry mass m-3; BEF - Biomass expansion
factor for conversion of stem biomass to above ground tree biomass per
species, dimensionless; R - Root shoot ratio, dimensionless; CF - Carbon
fraction (Penman et al., 2003) Standard value 0,5 tons C (tons dry
mass)-1; A — total area of peatland forests, ha; 3.67 — Carbon transfer rate
to COy (Valatka et al., 2018); Vicap — average European CO; emission
market price €67.81 (International Carbon Action Partnership, 2022).
The amount of carbon in living trees of peatland forests was reported as
(t C/ha/yr).

2.4.4.3. Wood processing, short-lived and long-lived products. As the
forest industry stresses the importance of carbon captured and stored in
wood products (i.e., building material and furniture), we estimated both
the amount of carbon lost through timber drying, milling and process-
ing, and the amount of carbon stored in wood products after processing
for each of the three peatland forest states. As wood is dried before use,
we first converted the estimated living tree volumes (mg) from the
peatland forest data (State Forest Service, 2021a) into dry weight mass
by multiplying the live wood volume by 0.45 for each of the three
peatland forest states (Heath et al., 2008). Second, as the processing of
raw wood for product is estimated to produce (1) waste wood residues
and (2) short-lived products (bioenergy, pellets, and pulp and paper
(Jasinevicius, 2018)) of ~40-60% (i.e., fast carbon release) (Sokka
et al., 2015), we multiplied the dry wood mass by 0.5 (mean value) to
account for these losses. Finally, (3) given that the life span of long-lived
wood products (construction lumber, plywood, and panels) vary we
divided the amount of carbon stored for 30 years (the medium-long
lifespan of products (Pussinen et al., 1997)) to estimate the yearly
amount of carbon stored. It should be noted that timber drying, milling
and processing of raw wood is a disservice as it reduces the long-term
storage of carbon (Jasinevicius, 2018).

Counting carbon stock in wood products for the three peatland forest
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options, firstly we counted the carbon in round wood products. We
followed Formulas (9) and (10) presented by Penman et al. (2003) to
estimate the dry wood mass value for round wood and COj ratio in dry
round wood.

EWPn, cr, rw = C n, cr, rw (results from Formula (8)) - CWS n, cr, rtw  (9)

CWSn,cr,tw=(Vn-D-BEF)-(1+R)-CF-0.5-045/A/30-3.67-
Vicar (10)

Where: EWP n, cr, rw — carbon emission value form wood processing for
the three peatland forest states Natural, Current and Rewetted, €/ha/
year; Cn, cr, rw — tons of carbon in live trees for the three peatland forest
states natural, current, rewetted, t/ha; CWS n, cr, rw — carbon storage
after wood processing for the three peatland forest states natural, cur-
rent, rewetted, t/ha; V n, cr, rw — tree volume m>/ha for the three
peatland forest states natural, current, rewetted, V — tree volume m®/ha;
D - Basic wood density, tons dry mass m>; BEF — Biomass expansion
factor for conversion of stem biomass to above ground tree biomass per
species, dimensionless; R - Root shoot ratio, dimensionless; CF — Carbon
fraction (Penman et al., 2003) Standard value 0.5 tons C (tons dry mass)
-1; 0.5 - dry weight mass value of round wood products; 0.45 - CO; ratio
in dry round wood; A - total area of peatland forests, ha; 3.67 — Carbon
conversion rate to CO5 (Valatka et al., 2018); Vicap — average European
CO4 emission market price €67.81 (International Carbon Action Part-
nership, 2022).

2.5. Cost benefit analysis of peatland forest

Finally, we analyzed the tradeoffs between peatland forest ecosystem
services for natural peatland forests, current peatland forests, and
rewetted peatland forests. We use market value methods (de Groot et al.,
2012) to estimate the value tradeoffs of seven peatland forest economic
indicators using drainage maintenance, rewetting, wood (value of
sawlogs and firewood), water retention and three types of carbon
accumulation and emissions. As the harvesting of peatland forests is
discouraged and other goods, services and benefits must be obtained
from forests (European Commission, 2021), we assume that both the
natural and rewetted peatlands will not be harvested, thus the peatland
forest options contain a value for wood but were not considered for the

Table 3
Results of five approaches using 3 spatial datasets to identify Lithuania’s total
peatland forest area, and the area and proportion of drained peatlands.

Approach Total Drained Proportion (%) of
peatland peatland drained peatland
forest area forest area forest (b/a)
(ha) (ha)
a b c
1. National forest 302 585 143 818 P*n 47.5
database
2. National forest 302 585 86 768 P** 28.7
database and (59 063 P*n)
Hydrological
waterways and drains
3. Hydrological 302 585 144 012 p** 47.6
waterways and drains (95 820 P*n)
and National forest
database
4. National peatland 301171 150 912 50.1
database
5. National peatlands 228 184 112 444 49.3

database and National
forest database

P*n indicates drained peatlands and P** undrained peatland according to the
National forest database.
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emission of carbon during wood processing. We used Formulas (11),
(12) and (13) for counting cost benefit as €/ha/yr for the three options:

Natural CB = (Wv + Wr + CSaccumulation + Ct) an
Current CB = (Wv + Wr + Ct) — (Mc + Csemission + CWP) (12)
Rewetted CB = (Wv + Wr + Ct) — (Rc + Csemission + CWp) 13)

Where: Natural CB - cost benefit value for natural peatland forests;
Where: Current CB - cost benefit value for current peatland forests;
Where: Rewetted CB - cost benefit value for rewetted peatland forests;
Wv - Wood volume benefit; Wr -water retention benefit; CSaccumulation —
carbon accumulation in the soil benefit; CSemission - carbon emission cost
in the soil current and rewetted peatland forests; Ct - carbon accumu-
lation benefit from live trees; Mc — drainage maintenance cost; Rc —
rewetting of drained peatland forests cost; Cwp — cost for harvested
wood product CO; emission. The result was then times by total peatland
area to estimate the total amount.

3. Results
3.1. Peatland forests and drainage

The analysis of peatland forest data showed mismatches in peatland
forest area and the area of drained peatland forests among the five
different approaches used (Tables 1 and 3). According to the analysis of
Approach 1, the Lithuanian National forest database (State Forest Ser-
vice, 2021a), there are 302 585 ha of peatland forest of which 143 818
ha (47.5%) are drained. This was the largest area of forest peatland out
of the five peatland forest identification approaches.

The area of drained peatland forest using Approach 2, National forest
database (State Forest Service, 2021a), intersected with non-natural
watercourses (National Land Service, 2021) showed the smallest area
of drained peatland forest (86 768 ha). Further spatial analysis of
Approach 2 showed that only 59 063 ha these drained peatlands
matched the peatland data from Approach 1. The results of Approach 3
(Lithuanian National forest database and non-natural watercourses)
with the addition of a 100 m buffer, indicated that 144 012 ha of
peatland forests were impacted by drainage. Further spatial analysis of
Approach 3 showed that only 95 820 ha of these drained peatlands
matched the National forest database. In addition, based on Approach 3,
we estimated that the total length of non-natural drainage that impacts
peatland forest was 13 626 km. Approach 4 analysis results of the Na-
tional peatland database (Vs| Gamtos paveldo fondas, 2018) was only 1
414 ha less in total peatland forest areas compared to the National forest
database (State Forest Service, 2021a). Finally, peatland analysis
Approach 5, that intersected the National forest data, and the National
peatlands data, indicated a 74 401 to 72 987 ha difference in total
peatland forest area, respectively (Table 3).

3.2. Drainage maintenance and rewetting costs

3.2.1. Maintenance of the peatland forest drainage

The average drainage maintenance cost to remove bushes, trees,
rubbish, beaver dams and accumulated matter in a ditch 4 m widex 2 m
deep was on average €1 488/km. This equates to an average drainage
cleaning price of €5.64 ha/yr, which totals €811 000 annually for
Lithuania’s drained peatland forests. We estimate the total lifetime
drainage maintenance cost over 25 years to be ~€20.3¢10°.

3.2.2. Rewetting drained peatlands — dam construction costs

We estimated that ~220 000 dams need to be constructed to rewet
Lithuania’s peatland forests. The rewetting analysis showed that the cost
of the construction of one dam varied from €196 to €3 153 per dam with
an average cost of €1 487. Rewetting all drained peatland forests in
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Lithuania using the least expensive option (wood and peat ditch dam)
would cost €7.49/ha/yr, whereas the most expensive option would cost
€120.46/ha/yr (ditch dam from wood and rocks) and the average price
was €56.81/ha/yr based on a 40-year life span. Based on the average
price the total cost of dam construction for rewetting Lithuania’s drained
peatland forest was estimated at ~€326.8¢10°.

3.3. Value of wood, water, and carbon

3.3.1. Wood volume

The maximum volume of raw wood in Lithuania’s current peatland
forests was estimated at 55 million m®, delivering a wood value of
€76.57 /ha/yr. This is more than both the estimations for both natural
peatland forest (€61.32/ha/yr) and rewetted peatland forests (€65.11/
ha/yr) (Table 4).

3.3.2. Water storage

The results of the water storage analysis showed that natural peat-
land forests under natural conditions, would have delivered the largest
storage capacity ~7.6 billion m® of water. The results for the current
peatland forests, show that ~626 million m® of water has been lost due
to forest drainage. In comparison, the rewetting of all drained peatland
forests was estimated to increase the water storage capacity by 125
million m® of water compared to the current situation.

In terms of monetary value, our results show that natural peatland
forests under natural conditions (i.e., pristine condition with no
drainage) would store water with an estimated value of >€101 billion. In
comparison, the current peatland forests indicates that through the
drainage of peatland forests we have lost ~€8.3 billion in water. In
comparison, rewetting all the drained peatlands would deliver a benefit
of ~€1.6 billion in terms of water value (Table 4).

3.3.3. Carbon in the soil

The CO; soil analysis showed that the natural peatland forests (under
natural conditions), would accumulate ~232 000 tons of COy/yr. The
results of the current peatland forests estimates that ~4.4 million tons of
COo/yr has been lost due to forest drainage. In comparison, the rewet-
ting of all drained peatland forest was estimated to increase the soil
carbon storage capacity by ~2.7 million tons of COy/yr compared to the

600
400 +

200 —+

Natural

Current
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current peatland forest situation.

In terms of monetary value, our results estimate that natural peat-
land forests would accumulate ~€15.7 million of carbon in the soil
annually. In comparison, the drainage of peatlands forests has lost
~€298 million annually. Whereas, rewetting all drained peatland forests
was estimated to deliver a benefit of ~€180 million in terms of CO5
accumulation compared to the current peatland situation (Table 4).

3.3.4. Carbon in live trees and wood products

The results of the analysis of carbon in live trees showed that the
natural peatland forests, would accumulate ~1.97 tons of CO?/ha/yr,
but wood processing would emit ~0.5 tons of COy/ha/yr. In comparison
the current peatland forests would accumulate ~2.46 tons of CO2/ha/
yr, but wood processing would emit ~0.62 tons of COz/ha/yr. Estima-
tions for rewetted peatland forests show that ~2.06 tons of CO/ha/yr
would be sequestered but wood processing would emit ~0.52 tons of
COy/ha/yr into the atmosphere.

In terms of monetary value, our results estimated that natural peat-
land forests would store the least amount of carbon in living trees with a
CO2 market value of ~€40.6 million annually. In comparison, the
drainage of peatland forests improved the CO, market value to ~€50.6
million annually for current peatland forests. In contrast, rewetting all
the drained peatlands was estimated to reduce the CO, storage market
value to a total of €42.4 million annually (Table 4). The post processing
CO, market value follows the same trend; natural peatland forests €30.4
million annually, current peatland forests €37.9 million annually and
rewetted peatland forests €31.8 million annually.

3.4. Cost benefit analysis of drainage action, wood, water and carbon

The cost benefit analysis of seven economic indicators showed that
Lithuania’s peatland forests in a natural state would deliver a benefit of
€176.1 million annually (€582/ha/yr). However, estimates show that
the current state of Lithuanian’s peatland forests is a disservice at a cost
of -€132.9 million annually (-€439/ha/yr). In comparison, the estimates
of rewetting of all Lithuania’s drained peatland forest would deliver a
benefit of €37.1 million annually (€122/ha/yr) (Fig. 4, Table 4).

Rewetted

Peatland forest state

Drainage maintenance M Rewetting
B Water retention | SoilCO,
B Wood processing CO, m Balance

B Wood volume
® Wood CO,

Fig. 4. Histogram of the cost benefit analysis, showing economic benefits and disservices of seven ecosystem services indicators for three peatland forest states
(natural, current, and rewetted) in Lithuania. The black bar indicates the balanced value of the combined indicators for each peatland forest state.
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Table 4
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Estimated quantity and economic market value of five indicators for three peatland forest states (Natural, Current and Rewetted) in Lithuania. For soil CO, emissions, a
positive tons/ha/yr value is an emission, whereas a negative value is the sequestration of carbon.

Indicator Peatland forest state Quantity Estimated value €
m®/ha total m® tons/ha/yr tons/yr ha/yr Total/yr
Wood Natural 146 44.2010° NA NA 61 1.86010°
Current 182 55.2010° NA NA 77 2.32010°
Rewetted 153 46.2010° NA NA 64 1.95010°
Water Natural 25 230 7.6010° NA NA 334 101.2010°
Current 23162 7.0010° NA NA 307 92.9¢10°
Rewetted 23 576 7.1010° NA NA 312 94.5010°
Soil CO, emissions Natural NA NA -0.77 —0.23010° 52 15.710°
Current NA NA 14.52 4.210° -933 —282.4010°
Rewet NA NA 11.33 1.5010° —338 —~102.3010°
Wood CO, sequestration Natural NA NA 1.97 597 534 134 40.6010°
Current NA NA 2.46 745 760 167 50.6010°
Rewetted NA NA 2.06 624 735 140 42.410°
Processed wood retained CO, Natural 33 9.9¢10° 1.48 448 150 100 30.410°
Current 41 12.4010° 1.85 559 581 125 37.9¢10°
Rewetted 34 10.4010° 1.55 468 812 105 31.810°

4. Discussion
4.1. From wood production to rewetting

4.1.1. Potential reward of multi-functional peatland forests

Our attempt towards a cost benefit tradeoff analysis of wood, water
and carbon in Lithuania’s peatland forests showed that increased wood
production through the drainage of peatland forests incurred a loss of
~€308.9 million annually, corresponding to ~6.6% of the country’s
annual GDP. This loss emerged from lost water retention and decreased
ecosystem carbon stock. This estimated economic loss is greater than
Lithuania’s State Forest company largest ever profit €205.9 million
(~4.4% of Lithuania’s GDP) recorded in 2020 (State Forest Service,
2021b).

By draining Lithuania’s peatland forests, the forest industry has
gained ~€4.6 million (€15/ha/yr for wood production based on a 100-
year rotation), and ~€10 million (€32/ha/yr) for the sequestration of
CO, in wood. However, considering the additional indicators, the
drainage of peatland forests has lost ~€8.3 million in water storage,
~€298.1 million in soil carbon emissions and ~€7.5 million in wood
processing carbon emissions annually. Thus, the drainage of peatland
forests for wood has come at an economic loss, not to mention envi-
ronmental degradation and disservice to other ecosystems services.

In comparison, rewetting of all Lithuania’s drained peatland forests
is estimated to save a total of ~€170 million annually compared to the
current peatland forest situation using the seven indicators (drained
maintenance costs, rewetting costs, wood, water storage, and CO3 in the
soil, raw wood, and processed wood emissions). The rewetting of
drained peatland forests was estimated to deliver a shortfall of ~€139
million annually compared to the natural peatland state with no drains.
However, it is predicted that the benefits gained would increase yearly
as the condition of the rewetted peatland improves.

The rewetting of all Lithuania’s peatland forests would record a
~€3.8 million decrease in wood production annually (€12/ha/yr based
on a 100-year rotation). However, considering the additional indicators
of water storage (~€1.7 million/yr) and carbon sequestration (~€172
million/yr, based on CO5 from soil and wood), we estimated that the
rewetting of peatland forests would exceed the loss of wood production.
Thus, there is an opportunity to rewet drained peatland forests towards
meeting social, economic, and environmental targets.

4.1.2. Drainage maintenance vs. rewetting cost

To continue with business-as-usual wood production in peatland
forest requires the maintenance of the drainage networks, whereas the
rewetting of peatland forests requires the blocking of drainage ditches.
Our results indicate that the maintenance of drainage is 10 times

cheaper (~€1.7 million/yr) compared to costs of dam constructions for
rewetting (~€17 million/yr). However, the overall benefit of rewetting
drained peatland forests still exceeds the current situation. We thus
argue that the rewetting and restoration of peatlands should be viewed
as a long-term investment, where the first decade involving costs for
rewetting would be followed by decades of future earnings.

4.1.3. Sensitivity analysis

Economic value chains are dynamic, and not all benefits of forest
ecosystems can be measured using monetary valuations. The price of
raw sawlogs and pulpwood has remained stable the past 20 years with
small increases matching the Consumer Price Index (State Forest Ser-
vice, 2021b; The World Bank, 2022). Calculated monetary values of
water storage in Central Europe, including Lithuania, has also remained
relatively stable over the last decade, despite changes of other macro-
economic indicators (Grygoruk et al., 2013; Stachowicz et al., 2022). In
contrast, costs of maintaining forest drainage system and forest man-
agement have soared.

Even if estimating economic values of ecosystem services is wide-
spread (de Groot et al., 2012), it remains to develop policy instruments
and business models for landowners that pay for the full range of
ecosystem services (Simoncini et al., 2019). Given the importance of
mitigating climate change, there are indications that the value of
non-wood product ecosystem services will increase and mechanisms for
payment will develop (Gomez-Baggethun et al., 2010; Redford and
Adams, 2009). However, the estimations of carbon prices are volatile
and need to be considered (Richstein et al., 2015).

This kind of exploratory study is sensitive to several uncertainties
and assumptions. For example, the analysis of peatland forest data
showed mismatches among the five approaches applied to estimate
peatland forest area and the area of drained peatland forests. This sug-
gests that different actors and stakeholders might reach different con-
clusions regarding costs and benefits of different alternatives. This study
suggests that the harmonizing of available data on soils, forests and
water cadaster is needed. Another potential uncertainty is the length of
the drainage system affecting Lithuania’s peatland forests. Our estimate
of 13 626 km is similar to the findings of ~15 000 km reported by
Ruseckas and Urbaitis (2013). The slight difference we assume is due to
the different methods used to identify and measure the drainage sys-
tems, however, there are no other spatial databases that identify the
forest drainage network.

4.1.4. Other ecosystems services

This study focused on only seven economic indicators (drainage and
rewetting costs and three ecosystem services (wood, water, and 3 carbon
indicators)) provided by three peatland forest states (natural, current,
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and rewetted). Our results indicate that the draining of peatland forests
has increased wood production, but also diminished the ecosystems
service benefits of both water and carbon. However, on the one hand,
there are many other ecosystems services that were not considered in
this study that would further exacerbate the disservices of draining
peatland forests. These include ecosystems services of non-wood prod-
ucts such as, nutrient filtration, water filtration, reduced GHG emissions
and the maintenance of wetland biodiversity. On the other hand, the
benefits of draining peatland for wood production, peat extraction or
other land uses are generally less.

Considering the interactions between hydrological, soil and ecolog-
ical processes in forests, we propose that water retention and carbon
storage in peatland forests should be considered as “umbrella”
ecosystem services (sensu Turpie et al., 2008). Storing water in forests
enhances biodiversity, fosters buffering capacities, water filtration and
nutrient capture, especially for forests located downstream from agri-
cultural land (Walton et al., 2020), as well as site specific features
(Strzeciwilk et al., 2023). While sustained yield wood production is well
studied and practiced (Angelstam et al., 2022), the valuation of eco-
systems services such as water retention, carbon sequestration and
emissions are less developed (Camia et al., 2020; Grassi et al., 2021).
This is because environmental benefits are difficult to account for as they
consist of various nonmarket outcomes, such as human well-being and
biodiversity, which are mediated by environmental conditions (Hsiang
et al., 2019).

In parallel with the European Union’s agro-environmental schemes,
it is feasible to develop similar schemes for forest management.
Although the agro-environmental schemes, at the beginning, seemed an
unfeasible tool in directing European agriculture towards more sus-
tainable paths, revision of their efficiency proved that they are effective
for conserving nature on farmland (Batary et al., 2015). This is despite
being expensive and requiring carefully designed and targeted ap-
proaches. In the case of forests, schemes aimed at subsidizing environ-
mental functions may be even cheaper and easier to implement. The
ownership of European forests is highly variable, ranging from small
non-industrial ownership to state and forest industry (Pulla et al., 2013).
Within larger blocks of public ownership, it should be easier to design
and execute schemes that would promote the storing water and fostering
carbon sequestration. Implementation of such schemes may convince
stakeholders to focus their management initiatives on ecosystem ser-
vices not related to wood production. However, restoration of aquatic
and wetland environments remains a “hobby” type activity (Szatkiewicz
et al., 2018), and strategic spatial planning is needed to help prioritize
the conservation and restoration of peatlands (Manton et al., 2021).

Paludiculture is one possibility for the productive use of wet peat-
lands, which promotes land use alternatives that reduces GHG gas
emissions and increases water storage (Tan et al., 2021; Ziegler et al.,
2021). This creates opportunities for rewetting that can also be
accompanied by productive uses which offers innovative sustainability
for land managers and owners. For instance, income from berry and
mushroom picking is important for rural livelihoods in many European
regions (Turtiainen and Nuutinen, 2012). It is estimated that collecting
berries and mushrooms in Lithuania delivered a benefit of €18/ha in
2020 (State Forest Service, 2021b). As peatlands are where cranberries
(Vaccinium oxycoccos) grow, rewetting of drained peatland forests may
also increase this benefit. This implies that the benefits and values of
natural and rewetted forest peatland would be much greater than re-
ported in this study.

4.2. Lithuanian perspective into peatlands

At a regional scale, the three Baltic States rank among the EU’s Top
10 of GHG emitters from drained peatlands (Latvia 5th, Estonia 8th, and
Lithuania 9th (Wetlands International, 2015). With 70% of Lithuania’s
peatlands being drained, peatland restoration has become an important
topic for water storage, COy sequestration, biodiversity conservation
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and human well-being as well as an avenue towards mitigating climate
change (Valatka et al., 2018). While Lithuania’s peatland forests were in
focus in this case study, Lithuania’s agricultural peatlands are also
important and heavily exposed to drainage for improved crop produc-
tion (Manton et al., 2021). Of Lithuania’s total peatland area, 46% is
forest land and 54% is agricultural land, of which 50% and 90% are
drained, respectively.

This emphasizes that peatland restoration is needed. The high pro-
portion of degraded peatland ecosystems in Lithuania has stimulated
restoration efforts through rewetting with ~10 000 ha completed (88%
peatland forests and 12% agricultural peatlands (Pers.com L. Jarasius
30% Jan 2023)). However, the actual success on the ground of peatland
restoration is largely unknown due to a lack of systematic monitoring
and assessment (Manton et al., 2021).

Considering the degradation of Lithuania’s peatlands, the Lithuanian
Economic Recovery and Resilience Facility (Lithuanian Finance Minis-
try, 2021) has set a target to restore and rewet 8 000 ha of peatlands on
agricultural and forest land, with a financial budget of €16 million.
Although this is a step in the right direction, it will restore <2% of
Lithuania’s total drained peatland area.

4.3. Policy instruments

The valuation of different sets of ecosystem service benefits, and
disservices, can be viewed as a tool towards creating, implementing and
monitoring policy. To classify policy implementation instruments, a
triad of economic (carrot), regulative (stick), and informational (ser-
mon) instruments can be used (Vedung, 1998).

4.3.1. Payments for ecosystems services (Carrot)

The tradition of sustained yield forestry and economic benefits of
wood are long established. In contrast, the benefits of water and carbon
storage are less tangible given that these ecosystem services are accu-
mulative and remain permanently secured in peatlands. Thus, society
cannot feel, touch, or directly use these benefits compared to wood
products. This implies both political issues and economic challenges that
need to be solved. For instance, how can financial benefits be generated
and made available for water and carbon? Climate change has become a
new driver, which can help forest managers to explore benefits other
than wood harvesting. Non-productive forest land is a good example
where other non-wood benefits should be monitored, assessed, and
reported.

As a guiding notion, no landowner or user should be economically or
socially deprived by maintaining wetlands or rewetting peatlands. This
should be addressed by coherent standards for agricultural practices on
peatlands and focused agri-environmental and climate schemes (AECSs)
that provide incentives for climate-smart water management, carbon
sequestration, GHG reduction and paludiculture (Tanneberger et al.,
2021; Wichmann, 2018).

Biodiversity banking schemes and carbon emission trading have
been proposed as possible solutions where large companies buy carbon
rights from landowners to offset their own pollution debt. However,
such initiatives and payment schemes may be labeled as green washing,
because the GHG emissions or environmental degradation produced by
large companies remains at the same level (Dahl, 2010). Thus, there is
generally no overall reduction in carbon emissions or ecosystem
degradation. Another option for peatland rewetting is to combine it with
paludiculture, which can also provide greater incentives and solutions to
society, including social (additional employment in rural areas), econ-
omy (alternative incomes in agriculture and forestry), and environment
(ecosystem services, substitution of fossil resources) (Tan et al., 2021;
Tanneberger et al., 2022).

Indeed, agri-environmental and climate schemes are programmed in
the EU Common Agricultural Policy (CAP). So far, payments have been
provided mainly for biodiversity conservation purposes to private
landowners, but payments for peatland rewetting, the raising of water
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table levels and carbon sequestration, which are instrumental towards
mitigating climate change, have not been included (Peters and Unger,
2017; Wichmann, 2018). The implementation of the CAP is considered
relatively weak for environment and climate mitigation (Dupraz and
Guyomard, 2019). Weighing up the tradeoffs of commercial and
industrialized agriculture and forestry on drained peatlands, i.e.,
increased provisioning services at the expense of regulating services, it is
not likely that governments will quickly recognize these land trans-
formations for production as a disservice. This is because strong eco-
nomic markets already exist, whereas payments for other ecosystem
service benefits are relatively new.

4.3.2. Regulation through policy (Stick)

Command-and-control approahes can fulfill an important supple-
mentary function with distinct rules regarding the sustainable use,
protection, and rewetting of peatlands (Ekardt et al., 2020). It is only
approximately five decades since policy has recognized and developed
criteria to halt the negative impacts of land use, land-use change and
forestry. There are three levels of regulations of peatland forests: inter-
national, regional, and national. Internationally, the Ramsar Convention
on Wetlands of International Importance (UNESCO, 1971) and the CBD
targets (Convention on Biological Diversity, 2010, 2022) set the stan-
dards of conservation and sustainable use of wetlands and their pro-
tection. More recently, the Paris Agreement set a target of zero net CO3
emissions by 2050 (United Nations, 2015). This encourages a complete
cessation of peatland drainage and reversal of the effects of existing
drainage is required (Tanneberger et al., 2021).

At a regional level, the EU supports this target by approving the
European Green Deal (European Commission, 2019) with all EU mem-
ber states collectively agreeing to reach the zero net COy emissions
target. Forest, water, and agricultural policies, such as the EU CAP,
contain the main management aspects for peatlands including, their
extensive drainage activities. There are multiple options within the CAP,
which can direct future use of peatlands which supports agriculture on
wet peatlands, but not all proposed instruments are equally suitable for
application in peatlands. Nonetheless, deliberate degradation of the
long-term carbon storage capacity of peatlands should be penalized and
result in payments back to the EU or at least rewetted to help mitigate
climate change and safeguard human well-being. For a comprehensive
overview of the different policy options for peatlands in the CAP, see
Tanneberger et al. (2021).

At the national level, Lithuania’s protected area network can be
broadly divided into formal and voluntary, where the management
objectives and actions vary from strict protection with no intervention to
protected areas with management interventions. Analyzing the pro-
tected areas of Lithuania’s forests, Elbakidze et al. (2016) showed that
the voluntary protected forest areas were fragmented and did not
complement the strict protected areas. Similarly, Manton et al. (2021),
showed that peatland protection in Lithuania Neman river basin did not
meet the Convention on Biological Diversity, (2010) 17% protection
target, and that the drainage of peatlands is a major issue.

The Forest Stewardship Council (FSC) certification program is also
considered another regulator of forestry in Lithuania. However, the
regulations for sustainable use of peatland forests are minimal and fall
under the umbrella of national and international policies. For instance,
the implementation of management activities for regeneration under the
FSC indicator 10.1.3 states that “Surface water is drained down to 70 cm
deep drainage furrows where otherwise regeneration of the forest* would be
impossible” (Forest Stewardship Council, 2020). This means that it sup-
ports the draining of forest for the promotion of wood and does not
entirely consider other ecosystems service benefits, such as water and
carbon storage.

Lithuanian forest law requires the maintenance of forest drainage
systems, and the creation of new forest drainage systems are subject to
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environment impact assessments (Ministry of the Environment, 1994).
Although the drainage system is required to be maintained by law, forest
drainage is often not maintained by private forest ownership, which
amounts to ca. 40% of Lithuania’s total forest area. With small holdings
(on average 3.4 ha) most non-industrial private land owners have
limited resources to manage their forests (Varnagiryte-Kabasinskiene
et al., 2019).

4.3.3. Learning through evaluation (Sermon)

Traditionally, forest management is based on a rich bed of cultural
knowledge, norms and social relations which have been developed in
specific geographical contexts over long periods of time (Angelstam
et al., 2021, 2022). Forest management in Lithuania’s post-soviet
context has adopted the Scandinavian forest management model,
based on even-aged rotation cropping system like in agriculture, based
on clear-felling systems focusing on sustained yield wood production.
This has led to increased wood harvesting in Lithuania growing from 3
million m® in 1990 to 7 million m® in 2018 (State Forest Service, 2020).

Although the Fennoscandinavian forest management model is seen
as a role model for wood production, it has become evident that many
other ecosystem services provided by forest are impaired (Felton et al.,
2020). The drainage of peatland forests has led to emissions of dissolved
organic carbon and the brownification of rivers, lakes and streams, and
the eutrophication of the Baltic Sea (Kritzberg et al., 2020; Nieminen
et al., 2021). Recent research in Finland shows that their land use sector
has gradually transitioned from being a CO» sink to an emissions source
(Statistics Finland, 2022). The fastest way to strengthen carbon sinks in
Finland is to reduce logging (Siljander et al., 2022). While this measure
is considered difficult to implement, the Nature Panel (Lang et al., 2022)
recommends rewetting and restoring wetlands and peatlands; fertilize
forests for better growth; introduce a permit to clear forest land for
arable land; and reintroduce minimum diameter requirements for final
felling.

A valuable complement towards sustainable forest management is to
transition from a traditional perspective of wood only crop production
on peatlands by including other ecosystems services, such as water,
GHGs, biodiversity and other values, as well as the risks and vulnera-
bilities affecting landscape functionality, and monetary values. How-
ever, the increased focus on coping with climate change and nature
restoration has made forestry a contested topic (e.g., Angelstam et al.,
2022; Larsen et al., 2022; Lindahl et al., 2017). For instance, a recent
“Scientist letter sent to European Commission, regarding the need for
climate smart forest management” with >500 signatures (Irslinger,
2022) argued for less forest conservation and more forestry. In response,
another scientific group, with >500 representatives, responded to the
European Commission on the need to reduce forest logging for the sake
of mitigating climate change and safeguarding biodiversity (van der
Spoel, 2023). Thus, we call for careful revision of forest management
strategies on peatlands. As an example, Polish forest management policy
already restricts wood production on peatlands.

This parallels the proposed concept of closer-to-nature forest man-
agement which aims at resilient forest ecosystems (European Commis-
sion, 2021). It is forecasted that climate change will involve extreme
temperatures and prolonged droughts, strong winds and flooding, which
will negatively affect forest landscapes (Messier et al., 2022).
Closer-to-nature forest management aims towards improving the con-
servation values and climate resilience of multi-functional managed
forests. According to Larsen et al. (2022), closer-to-nature forest man-
agement encompasses all approaches and terminologies under the aus-
pices of sustainable forest management that supports biodiversity,
resilience and climate adaptation in forest landscapes. This requires the
emulation of natural forest patterns and processes by moving beyond
maximized sustained yield forest management (Kuuluvainen et al.,
2021).
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4.4. Need for multilevel landscape perspective

Managing ecosystem services requires a multilevel landscape
perspective from individual peatlands to catchments and relevant levels
of governance (Manton et al., 2021; Reed et al., 2017). The highly
variable forest ownership distribution in the EU (Pulla et al., 2013)
complicates co-ordination of sustainable forest management among
neighboring landowners. For example, non-industrial private forest
owners have small forest holdings, whereas state and industrial private
owners have large forest management units. Thus, targeting drained
peatlands owned and managed by the state and industrial private
owners should be a rewetting priority because their degradation and
emissions footprint is generally larger due to higher management
intensity.

Measuring the effect of forest management systems claiming to
support multi-functional forest landscapes requires the accounting of all
ecosystem services and their benefits and disservices. This includes all
types of value creation within and among different value chains, as well
as the costs in terms of subsidies and disservices (Angelstam et al.,
2022). It is unlikely that all degraded peatlands will be restored as
landowners may not be willing to change practices, or that some peat-
lands may be too degraded to restore. Thus, the development of meth-
odology and tools are needed to facilitate the accounting of all
ecosystem services, and to cope with conflicting views among actors and
stakeholders.

5. Conclusions

Managing for a diversity of ecosystem services is a balancing act.
Therefore, to support policy about multi-functional forest landscapes,
the valuation of different sets of ecosystem service benefits and disser-
vices must be assessed and used as a tool towards creating, imple-
menting and monitoring policies on sustainable forest management. In
this case study, we found that the traditional focus of wood only forest
management overlooks a whole suite of important ecosystems services
that can help mitigate the negative effects of climate change for a broad
range of stakeholders and societies. Using seven economic indicators viz.
drainage maintenance, rewetting, water retention, wood production,
and three types of carbon sequestration, we estimated that the draining
of peatland forests have lost ~€307 million annually. Rewetting of
drained peatland forests is one key measure to reduce this loss, and
could transform these current losses into a benefit of ~€37 million.
However, this requires two lines of action; first, the development of
relevant indicators, valuation tools, economic payment schemes or
subsides. Second, decision support systems about entire landscapes that
involve informed evidence-based dialog and learning among a range of
actors and stakeholders.
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