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Summary

Assessing ecosystem services of wetlands in the Neman catchment in the perspective of
their restoration

The aim of the study was to evaluate selected regulating ecosystem services of wetlands in the
Neman catchment in the perspective of their restoration. Ecosystem services were quantified as
a trade-off between the management and environmental conservation. The following ecosystem
services were analyzed: water retention, nitrogen removal, carbon sequestration. The analyses
have indicated that restoration of drained peatlands would increase water retention in the study
area by 120 M m® which gives approximately 0.7% of the total river runoff of Neman. The total
loss of nitrogen from the upland areas in the Neman basin is 724.3 M kg TN - year?, of which
311.5M kg TN - yearis removed by wetland buffer zones. This allows to draw a conclusion,
that restoration of peatlands could contribute to the reduction of nitrogen load reaching the
Baltic Sea. The cost-benefit analysis proves that the costs incurred for the restoration are an

investment for the future. The study opens up a new field for research on ecosystem services.

Key words — ecosystem services, wetlands, peatlands, restoration, water retention, nitrogen
removal

Streszczenie

Ocena ushug ekosystemow obszarow podmoklych w zlewni Niemna w perspektywie ich
odtworzenia

Celem pracy byta ocena wybranych regulujacych ustug ekosystemowych mokradet w zlewni
Niemna w perspektywie ich odtworzenia. Ustugi ekosystemow zostaly okre§lone jako
kompromis pomigdzy zarzadzaniem a ochrong S$rodowiska. Przeanalizowano nastgpujace
ustugi ekosystemowe: retencja wody, usuwanie azotu, sekwestracja wegla. Analizy wykazaty,
ze odtworzenie odwodnionych torfowisk zwigkszytoby retencj¢ wody na badanym obszarze o
120 mIn m?, co daje okoto 0,7% catkowitego odptywu Niemna. Dostawa azotu ze zlewni
Niemna wynosi 724,3 min kg TN - rok, z czego 311,5 min kg TN - rok* jest usuwane przez
bagienne strefy buforowe. Pozwala to na wyciggniecie wniosku, ze odbudowa torfowisk moze
przyczynié¢ si¢ do zmniejszenia tadunku azotu docierajacego do Morza Baltyckiego. Analiza
kosztow 1 korzysci dowodzi, ze koszty poniesione na odtworzenie torfowisk sg inwestycja na

przysztos$¢. Badanie otwiera nowe pole do badan nad ustugami ekosystemow.

Stowa kluczowe — ustugi ekosystemowe, mokradta, torfowiska, renaturyzacja, retencja wody,
usuwanie azotu
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1. Introduction

Ecosystem services are fundamental for human well-being (Costanza et al., 2014). The
degradation of natural ecosystems across the globe has contributed to the change in perception
of nature and it was found that they may act as a source of certain economic benefits (Wichmann
etal., 2016). The monetary valuation of ecosystem services gives an insight into the importance
of conservation of nature and it is a useful measure in decision-making (Kaval, 2019).

A wetland is an ecosystem which is temporarily or constantly saturated or inundated by
water. They may occur with or without peat and in this regard not all wetlands are peatlands
(Joosten, 2016). The total area of wetlands across the globe is 12.1 million km? (Ramsar
Convention on Wetlands, 2018). Wetlands are one of the most important and valuable
ecosystems in the world and they are vital for human well-being (Clarkson et al., 2013; Xu et
al., 2020). Human activity and expansion led to enormous losses of wetland ecosystems. The
loss of wetlands in Europe is estimated to the amount of 80% of their original area (Verhoeven,
2014). Degradation of these ecosystems occurred mainly because of drainage, for agricultural
and forestry purposes and for peat extraction. These actions negatively affect the quantity and
quality of ecosystem services provided by wetlands and they lead to changes in soil properties,
water conditions and vegetation cover (Similé et al., 2014; Glina et al., 2018). They also cause
disrupted carbon cycle and increased fire risk. Therefore, it is crucial to protect natural wetlands
and restore the degraded ones (Glina et al., 2018). Wetland restoration aims at the permanent
re-establishment of the wetland ecosystem that was previously disturbed, including
hydrological and biogeochemical processes, as well as the plant cover. This implies that
rewetting of the drained wetlands is necessary for the process of restoration (Renou-Wilson et
al., 2018). Overall, wetlands are critical for the delivery of ecosystem services and they
contribute to 40.6% of the total global ES value (Xu et al., 2020). They are particularly
important for human survival and sustainable development (Ramsar Convention on Wetlands,
2018).

Main goal of this thesis was an attempt to quantification of potential gains to be achieved
in the process of restoration of wetlands in the transboundary catchment of the river Neman.
This challenging task included an extensive work in data collection, analysis and development
of original approaches to quantification of costs and benefits of wetland restoration, for the sake

of society, ecosystems and the Baltic Sea.



2. The goal and scope of the study

The aim of the study was to evaluate selected regulating ecosystem services of wetlands

in the Neman River catchment in the perspective of their restoration. Services provided by

wetlands that will be analyzed are: water retention, nitrogen removal and carbon accumulation.

Ecosystem services were quantified as a trade-off between the management and environmental

conservation.

This assessment provided valuable information on importance of wetlands not only in

the Neman catchment area, but also in the global scale. It showed environmental and economic

benefits that people can gain from these ecosystems and how important it is to keep them in as

natural state as possible. The work gave a view on the restoration of degraded wetlands and the

changes these measures may bring to human well-being. In particular, research approach

provided in the thesis covered the following steps:
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introduction to the subject of the study,

description of the research area and its characteristics,

description of the methodology used for the transformation and selection of the
peatlands database for the purpose of the analyses,

description of the methodology used to calculate selected ecosystem services,
presentation of the obtained results,

discussion on the results,

conclusions drawn from the carried out analyses.



3. Material and methods

3.1. Role of wetlands

Wetlands provide many ecosystem services, including food, fresh water, raw materials
and fuel supply (Clarkson et al., 2013). They increase biodiversity and they are a valuable
habitat for many species (Xu et al., 2020). Wetlands take part in many processes in the water
cycle, including maintaining groundwater levels in aquifers, storing water from precipitation
events, regulating discharge and modulating both low and high stream flows (TEEB, 2013;
Price et al., 2016; Bourgault et al., 2017; Jones et al., 2017). Their features and characteristics
allow supporting human safety and well-being through attenuation of floods. Therefore, they
may be a natural and cost-effective alternative for human-made infrastructure built for flood
protection (TEEB, 2013; Ramsar Convention on Wetlands, 2018). Wetlands also provide other
water-related ecosystem services, such as water quality regulation (Price et al., 2016). They are
responsible for removal of nutrients, nitrogen and phosphorus, whose main source is from
agriculture (Walton et al., 2020). This ability allows reducing nutrient loads in water locally,
regionally and in larger scales, which further prevents the process of degradation and
eutrophication in water bodies.

Another very important function of wetlands is climate regulation. Peatlands are the
most important terrestrial ecosystems in terms of carbon storage (Joosten et al., 2016). Through
their ability to sequester atmospheric CO», wetlands play a vital role in global climate change
mitigation and they help in adapting to its impacts (Were et al., 2019). Besides providing
mentioned regulating, supporting and provisioning ecosystem services, wetlands also deliver
cultural ES. They may be used for recreation and ecotourism and they have aesthetic and

educational values (Xu et al., 2020).

3.2. Research area

Research area of the study is the Neman River catchment. It is located in Eastern Europe
and covers 5 countries: Lithuania (47.7% of the basin area), Belarus (46.4%), Russia
(Kaliningrad Oblast) (3.2%), Poland (2.6%) and Latvia (0.1%) (Rimkus et al., 2013;
Stonevicius et al., 2017). The estimated drainage area of the river varies between 95 753 and
98 200 km? (Domnin et al., 2014; Stonevicius et al., 2017). Based on HELCOM data and Polish
official hydrological data, for the purpose of this study, it is assumed that the area of the basin
is95 753 km? and Latvia is not part of the catchment (Fig. 1). The Neman River (954 km) has
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its source in Belarus and its mouth in the Curonian Lagoon, which is separated from the Baltic

Sea by the Curonian spit.

Legend

The Neman River
Country

[ | Belarus

[ Lithuania

[ Poland

I Russia

L

Baltic Sea

Fig. 1. The Neman River catchment drainage area (CCM River and Catchment Database © European
Commission - JRC, 2007)

Fig. 2. A drained peatland in Polish part of the Neman basin (photo: Krystian Kaminski)

The river flows through Belarus and Lithuania, partially forming border between these
countries and between Lithuania and Russia. Hydrographic network of the Neman catchment
is extensive. Neman has many tributaries along its length, which also have tributaries of higher
orders. Tylzha and Shesupe are the main tributaries of the left bank of the Neman River, while
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Minija, Jura, Nevézis, Vilia and Merkys are the main tributaries of the right bank (Domnin et
al., 2014). Average discharge of Neman at the confluence to the Baltic sea reaches some 535
m®/s (Glazaciovaite et al., 2012).

The Neman River catchment has continental climate (Dubra et al., 2013). Mean annual
air temperature varies between 5.5°C and 6.5°C, and the variations among the coldest and
warmest months range within 22-33°C (Sileika et al., 2006; Dubra et al., 2013). January is the
coldest month in the basin area, with temperature from —9 to —4.5°C. The hottest month is July,
with mean temperature from 17°C to 19°C, with a maximum 34-37°C (Dubra et al., 2013). The
annual precipitation in the Neman catchment ranges between 520 and 900 mm (Sileika et al.,
2006; Rimkus et al., 2013). The annual evaporation varies from 450 to 600 mm (Rimkus et al.,
2013). One of the most important factors influencing intensity of liquid precipitation in the
Neman basin is the distance from the Baltic Sea, especially during winter (Stonevicius et al.,
2017). Based on the Global Average Annual Surface Runoff data computed for years 1950-
2000, the annual average surface runoff in the studied area is 166 mm (Fekete et al., 2002).

The Neman River catchment is mainly covered by sand and sandy clay, predominantly
in the northwest and southeastern parts of the basin (Stonevicius et al., 2017). The landscape of
the area was formed during quaternary period and the retreat of the glacier contributed to the
uneven terrain (Sileika et al., 2006; Stonevicius et al., 2017). The whole basin is covered by
100-200 m thick layer of sandy-gravel moraine and it is intersected by the Baltic Moraine Ridge
(Sileika et al., 2006). In the eastern section of the area the altitudes range from 150-200 m and
gradually decrease towards the sea, ending with a few meters above the sea level in the Neman
delta area (Stonevicius et al., 2017).

However, based on the SOTER database (Soil and Terrain Database for Central and
Eastern Europe, SOVEUR, version 1.1) (Hengl et al., 2017), most of the Neman catchment is
covered by sandy loam (68.7%) and loam (23.7%) (Fig. 3). Loamy sand and silty loam take
7.2% and 0.3% of the basin, respectively. Area covered by sand, clay loam and silty clay-loam
IS minor.

Agriculture is the dominant form of land use in the Neman River catchment, taking
about 57% of its area (NCM, 2017). Approximately 35% of the basin is covered by forests,
mainly coniferous. Lakes cover about 1.5% of the catchment and about 20% of the area is

covered by swamps, bogs and wet forests (Rimkus et al., 2013).
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Fig. 3. Map of USDA soil textural classes in the Neman catchment (Soil and Terrain Database for
Central and Eastern Europe, SOVEUR, version 1.1) (Hengl et al., 2017)

According to the MODIS-based Global Land Cover (Broxton et al., 2014), agricultural
areas cover approximately 68% of the Neman basin, of which 33% are croplands and 35% are
croplands with natural vegetation mosaic (Fig. 4). Based on the data, about 30% of the research
area is covered by forests, including mixed forests (24%) and evergreen needle leaf forests
(6%). The area taken by deciduous needle leaf forests and deciduous broadleaf forests is very
small. Water and urban areas cover approximately 0.4% and 0.6%, respectively. Permanent
wetlands may also be found in the catchment, taking about 0.4% of its surface. Grasslands cover
only about 0.2% of the area.
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Fig. 4. Land use in the Neman catchment (Broxton et al., 2014)

Fig. 5. A fen in Kaliningrad Oblast, Russia
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3.3. Data input and analysis

The basic data for the study was obtained from HELCOM (CCM River and Catchment
Database © European Commission - JRC, 2007). Polish borders of the catchment were further
corrected based on the Polish official hydrological data. Wetlands database was collected from
the partners of the DESIRE Project, supported by Interreg Baltic Sea Region (Development of
Sustainable (adaptive) peatland management by Restoration and paludiculture for nutrient
retention and other ecosystem services in the Neman river catchment).

Calculations and analysis of the studied peatlands were done using GIS software. To

carry out the analysis, peatlands database had to undergo certain alterations (Fig. 6).

Raw peatlands database (with overlapping
and bordering pelygons)

v

Creating 1 meter buffers around input
features (output Dissolve Type: ALL)

Input

«

Separating the polygons using Explode Multipart
Feature tool

*

Qutput 1 Peatlands database with corrected polygons

@

Calculating the area of the polygons in hectares

«

Excluding the polygons with area smaller
than § hectares

v

Peatlands database with polygons bigger > Carbon sequestration

Output 2 than 5 hectares calculations

Nitrogen removal Water retenticn
# —_—

Calculating the length of the drainage ditches in
each peatland

v v

Calculating the index expressed as the peatland
arealcatchment area

v v

Calculating the catchment area of each peatland

Excluding peatlands with no drainage network

Excluding pelygons with the index value higher Peatlands database with polygons bigger than 5 Output 3
than 0.1 hectares and containing drainage network P
Output 4 Peatlands database with polygons bigger Water retention
P than 5 hectares and with index value lower than 0.1 calculations

v

Nitrogen removal
calculations

Fig. 6. Diagram showing the process of peatlands database transformation
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3.4. Evaluation of selected ecosystem services

3.4.1. Water retention

Wetland’s ability to store water plays a vital role in the ecosystem and it is very
beneficial for people. This ability allows wetlands to perform their biochemical, biological and
hydrologic functions and it determines provisioning of other ecosystem services, such as habitat
for animals, removal of contaminants and flood protection (Lane and D’Amico, 2010;
Bourgault et al., 2017; Jones et al., 2017). Peatlands are referred to as “sponge” due to their
water storage capacity (Craft, 2016; Price et al., 2016). Unfortunately, due to the drainage of
these ecosystems, this capacity is being reduced, which prevents wetlands from performing
their functions. Therefore, restoration measures in degraded wetlands are needed to recover
their water retention ability (Jones et al., 2017).

Quantification of water storage capacity is a useful measure for the proper management
of wetlands and establishing their restoration plans (Jones et al., 2017). Damming the drainage
ditches is one of the most common methods used for rewetting degraded peatlands. This method
of restoration causes a rise in the groundwater level, which increases soil retention in nearby
areas. The volume of water stored due to damming, which is water retained in the ditch and

water retained as soil retention, can be represented by the formula 3.1 (Grygoruk et al., 2018):

V=a-h-1-(3+ % p) (3.1)
where:
V — water retained due to damming up on the ditches in m?,
a — coefficient correcting the actual damming capacity on the ditch,
h — stacking (damming) height in m,
| — stacking (damming/backwater) range upstream in m,
b — average width of the ditch in m,
r —the average radius of water level rise in a cross-sectional view in meters from the ditch,

p — average soil porosity.

The parameters used in the equation are graphically presented in Figure 7.
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Fig. 7. Schematic drawing of water conditions for damming the ditches (Grygoruk et al., 2018)

For the purpose of calculations certain assumptions were needed to be applied (Tab. 1)
(Grygoruk et al., 2018). It is assumed that the drainage ditches located within wetlands have
hydrotechnical structures, such as dams. Value of h represents damming height and the value
of | is assumed to be the length of the ditches significant in a studied area. The variable r stands
for the maximum trench influence on the water level in the area and is dependent on the initial
groundwater table, the soil type and the slope. Peat soil porosity ranges from 71 to 95.1%
(Rezanezhad et al., 2016). In the study, the porosity of the peat in examined wetlands was
assumed as 83%. The coefficient correcting the actual damming capacity on the ditch (a) is 0.8
[-]. 1t was also assumed that the average width of the ditch is 2 meters and the range of the ditch
influence is 50 meters, which is an adequate value for areas with light soils and small
topographic slope (Grygoruk et al., 2018). The length of the ditches in Lithuanian, Polish and
Russian peatlands was calculated individually for each polygon based on the drainage network
data. Due to the lack of this data for Belarus, the length of the ditches in Belarusian peatlands
was computed based on the average drainage density calculated in wetlands with full data. The
calculations were carried out in three scenarios, with different stacking height values: 0.1, 0.3
and 0.5 meters. The monetary unit value used for the valuation of water retention in the studied

peatlands was assumed as 0.53 EUR - m~ - year™! (Grygoruk et al., 2013).

Tab. 1. Parameters and its values used for the calculation of water retention

Parameters Value Unit
Correction coefficient (a) 0,8 -
Stacking height (h) 0.1;0.3;05 m
Average width of the ditch (b) 2 m
Range of the ditch influence (r) 50 m

Porosity (p) 0,83 -
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Restoration scenario of peatlands in the study implies the use of dams reinforced with
wood, which are built every 20 cm of slope. The average cost of building a wooden dam is 110

EUR (Landry and Rochefort, 2012). The durability of a dam was assumed as 40 years.

3.4.2. Nitrogen removal

Human activities lead to an excessive increase in the nutrient content of water bodies,
which generates serious problems in aquatic ecosystems. Increased loads of nitrogen are mainly
caused by anthropogenic factors, such as excessive fertilization, animal farming and land use
change (Kiedrzynska et al., 2014; Vybernaite-Lubiene, 2018; Liu et al., 2020). Nitrogen may
find its way to the water ecosystems directly from the source or through atmospheric deposition,
due to releases of compounds containing nitrogen to the atmosphere (Hayden and Ross, 2005).
Water pollution with nitrogen induces eutrophication, which is a severe problem in the Baltic
Sea (Kiedrzynska et al., 2014; Vybernaite-Lubiene, 2018). It is important to prevent nutrient
inputs to surface waters and for this purpose wetland buffer zones work effectively. Wetland
Buffer Zone (WBZ) is a wetland area located next to water bodies, such as rivers and lakes.
They are responsible for capturing runoff containing nutrients from upland areas and therefore
limiting water nutrient pollution through its removal or storage (Walton et al., 2020).

Nitrogen in wetlands is mainly removed through the process of denitrification and by
assimilation by plants and microbes (Hayden and Ross, 2005). The process of denitrification is
carried out by microbes in anaerobic conditions or under conditions of limited oxygen
availability. It is based on the reduction of nitrates and nitrites to nitrogen oxides (NO, N20)
and dinitrogen (N2) (Kucharski et al., 2015).

According to Swedish Environmental Protection Agency, wetlands highly contribute to
nitrogen removal and wetland restoration is a cost-effective measure for reducing loads of
nitrogen reaching the Baltic Sea (SEPA, 2008).

The amount of nitrogen load reaching wetland buffer zones is dependent on the share of
agricultural land, sandy soil content and annual runoff. It was calculated based on the following

equation (Lewandowska, 2019):
Nioss perha = 1.124 - exp (—=3.08 + 0.758 - In(A) — 0.003 - S + 0.0249 - D) (3.2)

where:
Nioss per ha — the N loss from the upland area in kg - ha'?,
A - yearly runoff in mm,
19



S - % of sandy soill,
D - % of agricultural area.

The total N loss was calculated using the equation:
Nloss, total = Nloss per ha * dil‘eCt Upland area (ha)

Runoff data was obtained from Global Average Annual Surface Runoff data computed
for years 1950-2000 (Fekete et al., 2002). Sand distribution in the researched peatlands was
calculated based on the data from European Soil Data Centre (Hiederer, 2013). Percentage of
agricultural area in each wetland was derived from MODIS-based Global Land Cover
Climatology (Broxton et al., 2014).

It is assumed that the direct upland with a wetland is defined as the upland area, from
which nitrogen is transported from during rain events (Lewandowska, 2019). Direct upland area
was calculated as a catchment area of each peatland, based on the digital elevation model and
computed flow accumulation. The efficiency of nitrogen (TN) removal by wetland buffer zones
was assumed as 43% (Walton et al., 2020). The monetary unit value used for the valuation of
nitrogen removal in the studied peatlands was assumed as 26 EUR - kg™ (Collins and Gillies,
2013).

3.4.3. Carbon sequestration

Peatlands are often referred to as carbon sinks (Joosten et al., 2016; Villa and Bernal,
2018). After oceans, they are the biggest natural carbon stock in the world, containing 450 Gt
of carbon (Joosten et al., 2016; Harenda et al., 2018). On average, they store 1125 tons of C per
hectare, which is a highest amount of carbon held in any terrestrial ecosystem (Joosten et al.,
2016).

Carbon sequestration in wetlands is the process which involves the capture of
atmospheric carbon dioxide (CO2) and long-term storage of carbon in peat as soil organic
matter. Input of C is mainly mediated by wetland vegetation through the process of
photosynthesis (Villa and Bernal, 2018; Were et al., 2019). Carbon accumulation and storage
ability is highly dependent on the water content in peat (Harenda et al., 2018). It may be released
again to the atmosphere as CO, or methane (CHa) through the process of mineralization of
organic matter and this process is accelerated due to the drainage of wetlands (Joosten et al.,

2016; Villa and Bernal, 2018). Degradation and draining of peatlands contribute to highly
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increased greenhouse gases emissions and that is why restoration and rewetting of these
ecosystems is required (Joosten et al., 2016).

The annual methane release in peatlands is minor in comparison with the CO, uptake.
For the calculation of carbon sequestration, the estimated average carbon uptake (minus CHa
release) of value 191 g C - m? - year® was used (Fortuniak et al., 2017). The monetary unit
value used for the valuation of carbon accumulation in peatlands was assumed based on the
social cost of carbon (SCC) as 26.4 EUR - t* CO, (Wang et al., 2019).

4. Results

4.1. Peatlands database

After the preliminary modification of raw peatlands database and selection of peatlands
with area higher than 5 hectares (Fig. 6), it was found that there are 14780 peatlands to be
analyzed. They cover approximately 10% of the Neman catchment and their area is 9 477 km?.

The distribution of peatlands in the Neman basin is shown on the map below (Fig. 8).

Legend
I Peatiands

' The Neman basin
—— The Neman River

Fig. 8. Peatlands in the Neman catchment
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Accuracy and the level of detail of the presented map results from the fact of data
availability and attributes that could have been obtained in order to perform the analyses
planned in this thesis. Additional modifications of the peatlands database were carried out to
estimate water retention and nitrogen removal (Fig. 6). Water retention calculations were made
for peatlands intersected by drainage ditches. For the calculations of nitrogen removal, it was
necessary to determine the area of wetland buffer zones of peatlands and to select those that

should be analyzed (Fig. 9).

Legend
I ~nalyzed wBz

Excluded WBZ
[:l The Neman catchment

Fig. 9. Map of selected wetland buffer zones for the analysis of N removal

4.2. Water retention

The first stage of the analysis (Fig. 6) showed that approximately 64.3% of peatlands in
the research area is impacted by drainage (9 507 out of 14 780 peatlands). For these peatlands,
a scenario of restoration using dams reinforced by wood was applied. Water retention was
calculated for each peatland, in m®and m® - ha (Tab. 2).

The volume of water stored on one hectare of peatland due to the damming of the drainage
ditches ranges from 0.005 to 439.1 m® - ha™* when the stacking height of the dams equals 0.1
meter, from 0.01 to 1 317.4 m® - ha'* when the stacking height equals 0.3 meter and from 0.02
to 2 195.7 m® - hat when the stacking height equals 0.5 meter. The average volume of water
22



stored on one hectare of peatland due to the damming is 62.2 m® - ha't when the stacking height
of the dams equals 0.1 meter, 186.5 m® - ha™! when the stacking height equals 0.3 meter and
310.9 m3- ha* when the stacking height equals 0.5 meter (Tab. 2, Fig. 10).

Water retention in peatlands ranges from 0.1 to 1.4 M m® when the stacking height of the
dams equals 0.1 meter, from 0.3 to 4.2 M m® when the stacking height equals 0.3 meter and
from 0.5 to 7 M m® when the stacking height equals 0.5 meter. The average volume of water
stored in peatlands due to the damming is 2 540 m® when the stacking height of the dams equals
0.1 meter, 7 650 m® when the stacking height equals 0.3 meter and 12 700 m®when the stacking
height equals 0.5 meter (Tab. 2, Fig. 11).

Tab. 2. Minimum, maximum and mean retained water volume for different stacking heights.

Retained water volume

St_acking [m? - ha'l] Retained water volume [m?]

height [m] Min Max Mean Min Max Mean
0,1 0,005 439,1 62,2 0,1 1 399 508 2540
0,3 0,01 1317,4 186,5 0,3 4198 523 7 620
0,5 0,02 21957 310,9 0,5 6 997 538 12 700
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Fig. 10. Boxplots comparing retained water volume in m® - ha* for different stacking heights (outliers
excluded)
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Fig. 11. Boxplots comparing retained water volume in m2 for different stacking heights (outliers
excluded)

After summing up the retained water volume from all the peatlands, the approximate
total volume of water is 24.1 M m? when the stacking height equals 0.1 meter, 72.4 M m® when
the stacking height equals 0.3 meter and 120.7 M m® when the stacking height equals 0.5 meter.
It follows that the total water retention value is 12.8 M, 38.4 M and 64 M EUR - year™,
respectively for the stacking heights equal 0.1, 0.3 and 0.5 meter (Tab. 3).

Tab. 3. Total retained water volume and total water retention value

Stacking height [m] Total retained ; Total water r.etenti_clm
water volume [m?]  value [EUR - year]

0,1 24 147 146 12 797 987

0,3 72441 438 38 393 962

0,5 120 735 731 63 989 937

The total cost of dams that are needed to be built in order to restore degraded peatlands
in the Neman catchment is approximately 5.8 M EUR - year!. The estimated costs of

constructing dams in each country are presented in the Table 4.
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Tab. 4. Estimated cost of dams by country and the total cost

Estimated cost of dams

Country [EUR - year-]
Belarus 1530430

Lithuania 4022 279
Poland 173 759
Russia 79 060
Total 5805 528

After deduction of restoration costs, the net water retention value is 7 M EUR - year™
when the stacking height equals 0.1 meter, 32.6 M EUR - year when the stacking height equals
0.3 meter and 58.2 M EUR - year! when the stacking height equals 0.5 meter (Tab. 5).

Tab. 5. Total water retention value in comparison to the net water retention value

Stacking height [m] Total water retention Net water retention value

value [EUR - year] [EUR - year?]
0,1 12 797 987 6 992 460
0,3 38 393 962 32 588 435
0,5 63 989 937 58 184 409

4.3. Nitrogen removal

After the designation and selection of wetland buffer zones for nitrogen removal
calculations (Fig. 6) it was found that 6732 out of 14780 peatlands can be analyzed. Nitrogen
removal rate was calculated for each of these WBZ. The catchment area of each peatland was

computed based on the flow accumulation (Fig.12).
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Fig. 12. Log-transformed flow accumulation map of the study area

The annual nitrogen loss from one hectare of the WBZ ranges from 0.98 to 57.2 kg
TN - hal year?, with the average of 15.7 kg TN - ha* - year®. The annual N loss from upland
areas ranges from 83.1 to 8.4 M kg TN - year?, with the average of 107 597 kg TN - year™.
Nitrogen removal rate by wetland buffer zones ranges from 35.7 to 3.6 M kg TN - year?, with
the average of 43 267 kg TN - year? (Tab. 6, Fig. 13, Fig. 14).

Tab. 6. Minimum, maximum and mean values of N losses and N removal

- N loss [kg « ha+ year™] N loss [kg - year?] N removal [kg - year]

Min 0,98 83,1 35,7
Max 57,2 8 409 398 3616 041
Mean 15,7 107 597 46 267
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Fig. 13. A boxplot showing the range of nitrogen losses from upland areas in kg - ha* - year? (outliers
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Fig. 14. Boxplots comparing nitrogen losses to the nitrogen removal rate in kg - year™ (outliers
excluded)
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The total loss of nitrogen from the upland areas in the Neman basin is 724.3 M kg
TN - year?, of which 311.5 M kg TN - year? is removed by wetland buffer zones. The total
value of N removal in analyzed WBZ is 8098 M EUR - year™ (Tab. 7).

Tab. 7. Total N loss, N removal and N removal value

Total N loss Total N removal Total N removal value
[kg * year] [kg - year] [EUR: year]
724 339 834 311 466 129 8098 119 349

Based on the calculations and peatlands area in the Neman catchment, the average N
loss from upland areas is 1637 kg TN - ha® - year™.

It was found that approximately 70.6% (4753 out of 6732) of wetland buffer zones is
drained. They were included in the calculations, but on the assumption that they remove
nitrogen at the same rate as WBZ not impacted by drainage. They are responsible for 79.5%

(6434 M EUR - year™) of the total nitrogen removal value.

4.4. Carbon accumulation

The calculations of carbon sequestration were carried out for all peatlands in the Neman
basin (14780 peatlands). The estimated average carbon uptake (minus CHas release) is
191 g C - m - year? (Fortuniak et al., 2017), which corresponds to 1.91 t C - ha™* - year.

The total amount of carbon sequestered by peatlands in the study area is 1.8 M t
C - year’. The monetary value of this ecosystem service is approximately 47.8 M EUR - year™
(Tab. 8).

Tab. 8. Total carbon sequestration in tones - year? and its value in EUR - year*

Total carbon sequestration Total value of carbon
[t C - year] sequestration [EUR - year]
1810020 47 784 522

5. Discussion

The carried out analyses and the results obtained from the calculations of water
retention, nitrogen removal and carbon sequestration in peatlands in the Neman catchment area

allow to draw certain conclusions and to make comparisons with other studies. The value of
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ecosystem services derived from the calculations amounts to: 75 EUR - ha! - year? for water
retention, 154.3 EUR - ha - year™ for nitrogen removal and 50.4 EUR - ha! - year for carbon
sequestration (Fig. 15). The value of all analyzed ecosystem services in the research area is
279.7 EUR - ha! - year™.
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Fig. 15. A graph comparing the values of analyzed ES in EUR - ha™ - year*

Calculations of water retention show that the difference in the water storage capacity is
significant with an increase of used stacking height. The most suitable damming height used
for restoration of peatlands should be estimated individually, e.g. based on the peat depth
(Simild et al., 2014). Restoration of drained peatlands in the Neman catchment with the biggest
stacking height scenario (0.5 meter) would increase the water storage capacity by 120.7 M m?
and it accounts for 26% of water volume that can be stored in the Kaunas reservoir (with total
storage capacity equal to 462 M m®) (Gailiusis et al., 2003). The average discharge from the
Neman River is 535 m® ‘s (Glazaciovaite et al., 2012), which corresponds to 16871 M
m?3 - year. Restoration of peatlands would increase retention by 0.7% in the scale of the whole
catchment area.

The cost-benefit analysis proves that the costs incurred for the restoration of drained
peatlands in the Neman basin are an investment for the future. The total value of retained water

with the biggest stacking height scenario (64 M EUR - year™) exceeds 11 times the costs of
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restoration (5.8 M EUR - year). The highest costs associated with the construction of dams are
expected on the Lithuanian side (4 M EUR - year?). It should also be stressed that the average
values of the slope in each peatland are overestimated, therefore the number of dams needed
for the restoration of all drained peatlands and their cost is miscalculated and it would probably
be lower. Also the costs of dam construction used in this study, although well described by
Landry and Rochefort (2012) seem to be underestimated. The net value of water retention, after
deduction of the costs, is 58.2 M EUR - year™. The costs are insignificant in comparison with
the possible benefit, especially that peatlands in natural state provide many other valuable
ecosystem services (Bourgault et al., 2017). Overall, the results may correspond with the
statement of Jones et al. (2017) that quantification of restorable wetland water storage capacities
is a useful measure for the proper wetland management, and it can help prioritize restoration of
these ecosystems.

The rate of nitrogen removal by wetland buffer zones varies due to different factors,
such as average runoff and share of agricultural area and sandy soils. Agricultural areas cover
most of the Neman catchment and they contribute to high loads of nitrogen reaching WBZ, due
to the use of fertilizers. The average calculated load of nitrogen that reaches WBZ in the
research area is 1637 kg TN - ha! - year®, which is over 3 times higher than the load estimated
by Walton et al. (2020) (523 kg TN “ ha - year™). The difference may result from higher values
of certain parameters of the equation used for the calculation of N loss, but also from the
overestimation of the size of the catchment area of particular peatlands.

The calculations of nitrogen removal were carried out on the assumption that no
peatland is impacted by drainage. In reality, approximately 70.6% of analyzed peatlands is
drained. They are responsible of removal of 79.5% of nitrogen (247.5 M kg TN - year).
Therefore, restoration of these peatlands would increase the actual value of N removal by 6434
M EUR - year™, assuming that drained peatlands do not have the ability to remove nitrogen.

In years 2012-2016, the mean annual supply of Total Nitrogen (TN) received from the
Neman River catchment to the river mouth was 44 208 = 12 677 t TN - year™. Nitrates (NO%)
contributed to almost half (48%) of the TN amount. The contribution of nitrites (NO%) was
minor (Vybernaite-Lubiene, 2018). Despite the probability that the values of nitrogen removal
by WBZ in the Neman catchment are overestimated, it can be assumed that the restoration of
peatlands would significantly contribute to the reduction of nitrogen load reaching the Baltic
Sea.

The rate of carbon sequestration in wetlands in the Neman catchment, as well as the

nitrogen removal, was estimated on the assumption that no peatland is impacted by drainage.
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The total mass of carbon sequestered by peatlands in the research area is 1.8 M t C - year™. As
a comparison, the mass of emitted fossil carbon dioxide in Lithuania in the year 2016 was 13.7
M tons (Worldometers). It should be noted that the calculated value of carbon sequestration
(47.8 M EUR - year?) is an imprecise estimate, due to the widely differentiated SCC values
(Melaku Canu et al., 2015; Wang et al., 2019; Gallant et al., 2020). While natural peatlands act
as a carbon sink, the degraded sites emit CO; in the process of oxidation and therefore, they
may contribute to the global warming phenomenon. Rewetting and restoration of degraded
peatlands, as well as conservation of the pristine peatlands are crucial for the adaptation to the
climate change (Bonn et al., 2016). However, according to Gallant et al. (2020) mainly
preservation of existing wetlands may be economically justified, and wetland restoration may
be assumed cost-effective if carbon sequestration value is considered in conjunction with other
ecosystem services.

The results obtained in this study are estimates and should be assumed to be of some
error. Uncertainties may arise from input data quality, certain simplifications and adopted
values. To establish more accurate results, a more in-depth analysis is recommended. This

opens up a new field for research on ecosystem services.

6. Conclusions

Extensive analyses provided in the framework of this thesis allowed to formulate a
number of conclusions addressing the challenges listed in the Introduction and Goal and Scope
of the thesis:

1. Restoration of degraded peatlands in the Neman basin would increase water retention
by 120 M m? which gives approximately 0.7% of the total river runoff of Neman. It
should be stated that this number accounts for groundwater retention of degraded
wetlands to be rewetted only.

2. On the basis of adopted assumptions, the total income from retained water due to
damming, which amounts to 64 M EUR - year®, exceeds 11 times the costs of
restoration (5.8 M EUR - year™). The cost-benefit analysis proves that the costs incurred
for the restoration of drained peatlands in the Neman basin remain an investment for the
future, especially that the costs are insignificant in comparison with the possible benefit.

3. It can be assumed that the restoration of peatlands would significantly contribute to the
reduction of nitrogen load reaching the Baltic Sea, despite the probability that obtained
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results are overestimated. Wetland buffer zones in the Neman catchment can reduce this
load by 311.5 M kg TN - year™.

4. Valuation of wetland ecosystem services is a useful measure for the proper wetland
management and establishment of restoration plans.

5. The results obtained in this study are estimates and should be assumed to be of some
error. Uncertainties may arise from input data quality, certain simplifications and
adopted values.

6. To establish more accurate results, a more in-depth analysis is recommended, especially
by using better quality data for restoration cost estimation, high resolution peatland map
of the Neman catchment and advanced differentiation of N removal that reach wetlands
by groundwater flow and surface runoff, considering different mechanisms of N
removal processes.

Results provided in this thesis allow one to consider wetland restoration in the Neman
catchment as a useful tool for environmental management. Facts provided in this thesis provide
direct quantitative description of potential gains one can get from appropriate management and

restoration of wetlands in the catchment scale.
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