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University of Oulu Graduate School; University of Oulu, Faculty of Technology
Acta Univ. Oul. C 862, 2022
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

The world is becoming more dependent on a bioresource-based economy to end its reliance on
fossil fuels. In Nordic countries, especially in Finland, the increase in biomass production from
peatland forestry shows an indication of increased nutrient and suspended solids (SS) exports from
the water systems. The focus of the thesis was to develop new approaches for better evaluating the
changing use of bioresources like water resources, considering different socioeconomic conditions
and examining the alternative pathways, known as the Nordic Bioeconomy Pathways (NBPs).
This thesis includes four sequential studies to understand the historical and future consequences
on hydrology and water quality in the peatland forestry-dominated Simojoki catchment (3160
km2) in northern Finland. In the first study, a new algorithm was developed using aerial photos
and LIDAR data to identify and generate time series of the ditch networks in different landscapes.
The export coefficients used in the second study, with landuses analysed from Landsat and the
regional database, provided a clear picture of nutrient loads and SS exports over decades at
multiple locations in the catchment. In the third study, integrating the ditch networks in the SWAT
hydrological model to identify and calibrate peatland forestry parameters predicted a higher
specific loading of nutrients in a clear-cut forest in peat soil than in clear-cut mineral soil. Finally,
stakeholders’ opinions, the Finnish forest dynamics model MELA and climate-imposing emission
pathways were used to build multiple NBP scenarios for different land system management
attributes. The analysis provided an annual nutrient decrease for sustainability and business-as-
usual scenario, whereas, for others, they systematically increased. The results also showed lower
variability when climate data was integrated with management forestry attributes. Overall, the
new tools and modelling approaches of the thesis can provide direction to focus on the impacts of
peatland forestry for the efficient use of bioresources, especially in identifying the spatial zones of
excessive loading in a catchment compared to the current condition.

Keywords: climate, drainage, forestry, landsat, modelling, stakeholder





Bhattacharjee, Joy, Turvevaltaisten valuma-alueiden hydrologian ja vedenlaadun
muutosten arviointi tulevaisuuden biotalouden ja maankäytön muutokset
huomioiden. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. C 862, 2022
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Maailmasta on tulossa entistä riippuvaisempi biopohjaisista resursseista fossiilisten polttoainei-
den käytön vähentyessä. Pohjoismaissa lisääntynyt biomassan hyödyntäminen turvemetsäalueil-
ta voi aiheuttaa lisäkuormitusta vesistöihin. Tässä väitöstyössä on tutkittu vaihtoehtoisia biota-
louden skenaarioita (Nordic bioeconomy pathways, NBP) joissa tarkastellaan biopohjaisten
resurssien käytön mahdollisuuksia. Kokonaisuus muodostui neljästä tutkimuksesta, joiden
tavoitteena oli ymmärtää eri sosioekonomisten skenaarioiden nykyisiä ja tulevia vaikutuksia tur-
vemetsätalousvaltaisella Simojoen valuma-alueella (3160 km2). Ilmakuvia ja LIDAR-dataa
käyttävä algoritmi kehitettiin tunnistamaan muutoksia valuma-alueen ojaverkostossa. Toisessa
tutkimuksessa maankäyttökohtaiset kuormituskertoimet, Landsat-analyysi ja maankäyttötilastot
osoittivat epäjohdonmukaisuuksia ennustettujen ja mitattujen ravinne ja kiintoainepitoisuuksien
välillä johtuen hydrologisesta vaihtelusta. Kolmannessa tutkimuksessa ojaverkostoaineisto
yhdistettiin osaksi semi-fysikaalispohjaista hydrologista SWAT-mallia, parantamaan valuma-
aluetason hydrologista ja ravinnekuormitus mallinnusta. Tulosten perusteella mm. avohakkuista
aiheutuva ravinnekuormitus oli korkeampaa turvemaalla kuin mineraalimaalla. Lopuksi kuhun-
kin skenaarioon liitettiin Simojoen sidosryhmien mielipiteet, metsien käytön suunnittelu MELA-
malli, eri emissioskenaarioihin perustuvat ilmastomallinnustulokset sekä maankäytön vaihtoeh-
toiset toteutusjärjestelyt. Tämän perusteella mallinnusvaihtoehdot “kestävä” ja “business-as-usu-
al” aiheuttivat laskua ravinnekuormissa, kun taas muiden vaihtoehtojen toteutuessa kuormitus
lisääntyi. Metsätalouden kasvu ja suojeltujen alueiden vähentyminen aiheuttivat alhaisemman
vaihtelevuuden. Kaiken kaikkiaan tutkimukset ovat hyödyllisiä, kun pyritään ymmärtämään
metsätalouden alueellisia vaikutuksia, ja etenkin tunnistamaan metsätalousvaltaisilta valuma-
alueilta niitä alueita, joilla kuormitusta syntyy voimakkaasti.

Asiasanat: ilmasto, kuivatus, landsat, mallinnus, metsätalous, sidosryhmät
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Night and day for whom I stay 

Agog with expectation 

Thus, enraptured is my heart 

Startled, so my hearing 

These eyes fervid with yearning 

 

Restlessly I roam around 

Ever hoping for a glimpse -- 

“Who comes” I look with a start 

At each tweet in the forests 

 

In wakeful hours I see not 

I live in the hope of dreams 

If I sight in a veil of sleep 

Ensnare I will live in dreams 

 

--- Rabindranath Tagore, 1888  
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1 Introduction 

The world is moving towards a bioresource-based economy to remove its reliance 

on fossil fuels to create a sustainable future and mitigate climate change. According 

to the EU bioeconomy strategy, there is an increased dependence on wood and 

crop-based biomass (European Commission [EC], 2012). Especially in Finland, 

where the economy relies heavily on forestry, the plans to shift towards a low-

carbon economy will increase dependency on the bioeconomy (Ministry of 

Economic Affairs and Employment of Finland [MEE Finland], 2019). However, 

using the current bioresource raises concerns about whether the transition will 

influence landuse, hydrology and water quality in river basins (Rosegrant et al., 

2013).  

The change in intensified forestry and increased biomass production showed 

an indication of increased carbon, nutrient, and suspended solids (SS) exports to 

watercourses (Kreutzweiser et al., 2008). A considerable load can occur during 

initial drainage, maintenance operations, and especially after the final harvest 

(Kaila et al., 2014). Although the long-term effects of forestry operations on 

watercourses and the potential economic benefits are still largely unknown 

(Marttila et al., 2020), previous studies have reported temporary nutrient exports 

(Ahtiainen & Huttunen, 1999; Finér et al., 2010; Futter et al., 2010; Joensuu et al., 

2001). Also, the benefits are evaluated separately, where potential trade-offs are 

overlooked, leading to the overexploitation of natural resources. Thus, the dilemma 

between sustainable transition and addressing natural resource exploitation raises 

issues regarding possible bioeconomic pathways that can reconcile various 

interlinked environmental, economic and societal development drivers. Can these 

drivers of bioeconomy pathways indicate “what we need to know” rather than 

“what to do” for the future transition? If so, how can these drivers help to focus on 

the effective use of bioresources to understand future consequences? 

This thesis examined alternative pathways, hereafter known as the Nordic 

Bioeconomy Pathways (NBPs), to provide a direction to focus on current and future 

plausible stressors for bioresources. Different narratives for the NBPs are modified 

from Shared Socioeconomic Pathways (SSPs; O’Neill et al., 2017). The SSPs 

represent five (SSP 1–5) different storylines for future socioeconomic growths to 

assess the sustainable development context and focus on the future challenges of 

mitigation and adaptation (Ebi et al., 2013; O’Neill et al., 2014; Riahi et al., 2017; 

Vuuren et al., 2014). In SSPs, climate policies can also be introduced to achieve a 
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consistent radiative forcing level with Representative Concentration Pathways 

(RCPs; Kriegler et al., 2014).  

Using a global setting to fit into a Nordic future bioeconomy, Rakovic et al. 

(2020) transformed the SSPs. The current situation was described as the baseline 

(or NBP 0) scenario, whereas other NBP scenarios are conceptualised following 

the main outlines of SSPs. The conceptual framework of each NBP is summarised 

in the following figure to represent how elements, especially landuses in each NBP, 

differ conceptually (Fig. 1). 

Fig. 1. A conceptual diagram of the elements in each Nordic Bioeconomy Pathway 

(Reprinted, with permission, from Paper IV © 2022 Authors). 

Narratives of NBPs vary from environmentally friendly to open-market 

competition scenarios. Global socioeconomic drivers of SSPs (Ebi et al., 2013) 

have been transformed based on the perspectives of the Nordic region, outlined as 

land system management (LSM) attributes of NBPs. LSM attributes can include 

the strategy of catchment management, and effective use of biomass removal and 

fertiliser. Although the qualitative description of LSM attributes explains the 

settlements in the Nordic regions, quantitative transformation requires more case-

specific information to understand the consequences of each NBP. Thus, a 

catchment-scale translation is needed for which not all LSM attributes are suitable 

owing to the catchment topography and the need to incorporate them in a catchment 

modelling tool.  

Understanding the current and future consequences of the LSM attribute at a 

catchment scale for each NBP requires extensive knowledge of the existing 

conditions, especially if the catchment contains around 30% peatland forestry. The 

recent findings also stress the importance of evaluating drainage networks’ current 

and historical evolution in peatlands (Nieminen, Palviainen et al., 2018; Nieminen, 
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Sallantaus et al., 2017). However, the earlier studies indicated the inadequacy and 

necessity of specific approaches to identify the drainage network in a peatland-

dominated catchment.  

Thus, the journey of this thesis started by exploring the peat status and drainage 

network identification techniques performed in peatlands and the impact on 

catchment-scale hydrology and water quality. 

1.1 Peat and drainage activities in peatland 

The soil material that contains at least 30% content by mass of dead organic matter 

(Joosten & Clarke, 2002) or organic matter with less than 20–35% mineral content 

can be considered peat (Turetsky et al., 2014). Peat deposition will form when peat 

formation is higher than peat decay, which is generally slow in waterlogged 

conditions (Holden et al., 2004). The favourable wet condition accumulates organic 

matter in which peatland forms. Of the 3% peatland cover on the earth (Greenup et 

al., 2000), Finland has more than 30% peatland in its territory. In northern Finland, 

the largely drained peatlands usually cover more than 20 ha of the area and are over 

30 cm in depth (Turunen, 2008). 

Peatlands are hotspots of biodiversity and ecosystem services (Kadlec & 

Wallace, 2008). They are a substantial carbon reservoir in the boreal and subarctic 

regions, constituting one-third of the global soil carbon pool (Yu et al., 2010). 

Peatland degradation happens worldwide due to the drainage of peatland 

(Ramchunder et al., 2012). In boreal and temperate zones, around 15 million 

hectares of peatland have been drained for forestry since the 1950s. The drainage 

activity reached its peak in the 1970s. In the past two decades, almost half of the 

total peatland area in Finland has been affected by drainage (Paavilainen & 

Päivänen, 1995).  

Peatland drainage modifies the water-holding capacity of the peat and the 

amount of water leaving the peatland (Landry & Rochefort, 2012). Subsurface flow 

dominates the runoff generation mechanism in drained peatlands, mainly due to the 

lowered water table conditions compared with surface flow-dominated undisturbed 

pristine peatland (Holden et al., 2006). Overall, the old drained areas can affect the 

natural state of hydrological conditions and nutrient loading (Finér et al., 2021; 

Nieminen, Sarkkola, & Laurén, 2017; Paavilainen & Päivänen, 1995). Different 

forest management activities in peatlands can also affect nutrient leaching 

(Kreutzweiser et al., 2008). In contrast, peatland forestry produces 25% of the 

annual forest growth in Finland. 
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Thus, it was essential to know about the historical drainage network 

development’s timing and spatial extent in peatland forestry on a catchment scale. 

However, the question focused on the available methods for identifying peatland 

drainage networks and their accuracy at a catchment level. 

1.2 Methods to identify drainage networks 

Aerial images and satellite imagery are useful for large-scale quantitative 

assessment to gather spatial information on past drainage (Davis et al., 1978; 

Lambin, 1997; Schneider & Gil Pontius, 2001; Verburg et al., 1999). Aerial images 

have been used to illustrate temporal changes in landuse and ditches in the peat-

dominated catchment (Linderholm & Leine, 2004; Torabi Haghighi et al., 2018). 

Automated ditch network identification from aerial images can generate linear 

features by applying a Hough line transformation with a specific counting 

mechanism (Karnieli et al., 1996). Niu et al. (2007) proposed an algorithm to 

extract linear features from remote-sensing images. While detecting features can 

be automated to a certain extent (Artz et al., 2017; Pirasteh et al., 2013), every step 

is resolution and image specific. As aerial images contain limited ranges of spectral 

information, drainage network identification is highly dependent on the image’s 

texture, pattern, and context (Fox et al., 1995). 

Using high-resolution digital elevation models (DEM) from LIDAR, Roelens 

et al. (2018) proposed a method to extract vector data representing ditch networks 

based on local morphological features. Their process identified possible 

connections in the ditch network by calculating the probability of connectivity 

based on used logistic regression, where the predictor variables are characteristics 

of the ditch centre lines derived from DEM. Passalacqua et al. (2012) and 

Sangireddy et al. (2016) also developed algorithms that combine nonlinear filtering 

to remove noise during data pre-processing with cost-minimisation principles for 

feature extraction.  

The existing methods described above mainly functioned to identify the ditches. 

However, there was a gap in quantifying past drainage history in catchments 

dominated by peatland forestry. The focus of this thesis was not only to explore 

identification techniques but also to explore the effects of the identified peatland 

ditches on the catchment’s hydrology and water quality in different ways. 
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1.3 Landuse-specific export coefficients to predict nutrients and 

suspended solids 

Landuse-specific export coefficients are frequently used as a simple and practical 

approach to estimate nutrient load and SS export at catchment, regional, and 

national levels (Finér et al., 2010; Johnes & Butterfield, 2002; Lepistö et al., 2006). 

The export coefficients used in earlier studies to understand the cause-effect 

relationship between landuse activities and water quality are beneficial for quickly 

assessing nutrient status to inform and direct soil management operations (Turner 

et al., 1990). Coefficient values are typically obtained in long-term, small-scale 

experiments in which discharge and water quality are monitored after specific 

landuse practices (Launiainen et al., 2014). The values represent the annual load 

from a given forestry or landuse practice per unit area of the load source. However, 

export coefficients are static in time and lack catchment-specific information 

(Launiainen et al., 2014), i.e., on leaching and retention processes or inter-annual 

hydrological variability.  

The Nordic region has recently increased runoff and elevated nutrient 

concentrations and loads (Nieminen, Sallantaus et al., 2017). Climate change and 

intensified landuse pressures increase nitrogen (N) exports to boreal rivers (Asmala 

et al., 2019; Lepistö et al., 2008). Studies also suggest legacy effects from past 

landuse changes on peatlands (Nieminen, Sarkkola, & Hellsten, 2018). For 

different landuses and forest management activities, the range of export coefficients 

can vary to a certain extent. For example, peatland drainage and ditch maintenance 

have a specific export coefficient range similar to the studies that found loading in 

peatland-dominated catchments (Ahtiainen & Huttunen, 1999; Kreutzweiser et al., 

2008). Thus, the specific coefficients are valuable for evaluating peatland forestry’s 

historical and current status (Nieminen, Piirainen et al., 2018).  

However, recent findings suggest a decadal influence for old drainage areas, 

which was not captured by the export coefficients (Ojanen et al., 2019). This thesis 

focused on the gap in the use of the export coefficients. What was the variation of 

different water quality parameters based on different landuses? Was there any need 

to upscale the method to assess catchment scale landuse and related changes in 

water quality?  
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1.4 Catchment modelling considering changes in peatland 

drainage 

Compared to specific export coefficients, integrated water management of large 

areas can be replicated within a spatial unit (the catchment) as a multi-dimensional 

process centred around the necessity for water (Arnold et al., 1998). Several models 

have been developed, ranging from the conceptual level to describing the processes 

of water movement in a catchment with different soils, landuse, and management 

(Singh, 2018) through the simulation of hydrology and water quality. For instance, 

in recent years, the observed increasing trends in organic nitrogen (Org-N) from 

the peatland-dominated catchment in the Baltic sea region need attention. However, 

they are rarely included in catchment-scale modelling. Most studies evaluating 

peatland use have focused on small catchments (Marttila et al., 2018). Often, 

monitoring done in large catchments fails to pinpoint the influence of specific 

landuse operations. In peatland-dominated catchments, modelling studies have also 

been done (Rankinen et al., 2006). However, drainage networks in hydrological 

models lack large catchment-scale modelling approaches. This has led to a gap in 

understanding how intensively drained peatland uses have affected hydrology and 

water quality at the catchment level. Thus, hydrological modelling is needed to 

assess the spatiotemporal changes in nutrient and SS status in a peatland-dominated 

catchment. 

The SWAT (Soil and Water Assessment Tool) is one of the most globally used 

hydrological models for simulating the influence of hydrology and landuse on 

nutrient concentration and loading. The SWAT model has been successfully 

implemented under various conditions (Molina-Navarro et al., 2017) but not yet on 

drained peatlands, especially in areas with intensive peatland forestry. The 

catchment scale modelling in SWAT includes dynamics of quantitative and 

qualitative information and also has the potential to simulate drained peatlands. 

However, implementing drained peatland into a semi-distributed hydrological 

catchment model has challenges for calibration. Model conceptualisation, 

parameter specifications, and management activities are aspects of uncertainty 

when applying SWAT (Gupta et al., 2005). SWAT has not often been used on 

organic soils. Thus, careful implementation, calibration, and validation are needed.  

To compute sediment yield, SWAT considers a Modified Universal Soil Loss 

Equation (MUSLE; Williams & Berndt, 1977). The sediment yield of a specific 

catchment depends on surface runoff, peak flow rate, soil erosion, slope length, and 

crop management factors. Multiple processes are followed in SWAT to estimate the 
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amounts of different nitrogen (N) forms. NO3-N in SWAT represents the products 

of the water volume and the average concentration in the runoff, lateral flow, and 

percolation. SWAT uses a loading function modified by Williams and Hann (1978) 

for Org-N, which depends on the concentration of Org-N in the top soil layer, the 

sediment yield, and the enrichment ratio. As phosphorus (P) is associated with the 

sediment phase, soluble P estimation depends on labile P concentration and runoff 

volume (Knisel, 1982). 

Overall, the hydrological model can address the uncertainty in a detailed way 

to understand the spatial variation of the nutrients on a catchment scale. Due to the 

increased decomposition of drained peatlands, old, drained areas can affect nutrient 

loading (Nieminen, Sarkkola, & Laurén, 2017). Forest management activity, 

especially clear-cutting in peatland forests and catchment topography, can increase 

nutrient leaching (Kreutzweiser et al., 2008). Thus, a detailed hydrological model 

of peatland forestry catchment was of interest in this thesis to predict the status of 

nutrients and SS for the existing conditions and understand the plausible stressors 

due to the implementation of the bioeconomy pathways. 

1.5 NBPs and bioeconomy scenarios in the catchment 

The forest-based bioeconomy in Finland produces one-fifth of the country’s 

national export income based on the production of biomass needed by industries. 

However, the management strategy of focusing on biomass production at the 

landscape scale needs further assessment (Laudon et al., 2011), as recent studies 

indicate a considerably longer-term leaching impact from peatland forestry on 

water courses (Nieminen, Piirainen et al., 2018).  

Rakovic et al. (2020) mentioned the qualitative variation of each NBP in their 

studies based on the socioeconomic condition and efficient use of bioresources. For 

example, self-sufficiency (NBP 3) in a society demands more intensive forestry, 

resulting in more decomposed organic matter and increased nutrient loading 

(Laudon et al., 2011). Especially, forest harvesting in a peatland-dominated 

catchment can increase an average of one-third nutrient loading compared to the 

natural state (Tattari et al., 2017).  

The changing climate and a large area of drained peatland in northern Finland 

have created a risk of greater nutrient leaching in the future (Laiho & Pearson, 2016; 

Marttila et al., 2018). Nieminen, Hökkä et al. (2018) suggested continuous cover 

forestry to mitigate the impact of future biomass harvesting. They recommended 

selective harvesting of individual trees to ensure evapotranspiration from forestry 
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stands, which also requires less drainage network maintenance. Thus, the thesis 

aimed to analyse bioeconomy pathways so that the existing managerial knowledge 

and strategy can be improved to investigate precisely where and when to adopt the 

bioeconomy pathway and how to implement it, especially at a catchment scale.  

The impact of forestry attributes on producing biomass would vary a lot based 

on the landscape of the local catchment (Oni et al., 2015). Kortelainen et al. (1997) 

mentioned the necessity of analysing forestry operations in a catchment from 

headwater to large catchment areas to understand temporal and spatial change. 

Early studies suggested the impact of different forestry attributes on the water 

courses (Kaila et al., 2014) and recommended management strategies (Laudon et 

al., 2011). However, the gap in catchment response for different forestry attributes 

varies in the quantification process and the implementation mechanism, especially 

if it is used to understand future consequences. Thus, this thesis addressed the gap, 

involved the stakeholders’ opinions and used the input of the existing forest growth 

model at a catchment level to understand the overall consequences of NBP 

scenarios. The question to be answered was how future quantifications of different 

socioeconomic drivers in a peatland forestry catchment could affect hydrology and 

water quality. 

1.6 Outline and objectives of the research 

The thesis focused on knowing how the historical development of drainage 

networks, the use of export coefficients, and the application of a semi-physically 

distributed hydrological model were associated with NBPs. Therefore, the overall 

aim of this thesis was to explore the impacts of peatland use on water resources. 

Specifically, the thesis addressed the following research questions, with an assumed 

hypothesis for each question: 

1. How can remote sensing techniques evaluate past landuse and different 

peatland use practices? 

a) The use of aerial images and LIDAR data would identify ditches more 

effectively from peatland forestry than other landuses due to the pattern of 

the images and the threshold of the algorithm. 

2. How have peatland use practices and intensities changed the northern river’s 

water quality? 
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b) The landuse-specific export coefficients would function better in larger 

catchments compared to smaller catchments due to the decadal 

representability of the landuses. 

3. How can a hydrological model account for peatland use impact hydrology and 

water quality? 

c) The integration of ditch networks in a peatland catchment model would 

represent hydrology well compared to water quality due to the parameter 

sensitivity of multiple phases for the nutrients and SS. 

4. How will future changes in landuse and climate reflect hydrology and water 

quality in Nordic peatland-dominated catchment? 

d) The socioeconomic drivers of the bioeconomy pathways would dominate 

the changes in hydrology and water quality compared to the climate. 

The thesis analysed the above questions and hypotheses in four sequential studies. 

Based on the objectives and findings of each study, Fig. 2 shows the compilation 

of the studies in Papers I–IV.  

Fig. 2. The sequential studies represent the detailed workflow of the thesis. 
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Specifically, the thesis describes the following workflows: 

1. Focused on developing a semi-automatic algorithm to detect ditch networks 

from aerial images and LIDAR data to document spatial and temporal patterns 

in a large peatland-dominated catchment. The objective was to quantify the 

spatial and temporal development of past ditching at a catchment scale, which 

was needed to quantify land management’s environmental impacts. The focus 

was on an exemplary catchment in northern Finland, where the peatland was 

drained for forestry and peat extraction over recent decades (Paper I); 

2. Determined whether existing export coefficients derived from different sources 

within and across the same catchment could predict the load and concentration 

of nutrients and SS. An assessment framework was built based on the landuse-

specific export coefficients and landuse data analysed from Landsat (1984–

2018) and regional statistics (1968–2018). The aim was to predict nutrient load 

and SS export against measured total nitrogen (TN), total phosphorus (TP), and 

SS loads in the catchment and its sub-catchments (Paper II);  

3. Identified specific parameters of the semi-distributed hydrological model that 

could represent the drainage effect in a catchment to know how nutrients and 

SS vary spatially within and across the catchment. The study was motivated by 

the need for better modelling tools to estimate the impacts of ditch networks. 

The aim was to implement major landuses and their specific properties into the 

Soil and Water Assessment Tool (SWAT) to predict nutrients and SS against 

the observations in the peatland-dominated catchment (Paper III) and 

4. Analysed the future impacts of multiple land system management attributes for 

each NBP on hydrology and water quality at the catchment scale. The NBPs 

were integrated with the calibrated catchment model to understand how the 

model could reflect nutrient and SS status for different land system 

management attributes. Multiple forestry attributes for each NBP were applied 

in the model through various processes to understand the future consequences. 

The forestry attributes included the Catchment management strategy (CMS), a 

combination of Biomass removal (BMR) and Stand management (SM) (BMR-

SM), and Fertiliser use (FU) (Paper IV). 

The following sections of the thesis discuss relevant data and procedures applied 

in a peatland forestry catchment in northern Finland. The last few sections address 

the results and relevant consequences we need to know for future management to 

consider the long-term bioeconomy in a peatland forestry catchment for the 

stakeholders and the scientific community. 
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2 Study site 

2.1 Study site 

The Simojoki catchment (3160 km2) is located in northern Finland (Fig. 3). The 

unregulated river runs 193 km from its headwaters in Lake Simojärvi to the 

Bothnian Bay, dropping 176 m on its course to the sea. The major human impact is 

forest management, including peatland drainage, ditch network maintenance, and 

forest clear-cutting (Lepistö et al., 2014).  

Drained peatland covers more than 30% of the catchment (Rankinen et al., 

2006), which started around 1950, with intensive drainage peaking in the 1970s in 

Simojoki. Forests on mineral soils (39%) and peatland forests (53%) dominate the 

catchment (Lepistö et al., 2014). Peatland drainage was carried out throughout the 

catchment to support forest production and peat extraction. Settlements and 

agricultural areas are located mainly along the river corridor, covering around 3% 

catchment area (Perkkiö et al., 1995). An annual clear-cut in the catchment area is 

about 0.5%. 

Granites and gneisses are the most common bedrock types usually covered by 

till. Sands can also be found over the bedrock near the river’s outlet. The catchment 

contains 41.5% mixed soil types, whereas peat soil covers 32.87%. The 

combination of a thin peat layer (THP) and mixed soil type (MST) covers 13.61% 

of the catchment, whereas the other variety of multiple soil layers covers a tiny 

portion of the catchment (< 1%). 54.26% of the catchment contains a less than 2.5% 

slope, whereas the area decreases to 25.64% when the slope varies from 2.5–5% 

(Fig. 5).  

The mean annual precipitation in the region is 700 mm, and the mean annual 

temperature is 1 °C, with 170–180 winter days per year (Rankinen et al., 2006). 

The Simojoki river typically freezes at the end of October, and the ice cover lasts 

until mid-May. 

The studies included in this thesis considered multiple locations and different 

sub-catchments within and across the entire Simojoki catchment: 

 Paper I focussed on two small representative areas of cultivated peatland 

(red polygon in Fig. 3) and peatland forestry (green polygon in Fig. 3) to 

portray how the drainage network identification varied spatially at different 

timescales.  
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 Paper II emphasised three different sub-catchments and the entire Simojoki 

catchment to estimate loads and concentrations of nutrients and SS from 

export coefficients. The two upstream sub-catchments, Ylijoki (Y; 56.27 

km2) and Kotioja (K; 18.11 km2) represent headwater conditions. In 

contrast, the other sub-catchment, Hosionkoski (H; 1981 km2), is in the 

central part of the Simojoki (Fig. 3 and Table 2). 

 Papers III and IV covered the entire catchment area to build the model in 

SWAT and analysed the applicability of NBP scenarios in the model. 

 

Fig. 3. The Simojoki catchment in northern Finland with rivers and specific sites used 

in different studies (Papers I–IV): the red polygon presents cultivated peatland (mixed 

land cover types, mainly agriculture and forest) in downstream Simojoki, and the green 

polygon shows peatland forestry in upstream Simojoki (Paper I); Outlets considered for 

analysis of export coefficients where Y and K represent the headwater conditions of 

Ylijoki (Y), and Kotioja (K), Hosionkoski (H) is a medium-size catchment, and S is the 

furthest outlet of the Simojoki catchment (Paper II); Hosionkoski and Simojoki, 

considered for hydrological modelling (Paper III) and the entire Simojoki catchment 

(Paper IV) for NBP scenario analysis (Adapted, with permission, from Paper II © 2021 

Authors). 



31 

3 Data collection and processing 

3.1 Identification of ditch networks (Paper I) 

Paper I analysed aerial images and LIDAR data to identify the ditch networks. The 

analysis also used two existing ditch network databases to compare the identified 

ditches. 

3.1.1 Aerial images and LIDAR data  

The aerial images used in this study covered a timescale from 1952 to 2018, 

collected from the National Land Survey of Finland (NLSF, 2020). Each image has 

a 0.5 m x 0.5 m pixel resolution with pixel areas varying from 20 x 20 m2 to 22.5 

x 22.5 m2  

The LIDAR data contains 3D point clouds measured from an aeroplane with 

laser scanning (NLSF, 2019). The point density is about 1 point per 2 m2. Horizontal 

accuracy is about 60 cm and vertical 15 cm. The data were arbitrarily available 

between 2008 and 2018 for different parts of the catchment. Thus, 442 LIDAR 

blocks (9 km2/block), collected during 2008–2018 were used to cover the Simojoki 

catchment (Paper I). 

3.1.2 Existing ditch network database 

The vector database of base map ditches (hereafter called “NLSF vector files”) was 

available from 2005 to 2018 (NLSF, 2018). The NLSF builds the database of the 

ditch locations through field surveys. The database also includes irrigation channels 

and other types of elevation contours. This thesis considered ditches only in the 

peatland forest based on the available attribute information. The scale of NLSF 

vector files varies from 1:5000 to 1:10000 with the European Petroleum Survey 

Group (EPSG): 2393 coordinate system.  

A regional database of drained peatland was also available from 1950 onwards 

in the Finnish statistical yearbooks. The database was a questionnaire with no 

spatial information and represented province-wise temporal changes of drained 

peatland in northern Finland. The Natural Resources Institute Finland (LUKE, 

2018) built and downscaled the database for the Simojoki catchment. 
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3.2 Prediction of nutrients and SS (Papers II–IV) 

3.2.1 Landuse (Papers II–IV) 

The current and historical landuse analyses in the Simojoki catchment used 

multiple landuse data sources. 

Source-I: Landsat images (Papers II–IV) 

The thesis developed a script (Paper II) in the Google Earth Engine (GEE, 2020) 

platform based on Landsat images from 1984 to 2018 (Gorelick et al., 2017). The 

images included three versions of Landsat Thematic Mapper (TM): Landsat 5 

(1/1/1984–31/12/1998), Landsat 7 (1/1/1999–31/12/2012), and Landsat 8 

(4/11/2013–31/12/2018), where spatial resolution of the image was 30 x 30 m with 

less than 10% cloud cover.  

The modelling study in Paper III used a resampled mosaic (20 x 20 m) from 

the Landsat images of 2015 to represent landuse status in the catchment (Fig. 5). 

The resampling was done to match the cell size with other corresponding data used 

in the modelling study.  

Source-II: Finnish Statistical Yearbook (Paper II) 

The export coefficients study in Paper II used readily available landuse classes from 

the Finnish Statistical Yearbook, based on regional landuse statistics (hereafter 

“regional landuse database”) from 1968 onwards (Table 1; Peltola, 2014). 

3.2.2 Landuse-specific export coefficients (Paper II) 

The specific export coefficients represent the annual loading of TN, TP, and SS per 

unit area for different landuses or land management practices. The study in Paper 

II obtained the coefficients from the literature (Launiainen et al., 2014; Palviainen 

et al., 2016). The specific landuse types for the export coefficients were selected 

based on the previous studies done in similar landuses. The following table 

represents the aggregation of specific landuses for the export coefficients with the 

landuse classes assessed from both landuse data sources (Table 1). 
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Table 1. The aggregation of landuses from Landsat analysis and the regional landuse 

database (Peltola, 2014) into specific landuse types of export coefficients. The study in 

Paper II used the export coefficients from the earlier research done by Launiainen et al. 

(2014) and the continued research by Palviainen et al. (2016). TN = total nitrogen, TP = 

total phosphorus, SS = suspended solids (Adapted, with permission, from Paper II © 

2021 Authors).  

Landuse types 
Assigned 

specific Landuse 

types 

Nutrients and 

SS 

Export coefficients 

(kg/ha/year) 

Regional landuse 

database 
Landsat Mean Min Max 

Drained Peat 
Forest  

in Peatland 

Ditching 

 

TN 23.00 12.00 34.00 

TP 1.70 0.00 3.90 

SS 2460.00 170.00 8550.00 

Old Peat Drains  Ditch 

maintenance 

TN 0.00 0.00 0.00 

TP 1.00 0.00 2.20 

SS 970.00 500.00 1500.00 

 
Clear-cut  

in  

mineral soil 

Forest renewal 

upland 

TN 5.00 0.00 10.00 

TP 0.30 0.00 0.80 

SS 0.00 0.00 0.00 

Forest Harvest 
Clear-cut  

in Peat soil 

Forest renewal 

peatland 

TN 26.00 12.00 40.00 

TP 0.60 0.30 0.90 

SS 0.00 0.00 0.00 

 Peat 

Extraction 

Overland flow 

field summer  

TN 5.70 0.00 11.40 

TP 0.24 0.00 0.48 

SS 35.00 0.00 70.00 

Intact Forest 

Forest  

in  

mineral soil Background 

TN 1.25 0.29 2.30 

TP 0.05 0.02 0.15 

Undrained Peat 
Open 

Peatland SS 5.10 0.90 47.00 

Agriculture Agriculture 
Permanent 

grass 

TN 7.20 5.20 8.20 

TP 1.00 0.70 1.43 

SS 305.00 290.00 320.00 

Water Water Deposition  

TN 30.00 20.00 40.00 

TP 1.00 0.70 1.50 

SS 0.00 0.00 0.00 

3.2.3 Flow and concentration (Papers II–IV) 

Streamflow and concentration data were collected from the Hertta database 

(Suomen ympäristökeskus [SYKE], 2020). The concentration data included Org-



34 

N, TN, organic phosphorus (Org-P), TP, and SS. The available monitoring stations 

were used as the sources of the measured time series to account for temporal 

changes (Fig. 4).  

Table 2 summarises the available field monitoring stations and collected data 

in the Simojoki catchment. As Lepistö et al. (2014) mentioned, before 1982, the 

sampling frequency was 4–5 samples per year at the stations (as shown in Fig. 4), 

which increased to 10–25 samples per year.  

 

Fig. 4. The location of all monitoring stations used in this thesis. (Adapted, with 

permission, from Paper III © 2022 Authors) 

The study in Paper II used all the listed stations in Table 2 for the analysis. In 

contrast, for Papers III and IV, the downstream station, S of Simojoki catchment 

and the immediate upstream station, H of Hosionkoski catchment, were used. 
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Table 2. Measured field data from the Hertta database (SYKE, 2020), used in Papers II–

IV to estimate field monitored load from all existing stations in the Simojoki and other 

studied sub-catchments (Adapted, with permission, from Paper II © 2021 Authors). 

Gauging 

Stations  

Data types and 

Period 

Streamflow 

(m3/s) 

TN 

(µg/l) 

TP 

(µg/l) 

SS 

(mg/l) 

Station H 

Min 2.1 150 6 0.05 

Max 341 1100 91 19 

Mean 25.7 428 20 2.4 

Period 1962–2018 1975–2018 1975–2018 1976–2018 

Station S 

Min 3 54 0 0.25 

Max 730 1600 210 95.9 

Mean 40.6 489 22 4.5 

Period 1965–2018 1962–2018 1962–2018 1976–2018 

Station Y 

Min 0 6 3 0.18 

Max 22.7 110 280 77 

Mean 0.76 611 31 4.3 

Period 1976–2018 1976–2018 1976–2018 1976–2018 

Station K 

Min 0 260 6 0.22 

Max 6.6 1050 350 39 

Mean 0.22 574 28 2.8 

Period 1976–2018 1976–2018 1976–2018 1976–2018 

3.2.4 Catchment topography (Papers III–IV) 

The studies in Paper III used a high-resolution Digital Elevation Model (DEM; 1 

m x 1 m) from NLSF which was available in Paituli (spatial data download service 

portal; NLSF [Paituli], 2019). Based on the elevation variations in the DEM, the 

study also found the five most representative slope bands in the catchment (Fig. 5). 

For the soil data (1:200k) that was collected from NLSF, ten different soil types 

were used that dominated the catchment (Fig. 5).  



36 

Fig. 5.  (a) Landuse, (b) Soil, (c) Slope map and (d) a sample example of the identified 

ditch network (Reprinted, with permission, from Paper III © 2022 Authors). 

3.2.5 Weather data (Papers III–IV) 

The Finnish Meteorological Institute (FMI) provided the open-access gridded 

weather data (10 km x 10 km; FMI [Paituli], 2019) for all required meteorological 

input for the modelling study (precipitation, temperature, solar radiation, relative 

humidity), except wind speed (Fig. 4). The study in Paper III used wind speed data 

based on a modified exponential equation mentioned by Neitsch et al. (2011). The 

meteorological stations covered 26 different locations in the Simojoki catchment.  

3.2.6 Regional climate models (Paper IV) 

Representative Concentration Pathways (RCPs) from different regional climate 

models were available from FMI in the Simojoki catchment. Based on experts’ 

opinions and initial analysis between the downscaled FMI climate data and 

observed climate data, the Geophysical Fluid Dynamics Laboratory (GFDL) model 

was found most suitable to apply in the Simojoki catchment. The studies in Paper 

IV used GFDL RCP–4.5 and GFDL RCP–8.5 for the analysis. 
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4 Methods 

4.1 Identification of ditch networks (Paper I) 

The ditch identification workflow consists of four major phases to extract ditch 

network features from available images (Fig. 6). 

Fig. 6. The processes of extracting ditch networks from available data sources 

(Reprinted, with permission, from Paper I © 2021 American Society of Civil Engineers 

[ASCE]). 

4.1.1 Phase-01: Raw aerial image to mosaic image  

The first step of the developed Python scripts identified the location of the images 

semi-automatically based on a specific projection system. First, a single image’s 

horizontal and vertical distances were applied to the algorithm to estimate and save 

all four coordinates (left, top, right, and bottom) of the other projected images. Next, 

georeferencing was done for all available images for each year. However, errors 

showed the gap between the original and georeferenced locations. NLSF vector 

files (NLSF, 2018) were used as a basemap in the later part of the algorithm to fix 

those errors (Paper I). 
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Next, the radiometry computation method was used for mosaicking the correct 

georeferenced images (O’Connell et al., 2013). First, footprints were built showing 

each image’s outline after creating a blank geodatabase file with mosaic data for 

each year. After examining the values and patterns in the intersecting area and 

computing a path between the intersecting points, seamlines were created. The 

seamline mosaic method was used to define the line along which images in the 

mosaic data were connected. Blending the images was done instead of merging to 

determine the value of overlapping pixels, as this option depends on the distance 

from the pixel to the edge (Böhner et al., 2006). The final step was to optimise and 

build the image overview of newly created mosaicked images. 

4.1.2 Phase-02: Raster preparation from LIDAR 

LIDAR data were already filtered (collected from NLSF [Paituli], 2019), and 

ArcGIS 10.7 was used to convert the available LIDAR format (.lasz; Heideman, 

2014) to LIDAR point cloud files (.lasd). A 1 m DEM was created using the natural 

neighbour interpolation technique from point cloud files representing the raster 

used from 2008 to 2018 to identify ditch networks. 

4.1.3 Phase-03: Edge detection 

The OpenCV Python library (Bradski, 2000; Pulli et al., 2012) was used to process 

mosaicked images to identify linear ditch features. This library covered the 

necessary functions to detect edges from the images. OpenCV could not function 

smoothly if the image window contained too many pixels. Thus, mosaic images 

were split between 500 and 2000 pixels using a threshold number. Next, pixels were 

extracted representing waterbodies based on the NLSF vector files (NLSF, 2018). 

Then, the extracted waterbody pixels were masked to separate pixels that might 

contain representative pixels of ditches.  

The Canny edge detection algorithm (Canny, 1986) was implemented at the 

next stage. Edge detection was susceptible to noise in the image. Thus, the Gaussian 

filter followed by Sobel kernels was applied in horizontal and vertical directions. 

After identifying the perpendicular gradients to the edges, the image was scanned 

to remove all unwanted pixels. At the final stage of the Canny edge detection 

algorithm, two thresholds, minimum and maximum values, were considered to 

determine whether the pixels were part of ditches or not. Based on their 

connectivity, the pixels between these values formed the edges. 
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After identifying edge pixels, a morphological transformation was applied 

using a two-by-two kernel filter. The thickness of all linear features in the image 

decreased, followed by an increase. Finally, the Hough line transform method was 

applied to the linear features (Karnieli et al., 1996). The method worked with a 

polar coordinate system (ρ, θ) where ρ was in pixels and θ was in radians. This 

method accumulated a pair of (ρ, θ) for any point (x, y) on the linear feature within 

the image. For the second point, it incremented the value in the cells based on the 

preceding pair. The processes continued, and the transformation evaluated the 

accumulator’s maximum vote based on the image’s origin and angle. A 

Probabilistic Hough transform was applied to take a random subset of points at this 

stage. Finally, the points were iterated with different thresholds of a minimum line 

segment and maximum allowed gap, determining how well a line could form from 

the edge pixels. 

4.1.4 Phase-04: Ditch network identification and validation 

Pixels identified in the preceding step were grouped for each split raster to represent 

lines. Next, the identified ditches from all split rasters, based on the available aerial 

images and LIDAR data, were converted into a shapefile. Finally, the resultant ditch 

features were used to build time series of ditch networks from 1952 to 2018 for 

available aerial images and from 2008 to 2018 for LIDAR data.  

For two different locations (Fig. 3), the thresholds applied in the developed 

algorithm varied for cultivated peatland (mixed land cover) and peatland forestry. 

However, they were the same for similar landuse across the Simojoki catchment, 

explaining the spatial and temporal distribution of the ditch networks for each 

available year. The total ditch length (km) per km2 was calculated for each 

representative location for each year. The percentage of aerial image coverage for 

each available year was known. Thus, the temporal changes in the total ditch length 

for each image coverage area were estimated for the entire catchment. 

Next, based on identified and available ditch lines between (i) aerial images & 

NLSF vector files and (ii) LIDAR data & NLSF vector files, the non-parametric 

Mann-Whitney U-test was used with a 0.05 significance level. The hypothesis was 

that the median of the sample of identified ditches from aerial images or LIDAR 

data was equal to the median of ditches available from NLSF vector files. For each 

representative location (Fig. 3), the identified ditches and NLSF vector files with 

each pixel boundary were intersected for 2018. Then, for both cultivated peatland 

and peatland forests, samples of peatland ditches based on aerial images, LIDAR 
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data and NLSF vector files were prepared. A sample of peatland ditches represented 

the number of identified ditches (or features) from each site for each available data 

source to apply the Mann-Whitney U-test.  

An additional analysis was also included only for the drained peatland (LUKE, 

2018) to portray the ditch length distribution in the catchment, as the drained 

peatland areas had increased over the last 50 years. This analysis did not include 

undrained peatlands (Paper I). 

4.2 Prediction of nutrients and SS using landuse-specific export 

coefficients (Paper II) 

The workflow to estimate loads and concentrations of nutrients and SS, based on 

landuse-specific export coefficients and landuse data from multiple sources, 

contains three different methods (Fig. 7).  

Fig. 7. Load and concentration estimation processes for nutrients and suspended 

solids (SS). Method-1 is a load estimation process from LANDSAT images and regional 

landuse databases using specific export coefficients. Method-2 estimates the observed 

load from field-measured flow and concentration. Method-3 is a process of 

concentration estimation. The uncertainty analysis is the last step which analyses all 

the methods (Reprinted under CC BY-NC-ND 4.0 licence from Paper II © 2021 Authors). 
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4.2.1 Method-1: Load estimation by export coefficient approach  

The landuse-specific export coefficients (kg/ha/yr) from the empirical field studies 

(Launiainen et al., 2014; Palviainen et al., 2016) were used with two different 

landuse data sources to estimate annual nutrient load (TN, TP) and SS export. 

Although the analysis included the nutrient deposition to water bodies and 

background flux from the intact forest, it did not include the point sources, as these 

were a minor contributor to loading in the catchment (Rankinen et al., 2006). The 

uncertainties based on the export coefficients and landuse classification (relative 

uncertainty 10–20% depending on the data source) were also analysed.  

A script was developed in the GEE platform (GEE, 2020) to apply a Random 

Forest (RF) classifier to train the samples (Pal, 2005) to process the landuse classes 

from Landsat images. The image accuracy for each year was assessed to understand 

the RF Classifier for each landuse type (Rwanga & Ndambuki, 2017). 

For the regional landuse database, the nutrient load and SS export were 

estimated only for the Simojoki outlet (station ‘S’ in Fig. 3). 

4.2.2 Method-2: Load estimation from measured data  

As there was a strong concentration-streamflow (C-Q) relationship (R2 > 0.8 at the 

outlets), a regression method (Walker, 1996) was applied to the daily streamflow 

and concentration data measured at each selected monitoring station (Fig. 4) to 

calculate the annual load of TN, TP, and SS. 

4.2.3 Method-3: Estimation of the mean annual concentration 

The annual load estimated from the specific export coefficients was divided by 

annual discharge at the monitoring stations to estimate the mean annual stream 

water concentrations of TN, TP, and SS. Due to two different landuse data sources, 

two different time series of estimated concentrations were obtained.  

4.2.4 Uncertainty analysis of export coefficients 

The uncertainty analysis was used to assess how well the boundary zone of the load 

estimated from the export coefficient captured the measured load. The uncertainty 

boundary was defined as the percentage of uncertain factors associated with export 

coefficients (Table 1) and landuse classes. To analyse trends in measured and 
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estimated annual load and explore whether the export coefficients could reveal 

long-term field measurements, monotonic increasing or decreasing trends using the 

non-parametric Mann-Kendall test was used (Paper II; Salmi et al., 2002). 

4.3 Prediction of nutrients and SS using hydrological model (Paper 

III) 

4.3.1 Model setup 

Catchment delineation 

The Simojoki catchment contains many drainage networks in the peatland that vary 

a lot throughout the area (Fig. 5 contains a sample example of the ditch network). 

The ditch database developed in Paper I was used to implementing the effects of 

drained peatland on specific landuse categories. The ditch database contained ditch 

length in a shapefile and was burnt on the collected DEM using the ArcSWAT 

delineation option (version-2012.10_7.24; SWAT2012.exe revision 681). Then:  

– the burnt DEM was masked with the catchment boundary that was 

collected from NLSF, 

– a flow accumulation raster was created to identify potential stream outlets,  

– streams and outlets were created and verified based on the existing 

database from NLSF (NLSF, 2018), and 

– the catchment was delineated based on the final outlet at Bothnian Bay 

with 111 sub-catchments. 

Hydrologic Response Unit (HRU) in SWAT 

The Hydrologic Response Unit (HRU) are the smallest spatial unit in SWAT. They 

comprise a unique combination of landuse, soil type, and slope band for a sub-

catchment based on user-defined thresholds. A threshold combination of 15% 

analysed landuse classes, 20% soil types, and 20% slope bands (Fig. 5) was used 

to create HRUs in SWAT. These threshold values meant that any landuse, soil type, 

or slope band representing a percentage below these threshold values in each sub-

catchment were deleted to simplify the model, subsequently increasing the 

remaining landuses, soil types, and slope bands proportionally. The threshold 
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values were chosen to allow them to represent the drained peatland areas to a 

maximum extent within each HRU. 

4.3.2 SWAT modelling, calibration, and validation in Simojoki 

After setting up the model with all representative data, the calibration process was 

started for flow and then for SS, Org-P, TP, Org-N, and TN, sequentially. The SWAT 

calibration period was from 1985–2002, using the first 5 years as a warm-up period. 

Two monitoring stations were used as outlets to calibrate the model. One station is 

in the central part of the catchment, known as Hosionkoski, and the other is the 

Simojoki outlet, located at the furthest downstream of the catchment (Fig. 3). 

A semi-automatic calibration was performed using the Sequential Uncertainty 

Fitting 2 (SUFI2) algorithm in SWAT-CUP (version-5.1.6.2; Abbaspour, 2015). 

First, the sensitivity of the parameters was analysed. Published literature was 

considered to set up the initial parameter ranges related to the physical and 

hydrological properties of peat (Menberu et al., 2021). Then, the Latin Hypercube 

(LH) sampling scheme was used to calculate the sensitivity index of the parameters 

for global sensitivity analysis. The most sensitive parameters were found from the 

t-stat and P-value in SWAT-CUP to calibrate flow, N, P, and SS.  

During the analysis, some sensitive parameters were found (i.e., LAT_ORGP), 

which should only be used for calibration (i.e., Org-P), if there were field 

measurements or estimations to back up the selected ranges. To do the calibration 

in the Simojoki catchment in SWAT-CUP, those parameters were used and earlier 

studies by Räty et al. (2020) and Huttunen et al. (2016) were used as literature to 

choose the minimum and maximum values of those parameters (see Appendix in 

Paper III). 

From the propagation of the parameter uncertainties, two prominent factors 

were considered while calibrating the model, as recommended by Abbaspour et al. 

(2015): 

a) the p-factor, which defines at least 70% of the measured data 

(observations), should be between the 2.5th and 97.5th prediction 

percentiles (95 Percent Prediction Uncertainty [95PPU]) of the model 

results, and  

b) the r-factor, the gap or thickness of the 95PPU band, should be less than 

the standard deviation of the measured data.  
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The ranges of parameters that fulfilled the above criteria were considered to check 

the reasonable agreement between the modelled output and measured data. The 

Kling-Gupta Efficiency (KGE; Gupta et al., 2005) was selected as the objective 

function in SWAT-CUP, as recent studies reported that KGE matched well with the 

variability, peak, and mean of the observations (Pechlivanidis et al., 2011).  

Next, flow calibration was continued based on the initially selected ranges of 

the sensitive parameters. 1000 simulations were run for the first iteration. As the 

first output was mismatched with the observations, another iteration was run for 

the same number of simulations. After checking the result of the second iteration, 

the model was reiterated with 500 simulations. For each iteration, the ranges of 

parameters were altered to get the most reasonable model output based on the 

objective function. Finally, 23 parameters with reasonable ranges were found for 

the calibrated model outflow.  

Next, SS calibration was started and continued for P and N. In addition to the 

calibrated flow parameters, 9 additional parameters were used to calibrate SS. The 

same approach was followed for P and N, using 9 and 3 more parameters 

respectively. Three iterations were run with 500 simulations at each calibration 

stage to calibrate nutrients and SS.  

Finally, a split-sample validation was tested based on the calibrated parameter 

values in an independent dataset from 2003 to 2015. 

4.3.3 Model evaluation and analysis 

In addition to KGE, the Nash-Sutcliffe Efficiency (NSE) was used to evaluate the 

model. Although recent studies suggested that the use of NSE could lead to a poor 

representation of flows, KGE did not have that issue (Gupta et al., 2005; 

Pechlivanidis et al., 2011). Thus, two metrics were used for model evaluation to 

add robustness to the calibrated model. The NSE varies between −∞ and 1.0. A 

value of 1 represents a perfect fit between simulated and observed values, whereas 

values less than zero indicate unacceptable performance (Moriasi et al., 2015).  

The model performance was also evaluated using R2 and PBIAS. R2 evaluates 

the dynamics between the observed and simulated values, whereas PBIAS 

quantifies the difference between observed and simulated values. Thus, a PBIAS 

value equal to zero indicates the best result. Based on the output of these statistical 

indices, a better simulation was selected to finalise the calibration of the studied 

catchment.  
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For the calibration period (1990–2002), the ranges of each final calibrated 

parameter were considered to form the 95PPU boundary, whereas, for validation 

(2003–2005), a single value of each calibrated parameter was used. Later, a python 

script was developed to extract loading information for any reach, sub-catchment, 

or HRU from the calibrated or validated SWAT model (see Appendix in Paper III). 

The script’s output can be used to map information about the nutrients and SS for 

different geographical boundaries. 

4.4 Implementation of NBPs and scenario development (Paper IV) 

The scenarios developed in the last study of the thesis used the quantitative 

transformation of NBP storylines in a particular modelling framework for the 

peatland-dominated catchment. The focus of NBP scenarios (NBP 1–5) varied from 

sustainability to the growth of society covering many socioeconomic attributes 

(Rakovic et al., 2020). The selection of the most suitable land system management 

(LSM) attributes and translation of the qualitative narratives to quantitative 

projections involved multiple phases. The stakeholders and a specific forest 

decision system tool were used to implement the quantification of NBP scenarios 

for specific LSM attributes into the SWAT catchment model to understand the 

hydrology and water quality status in the Simojoki catchment (Fig. 8). 

 

Fig. 8. The processes to implement NBP scenarios into the SWAT catchment model 

(Reprinted, with permission, from Paper IV © 2022 Authors). 
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4.4.1 Step-1: SWAT catchment model (Baseline Scenario or NBP 0)  

The calibrated SWAT model (Paper III) in the Simojoki catchment was used as the 

baseline model or reference scenario (NBP 0). The flow, SS, Org-N, TN, Org-P and 

TP of the catchment were modelled for the analysis. Next, the NBP scenarios were 

implemented over the baseline scenario and simulated across the selected LSM 

attributes, and the outcomes were compared with those of the baseline scenario. 

4.4.2 Step-2: Selection of LSM forestry attributes  

Due to the catchment’s topography and the SWAT model structure, the following 

LSM attributes were selected for the forestry category to build the NBP scenarios: 

– Catchment management strategy (CMS), 

– a combination of Biomass removal + Stand management (BMR-SM), 

– Fertiliser use (FU). 

Two different approaches were followed to apply each LSM forestry attribute to 

the baseline model:  

– Step-2A: Involvement of Stakeholders (STK) and used their opinions as a 

percentage of changes in the SWAT catchment model compared with the 

baseline model. 

– Step-2B: Used the Finnish forest dynamics model MELA to generate 

output from MELA’s corresponding scenarios that resembled NBP 

scenarios and used the output as an input condition to the SWAT baseline 

model. 

For the CMS attribute, only the percentage of stakeholders and for FU, only 

MELA’s output was used, whereas, for the BMR-SM attribute, both stakeholders’ 

percentage and MELA’s output were used to finalise the input of the scenarios 

before assigning them to the baseline model. 

4.4.3 Step-2A: Stakeholders’ opinions and quantification of the NBP 

narratives for SWAT 

Based on the selected attributes of NBPs, forest experts developed a questionnaire 

(for more information, see Appendix in Paper IV) and two stakeholder groups were 
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invited to participate in the interview. The stakeholders were familiar with different 

managerial activities in the Simojoki catchment. The selected forestry attributes for 

the five NBPs and the two extreme cases were explained to the stakeholder. Each 

attribute was assigned a scale of 1 to 5 between the extreme left (EL) and extreme 

right (ER). The stakeholders were asked to provide input based on their perceptions 

of each NBP.  

The outcome of each stakeholder group for a specific attribute (i.e., CMS) of 

each NBP, was estimated with the expert judgment of the expected extremes on the 

NBP attribute axis used in the interviews. The conversion from the narratives of 

NBPs to the exact percentage of corresponding attributes depends on a given scale 

of 1 to 5. Based on stakeholders’ opinions, experts’ judgment, and that scale, the 

percentages of certain landuse were calculated for the CMS attribute of each NBP 

(see Appendix in Paper IV). The same process was followed for the calculation of 

other landuse types. 

4.4.4 Step-2B: Use of Finnish forest dynamics model MELA 

MELA is a Finish forest dynamics model, used to simulate stand development for 

forest management planning purposes (Hirvelä et al., 2017). MELA consists of two 

parts: 1) an automated stand simulator based on tree-level natural processes and 

production models, and 2) an optimisation package based on linear programming. 

Publicly available forest inventory data on stand characteristics provided by the 

Forest Centre were used as input data for MELA simulations. 

Stand data did not cover the entire study area. Therefore, the stand-level 

simulation results were first converted to a grid format (60 m x 60 m). Then the 

data of the grid that were outside of the original stand data, were supplemented with 

publicly available Multi-Source National Forest Inventory (MSNFI) data which 

covered all forest areas. Five MELA scenarios were simulated. The results of the 

MELA scenarios were used to implement NBP scenarios. The links between the 

NBP scenarios and MELA scenarios can be summarised as follows: 

– NBP 1: Sustainability => MELA: Business-as-usual + more protection, 

fertilisation, no ditch network maintenance (DNM; interest rate, r = 1%).  

– NBP 2: Business-as-usual => MELA: Business-as-usual with ditch 

network maintenance operations (r = 3%). 

– NBP 3: Self-sufficiency => MELA: Maximum sustainable harvesting (r = 

3%).  
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– NBP 4: Cities first => MELA: Net Profit Value (NPV) max + protection of 

forests close to rivers and lakes + protection of other valuable areas + 

restoration (r = 3%). 

– NBP 5: Growth first => MELA: NPV max (r = 3%). 

Some limitations were considered before linking the scenarios of NBPs and MELA. 

For NBP 1, the MELA scenario (business-as-usual + more protection) captured 

some elements of sustainability, including longer rotations due to the low-interest 

rate level, but not all, as continuous cover forestry (CCF) and restoration were 

unavailable. For NBP 3, it was subjective to say that the maximum sustainable 

harvesting of MELA represented this scenario. However, it was always a subjective 

choice regarding the implementation technique of this scenario for analysis. For 

NBP 4, two MELA output scenarios were combined based on an analysis of the 

protected grids before using the input into the SWAT. Thus, five different MELA 

output scenarios were used for different NBPs for the forestry LSM attributes that 

include BMR-SM and FU. 

Processing of MELA model output to use in SWAT 

The MELA model was simulated using all detailed forestry information for each 

decade from 2031 to 2070 in the Simojoki catchment. For each scenario in MELA, 

the output was generated in a text file containing unique ID-based rows of multiple 

MELA variables (~188) in different columns. Each text file represented a 

corresponding NBP scenario of 10 years, with a total duration of 40 years. Thus, 

the five text files were representative of the five NBP scenarios. In each text file, 

there were four columns of the same MELA variable representing 10 years’ average 

value of that specific variable for each decade from 2031 to 2070. Therefore, for 

each NBP, the first task was to create a spatial entity based on the necessary output 

variables of the MELA for each decade. 

Multiple Python scripts were developed, and several steps were followed to 

process the MELA output variables (for more information, see Supplemental 

Materials in Paper IV):  

– The first task was to form the point shapefiles for each unique row from 

the MELA output scenarios and then clip the corresponding points for each 

HRU (634 HRUs in NBP 0) of the SWAT model.  
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– Next, one central feature or point (spatial average) of the MELA output 

scenario was identified to represent each specific HRU, as there were 

multiple points in each HRU.  

– Then, for each decade, all central features were merged to choose the 

specific variables from the merged shapefile to assign to the SWAT 

model’s management and plant database file. 

4.4.5 Finalisation of data processing for selected LSM attributes 

Catchment management strategy (CMS): Input from stakeholders (STK) 

Three major landuses were used while incorporating stakeholders’ opinions into 

the SWAT model. For each NBP, the total area of each landuse type was calculated 

from the questionnaire. The next task was to calculate the percentage of landuse for 

each NBP and the EL and ER scenarios. Fig. 9 represents the ultimate percentage 

used to create the landuse map for each NBP. The spatial changes were done mainly 

near the downstream of the Simojoki river to assign the percentage of protected and 

forested landuse categories. 

Fig. 9. Percentages of landuses that were implemented as landuse maps for each NBP 

into SWAT (Reprinted, with permission, from Paper IV © 2022 Authors). 

Seven new landuse maps were generated, each assigned to the SWAT baseline 

model to create an individual SWAT model for each NBP, EL, and ER scenario. 

The next task was to simulate the new scenario model in SWAT-CUP with all 

calibrated parameters. As shown in Fig. 8, the results of the baseline model and all 

scenarios (NBP+ER+EL) were finalised for the period from 1990 to 2015 for 
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selected nutrients and SS. Regional climate models were also considered for each 

NBP to determine the projections of the NBP scenarios. 

Biomass removal (BMR) + Stand management (SM): Combined input 

from MELA output and stakeholders (STK) 

Decade-wise shapefiles from MELA output (2031–2070) were merged with the 

database of the SWAT baseline model. The major issue was the selection of MELA 

output variables that could be used in the SWAT database and how to use the 

stakeholders’ percentages for the BMR and SM attributes. The SWAT baseline 

model’s management and plant database files were used to assign those changes. 

First, the task was to use the biomass output from the MELA model and assign 

these biomass values as the initial biomass of the HRUs in the SWAT management 

file for each decade and each NBP. Thus, three major output biomass variables were 

used from the MELA model: 

i. biomass from the crown (BMcr),  

ii. biomass from the stump and root (BMsr), and  

iii. biomass from the stem (BMst) of the tree 

To apply the initial biomass in each HRU in the SWAT management database, the 

following formula was applied: 

 Initial biomass
BMcr BMsr BMst

HRU
1000, (1) 

where AHRU is the area of the HRUs. Next, the planting and harvesting operation 

schedule was used for the forestry HRUs in the SWAT management file. 

Stakeholders provided inputs based on the questionnaire (see Appendix in Paper 

IV) and based on their views, the planting started in May, and for some NBPs, 

rotation was applied until the end of August. Compared to the NBP 0, the changes 

in BMR-SM attribute varied by: 

– 11% for NBP 1,  

– 6.8% for NBP 2,  

– −13.5% for NBP 3,  

– 8.4% for NBP 4, and  

– −16% for NBP 5.  
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The percentage decreased for two NBPs (NBP 3 and NBP 5). Therefore, to replicate 

that situation in the SWAT management database, the harvesting of the plants and 

the rotation were continued for each decade, as MELA output was representative 

only for a decade. The average rotation of tree growth and planting was also 

considered because the SM was almost identical to the BMR. For other NBPs, the 

percentage increment was adjusted with the initial biomass and rotation of planting, 

only in the forest HRUs. 

After setting up the management and plant database files for each decade, an 

individual SWAT scenario model was finalised for each NBP, and the new scenario 

model was simulated in SWAT-CUP with all calibrated parameters. Each scenario 

model was simulated for each decade from 2031 to 2070 with a 10–year warm-up 

period because the MELA model output was representative for each decade. 

Regional climate models were integrated for each decade for each NBP scenario. 

Because the MELA model output was available from 2031 to 2070, it was not 

feasible to simulate the model from 1990 to 2015. Therefore, regional climate 

models were integrated with the baseline model to compare the future projections 

of the baseline model and each decade-wise NBP scenario. 

Fertiliser Use (FU): Input from MELA 

Tree growth simulations in MELA were based on empirical measurements. Thus, 

in the calculations, the typical growth of a tree increased by a certain amount owing 

to the input of fertiliser. The variables that could represent FU in the MELA model 

were only available for NBP 1 for each decade, from 2031 to 2070. Therefore, to 

implement fertiliser as an input in the SWAT management database, only the NBP 

1 scenario was considered.  

In the Simojoki catchment, typical fertilisation was approximately 500 kg/ha. 

The new fertiliser type and amount from the MELA model were assigned to forestry 

HRUs in the SWAT management files. The selected HRUs were fertilised for 90% 

of the surface. Next, the SWAT model scenarios were finalised for each decade for 

NBP 1, and the rest of the procedures were the same as for BMR-SM.  

4.4.6 Step-3: Integration of regional climate models 

A comparison was made for available RCPs with historical records from 1980 to 

2015 (baseline model simulation period 1985–2015; see Supplemental Materials in 

Paper IV). All new weather data from GFDL RCP–4.5 and GFDL RCP–8.5 were 
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generated and inserted into the SWAT-CUP to implement RCPs in each NBP 

scenario with the final calibrated parameters. 

4.4.7 Step-4: Scenario Simulation 

For each LSM attribute, the developed scenarios were simulated based on the final 

input from stakeholders, the MELA model, or both. Therefore, for the Catchment 

management strategy (CMS) attribute, there were seven scenarios (five NBPs from 

NBP 1 to NBP 5 and ER and EL) from 1990 to 2015. When RCPs were integrated 

with each NBP, there were 14 more scenarios for the CMS attribute (for detailed 

scenario information, see Appendix in Paper IV). 

For the combination of Biomass removal and Stand management (BMR-SM), 

each NBP scenario was simulated for each decade. Thus, there were 50 scenarios 

for all NBPs (NBP 1–5), including GFDL RCP–4.5 and GFDL RCP–8.5. 

For Fertiliser use (FU), as the MELA model only contained output for NBP 1, 

there were eight scenarios for each decade from 2031 to 2070.  

After simulating all the scenarios, the results of all the scenarios (NBPs + ER 

+ EL) were compared with the baseline scenario for flow, nutrients, and SS (see 

detailed python scripts in Supplemental Materials in Paper IV). 
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5 Results 

5.1 Development of the ditch network map (Paper I) 

5.1.1 Ditch network identification 

In downstream Simojoki (red polygon in Fig. 3), the identified ditches from aerial 

images indicated that intensive drainage started in 1952 (11.63 km/km2) and 

continued until 1978 (18.93 km/km2; Fig. 10). Fig. 10f shows a spatial variation of 

ditches from NLSF vector files in 2018, where ditches were 25% higher than 

identified ditches from aerial images. However, the statistical analysis indicated a 

similar distribution for two sample datasets of ditch networks from aerial images 

and NLSF vector files for the cultivated peatland (Mann-Whitney U = 5614, sample 

size-01 = sample size-02 = 111, p = 0.2534 in Fig. 10f).  

 

Fig. 10. The samples of identified ditch networks from available aerial images: (a) 1952, 

(b) 1978, (c) 1994, (d) 1998, (e) 2002, and (f) 2018 in downstream Simojoki, based on the 

location of the red polygon in Fig. 3 with cultivated peatland (mainly agriculture and 

forest). Figure f also contains 2018 ditches (red coloured) from NLSF vector files 

(Adapted, with permission, from Paper I © 2021 ASCE). 

The upstream peatland forestry parts of the catchment (green polygon in Fig. 3) 

had a different spatiotemporal development of ditches identified from aerial images 
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(Fig. 11). In 1958, there were no ditches. In the 1970s, initial drainage started, for 

which the change was visible from 1987 onwards (around 15.5 km/km2). In 2018, 

ditches identified from aerial images were 37% less than NLSF vector files (Fig. 

11f). However, the p-value was 0.3274 (Mann-Whitney U = 2087, sample size-01 

= sample size-02 = 68) for the samples of identified ditches between upstream 

aerial images & NLSF vector files. 

 

Fig. 11. The samples of identified ditch networks in forestry areas in upstream Simojoki 

(green polygon in Fig. 3): (a) 1958, (b) 1987, (c) 1994, (d) 1998, (e) 2002 and (f) 2018. 

Figure f contains 2018 ditches (coloured in red) from NLSF vector files (Adapted, with 

permission, from Paper I © 2021 ASCE). 

5.1.2 Temporal variations of the ditch network 

The ditch network density (km/km2) increased by approximately 63% between 

1952 and 1978 in downstream cultivated peatland (Fig. 12a). At the upstream 

forestry site, the ditch network density increased from 1958 to 1987 and decreased 

again after 1994 (Fig. 12b), but this was not abrupt as it was in the downstream part. 

LIDAR estimated ditch network densities (40 km/km2) were higher than 

estimates derived from aerial images (12.51 km/km2) or NLSF vector files (around 

21 km/km2) in the downstream site (Fig. 12a). The estimates of ditch network 

density were approximately similar (30.77 km/km2) at the upstream forest site 
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between LIDAR and NLSF vector files. However, they were higher than the 

densities estimated from aerial images (Fig. 12b). 

 

Fig. 12. Temporal variations in ditch network density (km/km2) for a small scale (1∼2 sq. 

km) zone in (a) cultivated peatland (downstream) and (b) forestry areas (upstream) in 

the Simojoki catchment. Values shown in the figure are the total ditch length found for 

each available year based on each available data source (Adapted, with permission, 

from Paper I © 2021 ASCE). 

The observed pattern of source variation in ditch network density for the 

catchment-scale estimate was different (Fig. 13). Ditch network densities obtained 

from NLSF vector files were around 56% lower than the ditch network density 

identified from 2018 aerial images (Fig. 13a). The LIDAR data estimate was higher 

than that from NLSF vector files (18 km/km2) but lower than that from aerial 

images (41 km/km2). 

The situation was a bit different for aerial images when only the drained 

peatland (from LUKE, 2018; Fig. 13b) area was considered instead of the entire 

catchment. The percentage of drained peatlands increased from 31% in 1967 to 

61.63% in 2018. However, ditch network density in drained peatland estimated 

from aerial images showed a slightly decreasing tendency from 2005. The 
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difference in the ditch density estimates was also lower in 2018 between the 

different sources. 

 

Fig. 13. Catchment scale temporal variations of ditch network density (km/km2). Total 

ditch length for each available year (a) based on the available images for the entire 

catchment and (b) based on the area of drained peatland only (Reprinted, with 

permission, from Paper I © 2021 ASCE). 

5.2 Prediction of nutrients and SS using landuse-specific export 

coefficients (Paper II) 

5.2.1 Historical landuse changes in the Simojoki catchment 

Analysis of Landsat images confirmed that forests in peatlands dominate the 

Simojoki catchment. Other landuse types occupied less than 12% of the catchment 

area. A rapid change in landuse was observed during the study period (1984–2018), 
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with a clear transition towards forestry (Fig. 14), with forest cover on former 

peatlands reaching > 30% in 2018. The area of open peatland decreased with time, 

whereas there was almost no change in the agricultural areas, except in a small area 

downstream in the catchment. Forest regeneration (i.e., clear-cut) areas were 

scattered across the catchment, with no significant spatial change throughout the 

period (Paper II). 

In contrast to trends based on Landsat images, those based on the regional 

landuse database indicated a considerable change from “undrained peatlands” to 

“old drains.” As the undrained peat area started to decrease from 1968, the area of 

old peat drains increased (part IV of Fig. 14). By 1984, the total drained area 

exceeded the area of undrained peat. A progressive decrease in drained peat 

happened for the first 18 years of the study period. 
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Fig. 14. The spatiotemporal distribution of landuse classes from Landsat images: 

Sample results in (I) 1984, (II) 2002 and (III) 2018 for the Simojoki catchment and (IV) 

temporal changes in landuse classes based on the regional landuse database 

(Reprinted under CC BY-NC-ND 4.0 license from Paper II © 2021 Authors). 

5.2.2 Accuracy of the estimated loads and concentrations (nutrients 

and SS) 

The use of specific export coefficients resulted in 64% and 76.5% measured TN 

load (estimated from field concentration) falling within the uncertainty boundary 
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of estimates obtained from Landsat landuse analysis and regional landuse data. For 

TP load, the corresponding percentages were 60% and 58.8%, while for SS, they 

were 68% and 62% (Fig. 15).  
The export coefficient approach represented field concentrations better than 

the load at the Simojoki catchment. However, from 1984–2018, the estimated 
concentration based on Landsat landuse classes was higher than the measured 
concentration (Fig. 15; Paper II). 

 

Fig. 15. The estimated and measured loads (left side) and concentrations (right side) of 

(a) total nitrogen (TN), (b) total phosphorus (TP), and (c) suspended solids (SS) in the 

Simojoki catchment. The red line shows the estimates for regional landuse data (1968–

2018), and the orange-shaded area is the uncertainty boundary. The blue line shows the 

estimates for Landsat landuse data, and the blue shaded area is the uncertainty 

boundary based on Landsat landuse data from 1984–2018. The green line shows the 

measurements from 1968–2018 (Adapted, with permission, from Paper II © 2021 

Authors).  
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5.2.3 Accuracy of the method in capturing long-term trends 

From 1968 to 2018, measured loads and concentrations of TP and SS at the 

Simojoki catchment outlet (station S) followed a downward trend, while those for 

TN showed an increasing trend (p < 0.001). For each sub-catchment, the trends 

based on field-measured data showed increases in TN, TP, and SS, where p was at 

least < 0.05. For estimated load and concentration (regional or Landsat landuse 

data), a downward trend was observed (p < 0.001). In contrast, the field-measured 

data showed the opposite trend (Table 3). 
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Table 3. Trend analysis of load and concentration for total nitrogen (TN), total 

phosphorus (TP), and suspended solids (SS). (Adapted, with permission, from Paper II 

© 2021 Authors). 

Catchments Parameters  Trend3 

Data types Nutrients 

and SS 

From To n  estimated measured 

Simojoki1  Load TN 1968 2018 51  ns  ***  

TP 1968 2018 51  ns  ***  

SS 1968 2018 51  ns  ***  

Concentration TN 1968 2018 51  *  ***  

TP 1968 2018 51  ns  ***  

SS 1968 2018 51  **  ***  

Simojoki2 Load TN 1984 2018 35  ***  ns  

TP 1984 2018 35  ***  *  

SS 1984 2018 35  ***  ns  

Concentration TN 1984 2018 35  ns  ns  

TP 1984 2018 35  **  *  

SS 1984 2018 35  ***  ns  

Hosionkoski2 Load TN 1984 2018 35  ns  ns  

TP 1984 2018 35  ***  **  

SS 1987 2018 32  ***  ***  

Concentration TN 1984 2018 35  ns  ns  

TP 1984 2018 35  ns  **  

SS 1987 2018 32  *  ***  

Ylijoki2 Load TN 1984 2018 35  ns  ns  

TP 1984 2018 35  **  ns  

SS 1987 2018 35  ***  ns  

Concentration TN 1984 2018 35  ns  ns  

TP 1984 2018 35  **  ns  

SS 1987 2018 35  ***  *  

Kotioja2 Load TN 1984 2018 35  ns  **  

TP 1984 2018 35  ns  ns  

SS 1987 2018 35  ns  ns  

Concentration TN 1984 2018 35  ns  ***  

TP 1984 2018 35  ns  ns  

SS 1987 2018 35  ns  ns  

1Based on regional landuse. 2Based on landuse from Landsat. 3Arrows indicate the direction of the trend 

where ***p < 0.001 shows dark black arrows, **p < 0.01 shows dark blue arrows, *p < 0.05 represents light 

blue arrows and ns means non-significant. 
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5.3 Prediction of nutrients and SS using the SWAT model (Paper 

III) 

5.3.1 Calibration and validation 

Model performance 

The performance metrics for flow, nutrients and SS in SWAT-CUP varied from very 

good to unsatisfactory (Moriasi et al., 2015) in different cases for the Hosionkoski 

and Simojoki catchments. For flow and N, the performance metrics were at a 

satisfactory level or higher for both calibration and validation. However, as the 

measured SS concentrations were low and contained mainly organic fractions, the 

SS budget was not closed, affecting the modelling accuracy of SS and P (Table 4). 

R2 and NSE values were higher, possibly indicating a better simulation of the 

peak flows (Zhang et al., 2015). The KGE values were a good match for flow and 

other nutrients, except for SS and TP. PBIAS yielded by SWAT-CUP relied on the 

compensation of over-and underestimations rather than satisfactory representations. 

Table 4. The SWAT model’s flow, nutrients, and suspended solids (SS) performance 

metrics. Cal ~ calibration, Val ~ validation, Org-N ~ Organic nitrogen, TN ~ total nitrogen, 

Org-P ~ Organic phosphorus and TP ~ total phosphorus (Adapted, with permission, 

from Paper III © 2022 Authors). 

Performance 

metrics 

Hosionkoski Simojoki Hosionkoski Simojoki 

Cal Val Cal Val Cal Val Cal Val 

 Flow SS 

R2 0.75 0.66  0.76 0.68 0.64  0.33  0.12  0.40  
NSE 0.74  0.63 0.76 0.67 0.49 0.31  0.12 0.40 

PBIAS 7.1 13 9.2 9.7 32.1 30.7 1.1 18.6 

KGE 0.85 0.76 0.81 0.77 0.35 0.33 0.04 0.33  
Org-N TN 

R2 0.82  0.63 0.57  0.68 0.82  0.64 0.55  0.66 

NSE 0.81  0.62  0.56  0.65  0.74  0.61  0.55  0.65  
PBIAS 0.6  9.4  11.2  16.1  22  6.1  3.2 9.8 

KGE 0.90 0.74 0.59 0.63 0.73 0.78 0.61 0.66  
Org-P TP 

R2 0.75  0.66  0.42  0.58 0.61  0.65  0.29 0.6  
NSE 0.15  0.63  0.38  0.56 0.41  0.65  0.19 0.51 

PBIAS 13.2  12.2  17.3  5.8 24.4  7.3  42.7 25.6 

KGE 0.35 0.77 0.34 0.56 0.62 0.70 0.03 0.40 
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Hydrology, Nutrients (N, P) and SS 

The simulated and observed flow difference was 9.2% from 1990 to 2002 and 5.9% 

from 2003 to 2015 in the Simojoki catchment. During the calibration period from 

1990–2002, the uncertainty boundary (95PPU) captured 69% of observed flow 

based on the simulated results, whereas the percentage was around 73% for the 

upstream Hosionkoski catchment. For the validation, the percentage was almost the 

same (68%) as the calibration in the Simojoki catchment (Fig. 16).  

With separated baseflow data from the simulated flow, the baseflow ratio was 

within the 20% range of the observed baseflow ratio, which was used as a 

benchmark of satisfactory calibration, as mentioned by Bracmort et al. (2006). For 

low flow conditions, the modelling results followed the pattern of the observations, 

but when the snow started melting in the catchment, the case was different for high 

flow. 

Fig. 16. Simulated and observed flow at the Hosionkoski and Simojoki catchments. The 

95PPU boundary is only plotted for the calibration period from 1990 to 2002 (Reprinted, 

with permission, from Paper III © 2022 Authors). 

For Org-N and TN, the uncertainty boundary resulted in SWAT-CUP encircling 

more than 81% of observations in both catchments for calibration. From upstream 

to downstream, the difference between the simulated TN and observed TN varied 

from 14.1% to 6.5% (Fig. 17). 
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Fig. 17. Simulated and observed load of Org-N and TN at the Hosionkoski and Simojoki 

catchments. The 95PPU boundary is plotted for the calibration period from 1990–2002 

(Reprinted, with permission, from Paper III © 2022 Authors). 

The difference in TP load between the simulations and observations in the 

Hosionkoski catchment was around 8.5%, whereas it was higher (34%) in the 

Simojoki catchment. In both catchments, the difference in Org-P load was 12.7%. 

For SS, the prediction of average SS load differed from the observations by 

6.50% in the Simojoki catchment. The difference was high (46%) in the 

Hosionkoski catchment, as imbalances might have existed in the nutrient pool of 

SWAT at the sub-catchment level. However, the simulated model captured 37% and 

38% of the observations from 1990 to 2002 within the 95PPU in the Hosionkoski 

and Simojoki catchments, respectively (Fig. 18). 
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Fig. 18. Simulated and observed load of Org-P, TP, and SS at the Hosionkoski and 

Simojoki catchments. The 95PPU boundary is plotted from 1990 to 2002 for the 

calibration period (Reprinted, with permission, from Paper III © 2022 Authors). 
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5.3.2 Spatial and temporal distribution 

From upstream to downstream reach, the load of the nutrients and SS changed 

substantially from 1990 to 2015. The blue colour shows the excellent status of the 

nutrients and SS in the reach of the catchment, whereas the red colour indicates the 

poor status (Fig. 19). The distribution of the nutrients and SS throughout the 

Simojoki river shows this variation in Fig. 19 based on the colour pattern for the 

ecological status of the surface water body suggested by SYKE (2021).  

In 2015, the Org-N load was 63% higher than the load in 1990 at the Simojoki 

outlet, whereas the increase was 68% for the TN load. For Org-N and TN, the load 

ratio between the furthest downstream and upstream reach was higher in 1990 than 

in 2015. 

The Org-P and TP were higher in the middle and furthest downstream parts of 

the Simojoki catchment. Between the furthest upstream and downstream reach, the 

ratio of Org-P load was around 33 in 2015, whereas it was around 10 in 1990. For 

TP load, the ratio varied from 13 in 1990 to 34 in 2015. 

The SS load at the furthest downstream reach in 2015 was 1.9 times the SS 

load found at the furthest upstream reach and almost 2.4 times the simulated load 

in 1990. However, from 1990 to 2015, the highest total annual average SS load was 

found at a location that was above the most downstream outlet in the Simojoki 

catchment. 
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Fig. 19. The spatial and temporal distribution of Org-N, TN, Org-P, TP, and SS in 1990 

(left) and 2015 (right). For each panel, the column plot shows the total annual average 

load of each reach. The variation of colour is chosen based on the colour pattern 

suggested by SYKE (2021), for the ecological status of the surface water body 

(Reprinted, with permission, from Paper III © 2022 Authors). 
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5.3.3 Load variation in different units 

The maximum load of Org-N and TN was found in the furthest downstream sub-

catchment, whereas for P and SS, the case was different. For TP and TN, the 

corresponding maximum load was around 1.47 ton/ha/yr and 10.29 ton/ha/yr (Fig. 

20). There was a slight difference between the organic and total nutrients within 

each sub-catchment. The SS load varied from 0.03 ton/ha/yr to 1094 ton/ha/yr in 

different sub-catchments, averaging 11.03 ton/ha/yr. 

Although forests in peat soil covered a large portion (31% area) in the 

catchment, the specific loading of nutrients in the peat soil in the clear-cut areas 

was highest compared to all other landuse categories. The specific loading in 

mineral soil was also higher in clear-cut areas than in the forest. Although peat 

extraction had the highest specific SS loading (1.03 ton/ha/yr), it had the lowest 

area coverage within the Simojoki catchment. 

Fig. 20. SS and nutrient variation in the sub-catchments and different landuses from 

1990–2015. The top panel shows the spatial distribution of specific loads of nutrients 

and SS in each sub-catchment. The bottom two panels represent specific loads from 

different landuses. The top-right axis (transparent colours) in all the panels shows the 

percentage of each landuse in the Simojoki catchment (Reprinted, with permission, 

from Paper III © 2022 Authors). 
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5.4 Nordic Bioeconomy Pathways: The scenarios (Paper IV) 

The following tables present how each NBP scenario varied from the baseline 

scenario (NBP 0). Two greenhouse gas emission (GHG) pathways (RCP–4.5 and 

RCP–8.5) and the baseline scenario presented the impact of climate and each LSM 

attribute for different periods (Tables 5–7 and Figs. 21–23). The following results 

mostly highlight the variations in flow, nutrients, and SS in the catchment across 

different NBP scenarios.  

On average, the change in the annual values of each NBP was compared with 

the annual values of the NBP 0. Thus, compared to NBP 0, four different symbols 

were selected to categorise the variation in each simulated scenario where: 

– 0 represents no change 

– + represents an increase of <= 10% 

– − represents a decrease <= 10% 

– ++ represents an increase of > 10% 

Table 5. Summary results of each NBP compared to NBP 0, for Catchment management 

strategy attribute from Stakeholders (CMS-STK). C represents the period from 1990–

2015, as same as the baseline scenario’s period, R1 represents attribute + RCP–4.5 from 

2031–2070, and R2 shows attribute + RCP–8.5 from 2031–2070. EL refers to the 

"Extreme left", and ER refers to the "Extreme right" scenario. The symbol ‘0’ represents 

no change, ‘+’ represents an increase of the scenario up to 10%, and ‘-’ represents a 

decrease up to 10% (Adapted, with permission, from Paper IV © 2022 Authors). 

Flow, 

Nutrients 

and SS 

EL ER NBP 1 NBP 2 NBP 3 NBP 4 NBP 5 

Extreme  

left 

Extreme  

right 

Sustain- 

ability 

first 

Conventional 

first 

Self-

sufficiency 

first 

City 

first 

Growth 

first 

 C R1 R2 C R1 R2 C R1 R2 C R1 R2 C R1 R2 C R1 R2 C R1 R2 

Flow − − − − − − + + + + + + − − − − − − − − − 

SS − − − 0 0 0 + + + + + + − − − − − − − − − 

TN + − − + + + − − + − − + + 0 − + 0 − + 0 − 

TP 0 − − + 0 0 − + + − + + + − − + − − + − − 

Org-N + − − + − − − + + − + + + 0 − + 0 − + 0 − 

Org-P 0 − − + 0 0 − 0 + − 0 + + − − + − − + − − 
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Table 6. Summary results of each NBP compared to NBP 0, for Biomass removal and 

Stand management attribute from MELA and Stakeholders (BMR-SM-MELA-STK)a. R1 

represents attribute + RCP–4.5, and R2 shows attribute + RCP–8.5 for the entire period 

from 2031–2070, not for each decade as it was simulated. The symbol ‘+’ represents an 

increase of the scenario up to 10%, and ‘++’ represents an increase of that scenario 

greater than 10% (Adapted, with permission, from Paper IV © 2022 Authors). 

Flow, 

Nutrients 

and SS 

NBP 1 NBP 2 NBP 3 NBP 4 NBP 5 

R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 

Flow + + + + + + + + + + 

SS + + + + + + + + + + 

TN + + + + + + + + + ++ 

TP + ++ ++ ++ ++ ++ ++ ++ ++ ++ 

Org-N + + + + + + + + + + 

Org-P + ++ + ++ ++ ++ + ++ ++ ++ 

aInput for the EL and ER scenarios was not available for the BMR-SM attribute from MELA. 

Table 7. Summary results of NBP 1 compared to NBP 0, for Fertiliser use attribute from 

MELA (FU-MELA)b. R1 represents attribute + RCP–4.5, and R2 shows attribute + RCP–

8.5 for the entire period from 2031–2070, not for each decade as it was simulated. The 

symbol ‘+’ represents an increase of the scenario up to 10%, and ‘++’ shows an increase 

of that scenario greater than 10% (Adapted, with permission, from Paper IV © 2022 

Authors). 

Flow,  

Nutrients  

and SS 

NBP 1 

R1 R2 

Flow + + 

SS + + 

TN + + 

TP ++ ++ 

Org-N + + 

Org-P + + 

bData was available only for NBP 1 to implement the FU attribute from MELA. 

Owing to differences in the data sources in the baseline model and uncertainties in 

regional climate input, the results of the scenarios are presented as percentage 

changes over the baseline scenario, as opposed to absolute values. To specify how 

CMS, BMR-SM, and FU affected flow, nutrients, and SS in each NBP, variations 

are provided in the following figures, along with the results of multiple regional 

climate models. 
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5.4.1 Catchment management strategy from stakeholders (CMS-STK) 

The annual flow in Simojoki increased by 0.3% for NBP 1 and NBP 2. Based on 

stakeholders’ opinions, as there were fewer forestry actions in NBP 1 and NBP 2, 

the evapotranspiration of the entire catchment decreased, thus increasing 

streamflow. Even with climate input, the increases in annual flow in scenarios NBP 

1 and NBP 2 were almost the same. Although the forestry areas in the extreme right 

(ER) scenario were lower than those in the NBP 0, the flow change was not 

noticeable (Fig. 21). 

On average, a flow reduction was expected for NBP 3, NBP 4, NBP 5, and 

extreme left (EL) scenarios because of more self-sufficiency and economic growth-

related activities. The landuses of these NBPs differed by 5–10% with NBP 0. Thus, 

the flow decreased by 0.25–0.55%. Although for different bioeconomy pathways, 

the patterns of SS were almost the same as the changes in flow, the differences in 

percentage were higher compared to the baseline scenario (NBP 0). 

The annual changes in TN were almost the same compared to NBP 0 for the 

CMS attribute. From 1990 to 2015, TN decreased by approximately 0.3% for NBP 

1 and NBP 2. For other NBPs, an increase of around 0.2% was observed. Owing to 

climate input, the changes in TN in all NBP scenarios were close to 0% from 2031 

to 2070, except for ER (> 0%) and EL (< 0%). 

 The decrease in forestry and increased protected coverage resulted in a 0.5% 

decrease in Org-P and TP for NBP 1 and NBP 2. However, both nutrients increased 

slightly when the climate input was integrated with this attribute from 2031 to 2070. 
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Fig. 21. Changes in annual flow, nutrients, and SS for the Catchment management 

strategy (CMS) attribute of each NBP, compared to NBP 0 (Reprinted, with permission, 

from Paper IV © 2022 Authors). 

5.4.2 Biomass removal and Stand management, both from the MELA 

model and stakeholders (BMR-SM-MELA-STK) 

As there was a substantial change between the biomass and stand-level inputs of 

BMR-SM in each NBP, the changes in annual flow were also substantial compared 

to NBP 0. On average, for the entire period, the flow increased by 1.4% (Fig. 22). 

Based on stakeholders’ opinions, there were always biomass removal operations in 

the forestry HRUs in SWAT. Thus, the flow increased from slight to mild (0.1–3%) 

for all the NBP scenarios (see Appendix in Paper IV). The increases in NBP 3 and 

NBP 5 were greater (> 1.5%) than those in the other NBP scenarios. As the main 

goal of both scenarios was to focus on growth, a higher flow generated for these 

NBP scenarios was expected. For sustainable scenarios (i.e., NBP 1), the annual 

flow changes were almost identical to those of NBP 0.  



73 

The SS variations were similar to those observed in the flow. However, the 

NBP 5 scenario resulted in the highest increase (3%), whereas NBP 1 scenario 

showed the lowest change (~0.2%) compared to NBP 0. 

The TN increased to 8.5% for NBP 3, and the other NBPs followed the trend 

for RCP–4.5. However, for RCP–8.5, a 10% increase in NBP 5 was observed. The 

initial biomass input into the SWAT varied for each decade from 2031 to 2070. 

Thus, the overall change in TN varied from 2% to 11% for all NBP scenarios except 

for NBP 1 and NBP 2.  

Higher biomass removal and stand management resulted in the highest increase 

in TP. The change was visible for NBP 3 to NBP 5, whereas for the other NBPs, the 

change was almost 0%, compared to NBP 0 for both regional climate models.  

Fig. 22. Decade-wise and overall variations in annual flow, nutrients, and SS for the 

Biomass removal and Stand management (BMR-SM) attribute of each NBP compared to 

NBP 0 (Reprinted, with permission, from Paper IV © 2022 Authors). 
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5.4.3 Fertiliser use from MELA (FU-MELA) 

Due to fertiliser input in the SWAT model, the increase in annual flow, SS, and 

nutrients varied from 1.4–13% for different decades in NBP 1. As the fertiliser input 

data from the MELA model were unavailable for other NBPs, it was only possible 

to simulate NBP 1. Even though NBP 1 emphasises sustainability, the fertiliser 

input into the SWAT simulated more runoff and less retention. Thus, the flow and 

SS increased in the NBP 1.  

On average, a 2.5% increase in flow was observed with climate input for RCP–

4.5 and RCP–8.5, for each decade from 2031 to 2070. The changes in the SS were 

slightly higher (4% on average) for both climate pathways. For N, the annual 

changes varied from 2–6%, whereas for P, the percentage was higher (8–14%) than 

in the NBP 0 scenario. 

Fig. 23. Decade-wise and overall variations in annual flow, nutrients, and SS for the 

Fertiliser use (FU) attribute of each NBP compared to NBP 0. For FU, the input data from 

the MELA model was available only for NBP 1 for multiple decades (Reprinted, with 

permission, from Paper IV © 2022 Authors). 
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5.4.4 Interpretation of NBP scenarios 

Based on the concepts of NBPs (Fig. 1), the results retrieved from SWAT catchment 

modelling of NBP scenarios can be interpreted as: 

– Shifting towards a more sustainable society in NBP 1 led to a focus on 

fewer forestry activities, resulting in decreases in TN and TP. However, for 

the flow and SS, the situation was the opposite. When biomass was 

removed from the system, the variability in TN and TP was higher for 

BMR-SM and RCP–8.5, than for the combined input of biomass and RCP–

4.5. 

– Due to the current drained peatland areas in the Simojoki catchment, the 

scenario results in NBP 2 showed a pattern similar to that of NBP 1. The 

existing biomass removal rate and aged stands resulted in a slightly higher 

climate effect than that of sustainable NBP 1. 

– Forest management will be intensive as biomass grows to a certain extent 

in NBP 3. Thus, forest harvesting resulted in a high increase in TN and TP. 

Even with climate input, it was clear that changes in nutrients and SS 

would result in significant challenges for mitigation and adaptation.  

– When the gap increased between urban and rural sites in NBP 4, an 

increase occurred in TN, followed by TP. However, for the BMR-SM 

attribute, the biomass removal percentage varied between the input of the 

stakeholders (6.8%) and the output of the MELA model (8.4%). 

– High economic growth and rapid technological development in NBP 5 

resulted in the highest increases in nutrients and SS. As the pathways are 

more material-intensive, challenges due to the climate effects would be 

higher.  

Overall, the land system management attributes for different bioeconomy pathways 

dominated the changes in hydrology and water quality compared to the climate. 
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6 Discussion 

6.1 Reliability and uncertainties in ditch identification (Paper I) 

Catchment-scale identification of timings of initial drainage is needed to estimate 

peatland drainage to ensure a better understanding of hydrological studies (Ecke, 

2009). Previously, the identification of ditch networks was time-consuming due to 

field observations or manual digitalisation from aerial images. The first study of 

this thesis identified ditch networks as linear features in forestry and cultivated 

peatland from aerial images and LIDAR data.  

Processing raw aerial images that lack projection involved multiple steps, from 

geo-referencing to ditch identification. The study provided generic tools to 

correctly geo-reference large numbers of aerial images and classify pixels from 

user-supplied parameter ranges to determine whether a linear feature can act as a 

ditch line or not. Due to the algorithm’s suitability to the threshold values, the 

proposed algorithm functioned better in drained peatland areas than in the 

catchment, which supports the assumed hypothesis of the first study. In addition, 

the algorithm can also identify the timing of the initial drainage, which may explain 

decadal-scale variation in nutrient concentrations in runoff from drained peatland 

(Nieminen, Sarkkola, & Hellsten, 2018). 

The ditch networks identified from aerial images and LIDAR data sources 

differed from those identified from NLSF vector files (NLSF, 2018, 2019, 2020). 

LIDAR identified some shallow ditches in the downstream catchment for small-

scale zones and was not always detected using NLSF vector files. Thus, the ditch 

network density identified from LIDAR data was higher than NLSF vector files in 

the downstream (cultivated peatland) catchment. Conversely, the study identified 

more probable ditches from aerial images than LIDAR at the catchment scale from 

2008–2018. The major change in ditch network detection occurred in forestry areas 

in the catchment, likely due to canopy cover masking ditches on the ground. 

However, the algorithm also identified ditches from LIDAR which were not 

artificial (natural depression), as addressed by Duke et al. (2006) and Roelens et al. 

(2018).  

The catchment-scale ditch network quantification was challenging as the 

mosaicked image did not cover the entire catchment. Thus, ditch length for the 

Simojoki catchment was presented as the ditch network density, i.e., the total length 

of identified ditches per area coverage of images for each year, recognizing that 
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this might result in uncertainty at the catchment scale. This effect was relevant 

before 1987 when image coverage was less than 60%. Even after the 1990s, there 

was a sharp rise in ditch network density, which might have been due to ditch 

network maintenance operations conducted in the 1990s. However, old-vegetated 

ditch sections also became visible in the aerial images.  

The algorithm showed some noises indicative of undrained areas in the image. 

Coarse pixel size, variable grey colour, image sharpness, and poor quality of old 

aerial images were prominent factors that caused noise in estimating ditch network 

length. Due to spectral variation among mosaicked images, this study used a 

recursive process to split the mosaic, allowing all the identified pixels within that 

image boundary to drop in a particular range. Even after pre-processing, differences 

in spectral information among all mosaic images could affect parameter ranges for 

Canny edge detection (Bradski, 2000) and Hough line transform (Karnieli et al., 

1996). Thus, kernel filtering used in the study was essential for different threshold 

values for each split image rectangle. 

Due to a lack of spatial information, the local survey-based LUKE drained 

peatland database may be less accurate for future analysis than the proposed 

approach. There are limitations to all the available ditch network databases as the 

data quality is unknown, and the contents are often not up to date. The quality of 

available ditch network databases and threshold selection are essential aspects that 

can improve the algorithm presented in the first study of the thesis.  

6.2 Historical landuse data to evaluate landuse changes (Paper II) 

Understanding historical landuse changes are vital when formulating measures to 

improve catchment-scale water quality management. Regional landuse databases 

do not contain spatial information, whereas Landsat images can reveal 

spatiotemporal trends in peatland-dominated catchments (Linderholm & Leine, 

2004; Schneider & Gil Pontius, 2001). 

In the second study of this thesis, the best available landuse information from 

Landsat images and regional landuses showed similar temporal forestry landuse 

patterns in the catchment. An increase in forestry activities and a decrease in the 

intact forest were observed in the catchment in the early 1970s as forest 

management intensified (Lepistö et al., 2014). A decrease in the area identified as 

open peatlands and a corresponding increase in forest cover after peatland drainage 

were also evident, reflecting historical changes (Rankinen et al., 2004).  
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Various image-related factors, such as cloud cover in Landsat scenes, affected 

the accuracy of results in the Simojoki catchment, particularly before 2013. 

Narrower spectral bands, better calibration, and the specific geometry of modern 

Landsat sensors (Irons et al., 2012) were the main reasons for the increased 

accuracy in more recent data. Composite image formation for each year from 

Landsat scenes might also affect the accuracy, e.g., the random fluctuation seen in 

open peatland, as reported for agricultural landuse classes (Wulder et al., 2019). 

Another possible reason might be uncertainties associated with trained data 

samples for landuse analysis from Landsat images (Castilla & Hay, 2007). The use 

of more training data samples may be a way to improve the accuracy of the 

classified images, especially for images taken from Landsat 5 and Landsat 7. 

6.3 The specific export coefficient approach to estimating nutrients 

and SS (Paper II) 

Using export coefficients with the spatial landuse coverage from Landsat from 

1984 to 2018 resulted in more estimated loads and concentrations variation than 

regional landuse data from 1968–2018. Due to different nutrient export coefficient 

ranges, the presented approach differed from previous load calculations 

(Kenttämies, 2006), even within the same landuses. However, for each landuse, the 

export coefficients included the long-term effect on loads of water protection 

measures (Finér et al., 2010). 

Although there was considerable variation in outflow in the Simojoki 

catchment, the estimates obtained from specific export coefficients worked 

reasonably well with measured values, particularly for TN and SS. However, in 

some cases, the estimates were less accurate, as the export coefficients were 

constant and could not capture the hydro-meteorological variability of the 

catchment. Another plausible aspect for the mismatches of the predicted load could 

be related to the decay and nutrient transformation effects in the larger river systems. 

The export coefficient values monitored in different empirical studies included 

seasonal loading information from various landuse activities that did not cover the 

decay processes from land to sea in the surface water (river) system.  

Land drainage for forestry and forest ditch maintenance can increase nutrient 

(TN, TP, and SS) loads and concentrations in peatland-dominated catchments 

(Joensuu et al., 2002; Nieminen, Sallantaus, et al., 2017; Nieminen, Sarkkola, & 

Hellsten, 2018). In recent years, drainage activities have increased nutrient 

concentrations from catchments to the sea (Nieminen, Sarkkola, & Laurén, 2017). 
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Using data on flows and concentrations of different catchments that go to the sea, 

Räike et al. (2020) also found an increasing trend in TN load for other regions in 

Finland. The export coefficient analysis showed significant trends in TN field 

concentrations and loads from 1968 to 2018. However, these trends were 

insignificant for the later period from 1984 to 2018.  

In an earlier study in the Simojoki catchment, Lepistö et al. (2008) found 

significant increasing trends in organic N, the dominant TN component. Climate 

factors, such as higher soil temperature in the cold season, may contribute to higher 

N concentrations during the mid-winter and higher mineralisation, increasing Org-

N losses. Estimates based on specific export coefficients couldn’t capture the 

increasing trend seen in measured data and showed a decreasing TN trend. Initial 

land drainage, followed by ditch maintenance after 1980, contributed to the 

difference between the measured and estimated TN load. This study used 0 

kg/ha/year as a TN export coefficient for ditch maintenance.  

The uncertainties introduced in this study represented forest management 

activities in the peatland-dominated catchment to estimate TN, TP, and SS exports. 

For instance, the boundary obtained for TN load estimates from 1968 to 2018 was 

317–746 tons/year, in line with the previous 655 tons/year (Lepistö et al., 2006). 

The approach also indicated the same decreased TP and SS trend as the measured 

data. Uncertainty might arise in TP estimation from export coefficients as these 

only represent the TP exported from the corresponding landuse to the outlet, 

regardless of the soil quality in the landuse. 

The export coefficient study found disproportionately high streamflow and 

nutrient load at the Simojoki outlet compared to the sub-catchment outlets, 

considering the land area supplying the different outlets. The study also found 

opposing trends between the estimates based on export coefficients and the 

measured values for the sub-catchments, with higher uncertainty in smaller 

catchments. Therefore, export coefficients for the specific landuse classes were less 

representative of the measured load in smaller catchments. For large catchments, 

underestimates and overestimates balanced each other using the same export 

coefficient values, which supports the assumed hypothesis for the second study of 

this thesis. 
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6.4 SWAT modelling in the catchment with peatland forestry 

(Paper III) 

The SWAT model has been used in various catchments across the globe (Guo et al., 

2018; Schneider & Gil Pontius, 2001), specifically in northern conditions (Grizzetti 

et al., 2003). However, previous studies lack evaluation of SWAT performance in 

peatland-dominated catchments with intensive drainage activities, especially for 

various landuses in organic soils (forestry). Burning the identified drainage network 

into the DEM in a forestry catchment and integrating the process within the SWAT 

model resulted in good-satisfactory calibration for flow and N, supporting the 

assumed hypothesis of the third study. However, the modelling results created more 

uncertainty in P and SS estimations.  

Especially the sensitive parameters identified in the SWAT modelling study can 

provide a direction to simulate nutrients and SS in a similar catchment. The gap 

that remained was to answer the question of why certain ranges were selected for 

some specific parameters based on the sensitivity analysis. The modelling study 

relied on earlier studies (Huttunen et al., 2016; Menberu et al., 2021; Räty et al., 

2020) to select the parameter ranges related to peat properties. Thus, the 

uncertainties in the current SWAT model can be explainable if there is an 

opportunity to have physical measurements of those parameters to back up the 

selected ranges. 

The nutrient and SS movement process in multi-pools in SWAT is heavily 

dependent on those chosen parameters and their ranges, especially for forest land 

and organic soils. The process includes more dynamics and complexity when the 

catchment has a more than 30% drained peatland area (Rankinen et al., 2006). For 

example, due to the organic fraction and the low concentration of SS and P, the 

mismatches between the simulated output and the monitored observations were 

high. During the calibration process, many parameters were dropped due to 

insensitivity to peatland forestry. The uncertainty (95PPU) in estimates captured 

35–81% of observations that involved all plausible sources of uncertainties related 

to model structure and the trade-off between parameter values and objective 

function (Gupta et al., 2005).  

The simulation of SS loading depends on the transport of organic particles 

(Marttila & Kløve, 2015), which are often very fine in particle sizes (Marttila et al., 

2016). Thus, physical processes, including slow settling velocity and wash load 

nature, are not fully available to simulate in SWAT and can cause uncertainty.  
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TIMP (Snowpack temperature lag factor) was the most sensitive parameter 

when calibrating the flow. The amount of snowmelt was affected by the lagging 

factor as it accounted for snowpack density, depth, and other exposures (Neitsch et 

al., 2011). As TIMP was between 0.64 and 0.84 in the model, the mean air 

temperature on a single day during the studied period had a larger impact on the 

snowpack temperature on that specific day than the snowpack temperature from the 

previous day. 

Within the soil profile, the soil surface contains the highest amount of nutrients 

and organic matter. Organic soils are distinct from mineral soils (Menberu et al., 

2021). The movement of N from the fresh organic pool to the inorganic mineral 

pool in the HRUs in SWAT was dominated by the concentration of Org-N in the 

baseflow (parameters of N calibration). Even a tiny change of Org-N concentration 

in the baseflow affected the model calibration substantially. Saturated hydraulic 

conductivity and bulk density in the peat soil also affected the N processes in the 

catchment, as N is highly reactive in peat soil. Some inorganic processes might 

occur in the mineral soil layer of the catchment, but from 1990–2015, 

denitrification was the dominant process. When the temperature was 5 °C or higher 

on a specific day, nitrification and volatilisation could also occur in the catchment 

(Neitsch et al., 2011). However, as clear-cut forest areas were not scattered in the 

downstream part of the catchment, Org-N might reach the outlet of the Simojoki. 

As the peat soil particles are positively charged, the amount of leached N in the 

current SWAT model was not noticeable compared to the amount of N in the 

catchment pool. Even though the Simojoki catchment has 5.7% lakes, the nutrient 

retention within the catchment was insensitive to the effect of the lakes. Although 

the parameters responsible for calibrating Org-N fitted well with TN calibration, 

the peat properties were site-specific due to different peat decomposition levels. 

In response to a concentration gradient, P usually moves through the migration 

of ions over small distances on the soil surface in SWAT (Neitsch et al., 2011). P 

transport is often related to soil erosion and the transport of dissolved organic 

carbon. However, solubility is limited for P in most environments compared to 

highly mobile N (Chaubey et al., 2006). Peat soils contained more than 50% of P, 

whereas, in mineral soils, the percentage was around 40%. The runoff in drained 

peat soils was higher than in undisturbed soils, affecting P concentration. Like N, 

the use of Org-P as a calibration parameter, for Org-P concentration in the baseflow 

also influenced the P calibration. 

The SWAT model showed an average difference of 7.5% between the simulated 

flow and the observations. The average difference between the simulated TN load 
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and the observations was 6.4%. From 1991 to 2011, Huttunen et al. (2016) found a 

1012 tons/year gross TN load, whereas the current SWAT model resulted in an 841 

tons/year TN load. The SWAT modelling of Org-P and TP was challenging in 

Simojoki as the catchment contained a considerable percentage of peat and mineral 

soils. As peat soils have a high water-holding capacity, they usually have little 

surface runoff. After the snow melting period, TP was a bit higher than the rest of 

the seasons. The stagnant water in peat soil might also affect P loading (Huttunen 

et al., 2016). 

The SWAT modelling study also showed the spatial distribution of specific 

loading in different landuses. The clear-cut peat soil contained the maximum 

specific loading for all nutrients. In contrast, peat extraction had the highest SS 

loading. The clear-cut was not implemented on a large scale in the peat soil in the 

Simojoki catchment. However, loading may increase from this landuse because an 

average of 0.5% of the total forest area is cut annually in the catchment (Lepistö et 

al., 2008). This current situation regarding the annual cut is also very helpful to 

understand the consequences of the bioeconomy pathways that were analysed in 

the last study of this thesis.  

6.5 NBPs and the scenarios (Paper IV) 

Alternative pathways for using bioresources have the potential to lead to plausible 

stressors in the future in Nordic catchments. The input differences in multiple land 

system management attributes affected the hydrology and water quality of the 

catchment more than the climate. The LSM attributes resulted in slight to mild 

fluctuations in the hydrology and water quality of the catchment owing to the 

conceptual differences in the Nordic Bioeconomy Pathways. The assessment 

process of comparing different NBP scenario results with the SWAT baseline 

scenario (NBP 0) was used to reproduce trends for the current period and the next 

40 years without systematic deviation from the measurements. For the BMR-SM 

and FU attributes, the model was simulated with each attribute and climate input, 

and the results retrieved for the CMS attribute clearly showed that the distinct 

impact of the climate model was unnoticeable. For both climate models, different 

RCP scenarios had very little effect on any modelled response variable. 

The export of nutrients and SS for different NBP scenarios form an extensive 

range around the considered forestry attributes owing to the bottom-up approach of 

quantification from stakeholders or the existing MELA model. In Finland, nutrient 

budgets and landuse impacts have been discussed over the past few years 
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(Nieminen, Palviainen, et al., 2018; Nieminen, Piirainen, et al., 2018), especially 

in catchments with peatland forestry. The studies in this thesis also indicated that 

integrating past peatland drainage into the baseline model may affect nutrient 

export. Even for future projections with climate input, the old drained areas (age 

and proportion) may have a legacy of nutrient export (Nieminen, Sarkkola, & 

Hellsten, 2018). However, Lepistö et al. (2014) explained that changes in total 

organic carbon (strong correlation with N) in the Simojoki catchment were 

primarily driven by climate, rather than, forestry. Owing to the combined changes 

in landuse and climate, Rankinen et al. (2016) found no particular effects on P 

exports in smaller catchments. The scenario results indicate that political decisions 

from different landuse practices at the catchment level can impact hydrology and 

water quality, and the results from Simojoki can be used to guide more sustainable 

forestry actions at the catchment level. 

Reduced stand management and biomass removal led to lower flow and export 

of nutrients and SS for the sustainable (NBP 1) and business-as-usual (NBP 2) 

scenarios, which supported the hypothesis of the last study. For other NBP 

scenarios, the flow and export of nutrients and SS increased with decreased 

evapotranspiration. Owing to slow tree growth and long forest rotations, it is 

sometimes difficult to determine the reason for changes in nutrients and SS in a 

large river catchment (Lepistö et al., 2014). For example, in NBP 4, when biomass 

and climate data were integrated into the SWAT model, a large portion of nitrogen 

was removed from the harvested products and a certain amount of phosphorus was 

retained in the soils. However, the increase in nutrients and SS export was still 

noticeable, which was not expected. Although previous studies mainly focused on 

fertilisers in agricultural catchments (Bouwman et al., 2009), the fertiliser use in 

forestry also resulted in higher export of nutrients and SS for NBP 1. As it was not 

feasible to simulate the FU attribute for all NBP scenarios except NBP 1, it is still 

early to say that the FU attribute in SWAT had any measurable effect on the 

modelled output. 

Balancing nutrients is a prerequisite for ecosystem sustainability (Joki-

Heiskala et al., 2003; Sverdrup & Rosen, 1998). At the catchment scale, uncertainty 

in in-field and in-stream nutrient cycling in SWAT is always an issue. An imbalance 

of nutrients in the river water quality may occur because of forest harvesting. Long-

range N transport can also affect the water chemistry in forested catchments 

(Forsius et al., 2003; Posch et al., 2008). Moreover, these processes can be more 

influenced by changes in the global climate (Park et al., 2010). Thus, the current 
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forest management operation for landuse, existing biomass, and removal from the 

system was validated against the baseline model (Paper III).  

Of the five pools in the SWAT model (Neitsch et al., 2011), TN and TP 

exchange mostly varied in the organic fresh pool related to the initial biomass in 

the forestry HRUs. For instance, removing biomass after harvesting increases 

nutrient transport (Yuan & Chiang, 2015). As NBP 3 and NBP 5 had a higher ratio 

of biomass removal in the catchment, the export of nutrients and SS was also higher 

in those NBPs. A similar analysis was also applicable for organic and inorganic 

nutrients, where organic nutrients were the major drivers throughout the catchment 

and varied in the same way as total nutrients (Molina-Navarro et al., 2017). 

Although the NBP scenarios provide the individual effects of varying LSM 

attributes, one of its limitations is the determination of the joint impact of all 

attributes for different NBPs if they are applied together to the catchment model. 

As the input data were taken from multiple sources (stakeholders, MELA), and the 

period of the input data differed greatly, it was only possible to simulate the model 

for specific LSM attributes. However, to know how the NBP scenarios would look 

like if all attributes were integrated into the SWAT model at a time, Tables 5–7 

provide a conceptual understanding of the response variables for the transition 

towards NBPs. There can be concern about the significance of the results, 

especially regarding the large error bars for phosphorus and using the same symbol 

(‘+’) in the tables to categorise the increase of the variable up to 10%. The increase 

in phosphorus was more evident in the BMR-SM and FU attributes. As mentioned 

in the SWAT baseline model study (Paper III), peat soils contain more than 50% 

phosphorus and runoff in drained peat soils was higher than that in undisturbed 

soils. In addition, the spatial biomass output retrieved from the MELA model and 

the management operations applied in SWAT might affect the phosphorus outputs 

of the scenarios. The annual changes in phosphorus did not match well with the 

expectations. However, based on the output of all the modelled response variables 

and scenarios, maybe the most sustainable bioeconomy pathways may not be the 

most probable option to implement in the Simojoki catchment. 
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7 Conclusions 

Implementing the bioeconomy must not happen at the cost of the environment. This 

thesis aimed to explore what could be done or what needed to be known and 

whether we should proceed in our current direction or take an alternative pathway. 

It will depend on the trajectory whether the distribution of landuse and biomass 

will be proportional or change greatly based on the focus of the Nordic society.  

In the sustainability (NBP 1) scenario, shifts in landuse type were often the 

most pronounced. In contrast, a societal trajectory with limited environmental 

awareness (NBP 3 or NBP 5) would likely have impacts on hydrology and water 

quality. Thus, in these scenarios, the targeted green goals would be difficult to 

achieve. However, considering the current context of the political and economic 

situation, forestry activities and the use of bioresources are highly relevant to 

regional planning. The studies included in this thesis were analysed from that 

perspective. Although the research questions were investigated at a local scale, it is 

likely to apply the outcomes to a similar context. Thus, from the analysis of 

identifying the peatland drainage network extent on a catchment and how different 

socioeconomic drivers can act related to the use of bioresources or drainage 

networks, the thesis provides the following remarks: 

– The analysis of aerial images provided new insights into the temporal and 

spatial distribution of catchment-scale peatland drainage. Although the task 

was challenging because of the increased canopy cover, the use of multiple 

filters in the proposed algorithm increased the possibility of accuracy.  

– To identify the drainage networks, the algorithm functioned comparatively 

better in drained peatland areas than in the catchment. It also performed well 

in estimating the total ditch length density for cultivated peatland and peatland 

forestry areas. Even statistically, no significant differences were found between 

identified ditch networks and existing databases for the analysed samples.  

– The landuse-specific export coefficient approach provided a clear picture of 

nutrient loads and SS exports in the peatland-dominated catchment. The 

estimates functioned well for large catchments but were less accurate for 

smaller catchments. The approach also predicted similar trends to those seen 

in observations for TP and SS but showed opposing trends for TN.  

– The export coefficient approach also illustrated the importance of evaluating 

historical reasons for changes in nutrients and SS when assessing the effects of 

large-scale peatland drainage. 
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– Although SWAT modelling in a peatland forestry catchment resulted in good–

satisfactory calibration for flow and N, there were mismatches for SS and P. 

Despite the uncertainty, the parameters and the ranges chosen can be used to 

replicate the physical processes in a peatland-dominated catchment.  

– The spatial distribution of specific loading showed the maximum load in the 

clear-cut area compared to the forest and other landuses in the catchment. In 

addition, the analysis was beneficial to focus on the variations in land system 

management attributes.  

– The changes in forestry areas and biomass removal due to the opinions of 

stakeholders and the MELA model reflected the following changes: 

– Implementing bioeconomy pathways emphasising sustainability (NBP 1) 

would likely decrease the export of nutrients and SS.  

– The business-as-usual (NBP 2) scenario also followed the same trend as 

sustainability, with decreased flow and increased evapotranspiration.  

– In contrast, bioeconomy development drawing on the increased use of 

renewable resources owing to economic growth or self-sufficiency (NBP 

3 or NBP 5) would probably have increased the nutrients and exports of 

SS.  

– Accounting for climate, the analysis clearly showed that the distinct impact 

of climate had very little effect on any modelled response variables.  

However, forestry activities depend on the scenario and local interpretation of the 

area. Thus, from the results of the scenarios in the Simojoki catchment, it can be 

said that the most sustainable NBP may not be the most probable option for 

implementing bioeconomy pathways.  

Overall, the approach to understanding the bioeconomy impacts of foreseen 

landuse management is useful, especially in identifying the spatial zones of 

excessive loading in a peatland forestry-dominated catchment compared to the 

current conditions. 
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8 Recommendations 

Some environmental changes occur slowly, especially in soils (Araújo & Rahbek, 

2006). Historical landuse activities may show impacts for years or even decades. 

Thus, from a land manager’s perspective, it is beneficial to know the spatial and 

temporal distribution of the drainage network, nutrients and SS loading. Especially 

in the catchments containing a high percentage of peat soil, a proper management 

plan is essential.  

The studies of the thesis can be used to understand a comprehensive status of 

a catchment, starting from knowing peatland drainage conditions to considering the 

bioeconomy pathways. The studies can also be used as prerequisite benchmarks, 

even to follow environmental directives. For instance, to achieve good ecological 

status for all surface water bodies, Finland is following the next planning cycle of 

the Water Framework Directive (WFD 2022–2027; Räinä et al., 2022).  

Following the approach of the thesis, if a user sequentially follows every step 

presented in the first study, ditch networks can be identified from scratch. The 

proposed approach should also function with any other high-resolution (0.5–2 m) 

satellite image if the limitations of the data sources are recognised. However, if 

other relevant factors, such as peat depth, can be included in the ditch identification 

process, the algorithm will be more beneficial for guiding future peatland 

management actions (Laine et al., 2019). 

As a continuity, the user can use the landuse-specific export coefficient 

approach to focus on the catchment-scale consequences of landuse changes for 

nutrient loads and SS exports. The user can also find long-term (decadal) landuse 

changes, as historical landuses have a significant role in nutrient and SS loading. 

However, including more detailed spatial information about drainage activities and 

the effects of hydro-meteorological inputs would make the proposed approach 

more practical. Thus, the user can represent the peatland drainage activity in the 

SWAT model in future hydrological modelling efforts. For example, the long-term 

prediction of Org-N in the third study of this thesis resulted in increasing trends 

from drained peatlands, which was in line with another recent study (Lepistö et al., 

2021).  

Following the WFD from 2022–2027, 11.3% of N and 1.7% of P loads need to 

be reduced in the Simojoki catchment by 2027 (Räinä et al., 2022). Suppose the 

same user wants to consider the bioeconomy pathways in the Simojoki catchment 

to achieve the target. In that case, the fourth study of the thesis can be followed. 

However, the projections of nutrients for each NBP were higher in the maximum 



90 

cases than the target set for 2027. Although the scenario results showed variations 

based on the input of specific LSM attributes, the decreases in TN and TP for NBP 

1 and NBP 2 were closer to the targets that need to be achieved by 2027.  

Many processes at the catchment level are already active in achieving the WFD 

targets. Concerns have been raised about whether managerial actions are too slow 

to reach the goal (Räike et al., 2020). Demand is also increasing to provide a 

plausible solution to balance managerial actions and WFD goals (Johansen et al., 

2018). The bioeconomy pathways presented in the last study can benefit from this 

perspective by identifying the sensitive zones in a catchment with peatland forestry 

and where to implement managerial actions.  

The following figure shows an example of how studying the implementation 

of NBPs can be useful for selecting a specific forestry attribute or action. For 

instance, on the left side of Fig. 24, the spatial variations in TN and TP for the 

current period and from 2031–2070 provided an option for identifying the sensitive 

areas within the catchment for catchment management attribute and climate input. 

The user can focus on which location in the catchment the loading will be reduced 

and where extreme loading can occur compared to the baseline scenario.  

In addition, if the user is interested in understanding the impact of biomass 

removal and stand management, then the right side of Fig. 24 can provide some 

guidance. For example, the BMR-SM attribute can be selected if there is a demand 

to maintain a certain threshold for an aquatic species at any location in the 

catchment. The user can check which location in the catchment should be focused 

on reducing N and P loads in the upcoming decade from 2031 to 2040 and 2041–

2050. Thus, the corresponding user can take rapid action. 
 

Fig. 24. A recommended chart to follow for taking managerial decisions (Reprinted, with 
permission, from Paper IV © 2022 Authors). 
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