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Abstract
It is common practice to drain peatland forests in order to obtain better conditions for tree
growth. Ditch network maintenance (DNM), the cleaning of existing ditches and digging of new
supplemental ditches, is needed every few decades. DNM causes some of the most harmful
environmental effects of forestry due to the sediment load induced by the increased erosion in
the ditch network. The main objectives of this thesis are: 1) to identify the key mechanisms
inﬂ icting erosion and sediment load following DNM, 2) to compare pin meter measurements
and terrestrial laser scanning (TLS) for roughness assessment and the change detection of
peatland forest ditch topography, and 3) to discuss the practical implications of the results.
T w o e xp e rime nt a l a re a s w e re in c l ud e d in t h e t h e s is . In Sa n t a mä e ns uo , ba n k e ro s io n in d uc e d
by seepage was studied in a short-term experiment post-DNM by using artiﬁcial irrigation and
pin meter measurements to quantify the changes (erosion and deposition) in the topography of
a cleaned ditch bank. In Koivupuro, erosion mechanisms were monitored for two years
following DNM by applying pin meter measurements and TLS for the change detection of ditch
t o po g rap h y, as we l l as s imul tane o us l y me as uring d is c h arg e and s us pe nd ed s e d ime nt (SS) l o ad
at the main catchment and sub-catchment outlets. A paired catchment method was applied
using a nearby reference catchment to estimate the impact of DNM on the SS load. Reference
catchments were also utilized to assess the changes in unit hydrographs caused by DNM.
The results indicate that several interacting processes and mechanisms affect erosion and
sediment generation from the ditch network. Subaerial processes, such as frost and desiccation, prepare the bank for erosion. Bank erosion had an important role in producing sediment
in the network, while the role of bed erosion was more modest. In the area of thin peat layer,
erosion was the highest during the winter-spring period, while in the peat ditches, most of the
erosion occurred during the summer time. Erosion inside the ditch network was signiﬁ cantly
higher than the SS load at the catchment outlet, indicating that there is a vast potential of easily
transportable sediments deposited at the ditch bed. Vegetation started to develop in the ﬁ rst
summer following DNM stabilizing the banks and reducing sediment transport. The hydrograph analysis showed that DNM increased the discharge peaks and shortened the mean transit
times in the catchment. The timing of the peak was more inﬂ uenced by the proportion of the
drained area of the catchment. There were differences in the results, but both methods (pin
meter measurements and TLS) indicated that more erosion and higher roughness occurred in
the ditch with a thin peat layer, especially in the ﬁ ne-textured mineral soil part of the ditch
bank, which emphasizes the importance of avoiding cleaning areas of thin peat where possible.
K e y w o r d s ditch network maintenance, erosion, peatland drainage, sediment transport
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Tiivistelmä
Suometsiä ojitetaan puuston kasvuolosuhteiden parantamiseksi. Kunnostusojitusta, eli
olemassa olevien ojien puhdistusta ja täydennysojien kaivamista, tarvitaan muutaman
vuosikymmenen välein. Kunnostusojitus lisää ojien eroosiota ja kiintoaineen kulkeutumista
alapuolisiin vesistöihin, minkä vuoksi se on ympäristön kannalta yksi metsätalouden haitallisimmista toimenpiteistä. Väitöskirjan päätavoitteina on 1) tunnistaa tärkeimmät eroosioon
ja kiintoaineen kulkeutumiseen liittyvät mekanismit kunnostusojituksen jälkeen, 2) verrata
neularelieﬁ mittausten ja maalaserkeilauksen soveltuvuutta ojien topograﬁ an muutosten ja
pinnan karkeuden mittaamiseen ja 3) tarkastella tulosten merkitystä käytännön kannalta.
Kunnostusojituksen vaikutuksia tutkittiin kahdella koealueella. Santamäensuolla (Karkkilassa) mitattiin lyhytaikaisessa kokeessa veden tihkumisen aiheuttamaa luiskaeroosiota neularelieﬁ llä lisäämällä eroosioriskiä keinotekoisen kastelun avulla. Koivupuron valuma-alueella
(Sotkamossa) eroosiomekanismeja tutkittiin kahden kunnostusojitusta seuranneen vuoden
ajan. Ojatopograﬁ an muutoksia mitattiin neularelieﬁ llä ja maalaserkeilaimella ja tuloksia
verrattiin virtaaman ja kiintoainekonsentraation avulla määritettyyn kiintoainekuormaan
valuma-alueen sekä sen sisään rajatun alivaluma-alueen purkupisteissä. Kunnostusojituksen
vaikutusta kiintoainekuormaan arvioitiin kalibrointikausi-vertailualue-menetelmän avulla.
Vertailualueita käytettiin myös yksikkövaluntakäyrän muutosten arviointiin.
Tulosten mukaan eroosioon ja kiintoainekuorman kertymiseen vaikuttavat useat vuorovaikutteiset mekanismit ja prosessit. Ojan luiskassa, vesirajan yläpuolella tapahtuvat
subaeeriset prosessit, kuten routiminen ja kuivuminen, lisäävät luiskan eroosioherkkyyttä.
Luiskaeroosion merkitys kiintoainekuormitukselle oli pohjaeroosiota suurempi.
Ohutturpeisella alueella eroosio oli suurimmillaan talven ja kevään aikana. Sen sijaan
paksuturpeisella alueella eroosiota tapahtui eniten kesällä. Ojaverkon sisäiset eroosiomäärät
olivat selvästi suurempia kuin valuma-alueen kiintoainekuormitus, mikä viittaa ojaverkon
pohjalle kasautuneeseen ja mahdollisesti myöhemmin helposti veden mukana kulkeutuvaan
kiintoaineeseen. Kasvillisuuden kehittyminen kunnostusojitusta seuraavana kesänä stabiloi
ojien reunoja. Valuntapiikit kasvoivat kunnostusojituksen jälkeen, mutta niiden ajoitus ei juuri
muuttunut. Kunnostusojitusta enemmän ajoitukseen vaikutti ojitetun pinta-alan osuus
valuma-alueesta. Neularelieﬁn ja maalaserkeilaimen avulla lasketut eroosiomäärät poikkesivat
toisistaan, mutta molempien mukaan eroosio ja pinnan karkeus olivat suurempia
ohutturpeisella alueella. Eroosiota tapahtui etenkin hienorakeisesta kivennäismaasta, minkä
vuoksi olisi tärkeää mahdollisuuksien mukaan välttää kunnostusojitusta ohutturpeisilla
alueilla, joilla ojat yltävät eroosioherkkään kivennäismaahan.
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1. Introduction

1.1

Background

The idea of draining peatlands for forestry dates back to as early as the 1770s
(Paavilainen and Päivänen 1995). The first countries to start large scale forest
drainage were Russia, Estonia, Latvia, and Sweden in the 1800s. In Finland, systematic peatland drainage for forestry started somewhat later, in the early 1900s.
The most extensive years of peatland drainage occurred during the 1950s–1980s
after which half (4.7 Mha) of the pristine peatlands in Finland were drained. As a
result, Finland, Russia and Sweden have the largest drained peatland area in the
world (Paavilainen and Päivänen 1995).
The purpose of drainage is to improve forest growth by lowering the water table,
which enhances the aeration of tree roots (Kozlowski 1986) and mineralization of
nutrients (e.g. Humphrey and Pluth 1996). Drainage changes both the water balance and the flow paths of the catchment area. Water balance is affected by
changes in evaporation. As the water table declines, an immediate consequence is
the decreased evaporation from the forest floor (Päivänen and Hånell 2012).
Gradually, as the plant species composition of the forest floor changes and tree
growth improves, evapotranspiration increases. The growing foliage also increases interception. The impacts of peatland drainage on water balance and runoff have been widely studied to better understand the hydrological changes in the
catchment (e.g. Conway and Millar 1960; Hyvärinen and Vehviläinen 1981; Seuna
1981; Starr and Päivänen 1981; Sirin et al. 1991; Iritz et al. 1994; Holden et al.
2006). Drainage decreases the length of flow paths (Korkalainen et al. 2008). Furthermore, it affects runoff quantities and the shape of the hydrograph, but the
direction and amount of changes depend on site conditions, such as peat type and
ditch density (Holden et al. 2004). The change in the hydrograph can be systematically assessed with the instantaneous unit hydrograph (IUH) analysis (Nash
1958, 1959). Despite this, systematic studies on the shape of the hydrograph in
drained peatlands are rare. The drainage of peatland increases the amount of air
in the peat pores which gradually leads to peat subsidence. Thus, the effective porosity of peat is smaller in drained peatlands compared to pristine peatlands.
However, according to a review by Holden et al. (2004), there is a varying impact
of drainage on the temporal capacity of peatland to store water. The runoff characteristics and the timing of peak runoff depend on a combination of water table
position, antecedent soil moisture storage, and ditch network conveyance, which
gradually decrease after the excavation of the ditches.
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The gradual deterioration in ditch capacity to convey water is a result of erosional activities, vegetation growth and the lowering of the ditches due to peat
subsidence (Silver and Joensuu 2005). Ditch network maintenance (DNM),
which includes the cleaning of old ditches and the excavation of new complementary ditches, is conducted to achieve the desired drainage capacity after deterioration. The reported effects of DNM on water table elevations are minimal (Päivänen and Ahti 1988; Ahti and Päivänen 1997; Päivänen and Sarkkola 2000), although in the areas of thin peat layer, the decline in water table elevations was
clear (Koivusalo et al. 2008). In a study based on manual runoff data from several
catchments, no notable changes on runoff were detected after DNM (Joensuu et
al. 1999).
It is recommended in the forest management guidelines that DNM should be
carried out 1–3 times in a stand rotation period simultaneous to stand thinning
and forest regeneration (Vanhatalo et al. 2015). Depending on site characteristics,
the first DNM is needed 20–40 years after the initial drainage. According to
Hökkä et al. (2000), there are several indicators of the increased need for DNM:
1) time elapsed from the initial drainage, 2) northern geographic location of the
catchment, 3) thick peat layer, and 4) small site inclination. In Finland, drainage
of pristine peatlands has ceased and the focus of drainage activities has shifted to
maintaining the existing ditch networks. Therefore, this thesis also focuses on
DNM. There are also many unsuccessful peatland drainage areas that do not provide the desired forest growth. These areas are excluded from the planning of
DNM, leaving the restoration of peatland or peat extraction as the main options
for future usage. DNM can also be avoided in conditions where the tree stand can
evapotranspire the excess water even if the ditches are in poor condition (Sarkkola
et al. 2012, 2013). Avoiding unnecessary DNM naturally decreases the potential
harmful effects of DNM.
There are several adverse effects resulting from peatland drainage. A typical
method to quantify the effects of management practices is the paired catchment
approach, which has also been applied in peatland forest studies (Prévost et al.
1999; Joensuu et al. 2002; Nieminen 2004; Laurén et al. 2009; Marttila and
Kløve 2010b; Nieminen et al. 2010). Many studies have reported an increase in
suspended sediment (SS) concentration (SSC) after the drainage (Kenttämies
1981; Prévost et al. 1999) or DNM of forested peatlands (Manninen 1998; Joensuu
et al. 1999, 2001, 2002; Åström et al. 2001a, 2001b; Marttila and Kløve 2010a).
SSC has been reported to increase after the pre-afforestation drainage on peatlands (Robinson 1980; Burt et al. 1983; Francis and Taylor 1989) and ditches are
also an important SS source in non-forested drained blanket peat areas (Holden
et al. 2007). Increased SSC, SS loads and associated nutrient loads reduce water
quality downstream and have adverse environmental consequences, such as siltation (Marttila et al. 2012), increased turbidity (Manninen 1998), enhanced eutrophication of water bodies (Futter et al. 2016), impoverishment of benthic communities (Vuori and Joensuu 1995), and other negative effects on aquatic biota,
such as reducing primary production and the quality of spawning grounds for fish
(Bilotta and Brazier 2008). Overall, sediment mobilization caused by forestry ac-
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tivities is a serious threat to water quality (Futter et al. 2016). Presently, the consequences of DNM are among the most harmful environmental effects of forestry
(Joensuu et al. 2002; Finér et al. 2010).
The period of excavation and the first year after the DNM can be considered the
most critical for water quality, because SSCs and SS loads are then the highest
(Joensuu et al. 2002). Therefore, it is crucial to recognize which are the most important erosion and sediment transport mechanisms acting soon after the DNM.
Even though SSC and SS load gradually decrease, depending on site characteristics, it can take several years until they reach the pre-DNM level. In a study with
23 DNM sites, the SSC levels of the sites with peat or coarse mineral soil ditch bed
recovered within 5–6 years while the sites where the ditch bed was fine-textured
mineral soil had a raised SSC level throughout the 6-year study period (Joensuu
et al. 2001). A later study suggested that in the sites with fine-textured mineral
subsoil, SSCs were at an elevated level even 15–20 years after DNM (Joensuu et
al. 2012). Source area erosion mechanisms in peatland forest ditches with varying
peat layer thickness have not yet been quantified. To better understand the different behaviour of erosion mechanisms in various areas, this thesis concentrates on
quantifying source area erosion in ditches with a thin and thick peat layer.
Several water protection methods have been developed and implemented in
peatland drainage areas to reduce the SS load. Sedimentation ponds and pits are
used to catch bed load and slow the flow velocity to enable suspended solids to
settle (Joensuu et al. 1999). Submerged weirs can prevent bed load and even out
the discharge fluctuations, while the ditch breaks slow water-flow velocity and filter sediments (Vanhatalo et al. 2015). Peak runoff control is an effective method
of reducing peak flows and associated SS loads due to reduced flow velocities and
improved settling conditions in the ditches (Marttila and Kløve 2009, 2010b).
Furthermore, the vegetation and soil in buffer zones and overland flow fields of
sufficiently large size can retain nutrients through chemical and biological processes and act as mechanical filters to catch suspended particles in the water
(Liljaniemi et al. 2003; Nieminen et al. 2005) even in winter conditions (Postila
et al. 2015). New concepts have also been developed for site specific optimization
of buffer zones and the application of forestry practices to minimize negative effects on water quality (Laudon et al. 2016).
Nevertheless, the most effective way to reduce the pollutants and their impact
on ecosystems is to prevent the pollutants from developing altogether. However,
the processes and mechanisms causing erosion and sediment load inside the ditch
network have not hitherto received much attention as the water quality at the
catchment outlet, as well as the load to receiving water courses, has been the primary focus of earlier studies. Nonetheless, it is important to understand the processes and mechanisms that control the source area erosion and sediment load in
drained peatland forests. There is a need to gain more knowledge to find methods
to reduce the source area erosion and sediment load. This thesis is motivated by
the need to contribute to the process understanding of erosion and sediment load
originating from peatland forest ditches.
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1.2

Erosion processes, mechanisms and controlling factors

Erosion processes and mechanisms in streams and rivers have been extensively
studied. The erosion of stream beds is generally attributed to flowing water,
termed fluvial erosion (e.g. Robert 2014), whereas the erosion of river banks can
also be caused by mass failure (Rinaldi et al. 2004; Luppi et al. 2009), seepage
(Howard and McLane 1988; Karmaker and Dutta 2013), rain splash (Kinnell
2005), and subaerial processes, such as desiccation and frost (Lawler 1986; Stott
1997; Couper and Maddock 2001). Lawler (1986) argued that fluvial or hydrological activity controlled the area of bank erosion, but the intensity of erosion was
more related to prior cryergic processes of which the formation of needle ice was
most evident. A significant amount (32–43%) of bank erosion was attributed to
needle ice mechanisms in South Wales, UK (Lawler 1993a). Typically, the smaller
the stream, the more erosion is affected by subaerial processes instead of fluvial
processes or mass failure (Lawler 1992). However, contradicting results have also
been found of the dominance of fluvial erosion processes in small streams (Henshaw et al. 2012). The above mentioned erosion processes and mechanisms can
be presumed to act in peatland forest ditches, though studies are rare and information is lacking on the relevance of different processes and mechanisms. In
studies on undrained blanket peat catchments in England, gully erosion was high,
but the connectivity between gullies and stream channel described the significance of these processes on SS export (Evans and Warburton 2005; Evans et al.
2006). While gully erosion is not an issue in drained peatland forests, the overall
connectivity and in-channel processes are likely to be emphasized after DNM. The
intensity of erosion processes is controlled by the stream bed slope, the bank
slope, as well as the amount and type of vegetation cover. Trees can have a protective effect against bank erosion due to: 1) mechanical strengthening of the bank
by the tree roots, 2) the regulation of moisture conditions leading to fewer wetting
and drying cycles, and 3) the regulation of the air and soil temperature (Stott
1997).
The sediment load from peatland forest areas can consist of organic and mineral
soil particles and clusters. The erosion of peat depends on the degree of humification as more decomposed peat particles are entrained at lower shear stresses than
less decomposed peat (Tuukkanen et al. 2014). If the peat layer in the drainage
area is thin (e.g. less than 1 m), ditches extend to mineral soil underneath the peat
layer. The erodibility of the mineral soil depends on the physical and geochemical
properties of the soil, such as bulk density, particle size distribution, cohesiveness,
water content, pH, metals, and organic matter content (Grabowski et al 2011).
Organic sediments are usually transported in suspended form because of their
light weight. Depending on the size and density, mineral particles can be carried
within the water in suspension or as a bed load by sliding or rolling on the ditch
bed.
Surface roughness is a parameter that quantifies spatial differences and irregularities in topography (e.g. Thomsen et al. 2015). It can be divided into four spatial
scale categories (related to different factors): 1) grain roughness (soil type), 2)
random roughness (soil aggregates and clods), 3) oriented roughness (systematic
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variations in topography, e.g. due to tillage), and 4) higher-order roughness (elevation variations in the field, e.g. ditches) (e.g. Govers et al. 2000). This dissertation focuses on random roughness in the ditch banks and bed. Roughness indices
can be calculated using the elevation data of soil surface micro-topography. One
of the most widely used indices for surface roughness is the standard deviation of
surface elevations (Allmaras et al. 1966) which is also applied in this dissertation.
Other typical indices are the MIF index (microrelief index and peak frequency),
tortuosity, limiting elevation difference, limiting slope, mean upslope depression,
and fractal indices (Kamphorst et al. 2000).
Surface roughness and erosion processes are interconnected, thus affecting one
another. Especially random roughness and oriented roughness affect hydrological
and erosional processes (Govers et al. 2000). Roughness affects the storage capacity on the soil surface and enhances the infiltration rate. In theory, sediment
detachment would decrease with increased infiltration, decreased surface runoff,
and decreased flow velocity. However, the interactions between roughness, runoff
and the detachment of soil particles are complex and the mechanisms are not well
understood (Darboux and Huang 2005). Typically, erosion is a spatially uneven
process, thus altering the soil surface topography by either increasing or decreasing the surface roughness. In a modelling study by Lappalainen et al. (2010),
roughness height was one of the factors controlling erosion and deposition of
peatland forest ditch bed after DNM.

1.3

Assessment of source area erosion and surface roughness

The assessment of source area erosion and surface roughness requires the detection of changes in soil surface topography. Surface topography can be measured
implementing a wide range of methods, including contact methods, such as pin
meter and erosion pins; and non-contact methods, for example, terrestrial laser
scanning (TLS) and photogrammetry.
Of the contact methods, pin meter measurements have been used to measure
both erosion (Ferrick and Gatto 2005; Kornecki et al. 2008) and surface roughness (García Moreno et al. 2008; Vidal Vázquez et al. 2010). There are many different variations of pin meters that are custom-made depending on the purpose
of use and site conditions. Erosion pins are widely used for the change detection
of soil surface (Lawler 1993b; Smith and Dragovich 2008; Henshaw et al. 2012);
they are typically either metal, plastic or wooden sticks of different length. Erosion
pins are considered a reliable method although their contact with the soil surface
can disturb the erosion process on a small-scale through processes, such as increased seepage (Lawler 1993b). More advanced, automatic erosion pins have also
been developed to achieve data easily and at a higher temporal resolution (Lawler
et al. 2001; Lawler 2008).
Non-contact methods have the advantage of allowing measurements without
disturbing the soil surface. TLS has been used to measure surface topography in
many studies (e.g. Day et al. 2013; O’Neal and Pizzuto 2011; Resop and Hession
2010), but only a few of the studies have been conducted in peatland or peat conditions (Grayson et al. 2012; Höfle et al. 2013). Grayson et al. (2012) studied the
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erosion of a blanket peat bog in North Pennines using TLS. They noticed a difference in the results according to the measurement method: in an area of 7.6 ha, a
net increase of 2.5 mm in peat surface height was observed with TLS while erosion
pins indicated a net surface lowering of 38 mm. In addition to TLS, airborne laser
scanning (ALS) has been used in peatland conditions (e.g. Ballhorn et al. 2009;
Evans and Lindsay 2010). Furthermore, photogrammetry is a widely used technique for detecting surface topography and erosion (Pyle et al. 1997; Lane et al.
2000). Close-range photogrammetry has provided accurate results with a vertical
accuracy of 1 mm (Rieke-Zapp and Nearing 2005), thus proving itself to be a useful tool for erosion assessment in limited spatial area.
Pin meter measurements were chosen for the change detection in this thesis,
because they provide a reliable method to acquire soil surface data; moreover,
they are able to avoid the interpretation problems of the data acquired with noncontact devices. In addition, to obtaining higher resolution soil surface data, there
was a motivation to apply TLS to test its suitability for measuring topography,
erosion, and surface roughness in drained peatland forest conditions. By quantifying the source area erosion and surface roughness together with the SS load at
the catchment outlet, we can gain new knowledge of the process understanding of
SS load generation from drained peatland forest catchments.

1.4
1.4.1

Objectives and scope
Research gaps

It is known that DNM increases sediment load (see Section 1.1). Furthermore,
there are several potential processes and mechanisms which inflict erosion and
sediment load in drained peatland forests (see Section 1.2). However, the source
area erosion and its relation to sediment load to downstream water bodies have
yet to be explored. Erosion and its timing inside the cleaned ditch network has not
yet been quantified and the significance of different processes and mechanisms
affecting the source area erosion and further downstream sediment load is not
known. Since small-scale erosion in peatland forest ditches has not yet been measured, the issue of finding an appropriate method to quantify the erosion needs to
be resolved. The ditch-scale processes and the catchment scale sediment
transport from drained peatland forests have been rarely addressed at the same
time. The combination of available small-scale (pin meter and TLS) and largescale (paired catchment approach) methods can provide new insight on the erosion and sediment transport processes and mechanisms induced by DNM. The
catchment-scale processes draw attention to the hydrological effects of the drainage of peatlands which have been addressed in many studies (see Section 1.1).
Furthermore, some studies exist on the hydrological effects of DNM, but the impact of DNM on the hydrograph of a catchment has not yet been systematically
quantified.
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1.4.2

Research questions

The research gaps have formed the following research questions:
1)
2)
3)

4)
5)
6)
7)

Where and when do erosion and deposition occur in a peatland forest ditch? (Papers I, II)
What are the crucial times for sediment transport out from the
catchment? (Papers II, III?)
What are the key processes and mechanisms controlling erosion and
sediment load following the ditch network maintenance on the areas of thin and thick peat layers? (Papers I, II)
How is erosion observed in the ditches connected to the sediment
load at the catchment outlet? (Paper II)
Does ditch network maintenance have an impact on the shape of the
hydrograph? (Paper III)
How do topography and surface roughness change in newly cleaned
peatland forest ditches? (Paper IV)
What are the benefits and challenges of pin meter and TLS methods
for erosion and roughness assessment in peatland forest ditches?
(Paper IV)

The research questions are discussed in Papers I–IV and Section 4. In addition,
the practical implementations of the results are discussed.
Erosion is a generic problem, but the focus of this thesis is on the erosion of
drained peatland forests. Even though they are important for water quality and
often associated with sediment transport, nutrient loads and dynamics are excluded from the scope of this thesis.
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2. Materials and methods

This section introduces the study areas and the methodology used in Papers I–IV.
The methods applied in different study areas and the analysis and calculations
based on the measurements are summarized in Figure 1 below.

Figure 1. Methods applied and data collected in the study areas (grey background), the analysis
and calculations conducted with the measured data (yellow rectangles), and the overall results
derived from the analysis (green rectangle). The numbers refer to the sections which discuss each
element. aAhmoolammi weather station run by Natural Resources Institute Finland and Finnish
Environment Institute (Kotamäki et al. 2009).
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2.1
2.1.1

Study areas
Santamäensuo (I)

The study area of Paper I was located at Santamäensuo mire in Karkkila, Southern
Finland (Figure 2). The mean annual air temperature is 4 °C and average annual
precipitation 650–700 mm with 20–40% in the form of snow. The peatland area
was covered by a mature forest stand (280 m3 haí1) consisting mainly of Norway
spruce (Picea abies) with a mixture of Scots pine (Pinus sylvestris) and downy
birch (Betula pubescens). Based on the Finnish site type classification system (e.g.
Vasander and Laine 2008), the area of the measurement site was classified as a
Vaccinium myrtillus type.
The area was first drained in 1939 followed by DNM in 1967 when an average
ditch spacing of 30–40 m was reached. The maintenance operation was carried
out for the second time in autumn 2010 when the ditches were cleaned and a few
complementary ditches were excavated. The field experiment (Paper I) was conducted soon after the second DNM to study bank erosion mechanisms and the
effects of seepage in a peatland forest ditch.
The site of the field experiment (Figure 2) was located in a feeder ditch where
fine-textured mineral soil (sandy loam) was exposed at the ditch bed and banks.
The study site was chosen to represent a ditch with high risk for bank erosion.
Because of the nature of the experiment, the study site was situated near a water
source (sedimentation ponds). The thickness of the peat layer was 5–10 cm, including the litter layer. The depth of the ditch at the measurement site was 0.8–
1 m and the width at the ditch bed was 0.3 m and at the soil surface 2 m. The mean
bank slope at the measurement site was 38°.

Figure 2. Santamäensuo study area in Southern Finland. The study site was a 4-meter-long section of a ditch. (Modified from Paper I.)

2.1.2

Koivupuro (II–IV)

The Koivupuro catchment (113 ha), located in Sotkamo, Eastern Finland (Figure
3), was chosen for this thesis to study the source area erosion together with catchment-scale processes following the DNM (Papers II–IV). In addition to the
drained peatland (27 ha), the catchment area consists of open pristine mires and
upland forests on mineral soil. The forests are formed mainly of Scots pine (Pinus
sylvestris L.) with a mixture of Norway spruce (Picea abies L.) and birch (Betula
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pendula Roth). Understorey vegetation consists largely of dwarf shrubs (Vaccinium vitis-idaea, V. uliginosum, V. myrtillus, Empetrum nigrum, Rhododendron
tomentosum, Chamaedaphne calyculata) (Finér et al. 1988). Sedges (Eriophorum vaginatum, Carex sp.), cloudberry (Rubus chamemorus), and mosses
(Sphagnum angustifolium, Pleurozium schreberi) were also among the understorey and were the first species to appear in the ditch banks after ditch cleaning.
The mean annual precipitation in the area is 591 mm and the average air temperature +2.3 °C (Pirinen et al. 2012). The ground is typically snow-covered from late
October until April.
The Koivupuro catchment has been under research since 1978 when the stream
was instrumented with a double v-notch weir (Ahtiainen et al. 1988). Initial ditching (32 ha) was conducted in 1983. In August 2011, the drainage network was
cleaned with an excavator for this study. The operation lasted seven days during
which 9.1 km of ditches were cleaned and a few complementary ditches excavated
on an area of 27 ha. On average, the ditches were 1 m deep and the width of the
ditches was 0.35 m at the ditch bed level and 2 m at the top of the ditch. 25% of
the ditches extended to mineral soil.
Along with the ditch network maintenance, a new sub-catchment (5.2 ha) was
established within the Koivupuro catchment (Figure 3). In the sub-catchment, the
length of cleaned ditches was 1.5 km of which 20% had mineral soil contact.
Two ditch sections (4 meters in length) were selected for closer examination of
changes in surface topography. The aim was to select locations where different
processes could be witnessed in conditions that characterize ditches within thin
and thick peat layer. In addition, the selection of the ditch section locations was
driven by circumstances: relatively easy access to road and possibility to build
necessary structures. Ditch A in the sub-catchment represented a peat ditch and
Ditch B, close to the Koivupuro catchment outlet, featured a thin peat layer and
mineral soil bed (Figure 3). The evolution of the measurement sites of ditches A
and B were also photographed (Figure 4). The scale (4 meters) and the number of
topography measurement locations were limited by the time-consuming measurements.
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Figure 3. The location of the Koivupuro catchment, the sub-catchment, and the measurement
sites in ditches A and B.
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Figure 4. Evolution of Ditch A and B from August 2011 to June 2013. Red arrows represent flow
directions.
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Reference catchments for Koivupuro (II, III)
The Välipuro (86 ha) and Suopuro (113 ha) catchments situated near Koivupuro
(Figure 5) were chosen as reference catchments to investigate the effects of ditch
cleaning at Koivupuro on sediment transport with the paired catchment method
(see Section 2.4.2). Välipuro is an unmanaged forest catchment with 56% peatland coverage, whereas Suopuro is a drained peatland forest catchment with 70%
peatlands and an old ditch network excavated in 1983 covering 13% of the catchment. Climate and hydrological conditions before ditching were presumably uniform in the reference catchments and in Koivupuro, because of the neighbouring
location of the catchments. Similarly to Koivupuro, Välipuro and Suopuro have
been under research since 1978 (see Ahtiainen et al. 1988).

Figure 5. The location of Koivupuro, Välipuro and Suopuro catchments. (Modified from Ahtiainen
1992).

Meteorological data for Koivupuro
Meteorological background data (air temperature and precipitation) were obtained from Valtimo and Sotkamo weather stations operated by the Finnish Meteorological institute. The stations were located 26 km and 30 km from the Koivupuro catchment, respectively.
For the event scale hydrograph examinations (Section 2.4.3), the precipitation
data were obtained from the nearby (2 km) Iso-Kauhea station operated by the
former Finnish Forest Research Institute.

2.2

Assessment of erosion, deposition and surface roughness in
ditches (II, IV)

This section describes the measurement methods that were applied to derive ditch
topographies of a 4-meter-long section of ditches and the data processing procedure to obtain erosion, deposition and surface roughness estimates. In this study,
source area erosion was defined as lowered elevation and deposition as increased
elevation.
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2.2.1

Estimation of erosion, deposition and surface roughness with
pin meter measurements (II, IV)

The pin meter method (e.g. García Moreno et al. 2008; Kornecki et al. 2008; Vidal
Vázquez et al. 2010) was applied in both Santamäensuo and Koivupuro. The
method was expected to give reliable soil surface data with reasonable costs. The
pin meter device (Figure 6), constructed especially for this thesis, was made of
aluminium and comprised of a handle and movable pins (50, 75 and 100 cm in
length). The pins were situated at a 2 cm resolution and the number of pins used
in each measurement depended on the dimensions of the ditch bank currently
under measurement.
To measure ditch topography, the pin meter was placed in a known position on
the supporting structures and the pins were carefully lowered to barely touch the
soil surface in order to keep the surface undisturbed. As the pins were in the correct position, the pins were locked and the pin meter was moved when taking a
photograph. The positions of the pins were then later determined from the photographs. A more detailed description of the process can be found in Paper I. The
accuracy of pin meter measurements was examined in Paper II and sensitivity to
the measurement density was analysed in Paper I.
Processing of the pin meter data for erosion and deposition estimates (II)
A summary of the process of converting pin meter measurements to erosion and
deposition estimates can be found in Figure 7. In order to interpolate the pin meter data over the measurement area, the coordinate system was rotated (38°) in
such a way that the z-axis (the value for soil surface elevation) was approximately
perpendicular to the ditch bank. The rotated data were interpolated for a 0.02 m
× 0.02 m grid using ordinary kriging, which was applied within the R environment using the predict-function in the gstat package (Pebesma 2004). The interpolated data were used to calculate the differences in the soil surface elevation.
Depending on whether the difference was negative (erosion) or positive (deposition), the differences in the elevation were converted to erosion or deposition volumes and masses using the cell size (0.02 m x 0.02 m) and the bulk density of the
soil.
114–182 cm (depending on the amount of pins used)

50 cm

Handle

100 cm

75 cm

Pins

250 cm

Figure 6. The pin meter device used in Santamäensuo and Koivupuro with pin lengths of 0.5 m,
0.75 m and 1 m. (Modified from Paper I.)
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Figure 7. Processing of the pin meter data for erosion and deposition estimates.

Processing of the pin meter data for random roughness (IV)
To calculate random roughness, pin meter points inside a 0.1 m moving section
of the cross-section were selected from the data at a resolution of 0.02 m. When
the number of points (N) present in the 0.1 m section was at least four, a line was
fitted to the points using the least squares method and the distance di (m) of each
selected point from the line was calculated. Random roughness (ı, m) was then
obtained as the standard deviation of di:
ଵ
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which is a typical way of expressing random roughness (Mills and Photopoulos
2013; Eitel et al. 2011).
Setup at Santamäensuo (I)
In Santamäensuo, only one ditch bank was measured. The pin meter measurements were made at 0.1–0.2 m intervals in the direction of the ditch. Wooden
structures were built on the upper ditch bank and in the ditch bed to support the
pin meter (Figure 8a). Further details of the measurements are described in Section 2.3 and Paper I.

Figure 8. A pin meter measurement at a) Santamäensuo and b) Koivupuro (Paper II).
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Setup at Koivupuro (II)
In Koivupuro, the measurements were made on both sides of the 4-meter-long
sections of ditches A and B to measure the whole cross-section which explains the
reason for the lower support structure being designed differently to the one at
Santamäensuo. The lower support for the pin meter rested between the upper
support planks and was moved according to the measured section (Figure 8b).
The measurements were made at 0.2 m intervals in the direction of the ditch.
In both ditches, the pin meter measurements were applied in August 2011, October 2011, May 2012, and September 2012. Additionally, in Ditch B the pin meter
measurements were applied in June 2013. The measurement times were selected
to capture the seasonal topographical changes after DNM during the following
autumn, winter-spring, and summer periods. More frequent measurements were
focused to capture runoff and SS load at catchment outlet.
2.2.2

Estimation of erosion, deposition and surface roughness with
terrestrial laser scanning (IV)

Terrestrial laser scanning (TLS) was applied in ditches A and B of Koivupuro to
obtain dense point cloud data on ditch topography (Paper IV). The scanning was
implemented by laser scanner (Leica ScanStation 2) four times (October 2011,
May 2012, September 2012, and June 2013) at the same locations as the pin meter
measurements. The scanning was applied separately at both ditch banks, and the
point cloud data obtained for each side were merged with Leica Cyclone software
using Leica Geosystems HDS planar targets which were nailed to trees at both
sides of the ditch.
Processing of the TLS data for erosion and deposition estimates
The point cloud data of each measurement time were aligned to the same coordinate system to allow for a calculation of differences between measurement times.
This was carried out using the CloudCompare software and fitting the wooden
structures seen in Figure 8b. Next, a triangulated irregular network (TIN) was
produced with ArcGIS by picking the lowest points using four different window
sizes: 0.01 m, 0.02 m, 0.1 m, and 0.2 m. Each TIN was converted to a 0.02 m ×
0.02 m raster by using natural neighbour (NN) interpolation. Finally, the elevation difference between the measurement times was calculated from these rasters.
To obtain erosion estimates (volumetric change), the elevation differences were
multiplied with raster cell size (4 × 10í4 m2). The volumetric erosion and deposition estimates for the 4 m ditch section were then calculated as a sum over the
measurement section.
An alternative approach, ordinary kriging, was used to test the effect of interpolation method on the results. Ordinary kriging was applied to produce a 0.02 m ×
0.02 m raster using the lowest points acquired with 0.1 m and 0.2 m window sizes.
Erosion and deposition estimates were calculated similarly to the TIN/NN
method described above.
Processing of the TLS data for average cross-sections
Average cross-sections were obtained from TLS data using a 0.02 m window size
to seek the lowest point for each window (cell). As a result, a grid with 200 × 139
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calculation cells was obtained. Average elevation over the 4-meter-long ditch section was calculated for each of the 139 calculation cells as an average of 200 longitudinal cells.
Processing of the TLS data for roughness estimates
Random roughness was calculated for 0.02 m grid resolution using 0.1 m moving
window. The random roughness of a single location was thus obtained by picking
points from the TLS data for the window size of 0.1 m × 0.1 m. When the number
of points found for a window exceeded two, least squares regression was used to
identify the plane that best fits the picked points. The distance di of each picked
point from the plane was calculated with the random roughness of a location finally being obtained as the standard deviation of di with Equation 1.
2.2.3

Method for detecting statistically significant changes in topography (IV)

Statistically significant changes that were detected with the pin meter and TLS
were evaluated using the method of Lane et al. (2003). The elevation data was
detrended to minimize the effect of ditch bank slope on the results. Detrending
was conducted by subtracting the average pin meter or TLS derived cross-section
from the elevation data. The statistical significance of the change detection (z1íz2)
was assessed using t-statistics with standard deviations of the detrended data
ݐൌ
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Thresholds for a statistically significant change detection at 68% confidence
level (t=1) were calculated with Equation 2. Following Lane et al. (2003), the confidence level was set to 68% because of the nature of the data which would have
led to impractically high threshold at the level of 95%. Statistically significant aggregated erosion and deposition quantities were calculated as the sum of changes
that were greater than the threshold.
2.2.4

Determination of soil physical properties (I, II)

Soil physical properties were determined from soil samples to obtain erosion and
deposition estimates in mass units and to gain background information about
peat and mineral soil properties.
Santamäensuo (I)
Nine volumetric soil samples (400 cm3) were taken from the ditch bank. The average bulk density was 1 240 kg mí3 with a standard deviation of 230 kg mí3. The
average organic matter content was 5.1% with a standard deviation of 3.8%. Nine
disturbed soil samples were taken from the ditch bank to determine particle size
distribution. Based on the USDA classification system (e.g. USDA 1987), the soil
type determined from these samples was sandy loam. Three soil samples from the
ditch bed indicated the bed material was loamy sand.
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Koivupuro (II)
Peat and mineral soil samples were taken from ditches A and B, near the measurement sites (Figure 3). In both ditches, both ditch banks were samples at 0.1 m
vertical intervals. Mineral soil samples were analysed for bulk density and soil
type which was determined from particle size distribution that was produced by
sieving the dry samples. Peat samples were analysed for peat type, degree of decomposition (von Post scale) and bulk density. The soil properties of the ditches
are presented in Table 1.
In Ditch B, the stoniness of the mineral soil was determined from 16 systematically selected points that were measured for penetration of a steel rod into the
mineral soil. With the average depth of rod penetration (x, cm), the volumetric
stone content (y, %) was calculated according to the equation presented by Viro
(1951) as documented by Tamminen and Starr (1994)
 ݕൌ ͺ͵ െ ʹǤͷݔ

(3)

The volumetric stone content in the left and the right side of the measurement site
was 48% and 64%, respectively.
Table 1. Soil properties of the right and left banks of Ditch A and Ditch B near the measurement
sites (Figure 3). (Adopted from Paper II.)

Peat type
Degree of decomposition (von Post scale)
Bulk density of peat (g cmí3)
Bulk density of mineral soil (g cmí3)
Mineral soil type
D50 of mineral soil (mm)

Ditch A
Right
Left
LSCa
LSCa
5
5
0.06
0.05
–
–
–
–
–
–

Ditch B
Right
Left
LCSa
LSa
5
5
0.15
0.20
2.72
1.96
Sandy till
Sandy till
0.60
0.45

LSC = woody Sphagnum-Carex peat, LCS = woody Carex-Sphagnum peat, LS = woody
Sphagnum peat (Päivänen and Hånell, 2012).

a

2.3

Irrigation experiment in Santamäensuo for studying bank
erosion mechanisms (I)

In Santamäensuo (Figure 2), conditions for high erosion risk were created with
artificial irrigation, which was presumed to increase seepage-induced erosion and
speed up the erosion process. The setup (Figure 9) included line type irrigation
system, groundwater tubes and structures to perform pin meter measurements.
The line irrigation system distributed stationary water flow into a shallow trench
that was excavated to spread and convey water into the ground. Six perforated
groundwater tubes were installed with water height sensors (TruTrack WT-HR, 1
m) to monitor the groundwater level.
Irrigation was applied three times (Figure 10). Pin meter measurements included the first measurement (M1) that determined the initial topography of the
ditch bank followed by four measurements (M2–M5) during and after the irrigations (Figure 10). Surface runoff was not observed during the irrigations, thus indicating that all water was infiltrated into the soil. The temperature during the
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experiments was above zero until the final irrigation after which it dropped and
the bank surface was frozen. As the bank surface melted later, it enabled the comparison of the frozen (M4) and unfrozen topography (M5). The last measurement
(M5) was followed by sub-zero temperatures and snow cover on the ground.
For background information, meteorological data was obtained from Ahmoolammi weather station (SoilWeather network) located 4 km from the study
site (Kotamäki et al. 2009).
1 m3 water tanks

Water level kept
stationary at the
distribution tank
1m
1.5

m

1m

Tube 6
Ditch

Tube 3

6

m

Tube 5
Irrigation tubes
Tube 2

m

m

n

4

Pi

Supporting
structures
for pin meter
at ditch bottom

et

er

Tube 4

Tube 1

Planks for
walking
Shallow trench
Supporting
structures
for pin meter
at ditch bank

Figure 9. The setup of the irrigation experiment in Santamäensuo. (Paper I)

Figure 10. The quantity and timing of irrigations (blue columns) and the timing of pin meter measurements M1–M5 in Santamäensuo.

2.4

2.4.1

Estimation of runoff, SSC and SS load in Koivupuro and reference catchments (II, III)
Hydrological and water quality measurements (II, III)

Discharge
For discharge estimations, the water level had been continuously monitored with
a recording gauge in Koivupuro, Välipuro, and Suopuro at a double v-notch weir
since 1978 by the Finnish National Board of Waters and Environment (Ahtiainen
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1988; Ahtiainen et al. 1988). The measurement sensors at the old weir of Koivupuro were updated in June 2011 and a new measurement weir was established
at the sub-catchment outlet concurrent with the DNM in August 2011. The water
level was recorded at Koivupuro and sub-catchment weirs with pressure sensors
(PR-26 W and PR-36 W, Keller Ltd.) at 15 min intervals. Stage-discharge curves
were used to obtain discharge, and the data were totalled to daily and monthly
discharges.
In December 2012, the Koivupuro weir froze, which led to an unfortunate breakdown of the pressure sensor. Therefore, data was not recorded between December
2012 and mid-May 2013. This gap and a few other minor gaps in the data were
filled using Välipuro as a reference catchment (see Paper II).
Water samples for determination of SSC
In 2007–2010, before the Koivupuro ditch network maintenance, manual water
samples were taken from the Koivupuro, Suopuro and Välipuro outlets 7–11 times
per year (Table 2) by the local environmental authorities. In 2011 and after the
ditch network maintenance, the manual sampling was decreased to 3–7 per year.
In Koivupuro and the sub-catchment, the water samples were also taken with an
automatic water sampler (Teledyne Isco, Portable Sampler 6712) during this
study. The water samples were filtered and analysed for SSC (mg lí1) (for more
information see Paper II).
Table 2. Number of manual (M) and automatic (A) water samples (per year) taken from Koivupuro,
the sub-catchment and the reference catchments Suopuro and Välipuro.

Koivupuro
Sub-catchment
Suopuro
Välipuro

2007–2010
M
7–11
–
7–11
7–11

2011
M
7
–
6
6

2012
A
59
59
–
–

M
5
–
4
4

2013
A
47
74
–
–

M
3
–
3
3

A
–
–
–
–

Turbidity
Turbidity correlates well with SSC even in drained peatland forest conditions
(Marttila and Kløve 2012) and it is easy to measure continuously. Thus, turbidity
was chosen as a reference measurement for SSC. Turbity sensors (Analite
NEP9500, McVan Instruments Ltd.) were applied to estimate the SSC in the water
at the measurement weirs at the outlets of Koivupuro and its sub-catchment. The
turbidity data were recorded at 15 min interval and calibrated against water samples taken from both outlets. The calibration curves were formed by retrieving a
linear equation between the SS concentrations (SSC, mg lí1) of the water samples
and associated turbidity (T, NTU) values
ܵܵܥ௩௨௨ ൌ ͲǤͶͳʹܶ௩௨௨  ͲǤͺͺͷͳ

(4)

ܵܵܥ௦௨ି௧௧ ൌ ͲǤͳͺͶͷܶ௦௨ି௧௧  ʹǤͲ

(5)

The R2 values for Equations 4 and 5 were 0.90 (p<0.001, n=82) and 0.66
(p<0.001, n=74), respectively. To avoid overestimation of the SSCs and SS loads,
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Equation 5 was adjusted to allow a concentration of 2 mg lí1 to equal a turbidity
value of 0 NTU. Erroneous data, such as steadily growing turbidity values without
concurrent rise in discharge data, were removed and the gaps were filled with a
constant value calculated as an average of four turbidity values before and after
the erroneous data set.
Estimating SS load
The discharge water SSCs in Koivupuro were estimated by employing two methods: 1) using the water sample data and linear interpolation of the SSC values for
the times between the samplings, and 2) converting the turbidity data to SSCs
with Equations 4 and 5. Two different SS load (LSS) estimates were then derived
using the concentration values and the discharge (Q, m3 s-1) data
ܮௌௌ ൌ ሺܵܵܥሻܳ

(6)

The transient SS loads were further totalled to daily and monthly SS load estimates.
Since no turbidity data was available from Välipuro, SSC was estimated using
only the water sample data and linear interpolation. The SS load was then estimated using Equation 6.
Due to the uncertainties in the runoff data of the sub-catchment (see Section
4.3.1), the runoff from the main weir in Koivupuro was used in the estimations of
the SS load of the sub-catchment.
2.4.2

Paired catchment analysis for estimation of changes in runoff
and SS load (II)

In a paired catchment analysis, a pair of catchments is monitored before (calibration period) and after one of the catchments undergoes a treatment. The data from
the calibration period is utilised to draw an equation between the catchment pair,
that equation is applied to predict the studied variable in the treated catchment
in the case where no treatment had been applied (Prévost et al. 1999; Joensuu et
al. 2002; Nieminen 2004; Laurén et al. 2009; Marttila and Kløve 2010b; Nieminen et al. 2010). The difference in the predicted values and measured values represent the effect of the specific treatment.
A paired catchment analysis was applied in Koivupuro to study the effect of
ditch network maintenance on runoff and SS loads using Välipuro as a control
catchment. For monthly runoff, Rm (mm monthí1), and monthly SS load (kg haí1
monthí1) the data from January 2007 to July 2011 was exploited to determine the
linear regression equations between the Koivupuro and Välipuro catchments for
the calibration period:
ܴǡ௩௨௨ ൌ ͲǤͺͻͺ͵ܴǡ¡௨  ͶǤͻͲͻ
ܮௌௌǡǡ௩௨௨ ൌ ͳǤͲͲͲͳௌௌǡǡ¡௨  ͲǤͲͺ

(7)
(8)

The R2 values for Equations 7 and 8 were 0.95 (p<0.001, n=55) and 0.72
(p<0.001, n=55), respectively.
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2.4.3

Analysis of runoff events (III)

The impact of ditch network maintenance on runoff patterns was studied by examination of a set of runoff events of Koivupuro, Suopuro, and Välipuro. The hydrograph data of the events were fitted to an instantaneous unit hydrograph
(IUH) model which generated the shape of runoff hydrograph from an instantaneous unit input of effective rainfall. The IUH was formed as a two-parameter
gamma distribution; for each event, the parameters Į and ǃ as well as the hourly
effective rainfall were optimized against the measured runoff. For the optimization, the SCE-UA method of Duan et al. (1992) was applied. The parameter Į was
allowed to vary between 1 and 20, ǃ between 0.1 and 2000. Hourly effective rainfall ranged between 0 and the measured rainfall of the Iso-Kauhea station. The
algorithm of Kokkonen et al. (2004) was adopted to derive the IUHs.
Before the DNM, there were three suitable events that were all formed by relatively high precipitation (22–26 mm) and maximum rainfall intensity (6–21 mm
hí1). After the DNM, the maximum rainfall intensities were often smaller than
before the DNM, but the variation in the maximum intensities was high (2–13 mm
hí1). Since the scale of an event affects the results, only the largest events (rainfall
intensity > 5 mm hí1) from post-DNM period were chosen for the analysis in order
to produce a realistic view on the potential change in the IUHs induced by DNM.
This reduced the number of suitable events to 7. Due to the low number of preand post-DNM events, both mean and median of the IUH parameters were used
when describing the average pre- and post-DNM IUHs of the Koivupuro and reference catchments.
An aggregated measure of IUH parameters Į and ǃ was represented by the mean
transit time (MTT) which was calculated as
 ܶܶܯൌ ߙߚ.

(9)
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3. Results

3.1

Ditch bank erosion in Santamäensuo (I)

The irrigations applied in Santamäensuo (Section 2.1.1, Paper I) raised the
groundwater level rapidly (Figure 11). Despite the high groundwater levels, no
surface runoff was observed during the irrigations. The response was similar in
all three replicate tubes along the tube lines (1–3 and 4–6, Figure 11). Hydraulic
gradient was calculated between the ground water level in tubes 1–3 and the water
level in the ditch. During the irrigations, the hydraulic gradient varied from 0.09
to 0.52 m mí1 and, as a result, a seepage face was formed in the ditch bank. The
seepage face was also visually noticed in the middle parts of the bank. At its maximum, the groundwater level was 6 cm below the soil surface in tubes 2 and 3
(Figure 11). Steady-stage conditions were reached within three hours in the upper
tube line (tubes 4–6) during the final irrigation period (4.8 hours). In the lower
tube line (tubes 1–3), a steady-state was not reached. In the ditch, the water level
was between 10 and 15 cm during the experiment (Figure 11).
After the second irrigation, there were rainfall events that affected the groundwater level lowering.
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Figure 11. Mean groundwater level in the soil for tubes 1–3 and 4–6 (see Figure 9), the ditch
water level depth and the timing of pin meter measurements (M1–M5). The average soil surface
elevation at the groundwater tube lines (1–3 and 4–6) is also presented. (Paper I)
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3.1.1

Changes in ditch topography

Mean absolute soil surface elevation difference was used to describe the amount
of changes occurring in the ditch topography between the measurement times by
taking into account both erosion and deposition. If measurement M4, which took
place during frost heave, was neglected, the mean absolute difference was greatest
between measurement M2 and M3 (Figure 12). This was also the time frame during which the groundwater level was highest (Figure 11). As groundwater level was
attributed to seepage in the ditch bank, seepage was deduced to be an important
factor explaining the erosion and deposition occurring in the bank.
The changes occurring in connection to the frost heave (M4) were large compared to the changes occurring during measurements M1, M2, and M3 with no
frost heave. However, the changes caused by frost heave were reversible; M3–M4
featured mainly deposition and M4–M5 erosion (Figure 12). The mean absolute
difference between M3–M5 was only 1.03 cm, indicating clearly smaller topographical changes than during the frost. An example of the reversible nature of
frost heave can also be seen in Figure 13. The changes between M3–M5 were attributed to both erosion and deposition (Figure 12).

Figure 12. Mean absolute difference in the elevation data and erosion (<í2 cm) and deposition
(>2 cm) shares of the measurement area of Santamäensuo between different measurement times
(M1–M5).

Figure 13. An example of the evolution of the ditch bank in Santamäensuo during measurements
M1–M5.
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The spatial view of the changes in the ditch bank topography (Figure 14) showed
a slight deposition in the lowest part of the bank between M1–M2. Both erosion
and deposition increased between M2–M3 and large erosion and deposition areas
were clearly distinguishable (Figure 14b). Frost heave was visualized as deposition
areas in most parts of the bank (Figure 14c), but when the frost had melted again
(M5), the circumstances were mainly returned back to pre-frost-state (Figure
14d).

Figure 14. Erosion (green) and deposition (red) in the Santamäensuo ditch bank between a) M2–
M1, b) M3–M1, c) M4–M1 (frost heave), and d) M5–M1. Topography is presented at 38° angle,
with the z-axis perpendicular to the ditch bank. In the right-hand side graphs, the longitudinal
average elevation differences are shown as a function of the distance along the ditch bank (yaxis). (Paper I)
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The changes in the different sections of the bank (lower, middle, and upper, see
Figure 14) were quantified with empirical probability distributions (Figure 15).
The upper section (Figure 15a) showed the least changes, whereas the middle section experienced most erosion (Figure 15b), and the lower section most deposition
(Figure 15c). Frost heave temporarily pushed the changes towards increased elevation (blue lines in Figure 15), but in the upper and middle sections, the elevations were returned to the pre-frost level. However, in the lower section, deposition had clearly increased.

Figure 15. Empirical probability distributions presenting the changes in the ditch topography (cm)
that occurred between the first measurement (M1) and other measurement times (M2, M3, M4,
and M5) in a) upper, b) middle and c) lower sections of the bank. (Paper I)

3.1.2

Erosion and deposition estimates

The overall balance of the ditch bank erosion for the period M1–M5 (Figure 16)
showed that most of the erosion occurred in the middle parts of the ditch bank,
while the soil material was deposited in the lower parts of the bank. Since the soil
bulk density did not vary much between the different sections, the shares of erosion/deposition in mass and volume proportions were quite similar (Figure 16).
Overall, 41.4 kg mí1 was eroded during the 19-day-experiment after DNM, which
denotes 8300 kg haí1 with a typical ditch spacing of 50 m in areas with a thin peat
layer. However, the overall balance was 0.7 kg mí1 in favour of deposition which
33

Results

indicates that eroded soil was deposited in the site to be potentially later transported away as sediment load.

Figure 16. Erosion and deposition a) mass and b) volume in the ditch bank of Santamäensuo
during the whole experiment (M1–M5).

Section 3.1: The main results
x
Bank erosion was an important mechanism providing loose sediment for later fluvial transport
x
Bank erosion was associated with high groundwater level and seepage
x
Frost heave induced temporary changes in the surface elevation of
the ditch bank

3.2

3.2.1

Ditch erosion, deposition and surface roughness in Koivupuro and comparison of the results of pin meter measurements and TLS (II–IV)
Changes in ditch topography (II, IV)

Pin meter measurements (II)
In Ditch A, the pin meter measurements indicated only minor changes in the ditch
topography between August 2011 and September 2012 (Figure 17a). Deposition
was observed in the bed of Ditch A, while soil surface in the upper parts of the
banks was lowered. In Ditch B, the changes in topography were clearly larger than
in Ditch A after the first year following the maintenance (Figure 17b). The topographical change in the bed of Ditch B indicated deposition and the lower half of
the left ditch bank experienced clear and substantial erosion (Figure 17b). In addition to the clearest erosion spot, there were also many local erosion spots in both
ditch banks. After the second spring followed by the maintenance, the most substantial erosion spot in Ditch B was still at the same location as a year earlier (Figure 17c). However, erosion was increased in the right bank of the ditch, whereas
in the left bank, the middle parts experienced a rise in the surface elevation, and
in the upper parts, the elevation was lowered.
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Figure 17. Changes (cm) detected with pin meter measurements in soil surface topography between August 2011 and September 2012 in a) Ditch A and b) Ditch B (b). The changes between
August 2011 and June 2013 in Ditch B are also presented (c). (Paper II)

TLS (IV)
In Ditch A, the results for change detection with TLS (Figure 18) indicated increased elevation in the middle of the ditch banks and slightly decreased elevation
in other parts of the bank between October 2011 and September 2012. The bed
area of Ditch A included mostly no-data-areas. In Ditch B, the clearest erosion
spot in the lower half of the left ditch bank (Figure 18b) was visible similarly to
the pin meter data (Figure 18d). In general, the left ditch bank experienced mainly
erosion, while in the right bank both erosion and deposition were present. There
35

Results

were also no-data-areas in the bed of Ditch B; nevertheless, the ditch bed showed
deposition on those areas where data existed.
The average vertical elevation differences (and their standard deviations) calculated from the TLS data (Figure 18a and b) were +0.004 m (0.017 m) and í0.017
m (0.054 m) in ditches A and B, respectively. Thus, the elevation differences were
greater in Ditch B.
Comparison of pin meter and TLS data (IV)
Both pin meter and TLS data clearly showed the major erosion area in Ditch B
(the continuous darker blue region at left ditch bank in Figure 18b and d). Both
methods also indicated deposition in the bed of Ditch B (Figure 18b and d). Another similarity was that with both methods the absolute elevation changes were
larger in Ditch B than Ditch A.
The clearest difference between the methods in Ditch A was the increased elevation in the ditch banks indicated by TLS, which was not clearly observed with
pin meter measurements. Similar phenomena were observed in the right bank of
Ditch B (Figure 18b and d). However, a clearly more increased elevation was revealed by the pin meter measurement than TLS in the left bank of Ditch B.

Figure 18. Difference in ditch topography i.e. erosion (blue) and deposition (red) derived from TLS
data (TIN/NN method, window size 0.1 m) (a–b) and interpolated pin meter data (c–d). For Ditch
A, the topographical difference is presented between October 2011 and September 2012. For
Ditch B, the topographical difference is presented between October 2011 and June 2013. Black
colour illustrates no-data areas. (Paper IV)
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Statistically significant changes in topography (IV)
The thresholds for statistically significant change detection at 68% confidence
level were high for both pin meter measurements and TLS. The thresholds using
TLS were 0.10 m for Ditch A (data from October 2011 and September 2012) and
0.12–0.13 m for Ditch B, depending only slightly on the window size (data from
October 2011 and June 2013). The pin meter data indicated thresholds of 0.08 m
and 0.09–0.11 m for ditches A and B, respectively. The thresholds were higher for
Ditch B than Ditch A, which was attributed to the higher standard deviation of the
elevation data of Ditch B.
Comparison of cross-sections derived from pin meter and TLS data (IV)
Both pin meter measurement and TLS data were processed to average cross-sections that were aligned in the same coordinate system (Figure 19). The comparison of the cross-sections based on different measurement methods revealed that
the shape of the cross-sections was similar even though TLS-based cross-section
was set at a higher level than the one based on pin meter data.
The standard deviation of the data along the longitudinal section of the ditch
was greater in Ditch B than Ditch A (Figure 19). The standard deviation was especially small in the bed area of Ditch A where the TLS data almost created a horizontal line (Figure 19a). As the line formed by TLS data was also clearly higher
than the ditch bed formed by pin meter data, it was assumed that, in this case,
TLS data represented the water level in the ditch. The sparse TLS data in the bed
area of Ditch A (Figure 18a) was most likely to represent fallen leaves and needles
floating on the water surface or small local deposits that barely reached above the
water level. In Ditch B, however, there were a lot more TLS data points registered
in the bed area (Figure 18b) and the standard deviation of the ditch bed TLS data
did not form a horizontal line (Figure 19b). Thus, it was concluded that in Ditch
B, the laser penetrated the water and was reflected back from the ditch bed. However, part of the greater standard deviation in the bed of Ditch B was explained by
the steeper bed slope in Ditch B than Ditch A.

Figure 19. The average cross-sections (± the standard deviations) obtained from the pin meter
data and the lowest elevation points picked from the TLS data (2 cm × 2 cm grid) in Ditch A (a)
and Ditch B (b) in October 2011. (Paper IV)
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3.2.2

Erosion and deposition estimates (II, IV)

Pin meter measurements (II)
The volumetric erosion estimates indicated by the spatially interpolated pin meter
data were similar in ditches A and B during the first months following the maintenance (August 2011 to October 2011) while deposition was higher in Ditch B (Figure 20a). Erosion during the first winter-spring season following the maintenance
(October 2011 to May 2012) was substantially greater in Ditch B than Ditch A, but
during the following summer (May to September 2012), more volumetric erosion
was observed in Ditch A. In Ditch A, the upper bank was the dominant volumetric
erosion source during the whole measurement period (Figure 20a). In Ditch B,
upper bank dominated at first (August to October 2011), but during the first winter-spring period, most of the erosion occurred in the lower bank section (Figure
20a).
The erosion in mass units clearly showed that substantially more erosion occurred in Ditch B than Ditch A (Figure 20b). Due to the bulk density of till being
notably higher than the bulk density of peat (Table 1), the lower bank section was
emphasized as the dominant erosion source. Most erosion and deposition occurred during the first and second winter-spring period following the maintenance which indicated seasonality of the processes (Figure 20b).
During the first year, both erosion and net erosion (erosion subtracted with deposition) from Ditch B were clearly greater than from Ditch A (Table 3). Erosion
and net erosion estimated for the treated area were smaller in the sub-catchment
than in the whole Koivupuro catchment (Table 4). However, a somewhat greater
proportion of the eroded soil was carried down to the outlet of the sub-catchment
than the Koivupuro outlet (Table 4).

Figure 20. Erosion and deposition calculated from pin meter data of Ditch A and Ditch B as a)
volumetric and b) mass units. Ditch A was not measured for the period from September 2012 to
June 2013. (Modified from Paper II.)
Table 3. Erosion and net erosion (erosion subtracted with deposition) estimates for Ditch A and
Ditch B.

Ditch A
Ditch B
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Erosion with average
ditch spacing (kg ha-1 a-1)
1032
21104

Net erosion with average
ditch spacing (kg ha-1 a-1)
873
12183

Table 4. Erosion and net erosion (erosion subtracted with deposition) estimates for Koivupuro and
sub-catchment.
Erosion estimate
Net erosion estimate
(kg treated-ha-1 a-1)
(kg treated-ha-1 a-1)
Koivupuro catchment
10469
6292
Sub-catchment
7541
4588
a
Depends on the SS load estimate. See Section 3.3.1.

Proportion of the eroded
soil carried down to outleta
1.8 or 2.4%
2.5 or 3.3%

TLS (IV)
The effect of the window size used in the TLS based volumetric erosion or deposition estimates was in most cases linear, but not systematic between ditches A
and B (Figure 21). In Ditch A, deposition was increased and erosion decreased as
the window size was increased. In Ditch B, the effect was reversed. Net changes of
the volume were affected accordingly. Deposition was more affected by the window size than erosion as the standard deviation of the deposition volumes were
3.2 dm3 mí1 and 7.1 dm3 mí1 for ditches A and B, respectively, while the standard
deviations of the erosion volumes were 2.5 dm3 mí1 and 2.3 dm3 mí1 for ditches A
and B, respectively.
Comparison of pin meter and TLS derived estimates (IV)
Both methods indicated more volumetric erosion and deposition in Ditch B than
Ditch A (Figure 21). In Ditch A, regardless of the window size, deposition estimates based on TLS were higher than those based on pin meter measurements.
However, in Ditch B, the pin meter based deposition estimate was in the range of
TLS based estimates. In both ditches, the erosion estimates derived from the pin
meter data were clearly higher than the TLS based estimates. The difference in
the erosion estimates between the two methods was especially striking in Ditch A.
Due to the high pin meter based erosion, the net change was also in favour of
erosion in Ditch A, whereas the TLS data indicated net deposition. The net change
in Ditch B was in favour of erosion regardless of the measurement method.
Statistically significant estimates (IV)
In Ditch A, the erosion/deposition estimates constrained by the statistically significant thresholds were almost negligible (Figure 22). In Ditch B, statistically significant erosion was explicitly present with both methods and window sizes. The
differences in the statistically significant erosion estimates were clearly smaller
between the interpolation methods (TIN/NN and kriging) than between the
measurement methods (pin meter and TLS).

Figure 21. Volumetric increase (deposition) and decrease (erosion) calculated from TLS data with
varying window sizes (WS) and from pin meter data for a) Ditch A and b) Ditch B. (Paper IV)
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Figure 22. Statistically significant (at 68% confidence level) volumetric increase (deposition) and
decrease (erosion) calculated from TLS data with window sizes (WS) of 0.1 m and 0.2 m applying
TIN/NN and kriging methods and from pin meter data for a) Ditch A and b) Ditch B. (Paper IV)

3.2.3

Random roughness and its temporal changes (IV)

Random roughness calculated from TLS and pin meter data was smaller in Ditch
A than Ditch B (Figure 23c–f). According to TLS data, roughness was higher at
the ditch banks than in the bed of the ditches (Figure 23e–f), but the pin meter
derived roughness values were more random along the ditch cross-section (Figure
23c–d). The temporal changes in roughness after ditch network maintenance
showed that, regardless of the measurement method, roughness in Ditch B was
clearly increased in the erosion domain, especially in the lower ditch banks (Figure 23b,d,f). TLS also indicated that roughness decreased in the deposition domain, that is, the bed of Ditch B (Figure 23b,f). However, there was not enough
pin meter data to calculate the roughness for the middle of the bed in both ditches.
According to TLS data, the average roughness increased 12% and 19% in ditches
A and B, respectively, while the changes indicated by pin meter were í9% and 15%
in ditches A and B, respectively (Table 5). The spatial view of TLS derived temporal changes in roughness showed that roughness had increased in many parts
of the measurement areas of ditches A and B (Figure 24). Decreased roughness
was observed at the bed of Ditch B and in a few locations on the banks of both
ditches (Figure 24).
The differences in the TLS and pin meter derived roughness were clear: the average random roughness over the measurement area in October 2011 calculated
from the pin meter data was 26% or 22% smaller compared to the TLS derived
roughness in ditches A and B, respectively (Table 5). In June 2013, the pin meter
derived roughness in Ditch B was 25% smaller than the TLS derived roughness
(Table 5). Roughness over the cross-section also indicated smaller values for the
pin meter than the TLS derived roughness. However, there was an exception in
the upper right bank of Ditch B (Figure 23d) where the pin meter showed higher
roughness because of deep holes that were better detected by the pin meter. The
holes were narrow and the angle of the laser beam was not optimal in this case,
which prevented the recording of the full depth of the holes by TLS.
Table 5. Average roughness over the measurement area of ditches A and B calculated with 0.1
m window size from TLS and pin meter data.
Average roughness (m), TLS

Average roughness (m), pin meter

Oct. 2011

June 2013

Oct. 2011

Sep. 2012

Ditch A

0.0105

0.0118

0.0078

0.0071

–

Ditch B

0.0125

0.0149

0.0097

–

0.0112
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June 2013

Figure 23. The average cross-sections derived from TLS data (a–b) and the average random
roughness (RR) calculated from pin meter (c–d) and TLS data (e–f) for ditches A and B. (Paper
IV)

Figure 24. The spatial distribution of changes in random roughness for a) Ditch A and b) Ditch B
between October 2011 and June 2013. Black colour represents the areas where data was not
available. (Paper IV)
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Section 3.2: The main results
Ditch topography
x
The standard deviations of the soil surface data were smaller in the
peat ditch
x
TLS device was able to register data below the water level in the ditch
with mineral soil bed, but not in the peat ditch
Erosion and deposition estimates
x
The upper bank section dominated the volumetric erosion estimates
(except for the first winter-spring period in Ditch B) whereas the
lower bank section (mineral soil) was the dominant erosion source
in mass units in the thin peat area
x
Seasonality in erosion was observed especially in the area of thin
peat: winter-spring period produced most erosion
x
The erosion and deposition estimates obtained with pin meter and
TLS data were more consistent in the ditch with a thin peat layer
where the topographical changes were large
x
Statistically significant erosion was observed in the ditch with a thin
peat layer with both pin meter measurements and TLS
Surface roughness
x
Roughness was greater in the ditch with a thin peat layer
x
According to TLS data, roughness increased with erosion and decreased with deposition
x
TLS derived roughness and its temporal change were greater than
the pin meter-derived roughness

3.3
3.3.1

Catchment scale results from Koivupuro (II–III)
Runoff and SS load before and after ditch network maintenance
(II)

Before the ditch network maintenance of Koivupuro (in August 2011), runoff in
Koivupuro and Välipuro followed a similar pattern (Figure 25a). The difference
between the runoff measured in Koivupuro, and the one estimated for Koivupuro
with the paired catchment method, was random before the maintenance, but
clearly increased in the months following the maintenance. Measured runoff remained at elevated level after DNM during the whole study period, but the clearest
increase could be seen right after the DNM and during the high snow-melt induced runoff (Figure 25a).
The SS load increased rapidly after ditch network maintenance and there was a
clear peak during the spring snow-melt period (Figure 25b). Based on the paired
catchment approach, the SS load during the first year was increased by
166 kg treated-haí1 aí1 (874%) due to DNM, while during the second year, the increase was 20 kg treated-haí1 aí1 (167%) (Figure 25, Table 6). Similarly in the sub-
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catchment, there was a clear decrease in the SS load during the second year (Figure 25). Overall, the SS load estimates of the sub-catchment were clearly lower
than the estimates of the whole Koivupuro catchment (Figure 25, Figure 25).
The SS load was estimated from 1) the turbidity data and the calibration curves
and 2) water samples. The estimates based on the turbidity data were generally
higher than those based on water samples, but the estimates were of the same
order of magnitude.

Figure 25. Monthly runoff and SS load at Koivupuro and Välipuro. (Paper II)
Table 6. SS load (kg haí1) estimated before and after DNM for Koivupuro and sub-catchment.
(Adopted from Paper II.)
SS load based on turbidity and calibration
curves (Eqs. 5 and 6)

SS load estimate without
DNMa

Välipuro catchment (kg catchment-haí1 aí1) (86 ha)
Average for years 2007–2010
2

–

–

Koivupuro catchment, SS (kg catchment-haí1 aí1) (113 ha)
Before DNMb
3
First year after DNM
44
Second year after DNM
8

–
60
8

–
5
3

Koivupuro catchment, SS (kg treated-haí1 aí1) (27 ha)
First year after DNM
185
Second year after DNM
32

250
31

19
12

Sub-catchment, SS (kg haí1 aí1) (5.2 ha)
First year after DNM
39
Second year after DNM
3c

75
12

–
–

SS load based on
water samples

Estimate based on the paired catchment analysis with Välipuro (see Section 2.4.2).
Average for years 2007–2010.
c Data available from August 2012 to December 2012.
a

b
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3.3.2

Changes in instantaneous unit hydrographs and mean transit
times (III)

Before the ditch cleaning, the average and median IUHs of the Koivupuro and the
reference catchments showed that in the drained catchments, Koivupuro and Suopuro, the IUH peak occurred earlier revealing that the lag time was shorter than
in the undrained Välipuro catchment (Figure 26). However, there were not many
changes in the lag times after the ditch network maintenance of Koivupuro. The
average IUHs indicated a clear increase in the IUH peak value of Koivupuro due
to the maintenance, whereas the reference catchments showed much less increase
in the IUH peaks (Figure 26a). The median IUH peaks did not indicate similar
changes as the average IUH, instead only Suopuro showed a clear increase in the
peak value (Figure 26b). The difference in the average and median IUHs was attributed to the small number of events (n=3) before the ditch network maintenance.
The MTTs were shorter in Koivupuro than in the reference catchments both before and after maintenance of Koivupuro. The average MTT before the maintenance was 36% and 25% shorter in Koivupuro than in Suopuro and Välipuro, respectively. After the maintenance, the differences between the Koivupuro and reference catchment MTTs were clearly increased as the MTTs were 40% and 42%
shorter in Koivupuro than in Suopuro and Välipuro, respectively. MTTs had
shortened in all of the catchments, but more so in Koivupuro (í36%) than in Suopuro (í32%) or Välipuro (í17%). However, a Mann-Whitney U-test indicated no
significant difference in the Koivupuro MTTs before and after maintenance
(p=0.109).

Figure 26. Average (a) and median (b) instantaneous unit hydrograph (IUH) before and after DNM
in Koivupuro, Suopuro and Välipuro. (Paper III)
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Section 3.3: The main results
x
Runoff was increased after ditch network maintenance
x
SS load was clearly increased (166 kg treated-haí1 aí1 or 874%) during the first year after the ditch network maintenance, but the increase was smaller (20 kg treated-haí1 aí1 or 167%) during the second year after the maintenance
x
The time to IUH peak was shorter in the drained catchments than in
the undrained catchment
x
The MTTs were shortest in Koivupuro and the difference in the
MTTs between the Koivupuro and reference catchments increased
after the DNM in Koivupuro
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4. Discussion

4.1

Erosion and sediment transport mechanisms

Erosion and sediment transport mechanisms in drained peatland forests have
been rarely quantified at ditch-scale. This section discusses the main mechanisms
observed in Papers I–IV and the practical implementations of the results.
4.1.1

Bank erosion and seepage

Both the Santamäensuo (Paper I, Section 3.1) and Koivupuro (Paper II, Section
3.2) measurement sites indicated that bank erosion was an important mechanism
in generating sediment to be later transported further in the ditch network and
eventually deteriorate water quality in the receiving water bodies. In Santamäensuo, bank erosion was attributed to seepage and wetting-induced loosening of the
soil and small-scale bank collapses were quantified during the experiment (Paper
I). A conceptual presentation of the basic mechanisms occurring in the ditch bank
of the Santamäensuo study site (Figure 27) were based on the following observations:
1) Ground water level was highest between measurements M2–M3 (Figure
11)
2) Non-frost induced changes in ditch bank topography were greatest between M2–M3 (Figure 14, Figure 15)
3) Erosion was greatest between M2–M3
4) Most of the erosion occurred in the middle section and most of the deposition in the lower section of the ditch bank (Figure 16)
The conceptualization (Figure 27) was sketched to demonstrate the ways erosion
occurred in the fine-textured mineral soil in the section of the ditch bank where
seepage played the most significant role and the eroded soil was deposited in both
the lower section of the bank as well as the bed of the ditch. Frost heave also played
a role in preparing the material for erosion.
Seepage has played an important role in bank failure in many previous studies
conducted in laboratory (Fox et al. 2006; Lourenço et al. 2006) and field conditions (Fox et al. 2007; Wilson et al. 2007). These studies were carried out with
mineral soil banks and are, thus, comparable with the Santamäensuo ditch bank.
However, ditch banks with a thicker peat layer presumably behave differently. Before DNM, the water table is typically high and the purpose of DNM is to lower it.
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Therefore, favourable conditions for seepage exist especially right after DNM
when water is draining into the newly cleaned ditches. The saturation of peat during the autumn rains and spring snow-melt when evaporation is minimal can also
increase the probability of seepage occurrence in forested peatland conditions.
Marttila and Kløve (2010a) studied a peatland forest DNM site and concluded
that bank collapse and bank erosion dominated the SS supply at the catchment
scale. This was based on the dominance of anti-clockwise hysteresis of SSC during
runoff events and visual observations. Even though bank erosion was quantified
to be a significant mechanism in Koivupuro, the analysis of SSC dynamics revealed clockwise hysteresis indicating that sediment was available at the beginning of an event, but the source was later exhausted (Paper III). This also suggests
that in Koivupuro, bank erosion was a mechanism providing sediment to the ditch
bed between the events. In the sub-catchment of Koivupuro, rainfall intensity was
positively correlated to the SSC of the rising limb of a hydrograph (Paper III), thus
indicating that raindrop impact was another important mechanism controlling
bank erosion and providing sediment for the SS load especially at the beginning
of an event. Raindrop impact mechanism could be further investigated using artificial rainfall experiments. Such experiments have been applied on peatlands
(Kløve 1998; Holden and Burt 2002) but in Koivupuro they would have been difficult to conduct because of the lack of suitable water source.
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Figure 27. Conceptualisation of the erosion and deposition mechanisms in the Santamäensuo
ditch bank (Paper I).

4.1.2

Bed erosion and deposition

Ditch bed evolution after DNM has not yet been quantified in drained peatland
forests. Pin meter measurements and TLS provided together a new dataset to assess the changes occurring in the ditch bed. Pin meter measurements and TLS
both indicated deposition at the bed of ditches A and B (Paper IV). However, visual observations suggested that in Ditch B, the fine material had washed away
leaving an armour layer of coarse stones (Figure 4). A few larger stones also
dropped from the bank of Ditch B onto the ditch bed increasing the deposition in
the measurements.
The evolution of a ditch bed is a dynamic process where both erosion and deposition occur, having large spatial and temporal variation. The positive net erosion of Paper I indicated that especially a feeder ditch can act as a bed sediment
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storage if ditch flow velocity is sufficiently slow. Similarly the bank erosion material in Koivupuro deposited and was temporarily stored on the ditch bed, which
was demonstrated with erosion pin measurements (Paper III). However, the
clock-wise hysteresis in Koivupuro indicated that sediment source at the ditch bed
was exhausted during a rainfall-runoff event. Temporary within-catchment bed
sediment storages in drained peatlands were also reported by Marttila and Kløve
(2014). The time that is available for the sediment to stabilize before a discharge
event correlates positively with sediments resistance to erosive forces (Marttila
and Kløve 2008).
4.1.3

Subaerial processes and mechanisms

Of the subaerial processes and mechanisms, frost action on the ditch banks was
the most evident. Most of the SS load in Koivupuro and the erosion of Ditch B
occurred during the winter-spring period (Paper II, Figure 20). This indicates that
1) the bank is affected by frost and freeze-thaw mechanisms, and 2) the snow-melt
and associated high flows transport the prepared material further. Similar findings have been reported by Holden et al. (2007), who reported winter season
domination in SS production of a drained peatland catchment and attributed it to
increased saturation and freeze-thaw weathering during the winter period. According to Lawler (1986), needle ice development was the most important process
causing erosion of stream banks. Needle ice was also observed in the Santamäensuo ditch bank (Figure 28), but the topography of the measurement section was
mostly recovered after the melting of the ice (Figure 12, Paper I). However, if the
observation period had been longer and several needle ice occurrences were to
materialise along with rainfall events, the changes would probably have been
measurable even with the accuracy of the pin meter. Even though often seen only
as preparatory processes, the subaerial processes can also directly contribute to
erosion (Couper and Maddock 2001).

Figure 28. Needle ice formation in Santamäensuo. The scale is expressed in centimetres.

4.1.4

Fluvial erosion and seasonal processes

Typically, the high flows in spring are thought to be one of the most important
mechanisms controlling sediment load in drained peatland catchments. In the
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Koivupuro catchment, Ditch B indicated that the winter-spring season was the
most intensive sediment transport period. During the winter, soil was prepared
by the frost and freeze-thaw effects, the loosened soil was then easily washed away
with the high discharges in the snow-melt period. However, in Ditch A, the summer season was clearly producing most of the eroded sediment (Figure 20a) indicating that summer storm flows may have a dominant role in annual sediment
load as suggested by Marttila and Kløve (2010a). The difference between the dominant seasons of SS load in ditches A and B could be explained by 1) the locations
of the ditches, and 2) the different soil types. Ditch A was located in head-water
areas with low stream power, while Ditch B drained a much larger area. Thus,
fluvial processes were more dominant in Ditch B than Ditch A, which is analogous
to the theory of Lawler (1992). On an event scale, fluvial processes along with rain
splash were found to be the major controlling mechanisms of the SS load in the
Koivupuro catchment (Paper III). However, the interactions between different
processes and mechanisms are complex as the temporal occurrence of different
processes can overlap each other (Lawler et al. 1999). Further complexity is added
by the time-lag effects of e.g. bank collapses that require frequent monitoring
(Lawler and Leeks 1992). A temporal aspect on process dominance has been presented by Couper and Maddock (2001) who state that the relative importance of
a process depends on the time-scale of the process and the study period. Hydrological and meteorological conditions act as drivers of the temporal variations in
process dominance. To study the interactions between different processes and
mechanisms in more detail in Koivupuro, as well as the process dominance at
temporal scale, more frequent measurements of ditch topography and complex
experimental settings would have been needed.
The IUH analysis suggested that DNM increased the flashiness of the hydrograph (Paper III). Accordingly, more sediment is transported with the higher discharges. However, in Koivupuro, the hysteresis analysis suggested that sediment
is supply-limited which reduces the effect of increased hydrograph flashiness.
Seuna (1988) studied changes in storm hydrograph in Koivupuro after initial
drainage and stated that runoff was accelerated 30–40% (or 3–4 h). However, in
Suopuro, the timing of runoff peak was not changed after drainage (Seuna 1988),
which contradicts the findings of Paper III. The difference in the results might be
explained by the different analysis methods, as well as the limited number of
events in both studies.
4.1.5

Roughness processes and mechanisms

The increased roughness was attributed to 1) erosion and 2) vegetation growth in
the ditches (Paper IV). In the ditch banks, roughness was caused by the smallscale erosion processes discussed above in addition to the emerging vegetation.
In the ditch bed, the changes in roughness occur as a consequence of varying flow
conditions in the ditches. Like erosion, roughness is a dynamic process controlled
by the flow conditions varying from potentially erodible high flows during spring
snow-melt and summer storms to low flows inducing deposition. Flow conditions
even in the small sub-catchment of Koivupuro noticeably vary as was shown in
the modelling study by Haahti et al. (2014).
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An example of vegetation induced roughness can be seen in Ditch A where there
was not much erosion, but the TLS derived roughness was still increased (Figure
23e). This was most likely because of vegetation growth which was, nonetheless,
quite moderate in Ditch A (Figure 4). Roughness increased more in Ditch B with
a thin peat layer (Table 5). The change in pin meter derived roughness for Ditch
A (í9%) differed clearly from the change in TLS derived roughness (+12%). One
explanation for the difference in the figures is that the pin meter derived roughness was calculated for a shorter period (Oct. 2011–Sep. 2012) than the TLS derived roughness (Oct. 2011–June 2013). The inclusion of the second winter-spring
period could increase roughness because of the frost activity and erosion. However, in Ditch A, erosion was highest during the summer and not in the winterspring period (Figure 20) which reduces the plausibility of the explanation. The
vegetation growth in late May and early June 2013 can also explain the higher TLS
derived roughness.
4.1.6

Other controlling factors of sediment load and practical implementations

The primary erosion risk areas in drained peatland forests are in those parts of
the ditch network where ditches extend to fine-textured mineral subsoil under the
peat layer. This can be seen from the high erosion estimates for areas with a thin
peat layer (Paper I, II). Of the drained peatlands in Finland, 27.4% were estimated
to have a thin (< 0.3 m) peat layer (Hökkä et al. 2002). Thus, there is a vast potential of areas subject to DNM in the future that are followed by potentially high
sediment loads. The majority of the drained peatlands have, however, a thick peat
cover that allows the cleaning of ditches without contact with the mineral subsoil.
The erodibility of peat ditches depends on the degree of decomposition of the peat
(Tuukkanen et al. 2014). In Koivupuro, peat was moderately decomposed which
indicates a low erosion risk. After the most decomposed part of the peat has
eroded, a coarse armour of poorly decomposed peat fibres reduces the erodibility
(Tuukkanen et al. 2014). Even though the erodibility of peat is lower than the
erodibility of fine-textured mineral soils, the erosion of organic soils can have
more detrimental consequences. Due to their light weight, organic sediments can
be transported beyond mineral sediments, thus deteriorating water quality further downstream.
The highest SSCs in Koivupuro and the sub-catchment occurred during the time
of the DNM operation (Papers II and III). This emphasizes the important role of
hydrological and meteorological conditions before, during, and soon after DNM
on the SS load generation. Dry conditions reduce seepage erosion and diminish
fluvial erosion and SS transport in the ditches. Low flow conditions enable the
sediment in the ditch bed to stabilize, which increases the erosion resistance of
peat sediments (Marttila and Kløve 2008). On the other hand, desiccation of the
ditch bank might increase erosion by loosening the surface soil and preparing it
for the next precipitation event (Paper III).
Surface runoff is not typical in drained peatland forests assuming that drainage
functions efficiently. Thus, it does not have an important role in sediment load
generation in the peatland forest ditch network even though it is a significant
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mechanism in other environments, such as peat mining areas (Kløve 1998) or agricultural fields (e.g. Puustinen et al. 2005). Even the irrigation experiment of Paper I did not lead to overland flow, because the water percolated through soil.
Although it does not increase sediment load downstream, the deposited sediment in the ditch network do pose the problem of decreasing ditch depth and reducing the drainage efficiency. Eventually the sediments together with the developing vegetation in the ditches generate a demand for new ditch cleaning.
The traditional depths to which ditches are cleaned should be reconsidered.
Lower ditch depths decrease the possibility of mineral soil contact and reduce the
overall disturbed surface area which together diminish erosion risk. Where possible, ditch cleaning should be stringently avoided in areas where there is a risk of
exposing highly erosive soil.
The water protection measures are typically implemented for a long period,
while most of the SS load is realized in a much shorter period. New, short-term
methods could be developed to tackle the high SS loads following right after the
DNM.
The timing of DNM is crucial, as the immediate SS loads following the DNM are
increased with higher discharges. Thus, DNM should preferably be carried out
during the summer when water table levels are low. However, high intensity summer rain storms could diminish the benefits of low water table level as the rainfall
intensity was shown to be positively correlated with SSC (Paper III).

4.2

Applicability of pin meter measurements and TLS in estimating changes in forest ditch topography and roughness

Both pin meter measurements and TLS were able to produce data on ditch topography. The pin meter measurement and TLS data of Koivupuro ditches provide a
rare opportunity to compare the two measurement methods for the estimation of
topography, erosion and surface roughness in drained peatland conditions (Paper
IV). The main advantages of pin meter measurements were the reliability and
simplicity of the method and the ability to measure under water. A pin meter is
cheap to build and easy to use, although the usage requires time and labour. The
pin meter measurements were able to measure the soil under flexible vegetation
and the measurements were reliable especially on solid surfaces. However, on soft
soil material, for instance, wet peat or sand in the ditch bed, it was difficult to
ascertain the actual soil surface level, which increased the uncertainty of the
measurement (Papers I and II). The processing of the photographs into actual
topographic data was time-consuming. TLS, on the other hand, quickly covered
vast amount of data points. However, TLS was not able to measure the topography
under the water in Ditch A, which was attributed to the aggregate effect of turbid
water and dark peat at the ditch bed. While the TLS measurements of the bed of
Ditch B were partly successful under the shallow water level, they include errors
caused by the refraction of light at the water surface (Milan et al. 2007; Smith et
al. 2012). As the water was turbulent in Ditch B, the potential for uncertainty was
increased (Smith et al. 2012).
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4.2.1

Differences in the change detection by TLS and pin meter measurements

The results derived with TLS and pin meter measurements (Paper IV) showed
differences in the erosion and deposition estimates (Figure 21), the average crosssections (Figure 19), as well as spatial variation of erosion and deposition (Figure
18). Part of the differences can be accounted for by the window size used in the
TLS calculations. However, as can be concluded from Figure 21, there are also
other reasons involved. The differences can be attributed to the different resolution of measurements, especially in the direction of the ditch. The sparser resolution of pin meter measurements, does not account for as much spatial variation
as TLS. Another explanation for the differences is the vegetation that prevents the
TLS from reaching the soil surface which is measured with a pin meter. As the
vegetation grew between the measurement times, some of the deposition indicated by TLS can be attributed to this growth. This can be seen in places, such as
the right bank of Ditch B (Figure 18b,d). However, in Ditch A (Figure 18a,c), the
differences caused are not as easily understood as there are bare parts that should
result in more similar spatial distribution of erosion and deposition.
Another issue is the outcome of the TLS data setting at a higher elevation than
the pin meter data when comparing the average cross-sections (Figure 19). Even
after the careful and repeated examination of the data, the bare parts of the ditch
banks were not at the same level, which indicates uncertainties in the alignment
of the pin meter and TLS data in the same coordinate system. The elevation difference was particularly clear on the upper parts of the banks. This was attributed
to the vegetation and woody litter cover on the soil surface that the pin meter
could pass by. TLS, however, did not reach the ground level because of the vegetation and woody litter that was in the way. By increasing the window size in the
TLS data processing, the possibility of finding a ground point would increase in
the areas where the ground is covered by vegetation. However, there is simultaneously a trade-off between the increased probability of a ground point and the
quality of high resolution digital elevation model (DEM). In Koivupuro, a 0.02 m
window size was selected because it was considered comparable with the resolution of pin meter data in the direction of the ditch cross-section.
TLS and pin meter measurements have rarely been compared. Even though they
yield different results (Section 3.2.2, Paper IV), the statistically significant estimates derived with both methods indicated comparable results. Examples of
other comparisons of the methods can be found in studies by Vinci et al. (2015,
2016) who quantified rill erosion in Central Italy in experimental plots with area
varying from 22 m2 to 176 m2. In their first study, pin meter measurements overestimated the eroded rill volumes compared to TLS (Vinci et al. 2015). However,
in a later study by Vinci et al. (2016), the pin meter measurements were found to
slightly underestimate the eroded rill volumes. In Koivupuro, pin meter measurements overestimated the eroded volume compared to TLS, especially in the peat
ditch (Figure 21a). Due to these divergent results, it is impossible to confirm either
overestimation or underestimation by either method. It should also be noticed
that the conditions, such as soil type, topography, existence of vegetation, and
meteorological conditions are different in Koivupuro compared to the studies of
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Vinci et al. (2015, 2016). Additionally, Vinci et al. (2015) used data derived only
after the rill formation and the preceding conditions were approximated.
4.2.2

TLS and pin meter measurements for roughness estimations

TLS and pin meter measurements have not been previously compared for roughness estimations in peatlands. Both TLS and pin meter measurements were able
to deliver random roughness estimates for the Koivupuro ditches A and B (Figure
23). Typically, a pin meter has been used to derive roughness related to different
tillage treatments on agricultural fields on several 1–2 m2 plots (García Moreno et
al. 2008; Gilley and Kottwitz 1995; Thomsen et al. 2015; Vidal Vázquez et al.
2009, 2010), in conditions quite different than Koivupuro ditches. The results of
Paper IV indicate that TLS provided higher roughness than pin meter measurements which could be related to the vegetation on the ditch banks. TLS and pin
meter measurements (along with other methods) have been compared in a few
studies that found the pin meter and TLS providing roughness values that were
mostly in agreement with each other (Bryant et al. 2007; Thomsen et al. 2015).
However, these studies were made on bare soil that was free from the complicating effect of vegetation. The comparisons of the methods concluded that the precision, applicability and the resolution of the provided data were better with TLS
(Thomsen et al. 2015; Jester and Klik 2005), as noted also in Paper IV.
With TLS data, the moving window technique has been used to derive roughness
estimates in many studies (Haubrock et al. 2009; Eitel et al. 2011; Heritage and
Milan 2009; Sankey et al. 2009). The choice of a window size is important because
roughness is scale-dependent and increases with a growing window size (Haubrock et al. 2009; Sankey et al. 2012). The moving window size in Paper IV was
set to 0.1 m which was thought to include most of the small elements and variations in the surface. On the other hand, a 0.1 m window was not overly affected by
the ditch bank slope. In addition, the window size of 0.1 m was approximately the
smallest size that could be used in the calculation of roughness from the pin meter
data. Heritage and Milan (2009) recommended a moving window size of the largest visible clast which was roughly taken into account in the window size selection
for Koivupuro.
4.2.3

Usefulness of ditch-scale spatial data in modelling applications

Cross-sections and estimations of surface roughness are needed as parameters for
hydraulic modelling. In Paper IV, cross-sections were obtained with both pin meter and TLS data. For roughness estimations, the high resolution TLS data suits
better than the lower resolution pin meter data. However, TLS derived roughness
cannot be used in the models as such. Thus, roughness should first be calibrated
against channel dimensions and streamflow data as shown by Västilä et al. (2016).
A relationship could be found between the calibrated roughness and the TLS derived roughness. Such a relationship could then be used later in the application of
TLS derived roughness in the hydraulic models.
In small streams, such as the ditches in Koivupuro, the description of roughness
in the case of low flows can be complicated by factors, such as an uneven ditch
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bed, which can lead to meandering and separated flow paths (Haahti et al. 2014).
As shown by Jalonen et al. (2014) for vegetated compound channels, TLS data
may help to refine the characterization of flow resistance in hydraulic models.
4.2.4

Other methodological considerations

Ordinary kriging was chosen for the pin meter measurement data interpolation
method (Paper I, II), because it is widely used for DEM generation and it accounts
for the spatial structure of the data. Even though no method is clearly better than
others in DEM derivation (Chaplot et al. 2006), the choice of an interpolation
method, as well as terrain morphology and sampling density affect the accuracy
of DEM (Aguilar et al. 2005). A problem was encountered in the application of
kriging to the pin meter data: the pin locations could be identified in the interpolated surface. The problem was attributed to differences in the measurement resolution in the ditch direction (0.1–0.2 m) and in the direction of ditch cross-section (0.02 m). However, as suggested by the sensitivity analysis in Paper I, these
biases were small and did not mask the erosion and deposition processes quantified in the ditch. With the TLS data, TIN and natural neighbour (NN) interpolation was applied using different window sizes from which to sample the lowest
point. TIN with NN interpolation (or other interpolation method) is a typical way
of processing data in the studies associated with TLS data (e.g. Jalonen et al.
2014). For comparison, ordinary kriging was also applied to test the effect of interpolation method on the results.

4.3

Erosion and sediment load estimates

The SS load reported for the initial ditching of Koivupuro (Table 7; Ahtiainen
1988) was clearly lower than the SS load following DNM regardless of the method
used for the estimation of SS load (Paper II, Section 3.3.1). The difference can be
caused by more ditches extending to mineral soil during the DNM than the initial
ditching. The initial ditch network was also somewhat different than the ditch network after DNM. The changes in the ditch locations were, however, not so great
that they could explain the difference. The SS loads in other earlier studies for
initial ditching or DNM (Table 7) were higher than those from Koivupuro during
the first year following the DNM (Table 6). Therefore, the SS loads of Koivupuro
can be regarded as relatively low. Such results would also be expected from the
moderately decomposed peat in the area (see Section 4.1.6). During the first year
following DNM, the increase in the Koivupuro SS load was 8.7 fold compared to
the background load. Even though the increase was clear, it was moderate compared to the 17.5 fold increase in SS load after DNM estimated by Nieminen et al.
(2010).
The novel aspect of the Koivupuro results is that an estimate of inside ditch erosion potential is set against catchment level SS loads. In contrast to the ditch outlet SS loads reported in earlier studies (Table 7), the erosion inside the ditch network was considerably higher in Koivupuro in both the areas of thick (1032 kg
haí1 aí1) and thin peat (21104 kg haí1 aí1) (Paper II). Similarly, the ditch bank
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erosion in Santamäensuo (Paper I) measured for 19 days (8300 kg haí1) was significantly higher than the estimates in Table 7. Even though these areal estimates
are based on 4-meter measurement sections, thus containing uncertainties, the
results indicate that inside the ditch network, erosion is high and there is a large
potential of eroded soil that can be transported further as SS load. Moreover, the
erosion within areas of thin peat layer produce eroded sediment that is available
for later transport (Paper I, II). However, as discussed in Section 4.1.2, the temporal or permanent deposition is likely to occur and diminish the SS load. Furthermore, the high bank erosion in Santamäensuo (Paper I) was a result of conditions that promote seepage erosion: 1) artificial irrigation that enhanced seepage, and 2) highly erodible sandy loam ditch bank. Thus, the Santamäensuo estimate represents the potential erosion that can occur in a feeder ditch after DNM
when the conditions reflect high erosion risk. However, in Koivupuro (Paper II),
the even higher estimate for a thin peat area (Ditch B) was a result of natural processes following DNM without any artificially triggered erosion. Though it should
be noted that the mineral soil of Ditch B (stony till) was also highly susceptible to
erosion and the discharge of Ditch B was relatively high, because it drained waters
from a nearby open mire (see Figure 3).
Table 7. Estimated increase in sediment load following peatland forest ditching and DNM.

Reference

Estimated increase
in sediment load
(kg haí1 aí1)

Initial
ditching
or DNM

Length of
study period
(years)a

Seuna (1982)

490

Initial

2

Hynninen and
Sepponen (1983)

1500

Initial

3

Ahtiainen (1988)

57

Initial

3

Ahtiainen and
Huttunen (1999)

800

Initial

3 (12)

Joensuu et al.
(2002)

256a

DNM

1 (3)

Finér et al.
(2010)

600

DNM

1 (10)

Paper II

166 or 231

DNM

1 (2)

Remarks
Estimated by Sallantaus 1986
Estimated by Sallantaus 1986
Estimate for Koivupuro.
Estimate for Suopuro.
Based on data from
40 catchments and
their control catchments.
National scale estimate without water
protection.
Depending on SS
load estimation
method (see Sections
2.4.1 and 3.3.1).

a
Number of years that the SS load given in this table is based on. Total length of the study period after
drainage or DNM is presented in parenthesis.

4.3.1

Reliability of SS load estimates

The main error sources in SS load estimation are related to 1) discharge and 2)
SSC estimates. Typically, the most substantial problems in SS load estimates are
caused by either too scarce SSC sampling or erroneous SSC values derived using
indirect measurement methods. The detection and removal/correction of erroneous SSC values are especially important during the periods of high discharge to
minimize the error in yearly or seasonal SS load estimates.
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Discussion

The SS load estimates of Koivupuro contain uncertainty for several reasons.
Firstly, the interpretation of the turbidity data was problematic since the probe
was affected by bio-fouling. The probe had a wiping system to clean the optical
surface with manual cleaning being carried out approximately once a month, but
these were not sufficient for the sensor to provide accurate turbidity rates at all
times. Most of the erroneous figures, such as separate peak values or turbidity
data with a growing trend with no associated increase in discharge, were removed
from the data. Similar problems with turbidity sensors have been encountered in
agricultural areas (Kotamäki et al. 2009; Linjama et al. 2009).
The SS load estimate based on the water samples are uncertain due to the limited number of samples. The interpolated data obviously does not compensate for
all the variation in SSC, but since continuous water sampling and analysis was not
a viable option, interpolation between the samples was considered a rational
choice. A similar approach has also been applied by other studies, such as that of
Duvert et al. (2010).
The discharge measurements in Koivupuro were complicated by the freezing of
the weir that broke the pressure sensor (see Section 2.4.1). However, for the missing data, the runoff (and discharge) was estimated by exploiting the linear regression model between daily runoff from Koivupuro and Välipuro (Paper II). Since
the R2 value was as high as 0.89, the discharge estimations were considered reliable. However, the reliability of discharge measurements of Koivupuro sub-catchment could not be assured. At many occasions, the discharge measured in the subcatchment weir was considered too high compared to the amount of precipitation.
The uncertainty of the sub-catchment measurements was probably due to spring
time water freezing, dirt and debris flowing in the water and uncertainty in the
sub-catchment delineation, which was based on the ditch network. The sub-catchment area might be underestimated, because groundwater was observed entering
the ditches in parts of the catchment. To avoid overestimation of the SS load, the
runoff data from Koivupuro main weir was used in the calculations of the subcatchment SS load.
Despite the error sources, adequate SS load estimates could be derived and conclusions drawn. The range of SS load estimates of Koivupuro were clearly smaller
than the range of estimates in the literature (Table 7) indicating that the catchment properties affect the results more than the measurement accuracy. The Koivupuro data provides a rare possibility to analyse the long-term effects of peatland
forest drainage. To the author’s knowledge, Koivupuro is the first drained peatland catchment where SS load of the initial drainage (Ahtiainen 1988) and DNM
(Paper II) has been quantified as well as the source area erosion inside the ditches
(Papers II, IV).
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5. Conclusions

In this thesis, the main mechanisms controlling the erosion and sediment
transport of peatland forest drainage ditches after DNM were studied. The conclusions of the thesis are addressed here through the research questions presented
in Section 1.4.2.
1)

Where and when do erosion and deposition occur in a peatland forest
ditch?
Most of the erosion occurred in the area of thin peat layer and especially the mineral soil part of the ditch bank. This emphasizes the need for careful planning of
DNM on the areas where a possibility of reaching fine-textured mineral soil during the DNM exists. In the areas of thin peat layer, most of the erosion occurred
during the winter-spring period. In contrast, the highest erosion in the peat ditch
was observed during summer.
2) What are the crucial times for sediment transport out from the catchment?
An immediate effect on the SS load was seen right after the DNM. However, most
of the SS load in Koivupuro occurred during high flows associated with spring
snow-melt. The inside-ditch estimates indicated a large potential for sediment
transport during high flow events, although only part of it was realized. The increased SS loads were still observed during the second year following the DNM,
although the SS load quantity had clearly decreased compared to the first year.
This indicates the need to secure the efficient functioning of the water protection
measures especially during the first years, even though they are typically designed
for a much longer operation time.
3)

What are the key processes and mechanisms controlling erosion and sediment load following the ditch network maintenance on the areas of thin
and thick peat layers?
Bank erosion was found to be an important process controlled by several mechanisms. Subaerial processes prepared the bank soil for erosion, seepage and
raindrop impact being among the mechanisms inducing the bank erosion. Bank
erosion supplies sediment to the ditch bed, which can act as temporary storage
before fluvial erosion washes the sediment further. The development of vegetation stabilizes the banks and increases the flow resistance. Both of these mechanisms reduce erosion and sediment transport in the ditches.



57

Conclusions

4)

How is erosion observed in the ditches connected to the sediment load at
the catchment outlet?
The quantities of erosion in the ditches were significantly higher than the SS load
at the catchment outlet with less than 4% of the eroded sediments carried to the
catchment outlet. The eroded quantities inside the ditches indicate a vast potential of loose sediment that should be easily transported further. However, the
clockwise hysteresis in Koivupuro showed that during a rainfall-runoff event sediment source was exhausted before the discharge. This indicates that part of the
eroded sediment has had time to settle firmly in the ditch bed either as temporary
sediment storage or more permanent storage that will lower the ditch depth.
5)

Does ditch network maintenance have an impact on the shape of the hydrograph?
The IUH analysis showed that DNM shortened the transit times of a catchment
as well as increased and sharpened the IUH peak. A catchment treated with DNM
has the potential to transport sediment faster to the catchment outlet, and because of the higher peak discharges, the erosive potential of the stream is increased. The timing of IUH peaks was not notably changed after DNM. However,
the peak developed earlier in the drained catchments than in the undrained catchment indicating that the conditions in the drained catchments (whether treated
with DNM or not) promote shorter times to peak.
6)

How does topography and surface roughness change in newly cleaned
peatland forest ditches?
The pin meter measurements and TLS data showed that roughness increased in
the Koivupuro ditches during the months after DNM. Surface roughness and its
changes were more substantial in the ditch with a thin peat layer than in the peat
ditch. With the TLS data, the increased roughness could be associated with erosion and the decreased roughness with deposition, most clearly in the area of thin
peat layer.
7)

What are the benefits and challenges of pin meter and TLS methods for
erosion and roughness assessment in peatland forest ditches?
Compared to pin meter measurements, TLS provides quick and easy access to accurate high-resolution topography of a peatland ditch. The main disadvantage of
TLS is the uncertainty associated with measurement under the water level. The
results showed that TLS was able to detect the mineral soil bed under shallow,
clear water. However, no data was obtained from the dark peat bed under a shallow layer of humic water. Vegetation on the soil surface complicated the interpretation of the results derived from TLS data. If the vegetation is not too dense, soil
surface can be found by seeking the lowest points of certain window sizes. Albeit
the few disadvantages, TLS was well-suited for erosion and roughness assessment
of peatland forest ditches. The pin meter, however, provides a cheap and easy way
to determine the cross-sections for hydraulic modelling and erosion with lower
resolution.
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