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Marttila, Hannu, Managing erosion, sediment transport and water quality in
drained peatland catchments
University of Oulu, Faculty of Technology, Department of Process and Environmental
Engineering,  P.O.Box 4300, FI-90014 University of Oulu, Finland
Acta Univ. Oul. C 375, 2010
Oulu, Finland

Abstract
Peatland drainage changes catchment conditions and increases the transport of suspended solids
(SS) and nutrients. New knowledge and management methods are needed to reduce SS loading
from these areas. This thesis examines sediment delivery and erosion processes in a number of
peatland drainage areas and catchments in order to determine the effects of drainage on sediment
and erosion dynamics and mechanics. Results from studies performed in peat mining, peatland
forestry and disturbed headwater catchments in Finland are presented and potential sediment load
management methods are discussed for drainage areas and headwater brooks. Particular attention
is devoted to erosion of organic peat, sediment transport and methods to reduce the impacts of
peatland drainage in boreal headwaters. 

This thesis consists of six articles. The first and second papers focus on the erosion and
sediment transport processes at peat harvesting and peatland forestry drainage networks. The
results indicate that in-channel processes are important in drained peatland, since the drainage
network often constitutes temporary inter-storm storage for eroding and transporting material.
Sediment properties determine the bed sediment erosion sensitivity, as fluffy organic peat
sediment consolidates over time. As flashiness and peak runoff control sediment entrainment and
transport from drained peatland areas, water quality management should include peak runoff
management. 

The third, fourth and fifth papers studies use and application of peak runoff control (PRC)
method to the peat harvesting and peatland forestry conditions for water protection. Results
indicate that effective water quality management in drained peatland areas can be achieved using
this method. Installation of the PRC structures is a useful and cost-effective way of storing storm
runoff waters temporarily in the ditch system and providing a retention time for eroded sediment
to settle to the ditch bed and drainage network. The main effect of the PRC is on SS and SS-bound
nutrients. 

The sixth paper is concentrated to test new restoration structure to be used in degraded
headwater brooks. The results show that addition of woody restoration structures to the channel is
effective and simple sediment management methods in headwater areas. 

New information provided in this thesis on sediment erosion and transport processes in drained
peatland areas can help to improve water quality control in these areas. In-channel processes are
important for both peatland uses, since the drainage network often constitutes temporary inter-
storm storage for eroding and transporting material. Therefore, controlling these processes is a key
to effective water quality management, which can be achieved using the PRC method in drainage
areas or by utilisation of natural fluvial processes in natural channels downstream. 

Keywords: brook restoration, erosion, nutrients, organic and inorganic sediment,
peatland drainage, water protection
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1 Introduction 

Peatlands are located around the globe and cover approximately 10% of the 

earth’s total surface (Lappalainen 1996). Peatlands have been drained for 

agriculture, rural settlement, forestry and peat harvesting for many centuries 

worldwide. Major peatland drainage operations have been conducted in 

Scandinavia, the British Isles, the Netherlands, Russia, the United States, Canada, 

and in recent years, tropical areas such as Indonesia and Malaysia, where palm oil 

is produced for bioenergy. The drainage has increased land use greatly. 

The landscape of the northern Scandinavian boreal zone is a mosaic of water 

bodies and mineral and peat soils. In Finland, peatlands cover 30% of total land 

area and they are often intensively used and managed. They have been drained 

mainly for forestry and agriculture, which represent 53% of the total drained 

peatland area in Finland overall, and 75% in southern Finland (Hökkä et al., 

2002). This drainage has resulted e.g. in economically important increases in 

wood growth of pine (Pinus sylvestris), with 25% of Finnish forests growing on 

drained peatlands. In addition, areas originally drained for forestry are commonly 

used for peat harvesting (Sopo & Aalto 1996). Nowadays, around 70 000 ha of 

open-drained land are maintained/renovated every year for forestry (Statistical 

Yearbook of Forestry 2008) and around 65 000 ha for active peat mining 

(Väyrynen et al. 2008). In future there are plans to increase drainage in order to 

maintain the forestry drainage network and increase bioenergy supply from 

peatlands.  

Besides the advantages, peatland drainage produces several negative impacts, 

mainly on the aquatic environment. Pristine peatlands provide important 

hydrological and ecological functions that are lost after drainage. Peatland 

drainage may have a long-lasting or almost permanent impact on runoff, since 

flood and storm water discharges more rapidly from the drained areas. In some 

cases, drainage tends to increase the response rate, increasing peak flows in the 

channels, increasing drainage density and hydrological connectivity, and causing 

increasing erosion of channel bed and walls, especially if drains extend into 

mineral soil below the peat layer (for more details see Section 2.1). More 

intensive runoff peaks increase erosion and suspended sediment transport from 

these areas. Recently, suspended sediment (SS) transport is classified as most 

harmful pollutant from forestry areas (Finer et. al. 2010). Thus, non-point 

pollution and erosion are key water quality problems in peatland drainage.  
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Drainage of peatlands is a major source of sediment and pollution in forestry 

(e.g. Joensuu 2002) and peat mining (e.g. Kløve 1997). Increased erosion of 

organic peat and inorganic sediments has resulted in eutrophication, 

sedimentation and loss of biodiversity in downstream watercourses. Excess 

sediment changes stream and lake bed (bottom) characteristics, aquatic 

biodiversity, fishery and spawning grounds (Rask et al. 1998, Laine & Heikkinen 

2000, Laine 2001, Yrjänä 2003). Eutrophication, oxygen depletion and increased 

algae concentrations in downstream lakes have been observed (Granberg 1986, 

Marja-Aho & Koskinen 1989, Selin et al. 1994). The influences of organic and 

inorganic SS on watercourses differ. The organic material causes water quality 

problems, whereas inorganic material mainly changes bottom conditions. Water 

protection measures are widely employed for peatland forestry and peat 

harvesting, but their function is often poor due to variability in runoff volumes 

and pollutants, e.g. suspended solids loads. The mitigation of pollutant losses 

from peatland drainage waters has become an important issue because of the ditch 

network maintenance work for peatland forestry carried out on extensive areas 

annually and new peat mining areas being established. 

The effects of transported pollutants are first seen in headwater streams 

located close to the drainage areas. SS and coarse sediment are especially 

problematic. In natural conditions these headwaters supply little sediment and are 

valuable habitats. Because of their environmental isolation, headwater systems 

support e.g. genetically isolated species, which are even at risk of extinction. The 

role of headwaters within the catchment and linkages from drainage areas to 

headwaters and further to downstream systems are poorly understood. Overall, 

understanding of erosion and sediment transport processes in these environments 

is key to successful management. In Finland, peatland-dominated catchments and 

headwater brooks have been strongly altered due to intensive forestry and in some 

areas problems have multiplied owing to unmanaged water protection. For 

example, in the headwaters of the river Isojoki, sediment deposition has led to 

major decreases in brown trout stocks (Jutila et al. 2001). There is currently a 

clear need to restore first and second order brooks and catchments as part of the 

actions in the European Water Framework Directive (WFD).  

Because peat drainage areas and headwater brooks are small and numerous, 

the roles of these systems are typically underestimated. In Finland, there is a clear 

need to focus sediment research more on peat-dominated catchments, as 30% of 

the land area is covered by peatlands. As one of the principal problems is excess 

sediment, especially organic sediment, understanding the dynamics of organic 
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peat transport and erosion in drainage and headwater areas can improve water 

quality management in these catchments. In future climate change these problems 

will be exacerbated as total rainfall, especially as severe storm events, is predicted 

to increase (Carter 2007).  

1.1 Outline and aims of the study 

In this thesis, erosion, sediment transport and management were studied in boreal 

catchments affected by peatland drainage (I-VII). Multiple field data from several 

study areas were combined to study overall sediment transport problems and 

management options in these environments. New knowledge and methods are 

presented. 

Paper I examined erosion and organic peat sediment transport at peat 

harvesting sites. Field studies were combined with detailed laboratory 

measurements to apply an erosion and deposition model to measured erosion and 

sedimentation rates. The results revealed temporal and spatial differences in ditch 

erosion and transport of deposited peat sediment from production field to ditches, 

to the main drain and further to the outlet. A new approach was developed for 

models to simulate peat sediment delivery from field ditches. 

Paper II describes the dynamics of suspended solid (SS) erosion and transport 

in three consecutive years at a drained peatland forest site. Data from continuous 

measurements and detailed field surveys were analysed and studied to obtain an 

overall understanding of the dominant processes. Sediment transport processes 

and the underlying erosion mechanics operating in forested peatland areas were 

identified and discussed. 

Paper III studied peak runoff control (PRC) as an improved water protection 

method to reduce sediment and nutrient loads under peat harvesting conditions. 

The study was conducted using detailed field measurements from two heavily 

drained adjacent harvesting areas suffering considerable erosion. The results 

clearly showed that the PRC method decreased the SS and nutrient loads by 

reducing flow velocities and improving the settling of sediment particles in the 

main drain.  

Paper IV examined the retention of stormwater with the PRC method in 

boreal peatland forestry conditions and the water protection effects in terms of 

decreased sediment and nutrient loads. Three years of field measurement data 

from two adjacent areas revealed that the method had a considerable effect on SS 

loads and SS-bound nutrients. The results showed that the PRC method can be 
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used efficiently in peatland forestry as a water protection method to improve 

water quality. 

Paper V compiled results from five study areas where the suitability of the 

PRC method for different conditions of peatland forestry was tested. The field 

studies and measurements were used to study the method function, and to develop 

practical design guidelines. The results revealed that the effectiveness of the PRC 

method depended on: (i) catchment topography (slope) and available detention 

volume; (ii) dimensions and location of the PRC structure; and (iii) runoff rate. 

The method was shown to enhance water protection in peatland forestry, 

including newly drained and cleaned drainage areas. 

Paper VI tested various wooden structures in a laboratory flume to determine 

their ability to change flow patterns, resulting in local scour to improve sediment 

transport in silted-up headwater brooks. The results indicated that an underminer 

structure was most efficient in these conditions. Guidelines for optimum structure 

dimensions, design and installation were developed to assist practical brook 

restoration operations.  

The overall aims and objectives of the thesis were to: 

I  Quantify spatial and temporal changes in erosion and suspended sediment 

transport rates in peat harvesting and peatland forestry areas (I-II). 

II  Study the potential of the PRC method and its application in these conditions, 

and develop guidelines for use in practice (III-V). 

III  Explore the methods to aid brook hydraulics at siltated sites by using wooden 

debris restoration structures (VI).  

The following sections review previous knowledge on peat drainage effects in 

peat harvesting, peatland forestry and small forest brook conditions. Section 2 

describes erosion, sediment transport and water quality circumstances in drained 

peatland catchments. Erosion problems related to peat drainage are reviewed in 

more detail, as this topic is one of the main themes of the thesis. Section 3 deals 

with water protection methods used to mitigate effects of peat drainage and 

highlights some problems faced. It concludes with a review of the hydraulic and 

geomorphological properties of degraded forest brooks.  
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2 Erosion, sediment transport and water 
quality in drained peatland catchments 

The drained peatland catchment and its fluvial network can be partitioned into 

two systems, drainage and natural headwater systems, on the basis of process and 

geomorphological characteristics. Structural differences and the continuous 

versus discontinuous nature of processes distinguish these systems. Sediment 

transport processes must be understood if pollutant loads from peatland drainage 

networks are to be decreased. These processes relate to discharge and its spatial 

and temporal variability; and to local hydraulics where water volume, velocity, 

transport capacity and their spatial and temporal changes determine the load 

transported.  

The production of eroded sediment on peat drainage sites is an important link 

between hydrology and fluvial sediment yield. Peatlands and their drainage have 

been under active research for a long period and central to understanding these 

systems has been their hydrological function (see Sections 2.1 and 2.2). Only a 

few detailed erosion studies have been carried out in artificial drainage networks 

(e.g. Kløve 1998), although more intensive research has been conducted in 

blanket peatland conditions (e.g. Evans & Warburton 2007). In natural conditions 

there is only minor erosion and sediment transport in peatland fluvial networks 

(Nanson et al. 2009) or boreal headwater systems (e.g. Mattsson et al. 2006) due 

to dense vegetation cover and its protective nature, low precipitation rate and long 

periods of frozen soil every year. However, under the influence of new land uses, 

these systems become strongly influenced by erosion processes (Fig. 1), which 

are relatively poorly studied in artificially drained peatland areas.  

In addition, assessing the hydraulics of flow and sediment transport in boreal 

forest brooks is important for better management and restoration of these fluvial 

systems. In general, hydraulic and sediment conditions in streams support several 

physical, chemical and biological processes resulting in suitable habitats for flora 

and fauna. Small headwater streams are crucial in larger river and catchment areas 

as collectors of surface waters and receivers of loads from the catchment area. 

About 80–90% of the water flows through first and second order streams (e.g. 

Meyer and Wallace 2001). Therefore, it is obvious that the state of small streams 

reflects that of the waterways below. One of the most negative environmental 

effects of drainage is transport of sediment to downstream watercourses. 

Although previous research has led to several practical means of preventing 

erosion and SS transport from forestry peatlands (e.g. ditch breaks, sedimentation 
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bonds), little or no information is available on the factors and mechanics 

influencing ditch erosion and SS transport processes. Better understanding of 

these processes would help in the development of numerical or process models to 

predict the SS concentration during storm events and annual yields from the 

drained area. This would also help in the assessment of land use impacts such as 

drainage and in the design of new water protection methods. The following sub-

sections summarise current knowledge of physical processes. 

Fig. 1.  Erosion and sediment transport processes in a peatland-dominated headwater 

system (Marttila et al., 2010). Reprinted with permission from IAHS. 

2.1 Sediment transport processes (brief review) 

The general erosion and sedimentation processes in fluvial environments (here 

including the drainage network and natural headwaters) are detachment, 

entrainment, transport of particles and further deposition and consolidation of 

settled particles. In channels, flowing water energy is partly used for erosion and 

sediment transport, which includes suspension and bed load. Typically, fine 

particles are transported in suspension, whereas larger particles are transported 

close to the bed surface. 

Two main limiting drivers for transport quantity can be described (Knighton, 

1998): i) transport capacity of flow; and ii) available sediment for transport. 

Particle size of eroded and transported sediment, amount of flow, stream power 
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etc. and temporal and spatial variations in these factors determine the transported 

sediment yield at a certain time scale from the particular area. The sediment load 

(in suspension) is not directly dependent on variations in flow conditions. The 

hysteresis phenomenon (relationship between the flow and SS peak) is commonly 

observed and monitored in fluvial systems (e.g. Williams, 1989) and large 

variations e.g. between rising and falling flow events have been noted.  

The amount of sediment available for transport has a significant role in 

sediment transport during certain flow events. The limiting factor may be sorting 

of bed layers (armour layers) (e.g. Sutherland 1987), bed particle size, detachment 

angle of particles, consolidation, etc. or total lack of sediment. Furthermore, the 

flow transport capacity determines the final results for transported total load. 

2.2 Peatland forestry 

In natural peatlands, nutrient leaching is controlled by microbial activity and plant 

uptake, while dense vegetation controls suspended solid (SS) transport. Therefore, 

there is little leaching of nutrients or erosion of SS. The rate of erosion in a 

catchment depends on climate, land use and a number of landscape characteristics 

such as slope, topography, soil and sediment type, vegetation and drainage 

conditions. The erosion of peatlands can be divided into three distinct processes 

(Evans and Warburton 2007); wind erosion, water erosion and chemical oxidation. 

In peatland forestry, drainage enhances erosion conditions and large amounts of 

SS transport and increased concentrations of organic matter, nutrients and metals 

to downstream directions can occur (Heikurainen et al. 1978, Kenttämies 1981, 

Ahtiainen 1990, Sallantaus 1995, Miller et al. 1996, Manninen 1998, Rask et al. 

1998, Ahtiainen and Huttunen 1999). Drain maintenance operations have similar 

effects (Åstrom et al. 2001a,b, Joensuu et al. 2002, Nieminen et al. 2010). 

Drainage also increases organic matter decomposition and results in leaching of 

nutrients and erosion and weathering of drainage channels. The reported sediment 

transport concentrations from drained areas are high (up to 2800 mg l-1) (e.g. 

Seuna 1982, Hynninen & Sepponen 1983,) and illustrate the potential for rapid 

removal of organic peat or inorganic sediment after initial drainage and/or 

maintenance operations. In natural peatland, runoff contains only1–10 mg SS l-1 

(Leiviskä 1993). 

The drainage areas are small headwater systems and the sediment yield is 

linked to the nature of sediment supply within the catchment (Knighton 1998) or 

temporal variations in sediment storage (Evans & Warburton 2007). Typically 
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erosion in peatland forestry can be attributed to three factors (Hynninen 1988): i) 

drainage operations produce SS for direct transport; ii) ditch surfaces are 

subjected to shear stress by flowing water; and iii) ditches are exposed to rainfall 

and weathering processes, which produce sediment for delivery. The relationship, 

proportion and quantity of erosion between different factors are not well known. 

Erosion usually decreases over time, but the erosion yield can increase 

significantly if drainage channels extend into the mineral soil below the peat 

profile (Heikurainen et al. 1978, Konstantinov & Suhorukova 1980). Therefore, 

drainage operations in thin peat layers of mire or heath can create a greater risk of 

erosion. In particular, the mineral soils under peat layers may cause extensive 

erosion, which can continue for decades (e.g. Hynninen & Sepponen 1983, 

Mattsson et al. 2006). Poorly decomposed peat layers and coarse mineral soils are 

more resistant to erosion. It is evident from the literature that the effect of 

drainage is highly dependent on local conditions. The main drains, which collect 

large amounts of runoff and are located in shallow peat areas, pose the clearest 

risk of erosion.  

Bare fresh peat soil surfaces are relatively resistant to erosion (Aho & 

Kantola 1985, Carling et al. 1997). However, after drainage operations the bare 

soil surfaces are subject to weathering processes. Wind, frost, water erosion and 

chemical oxidation affect the peat surface. Rain, snowmelt and runoff are the 

major causes of erosion in drained areas. Weathered material is rapidly exported 

because of the low density of the peat (Evans and Warburton 2007). In addition, 

peat properties affect erosion processes and yield. In blanket peatland areas, the 

sediment supply features have been shown to control the sediment yield (see 

Evans and Warburton 2007) including intra-storm, inter-storm and seasonal 

changes. Spring snowmelt and storm events erode ditch banks (e.g. Ahti et al. 

1995), with the majority of SS transport occurring during such events. Bank 

erosion has been observed to significantly affect the fluvial sediment budget. 

Groundwater seepage flow (e.g. Chu-Agor et al. 2009), negative groundwater 

pressure (Rinaldi & Casagli 1999, Simon et al. 2000), fluvial hydraulic force and 

gravity (e.g. Duan 2005), bank gradient (Budhu & Gobin 1996), ground frost 

(Lawler 1986) and changes in bank material (Wilson et al. 2007, Fox et al. 2007) 

are major factors and have complex causality between stability and bank collapse. 

However, the effect of these factors on total sediment budget has not been 

intensively studied at peat drainage sites. 

Along with transported SS, concentrations of nutrients also increase (Joensuu 

2002). The erosion process particularly affects export of particle-bound nutrients. 
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Furthermore, suspended organic peat sediment is an important component in the 

carbon cycle (Evans and Warburton 2005, Worrall et al. 2003, Evans et al. 2006), 

but is still unknown for peatland forestry and peat harvesting areas.  

Changes in hydrology 

The central hydrological outcome of peatland drainage is altered water pathways 

rather than effects on the water balance itself (Francis & Taylor 1989, Burt 1995, 

Dunn & Mackay 1996, Kløve 1997). The exception is if the drains extend into 

mineral soils under the peat layers and modify deeper groundwater movements 

(Hynninen 1988, Rossi & Kløve 2009). The drainage creates direct pathways to 

downstream areas and changes the peat surface conditions at acrotelm and 

catotelm, which controls the outflow from the drainage area. The drainage has 

both short- and long-term effects on hydrological processes and local conditions 

mainly determine the magnitude and direction of the effect. Generally, the 

installation of an open ditch drainage system causes two key processes (Holden 

2009): i) water seepage is directed directly into the drains, lowering water tables 

and creating more soil storage capacity; and ii) surface runoff and direct rainfall 

to drains are captured in the drains and transported to the outlet more rapidly. The 

effect on peak runoff rate depends on the interaction of these processes. Peak 

runoff rate during spring and summer has been noted to increase in some 

catchments during the first years after peatland drainage (e.g. Conway & Millar 

1960, Mustonen 1964, Mustonen & Seuna 1972, Ahti 1980, Hyvärinen & 

Vehviläinen 1981, Seuna 1981, Robinson 1986, Sirin et al. 1991, Stewart 1991, 

Krug 1993, Holden et al. 2006). However, conflicting effects on maximum runoff 

have been reported (Burke 1967, Heikurainen et al. 1978, Newson & Robinson 

1983, Burt et al. 1990, Coulson et al. 1990, Kenttämies & Saukkonen 1996). In 

other studies, no changes have been noted (Prévost et al. 1998) or runoff changes 

have varied depending on year and catchment (Moklyak et al. 1975, Lundin 

1988). Drainage effects on runoff also depend on tree stand conditions (effect of 

evaporation), peat type, hydraulic conductivity, pre-rainfall soil moisture storage, 

roughness of the drains, event size, drainage density and location of the drainage 

area in the catchment (Seuna 1981, Starr & Päivänen 1981, Robinson 1985, 

Kenttämies & Saukkonen 1996, Silins & Rothwell 1998, Holden et al. 2004, 

Koivusalo et al. 2006, Ahti & Hökkä 2006). Iritz et al. (1994) observed that the 

groundwater level in the drainage area had a greater influence than the increased 

channel conveyance capacity. Sirin et al. (1991) noted that peak runoff increases 
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if the drainage area is located in the headwaters of the catchment. Furthermore, 

the drainage may decrease peaks if the drainage network is located near the outlet 

of the catchment area (Mustonen & Seuna, 1971). The influences on low flows 

are clearer. Typically, peat drainage increases both summer and winter low flows 

(Mustonen & Seuna 1971, Heikurainen et al. 1978, Ahti 1980, Prévost et al. 

1998). 

These effects on hydrology are lower after drainage network maintenance 

operations (e.g. Ahti et al. 1995, Päivänen & Sarkkola 2000, Åström et al. 2001a, 

2002, Joensuu 2002, Koivusalo et al. 2008). However, the influence depends 

largely on catchment properties. Increased peak runoff rates produce erosion and 

sedimentation problems downstream. The storm flow response to intense rainfall 

is rapid in drainage areas, because of their relatively small storage capacity and 

short flow paths. Peatland drainage has been noted to increase catchment 

hydraulic connectivity (Conway & Millar 1960, Korkalainen et al. 2008) and 

similar findings have been reported in natural gullying areas (Holden et al. 2006). 

Evans and Warburton (2007) reported that runoff from blanket peatlands is 

typically flashy, with rapid recession, short lag times and fast times to peak in 

hydrographs. These flashy environments transport major sediment loads during 

these events. A similar phenomenon has been observed in artificially drained 

peatland sites.  

2.3 Peat harvesting sites 

Erosion and sediment transport conditions and changes in hydrological conditions 

after drainage at peat harvesting sites are similar to those at peatland forestry sites. 

Differences compared with forestry conditions include more intense drainage and 

a greater open production surface available for erosion. Total removal of 

vegetation and disturbance of the soil surface affect evaporation and seepage 

conditions. Together with the dense drain network, they increase peak runoff 

events and temporal events can reach up to 1000 l s-1 km-2 (Seuna & Kauppi, 

1981, Seuna 1986, Konyha et al. 1988). Even though the drainage increases soil 

storage, it can only even out small storm flows (Seuna 1986).  

Previous studies have shown that eroded and transported SS is the most 

significant water quality problem at harvesting sites (e.g. Sallantaus 1983, Kløve 

1997, 1998). Most SS is transported during peak runoff events but SS loads can 

also be caused by pre-drainage operations, ditch maintenance and deepening, and 

machine operations (Selin & Koskinen 1985, Kløve 1998). Nutrients and other 
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pollutants are also transported to downstream watercourses (e.g. Sallantaus 1986, 

Koskinen 1983a and b, Selin & Koskinen 1985, Marja-Aho & Koskinen, 1989; 

Wynne 1992, Kløve 2001). In contrast to peat forestry, in peat harvesting 

conditions only organic material is typically eroded and transported (Sallantaus, 

1983; Heikkinen, 1990; Kløve, 1998).  

At peat harvesting sites SS is typically eroded from bare production surfaces 

in interaction with surface runoff and rainfall. The rain splash force and surface 

infiltration capacity define the erosion conditions and erosion is largest in the 

beginning of the rain event (Kløve 1998). Organic matter content affects 

detachment (Ekwue 1992), and the sediment transport at peat surface is affected 

by the transport capacity of micro-rills on the peat surface (Holden & Burt 2002). 

The SS peaks are highest during summer storm events when peat is dry, light and 

partly hydrophobic (Kløve 1997), but autumn rainfall and spring snowmelt also 

cause remarkable SS concentrations (Sallantaus 1983). The SS from peat surfaces 

is transported to the ditches, where it settles (Kløve 1998). Therefore, during 

storm events the main SS source may be the settled bed sediment in the main 

drain. Furthermore, machine operations drop loose peat into ditches.  

For more details on peatland drainage influences, see Kløve (1997), Joensuu 

(2002) and Holden et al. (2004) for excellent reviews of previous research at 

peatland drainage sites regarding impacts on water quality and hydrology. 

2.4 Organic bed sediment properties 

By their very nature, peatlands involve the presence of organic material. Sediment 

delivery from peat drainage areas to downstream waters is often interrupted 

because sediment is temporarily stored in or along the ditch and stream bed, 

banks and floodplains. The bed sediment properties play an important role for 

sediment entrainment, while the characteristics of transported particles affect 

settling behaviour.  

Erosion, transport and settling of fine sediments are affected by cohesion. The 

formation of flocs and floc settling are strongly affected by particle concentration 

and properties (size and composition); flow conditions, water temperature, 

chemistry and microbiology; and electrochemical forces (Lau, 1994; Droppo et al. 

1997, Gardner et al. 1998, Krishnappan et al. 1999, McAnally et al. 2000, 

Ravisangar et al. 2001, Black et al. 2002, Stone et al. 2008). The sedimentation of 

fine sediments occurs only when local boundary shear stress is below a critical 
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value for settling (Maa et al. 1998). The bulk density of organic sediment is low, 

resulting in easier siltation of bed material (Sallantaus, 1983).  

The critical shear stress for erosion is the leading factor for particle 

entrainment from the bed surface. The near-surface structure of deposited 

cohesive sediment beds depends on the structure of particles, flocs and aggregates 

that settle on the bed. Furthermore, sediment properties such as organic and 

inorganic content, water content, permeability, biological activity, gas content and 

dry and moist bulk density determine the erodibility (Berlamont et al. 1993, 

Carling et al. 1997, Jepsen et al. 1997, Rushforth et al. 2003, Aberle et al. 2004, 

Quaresma et al. 2004, Debnath et al. 2007, Mostafa et al. 2008, Thoman & 

Niezgod 2008). Mixtures of organic and inorganic sediments behave differently 

(Teisson et al. 1993, Mitchner & Torfs 1996, Torfs et al. 1996, van Ledden et al. 

2004, Dong 2007). For example, an increasing proportion of inorganic material 

decreases the critical shear stress. Sediment stratification structure can be 

described as the formation of settling aggregates, where sediments layers form as 

compacted deposited particles (Krone 1978, 1999). Parchure and Mehta (1985) 

gave a three-zone description of the erosion strength profile of deposited beds. 

They discovered that erosion strength increases during the time between the end 

of the deposition and start of the erosion, which they called ‘consolidation’ time. 

Furthermore, Lau et al. (2001) noticed that sediment deposition layers have a 

significant influence on sediment erosion.  

In contrast to non-cohesive sediments, it is currently not possible to generally 

predict the critical erosion stress of cohesive sediments from one or more easily 

measurable parameters, such as grain size distribution. Sanford & Maa (2001) 

found that a linear erosion formula may be used to describe cohesive erosion, 

simply by allowing critical stress to increase with depth. Some multiclass models 

have also been developed for ocean environments (Ganaoui et al. 2004). 

Generally, sediment erosion and transport models do not include aggregation of 

suspended sediment (McAnally & Mehta 2000) or consolidation of the deposited 

sediment (Parchure & Mehta 1985), which are essential processes in the natural 

cycle.  

The study of cohesive sediment properties and processes should contain both 

laboratory and field experiments. The conditions in the laboratory can be 

controlled and occasional processes can be isolated and further studied. However, 

field studies allow examination of undisturbed sediments, long-term dynamic 

equilibrium between erosion and sedimentation (Västilä 2010) and natural 

seasonal processes affecting sediment properties including desiccation, oxidation, 
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freeze-thaw, biofilms (Burt & Gardiner 1984, Francis 1990, Labadz et al. 1991, 

Black et al. 2002, Stone et al. 2008, Wynn et al. 2008). Regarding present 

knowledge, there is a lack of information related to organic peat sediment, which 

plays a major role in peat drainage areas and pollutant load formation. Such issues 

are studied in this thesis. 

2.5 Small headwater streams and sediment 

Small headwater streams in boreal forests represent an important linkage between 

hillslope and fluvial processes, and between terrestrial and aquatic ecosystems. 

Headwater streams are a crucial part of catchment processes, as 80–90% of total 

stream length consists of these systems (e.g. Meyer and Wallace 2001). They may 

be classified as perennial or intermittent, depending upon discharge throughout 

the year. In addition, channels can be channelized or natural.  

The equilibrium stream channel has a geometry that allows it to pass the 

water and sediment transported from the catchment area. At the same time, the 

channel is built and maintained by the flows and sediment delivered to it. 

Changes in land use and sediment delivery can change these conditions. 

Drainage-related sediment production exceeds natural sediment production in 

headwater brooks, since natural sediment production in these environments is 

small (Leiviskä 1993, Mattsson et al. 2006). Extensive sediment alters in-brook 

habitat conditions, for example by filling pools, which are essential habitat 

elements for fish, providing cover, winter habitat and flood refuge. Erosion in 

peat drainage channels usually decreases over time (Joensuu, 2002), but in some 

reaches it may continue or eroded sediment may affect downstream locations for 

a long time.  

Small streams in peatland are critical areas for sediment deposition due to 

their low transport capacity and stream power (Nanson et al. 2009). The drainage-

related sediment is stored in channels and the routing of sediment through these 

reaches depends on the storage capacity of the channel, the frequency of flow and 

channel characteristics. Wood can be especially important for creating and 

maintaining sediment deposits. The important role played by wooden debris has 

been shown in many studies (see Section 3.2), but little is known about the 

relative contribution of wooden material in headwater areas. At the channel scale, 

the availability of wooden debris may be important factor in the temporal 

dynamics and could be used for sediment management. 
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3 Water protection in drained peatland 
catchments 

Water protection in peatland forestry sites has two basic principles (Ahti et al., 

2005): i) minimisation of SS and nutrient transport with good planning before 

drainage operations; and ii) prevention of leaching pollutant transport to 

watercourses. The same principles can be applied to peat harvesting sites.  

3.1 Peatland forestry and peat harvesting 

Large numbers of methods (technical and operational) have been tested at 

drainage areas, at drainage site outlets, before water courses and/or during tree 

harvesting, drainage or peat harvesting operations have been tested and used to 

mitigate the effect on water bodies. Good planning and timing of drainage 

operations can minimise the effects of drainage, for example old main drains can 

be left without maintenance. Typically at peat forestry sites, the SS loads can be 

diminished by having small sedimentation pits at ditch cross-sections. The runoff 

water from the drainage network is collected to the main drain and treated in a 

settling basin and/or overflow fields before the body of water. This is typical of 

peatland forestry and peat harvesting sites. The settling basin method is 

commonly used (Sallantaus 1983, Selin & Koskinen 1985 Ihme et al. 1991a, b, 

Joensuu et al. 1999) and such basins operate well with coarse inorganic SS. 

However, fine SS, such as clay and silt, are not typically settled in these basins 

(Aho & Kantola 1985). Natural processes in overflow fields, buffer zones and 

wetlands are utilised as final ‘end of pipe’ solutions for drain runoff waters. These 

are based on sedimentation of SS and SS-bound nutrients, bio-uptake, chemical 

sorption and denitrification (e.g. Silvan 2004). Moreover, the efficiency is 

strongly related to upstream catchment size (Nieminen et al. 2005) and hydraulic 

properties (Ronkanen 2009). Retention of 70–100% of transported SS has been 

reported for peat forestry (Nieminen et al 2005) and 21–64% for peat harvesting 

during frost-free periods (Ronkanen 2009).  

Most water protection methods function well during base and moderate flow 

events. The most problematic events for water protection are large storm flows 

and high pollutant load transport during these events. Runoff and loads from peat 

drainage sites are largest during and after the spring snowmelt period and summer 

storm flows. The idea for detention of storm flow was first utilised for urban 

runoff (e.g. Akan 1992) and later for peat drainage areas. Different peak runoff 
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control methods have been proposed as a solution to control these events and 

loads (Sallantaus 1983, Eger et al. 1985) and their function has been studied in 

small drains (Ihme et al., 1991a,b, Röpelinen 2000), main drains (Halkola 1996, 

Kløve 1997, Heikkinen 2004) and artificial floodplains (Kløve 1997). The 

principle for design was first presented in Kløve (1997). However, there is a lack 

of accurate research information about the effects of such methods on water 

quality and retention at peatland forestry or at peat harvesting sites.  

3.2 Restoration of small boreal brooks 

Small headwaters and their conditions are protected during forestry operations by 

buffer zones and other water protection methods. However, unsatisfactory and 

unmanaged drainage operations have altered many reaches (e.g. Hyvönen et al. 

2005), in particular causing siltation and covering of wooden debris, which is 

essential for small brook hydraulics and for flora and fauna (Fig. 2).  

Previously, small brooks have been restored using suction dredgers (e.g. 

Jormola et al. 2003). However, the results are rapidly undone as extensive erosion 

and sediment transport from upstream catchment continue. Adding wooden debris 

to brooks channels to alter sediment transport has been proposed (Hyvönen et al. 

2005), as it is a natural part of these fluvial systems. Wooden material is essential 

for headwater hydraulics and sediment transport. In-stream wood significantly 

alters the hydrodynamics, regulates sediment transport and storage and influences 

channel morphology and diversity (Swanson and Lienkaemper 1978, Bisson et al. 

1987, Montgomery et al. 1995, 1996). In-channel wood also plays an important 

role in determining aquatic habitat conditions and riparian ecology (Bisson et al. 

1987, Bilby & Bisson 1998). It plays a key role especially for small brooks, 

where it provides hydrodynamic diversity. Wooden debris and wooden restoration 

structures can provide the means to scour and alter channel shape and local 

sediment transport, resulting in depth and velocity variations. In-stream wooden 

structures are widely used in restoration projects. Guidelines and design 

recommendations in terms of height, length and orientation are available (Federal 

Interagency Stream Restoration Working Group 2001). For silted-up brook 

channels, the primary restoration criterion is to alter local hydrodynamics and 

sediment transport. However, little is known about the hydrodynamics of 

restoration structures and how these structures affect sediment transport at 

headwater conditions.  
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Fig. 2. Natural small boreal forest brook with dense wooden debris (left), high 

sinuosity associated with vegetation cover (middle), and siltated brook reach (right).  
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4 Description of the study areas 

The study areas under intensive research included one peat harvesting site and 

seven peatland forestry drainage areas. Three other peat harvesting sites were also 

sampled. The peat harvesting sites are located in North Ostrobothnia (65°22´N, 

26°08´E) and the peatland forestry sites are in Central Finland (63°15´N, 25°97´E) 

(see Fig. 3). The study area represented different cases and problems arising from 

peat drainage operations related to erosion and sediment transport, and methods 

for minimising or preventing these processes, and SS-related nutrients. 

Fig. 3. Locations of the research areas included in the study.  

4.1 Luisansuo peat harvesting site (I,III) 

The Luisansuo peat harvesting site is located in the municipality of Yli-Ii in the 

mid-boreal region of Northern Ostrobothnia, Finland. It is currently under active 

peat harvesting, producing dried peat for energy purposes.  



34 

The ditches in the Luisansuo area were excavated in 1998 and the harvesting 

of peat started immediately. The total research and peat production area is 54 ha, 

containing 25.04 and 30.70 ha sub-catchment areas which were used as adjacent 

study areas. Runoff waters from these areas were collected from separate outlets 

(Fig. 4). 

Fig. 4. Research areas in the Luisansuo peat harvesting site. 

The topography of the area is flat and peatlands cover almost 50% of the land 

area in this province of Finland. The area belongs to the southern aapa mire zone 

and the Luisansuo wetland was originally minerotrophic mire with Carex peat, 

varying on the von Post decomposition scale (see Hobbs, 1986) from H5-H6 at 

production level (below 0.5 m). The original peat soil had a porosity of 75% and a 

saturated hydraulic conductivity of 2.2·10-6 m s-1 (Heikkinen, 2004). The soil 

slope in the main drainage channels is 1.5%. The harvesting site is isolated from 

the upland watershed by ditches. The water protection methods consist of two 

sedimentation ponds and an overland-flow field, before runoff waters reach the 

brook Hirvikivenoja and the river Iijoki.  

The average annual mean precipitation is 589 mm, temperature 1.2°C, and 

specific discharge 370 mm. The length of the thermal winter (average temperature 

under 0°C) is almost 6 months. Consequently, 30–50% of precipitation falls as 

snow. Studies on the Luisansuo peatland are reported in Papers I and III.  
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4.2 Peatland forestry sites (II, IV-V) 

The peatland forestry drainage sites studied were located in the municipality of 

Pieksämäki in Central Finland (Fig. 2). A total of seven areas were intensively 

surveyed and sampled; Virkosuo (catchment size 36 ha), Virkorinne (26 ha), 

Keuhkosenneva (132 ha), Lavasuo (31 ha), Kiviselkämä (10 ha), Kivisuo (70 ha) 

and Ulppaa (3.5 ha) (Fig. 5). 

The first forest ditches were installed in study areas during the 1970s and 

ditches have been subsequently renovated and some new ditches added to 

improve drainage of Scots pine (Pinus sylvestris) stands. The areas are 

continuously forested. The catchment areas represent good or medium productive 

peatland sites with closed canopy thinning stands dominated by Scots pine (Pinus 

sylvestris, L.). Occasional admixtures of downy birch (Betula pubescens Erhr.) 

and Norway spruce (Picea abies, L.(Karst.)) occur. 

The ditch system within the study areas consists of a linear channel network 

with an average drainage depth of 1 m, width1–1.5 m and ditch spacing of 35–40 

m, which is typical of peatland forestry. Parts of the channel network are 

ephemeral, with water depth fluctuating from a few centimetres to 1 m in the 

main drainage channel. The drainage channels extend into the mineral soil at 

several locations in the drainage network in all areas. The average gradient in the 

main drainage channels is 0.1–1%. The runoff water from the study areas is 

diverted to one main drainage channel at the outlet, which is sampled 

continuously. 

The geology in the region is predominantly glacial till, peatlands and eskers. 

The study areas peatlands are valley fens or pine mires, surrounded by glacial 

eskers. The soil under the peat layer is predominantly clay and fine glacial till, 

which contains some boulders. The bedrock is located approximately 0–10 m 

below the soil surface. The topography is characterised by gentle slopes with an 

altitude variation of 130–160 m. Mean annual precipitation is 613 mm, mean 

annual evaporation 400 mm and mean summer temperature 12 °C. Mean winter 

temperature is -6 °C and mean annual temperature is 4 °C. The length of the  
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thermal winter (mean temperature < 0° C) is 5 months and consequently 30–40% 

of precipitation falls as snow. The mean degree of decomposition of peat in study 

areas varied between H2 and H8 according to the von Post scale (Hobbs, 1986), 

the porosity between 0.73 and 0.87 m m-1 and peat type from Sphagnum to Carex. 

The peat soil and drainage area covered from 4 to 95% of the total study area. The 

saturated hydraulic conductivity in the upper peat layers (10–100 cm) as 

determined with a direct push infiltrometer ranged from 2.9·10-4 to 2.42·10-7 m s-1 

and peat depth ranged from 0.5 to 1 m. Studies on the peatland forestry sites in 

Central Finland are reported in Papers II, IV and V.  
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5 Materials and Methods 

A combination of different methods and detailed data were used to study erosion 

and sediment transport dynamics and new management options in drained 

peatland catchments. The material and methods are described only briefly in this 

section. Full detailed descriptions can be found in Papers I-VI.  

5.1 Analysis of study catchment characteristics (I-V) 

Previous literature and studies together with soil and topographical maps from the 

Geological Survey of Finland and CORINE2000 data (Härmä et al., 2004) were 

used to determine overall geomorphology and soil cover in the study areas. 

Catchment total basin area was specified using GIS applications and a digital 

elevation model (DEM) with resolution 25x25 m, and the results were verified 

with critical map analysis and field studies. Detailed study site analyses were 

conducted using a tachometer to determine channel and topography features in 

the whole study area. A general vegetation type description was based on 

CORINE2000 information. More detailed analysis was performed in every study 

areas by visual observations.  

Detailed soil analyses were conducted in every study area. The dominant soil 

and vertical composition were determined in field conditions. The peat type and 

degree of peat decomposition were analysed in the laboratory using the von Post 

humification scale (e.g. Hobbs, 1986). The saturated hydraulic conductivity of 

peat was measured in situ with a direct-push piezometer, using the falling head 

method, at intervals of 10 cm to a depth of 1 m (for more details see Ronkanen & 

Kløve, 2005). 

5.2 In situ sampling 

5.2.1 Water budget measurements (I-V) 

The water in the main drain in study areas was measured continuously by weir 

(Papers I-V) using water height meter (TruTrack WT-HR, accuracy ±1%) or 

Telog-pressure sensor (accuracy ±1%) at 10–15 min intervals. Discharge was 

calculated using existing rating curves, which were calibrated with regular flow 

measurements using a current meter. The groundwater was measured manually in 
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groundwater pipes (Papers I, III) or continuously using a water height meter 

(TruTrack WT-HR) (Papers II, IV and V). Finnish Meteorological Institute 

weather station data on precipitation, snowfall and evapotranspiration were used 

in water balance analyses to check the reliability of the measured and calculated 

discharge values. The suitability of precipitation data for local study site level was 

confirmed with automatic weather stations (Papers I, III) or rainfall cup 

measurements (Papers II, IV and V). Finnish Environmental Institute snow depth 

and water equivalent measurements were used to calculate spring water balance, 

and local study site variations were confirmed with field measurements.  

5.2.2 Water quality (I-V) 

Water quality was intensively monitored using regular water sampling (Papers II, 

VI, and V) or an automatic sampler (ISCO) (Papers I-IV). The pH, electrical 

conductivity and oxygen were measured together with water sampling (Papers II, 

IV and V). The turbidity was used as an indicator of SS and was measured with a 

YSI 600 OMS turbidity meter (range 0–1000 NTU, accuracy ± 5%) along with 

electrical conductivity and water temperature (Papers II, IV and VI). The turbidity 

value was calibrated against SS using calibration curves from Marttila & Kløve 

(2010) and by verifying individual calibrations for both areas with manual and 

automatic water sampling for every study site. Water samples were analysed in 

the accredited laboratories for suspended solids (SS, accuracy ± 4%), nitrate 

(NO3-N, ± 4%), nitrite (NO2-N, ± 10%), ammonium (NH4-N, ± 5%), phosphate 

(PO4-P, ± 8%), total phosphorus (Ptot, ± 5%), nitrogen (Ntot, ± 5%), water colour 

and potassium (K, ± 6%). The analysis used for individual studies depended on 

the study objectives. For more details see Papers I-V. 

5.2.3 Sediment sampling and erosion monitoring (I-V) 

Along with SS measurements, sediment transport and its properties from study 

areas were monitored with detailed analysis. Organic peat sediment deposition 

and accumulation at main drain were studied with sediment traps (height 0.2 m, 

diameter 0.08 m) installed at the bottom of the ditch (Papers I-V). The 

accumulation of sediment in the main drain was also studied with a transparent 

tube (Papers I, III). The bed sediment samples were taken using an Ekman 

sediment sampler and/or sediment sampling tube, which was pressed to the ditch 

bottom. The samples were collected from different locations in the study 
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catchments in order to provide representative coverage of different sediment 

sources.  

Sediment and some SS samples were used to determine sediment particle size 

distribution (with an LS Particle Size Analyser based on laser diffraction). 

Samples containing particle sizes coarser than 2 mm were sieved. All samples 

contained both inorganic and organic fractions and the particle size distribution 

analysis included both fractions (Papers I-V). Organic material content was 

determined after incineration at 550 ºC for 1 hour. Some sediment samples were 

analysed for total P (Papers III-V). Erosion along the drainage ditch thalweg and 

sidewalls was investigated by frequent field observations (Papers I-V). 

5.3 Function of peak runoff control (PRC) method (III-V) 

The function of the peak runoff control (PRC) method was studied in peat 

harvesting (Paper III) and peatland forestry areas (Papers IV and V). The study 

methodology contained before and after areas, with an adjacent control area 

arrangement for both environments. The function of the method was verified with 

detailed field surveys and monitoring and the results were compared with 

adjacent areas. For more details see Papers III and IV. In addition, the suitability 

of the PRC method in peatland forestry conditions was studied in different 

catchment conditions in order to adapt the method to differing circumstances. The 

differences between seasons, runoff events, rainfall intensity periods, water 

quality, quantity and peak flow rates were compared in relation to catchment area, 

drained area, slope, available detention volume, and different catchment shape 

factors. For more details see Paper V.  

5.4 Laboratory flume studies (I, VI) 

Erosion of deposited peat sediment (I) 

Laboratory flume studies were used to examine the erosion properties of settled 

organic peat sediment. Sediment samples were placed in a recirculation flume to 

measure the critical shear stress. This procedure follows the methods of 

Papanicolaou (2001) and Dennett et al. (1998). Dimensions, a schematic of the 

flume and more detailed information are shown in Paper I. Before the erosion 

experiment was run, the samples were allowed to stabilise in the flume for periods 
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ranging from 15 min to 10 days to detect the effect of bed consolidation on 

erosion. For the stabilisation series of 15 min, 1, 2, and 3 d was used with two 

replicates, while for the series of 5 and 10 d, only one experiment was carried out. 

After the stabilisation period, the samples were subjected to low shear stress for 

15 min to stabilise the material for flow conditions. The flow was then increased 

incrementally to a predetermined shear stress/flow speed and the samples from 

suspension were collected upstream and downstream for 30 s. The cycle was 

repeated with increasing applied flow. 

The peat erosion rate was determined from water samples taken upstream and 

downstream of the peat sample. The upstream water sample was considered to be 

background concentration and the downstream sample the eroded peat 

concentration. The erosion was calculated as the difference between downstream 

and upstream suspended solid concentration by subtracting the background 

concentration (upstream sample) from the downstream concentration. Erosion 

was considered to have taken place if the downstream concentration exceeded the 

background concentration. The erosion rates (kg m-2 s-1) were calculated. Quality 

assurance and quality control were carried out at all steps of the experiments. 

Optimising wooden debris restoration structure (VI) 

In Paper VI, the laboratory flume was used for experiments to optimise wooden 

debris restoration structure to improve local deposited sediment sorting in silted 

forest brooks. Experiments were conducted in a 0.60 m wide and 6 m long 

laboratory flume (Fig. 6) with an adjustable slope (for details see Paper VI). The 

transparent flume side walls allowed visual observation of the scour and flow 

processes. The experiments were carried out using two different bed materials, 

coarse sand of grain size 0.5–1.6 mm (d50 = 1.05 mm and σg = 1.46) and fine 

gravel with grain size 2–4 mm (d50 = 3 mm and σg = 1.27), to simulate a flat bed 

with depths ranging from 0.15 to 0.3 m. 

Different underminer structures were tested. The structural height and angle 

were modified, and consecutive structures were tested. The structures were made 

of PVC pipes (5 cm diameter) to imitate wooden logs. Sets of tests were run with 

coarse sand and fine gravel. At the end of each run, velocity was measured with a 

velocity meter with ±0.01 m s-1 accuracy and the free surface elevations were 

measured upstream, downstream and underneath the studied structure. During 

experimentation, the change in bed elevation and the size and shape of the scour 

hole were observed and recorded at regular intervals using a digital SLR camera. 
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After an hour, the flow velocities and free surface elevations were measured, as 

described above. 

At the end of the test, the discharge was stopped and the bed level was 

measured using a measuring grid of 0.10 m × 0.15 m. The bed topography was 

determined using a height stick gauge with ±1 mm accuracy in the vertical 

direction, to record bed contours. The resulting characteristic length, area and 

volume of the scour hole were determined. Digital images were analysed and 

used to further study the development of scour.  

Fig. 6.  Schematic view of experimental set-up (a) elevation and (b) planar view (not in 

scale) (Paper VI). Reprinted with permission from IAHR. 

5.5 Modelling (I, II, V, VI) 

5.5.1 Modelling of sediment yield (I) 

Sediment erosion and delivery were modelled under the assumption that peat 

sediment behaves similarly to cohesive sediments based on measured physical 

properties (Paper I). It was assumed that the flow and erosion conditions and ditch 

dimensions in the Luisansuo study area are uniform. Results from the laboratory 

study were used to model SS load caused by channel erosion at the Luisansuo 

harvesting site. The SS yield was calculated as the difference between sediment 

erosion and sediment deposition in the main drainage channel. For more details 

see Paper I. Erosion was modelled using the following equation (e.g. Krone, 1999; 

Sanford and Maa, 2001):  
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where E is erosion rate (kg m-2 s-1), τb is bottom shear stress (N m-2), τc is critical 

shear stress of erosion (N m-2) and M is an empirical constant (kg m-2 s-1). The 

sedimentation rate of SS was calculated as a function of shear stress and settling 

velocity (eq. 2) (e.g. van Rijn, 1993). 
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where D is the sedimentation rate (kg m-2 s-1), τ is boundary shear stress (N m-2), 

τd is critical shear stress of deposition, ws is settling velocity (m s-1), H = 0.5 h is 

the mean settling depth (m), h is the water depth (m), and C is the concentration 

of settled solids (mg l-1). The values for critical shear stress of deposition were 

obtained from the literature (van Rijn, 1993) and settling velocity determinate 

with the laboratory experiment (Paper I).  

For the sediment delivery model, equation (2) was modified to represent peat 

erosion from field ditches. The average background concentration during low 

flow periods C0 was added to estimate loads during low flows. The value can be 

obtained from sediment concentrations during low flow. The mathematical 

equation for the total daily erosion rate (Y) was: 

 0Y E L p C Q D= ⋅ ⋅ + ⋅ −   , (kg d-1), (3) 

where E is erosion rate (kg m-2 d-1), bτ is shear stress of the bed sediment, C0 is the 

background concentration (kg l-1), Q is the daily average discharge (l d-1), D is the 

sedimentation rate (kg m-2 d-1), L is length of collection ditch (m) and p is the 

mean wet perimeter of the collector ditch (m). The collector ditch surface area at 

the base (constant) was used to estimate rates of erosion and deposition (kg s-1).  

The shear stress was calculated using Manning and bed shear stress equations 

as:  

 
2 2

1 3

v n
g

h
τ ρ= , (4) 

where ρ is the density of water, g is the acceleration due to gravity, v is the flow 

velocity (m s-1), h is the water depth (m) and n is the Manning number. This 

approach assumes uniform flow. The shear stress in the ditch was calculated with 
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10 min intervals using measured flow values and equation (4). The water depth (h) 

in the ditch was obtained from water levels based on the Thompson weir 

measurements at the ditch outlet and the average ditch dimensions (0.8 m base 

width with 1:1 banks). Daily measurements of SS yield were used to calibrate the 

model.  

5.5.2 Understanding and modelling sediment dynamics (II) 

In Paper II, several peak discharge events were separated and examined using 

hydrographs and SS graphs to define typical SS dynamics in the study area. The 

mechanisms underlying erosion and SS transport were further studied by 

analysing hysteresis loops. This method provides an effective tool to reveal 

temporal variations and physical principles behind the erosion and SS transport-

associated processes and mechanics (Walling & Webb, 1982; Williams, 1989; 

Asselman, 1999; Gao & Pasternack, 2007; Smith & Dragovich, 2009). The 

availability of detailed records on suspended sediment concentration (SSC) 

provided by continuous turbidity monitoring at the study site allowed patterns of 

storm-period SS yield reflected in the SSC/Q relationship to be studied and 

significant features and mechanics of the SS transport in the study area to be 

isolated.  

The applicability of empirical suspended sediment-transport rating curves to 

predict SSC load was tested for daily averaged data obtained for the study 

catchment. The values of suspended sediment yield Qs (kg day-1) were regressed 

against discharge flow Q using measured daily data for different months and the 

total study period. A power function, Qs = aQb, widely used to estimate transport 

(e.g. Knighton, 1998), where a and b are empirical constants, was applied to form 

a SS yield fit for different events and months. For more details see Paper II. 

5.5.3 Optimising the PRC method for different conditions in peatland 
forestry (V) 

In Paper V, the PRC method was optimised for different conditions in peatland 

forestry. The peak discharge reduction by the method was determined from the 

measured outflow rates and the inflow rates calculated according to Equation 5: 

 , (5) 
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where Qin is the inflow rate (m3 s-1), S is the storage volume (m3) upstream from 

the PRC structure, PA is the precipitation rate in the ponded area (m3 s-1), Qout is 

the outflow rate (m3 s-1), IA and EA are the infiltration and the evaporation rates 

(m3 s-1) from the detention area A (m2), and t is time (s). The S and A for time t 

were calculated from the storage heights. The PA for time t was calculated from 

A(t) and the measured precipitation was obtained from the nearest weather station 

of the Finnish Meteorological Institute. The evaporation effect on water balance 

was determined from the average daily evapotranspiration values for Central 

Finland. The IA and soil moisture were estimated from groundwater elevation and 

soil hydraulic conductivity values. The data on water mass conservation were 

used to study the success of the process (Eq. 6). The calculations of S also 

included estimation of the retention capacity in soil pores:  

 ∆ · ∑ ∆ · ∑ . (6) 

Changes in outflow by changing the pipe dimensions were simulated using a 

reservoir routing method and the known relationships between the outflow and 

detention storage. The outflow hydrograph can be linked to the inflow hydrograph 

by the continuous equation, which can be written over a finite interval of time, Δt 

(Eq. 7): 

 , (7) 

where It, Ot and Vt are inflow, outflow, and storage volume rates at time t, 

respectively, and It+Δt, Ot+Δt, and Vt+Δt are inflow, outflow, and storage volume 

rates at time t + Δt, respectively. The relationship between storage volume and 

outflow was established and Equation 7 was solved over time for the inflow 

hydrograph using the tabular method (Chadwick et al., 2004). 

5.5.4 Optimising underminer restoration structure (VI) 

The temporal advance of scour below the underminer structure was tested and a 

new equation was created to predict the scour depth and volume, using the 

determined dimensionless cross-sectional area of the undisturbed channel flow 

and the cross-sectional wet area. For more details see Paper VI. 
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6 Results and discussion 

A combination of detailed data, different methods and study areas were used to 

study erosion and sediment transport dynamics and new management options in 

drained peatland catchments. Section 6 summarises the main results obtained and 

presents overall findings. Full detailed findings from individual studies can be 

found in Papers I-VI.  

6.1 Characteristics of eroding and transporting sediment from 
drainage areas (I-VI) 

6.1.1 Peat drainage areas (I-V) 

The eroding and transported sediment in peat drainage areas was characterised by 

the nature of the organic matter. This organic material was mainly delivered from 

eroding peat deposits, which were exposed to weathering and shear stress by 

flowing water after drainage operations. Sediments from the different drainage 

areas, including peat harvesting and peatland forestry, showed fairly similar 

properties (Papers I-V). The particle size distribution from the outflow water 

samples varied in a complex way, depending on flow conditions and sediment 

availability. Table 1 summarises the results obtained. The measured particle sizes 

were finer than 200μm (d50), as observed by Mulqueen et al. (2006) for an Irish 

hill peat, which illustrates possible variability between different peat areas. Laine 

et al. (1996) reported that the main fraction in organic sediments in small streams 

affected by peat drainage was 250–75 μm or less. Organic peat sediment was 

noted to be partly cohesive (particle size under 40 mm, see Roberts et al. 1998), 

and to stabilise over a time of 1–3 days and form a loose top layer (Paper I), 

which was also affected by biofilms. Similar findings have been reported by 

Stone et al. (2008) in natural channels. Hence, biofilms should be studied in 

greater detail in future for peatland catchments. The sediment consists of physical 

homogeneity and fragility flocs (Fig. 7), containing various particle sizes with 

different shapes from round to oblong. When fragile flocs settle down to the 

surface of the sediment, a new loose and easily eroded layer is generated. 

However, with time, the loose layers consolidate as new particles settle on the 

sediment surface and cohesive bonds are formed (Parchure & Mehta 1985, Krone 

1999). 
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The bulk density of sediment was close to values mentioned by Evans & 

Warburton (2007). The sediment from peat forestry sites contained mineral 

material, which increased bulk density values. The total organic peat sediment 

bulk density was close to 1 g cm-3. The organic sediment contained different 

amounts of phosphorus, which varied between the study areas. Similar behaviour 

has been observed in other studies (Mika Nieminen, personal communication). 

The effects of sediment properties, flow and oxygen conditions, etc. on adsorption 

and/or release in these environments are not known and need further research.  
 

Fig. 7.  Image of organic peat sediment floc taken with stereomicroscope (Paper I). 

Reprinted with permission from AGU. 

Table 1. Characteristics of the studied peat sediments. Luisansuo is a peat harvesting 

site and the others are peatland forestry sites. 

Study area Particle size, d50  

(μm) 

Organic content  

(%) 

Bulk density*  

(g cm-3) 

Ptot 

(g P kg-1 SS-1) 

Bed sediment     

Luisansuo 51 Mainly organic** - - 

Miehonsuo 28 Mainly organic - - 

Konnasuo 39 Mainly organic - - 

Latvasuo 49 Mainly organic - - 

Virkorinne 68 40 1.22 - 

Virkosuo 96 28 1.34 - 

Keuhkosenneva 119 40 1.24 - 

Kivisuo 155 57 1.12 - 

Ulppaa 117 41 1.28 - 

Kiviselkämä 110 48 1.21 - 

Lavasuo 71 36 1.24 - 
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Study area Particle size, d50  

(μm) 

Organic content  

(%) 

Bulk density*  

(g cm-3) 

Ptot 

(g P kg-1 SS-1) 

Settled sediment***     

Luisansuo 41 Mainly organic - - 

Virkorinne 63 60 - 13.8 

Virkosuo 25 30 - - 

Keuhkosenneva 76 24 - 1.93 

Kivisuo 117 33 - 6.11 

Ulppaa 37 14 - 10.28 

Kiviselkämä 80 41 - 20.41 

Lavasuo 78 22 - 10.19 

Suspended sediment    

Luisansuo 39–146 Mainly organic - - 

Virkorinne 28 - - - 

Virkosuo 24 - - - 

 *Includes organic and inorganic materials, ** Not measured, *** Settling to sediment collector 

6.2 Erosion and sediment transport from peatland drainage sites 
(I, II) 

6.2.1 Peat drainage areas (I, II) 

In natural conditions, erosion in boreal peatlands is minor and eroding sediment is 

mainly from land use operations. Peatland drainage exposes the soil layers below 

the protective acrotelm to direct erosive forces such as mechanical drag by flow 

and chemical and physical weathering. In peatland forestry conditions, the main 

sediment sources were noted to be weathered channel walls, bank collapse and 

channel bed erosion by runoff (Papers II, VI). The nature of transported material 

can vary in space and time as a result of varying sediment sources, weathering 

processes, inter- and intra-storm channel storage or seasonal conditions (Paper II). 

In particular, inter-storm storage was observed to considerably affect the sediment 

loads (Fig. 8). Similar findings have been made in blanket peatlands (Burt & 

Gardiner, 1984; Francis, 1990; Labadz et al., 1991), but erosion in these UK 

blanket peatland conditions is probably higher than in forestry ditches in Finland 

due to the Atlantic fringe climate. In Finland, previous studies have stressed the 

importance of the spring snowmelt period on SS transport (e.g. Ahti et al., 1995), 

while the latest results demonstrate a dramatic difference in sediment transport 

processes and underlying mechanics between peak hydrographs (Paper II). 
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Summer peak flows may play a dominant role in annual sediment yield (Paper II). 

For example, in 2008 one single rainfall event produced 28% of total transported 

SS. The importance of storm rainfall in producing SS for transport will increase if 

snow cover decreases and summer/autumn rainfall increases, as predicted due to 

global warming (Carter 2007). 

Fig. 8. Inter-storm and intra-storm organic bed sediment storage in a peatland forestry 

drainage network. 

In peat harvesting areas, rain and peat harvesting operations deliver sediment 

from the bare soil surface to ditches (Kløve, 1997). The results from the present 

study verify that the nature of sediment supply controls the sediment load from 

these areas (Paper I). Rainsplash and microrill formation are dominant processes 

for overland flow-induced sediment production (Kløve, 1998), but in Luisansuo it 

was noted that channel inter-storm storage and flow transport capacity controlled 

the sediment load transported downstream. The major SS loads were transported 

by peak runoff. For example, the SS load on 21 August corresponded to 21% of 

the total load during the measuring period in 2004. The largest five peak runoff 

events constituted 78% of annual measured SS load from Area 2 in Luisansuo.  

Sediment delivery from peat drainage areas to downstream waters is often 

interrupted because sediment is temporarily stored in the ditch (Papers I, II). Bed 

sediment properties markedly affected sediment entrainment from the ditch bed 

(Paper I). The bed sediment erosion was apparent as increased suspended 

sediment concentration with applied shear force on the sediment bed in laboratory 

and field conditions. When the critical shear force was reached, the erosion 

clearly increased and erosion occurred in the whole peat layer. Two critical shear 

values for erosion were observed (Figs. 9, 10). When the bed was mainly organic 

peat, the first shear stress (0.01 N m-2) eroded the loose surface layer. The critical 
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stress (τc) for the entire peat deposit erosion was 0.059 N m-2. Similar findings 

have been made in rivers, where critical shear stress for peat sediment 

entrainment is estimated to be 0.05 N m-2 (Migniot et al. 1969), and benthic lake 

sediments, where entrainment level ranges from 0.04 to 0.117 N m-2 (Righetti & 

Lucarelli 2010). For comparison, the τc for 0.1 mm diameter sand grains is 0.1 N 

m-2. For naturally cohesive sediments, a wide range of values has been reported, 

e.g. 0.04–0.62 N m-2 by Parchure & Mehta (1985). The results on erosion of the 

loose top layer are in agreement with in situ estimates of critical shear stresses 

made for fluff marine sediments, which range between 0.02 and 0.05 N m-2 

(Young & Southard 1978, Sanford et al. 1991, Maa et al. 1998, Ravens & 

Gschwend 1999, Jago et al. 2002, Ganaoui et al. 2004). The results obtained 

show that there may be significant differences in the erosion parameters between 

the upper and lower layers of organic peat sediments.  

Fig. 9. Erosion of the peat sediment sample during flume experiments. Initial state 

before experiment (a), sample has been stabilised for 3 days. Before exceeding the 

critical shear stress (n. 0.04 Pa), erosion took place only from the loose surface layer 

(b). As critical stress was exceeded (> 0.06 Pa), erosion happened from the whole 

surface area (c) and the lower layers began to erode.  

Fig. 10. The natural fluffy organic peat sediment bed deposit in the peatland forestry 

drainage network. 

In practical water protection work, the more imprecise term of critical flow 

velocity is used instead of shear strength. In the flume experiment, the surface 

layer (loose layer) was eroded when flow velocity reached 0.06 m s-1 and the 
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critical flow velocity when the whole layer was eroded was approximately 0.15 m 

s-1. The surface critical flow velocity determined is close to the values estimated 

by Kløve (1998) and Heikkinen (2004). In erosion studies by Kløve, no 

suspended peat sediment erosion occurred below 0.04 m s-1 flow velocity, while 

Heikkinen found the critical velocity to be 0.08 m s-1. The observed value in the 

present studies was the same value as that assumed by Aho & Kantola (1985) and 

Migniot et al. (1969) as the critical value for flow velocity (0.15 m s-1). For the 

most efficient reduction in sediment erosion, a value for surface critical flow 

velocity of 0.06 m s-1 should be used when designing water protection structures. 

If this flow velocity is not exceeded, only minor bed erosion and suspended solid 

load to the water courses can be expected. The design should also pay particular 

attention to situations where the main ditch contains considerable amounts of 

erodible peat sediments.  

Erosion development in drainage areas  

The results from Papers I-V and previous knowledge were used to form a 

characteristics table for erosion and SS transport evolution at peatland forest 

drainage sites (Table 2, Fig. 11) and peat harvesting sites (Table 3). In peatland 

forestry conditions, changes in slope and weathering in newly drained or 

maintained ditches dominated new erosion and SS transport. After a time, the 

ditches reached slope equilibrium and local characteristics in the ditch affected 

erosion and SS transport. In this period, the dominant SS sources were bank 

erosion and bed erosion from deposited material. This may take 1 to 5 years to 

develop, depending mainly on runoff rates in individual ditches. Subsequently, the 

individual ditch becomes overgrown with vegetation, reaches equilibrium or 

erosion continues. In contrast to peatland forestry sites, peat harvesting sites are 

continuously operated. Erosion behaviour during basic drainage operations when 

the area is being prepared for peat harvesting is similar to that of peatland forestry 

sites. Afterwards, when harvesting operations have started, the production surface, 

machinery and collapsing of drains produce SS for transport and main drains 

operate as temporary storage.  

Table 4 summarises the external and internal sediment sources at peat 

drainage and headwater areas. Erosion and sediment transport processes can be 

divided to macroscale (catchment scale), mesoscale (slope-channel scale) and 

microscale (bed properties). A comparable characterisation is made by Evans & 

Warburton (2007) for blanket peatland. All these scales have different effects on 
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erosion and sediment transport. The catchment scale determines the overall 

conditions and the geomorphology determines the erosion sensitivity. Slope-

channel scale adjusts the local conditions for erosion and transport, and has 

further effects on temporal variation in sediment yield via the storage and 

transport relationship. Furthermore, bed properties define the small-scale erosion 

and erosion resistance for the dynamic environment.  

Table 2. Characteristics of erosion and SS transport evolution at peatland forest 

drainage sites. 

Newly drained or maintained ditch 

Extensive SS transport 

High erosion risk 

Changes in slope and weathering dominate new erosion and SS transport  

Developed ditch 

The ditch reaches slope equilibrium  

Local characteristics in the ditch affect erosion and SS transport 

Dominant SS sources: bank erosion and bed erosion from deposited material  

Decreased erosion Continued erosion 

Overgrown ditch 

No erosion and SS 

transport 

Needs maintaining 

depending on forest growth  

Small ephemeral ditches 

Equilibrium ditch 

The ditch reaches 

equilibrium 

Dominant SS source is bed 

sediment 

Natural sediment sorting  

Demands continues flow, 

main drains  

Constant erosion, sensitivity to peak 

flows  

Sediment transport varies between 

the supply and/or transport limited 

system 

Not in balance 

Not dependent on situation in the 

drainage area 
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Fig. 11. Characteristics of erosion and SS transport evolution at peatland forest 

drainage sites. From left: newly maintained ditch, developed ditch, overgrown ditch, 

equilibrium ditch and continued erosion. 

Table 3. Erosion and sediment transport at peat harvesting sites. 

Newly drained area for peat harvesting 

Extensive SS transport 

High erosion risk 

Changes in slope and weathering dominate new erosion and SS transport 

Area under active harvesting operation 

Main erosion sources 

Production surface (rain, weathering) 

Machinery 

Collapsing of drainage network 

Temporary sediment sources 

Bed sediment at main drain 

Table 4. Sources of sediment in peatland forestry drainage areas and headwaters. 

 External sources* Internal sources** 

Infrequent Slope failure, wind throw, 

landslides 

Breakage of wooden debris 

jams, animal crossing, 

bioturbation 

Frequent Bank erosion, slope surface 

erosion (rain splash, sheet erosion, 

dry ravel, freeze/thaw) 

Channel subsurface, sediment 

wedge, bank deposits 

Potential effect of land use Ditch failure, gullying, fill, soil 

compaction, road failure, road 

surface, cut slope, tree death, 

surface failure 

Changes in flow regime, in-

channel storage, changed 

channel roughness and 

dimensions 

*External sources are located in catchment area, **Internal sources are in channels 
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6.3 Modelling of transported SS concentration 

6.3.1 Peat harvesting site (I) 

The results from field and laboratory measurements were used to model SS 

concentration from drained peat land areas. At peat harvesting sites the linear 

erosion model was applied. Two critical shear stress values and coefficients for 

bed sediment were used in the calculation, one for the loose surface layer and one 

for the erosion when shear stress exceeded the critical value of the more 

consolidated layer (Fig. 12). The mathematical equation for total daily erosion 

rate (Y) is: 

 0Y E L p C Q D= ⋅ ⋅ + ⋅ −   , (kg d-1) (8) 

 6
1 4.1 10 1

0.01
bE

τ−  = ⋅ − 
 

, if 0.01 0.059bτ> >  (9) 
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2 3.7 10 1

0.059
bE

τ−  = ⋅ − 
 

, if 0.059bτ > , (10) 

where En is erosion rate (kg m-2 d-1), bτ is shear stress of the bed sediment, C0 is 

the background concentration (kg l-1), Q is daily average discharge (l d-1), D is the 

sedimentation rate (Eqs. 8–10) (kg m-2 d-1), L is the length of the collection ditch 

(m) and p is the mean wet perimeter of the collector ditch (m).  

The observed and predicted SS values were in agreement (Fig. 13). In 

particular, the simulations during the two latter high flow peaks gave a rather 

good explanation of the erosion mechanism in the harvesting site. The erosion in 

the main ditch can explain most of the variation in the SS load during these events. 

The field experiments showed that after the low flow period, before the first peak, 

the sediment bed was strongly stabilised and there was little peat sediment 

available for erosion.  
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Fig. 12. Two linear equations can be fitted to the laboratory measured data of 

suspended solids concentration of eroding peat sediment at increasing shear stress 

after 3–10 days of stabilisation (for more details see Paper I). The first curve illustrates 

erosion of the loose top layer of the peat sediment and the second curve can be fitted 

to measured data after critical shear stress of 0.059 N m-2. Reprinted with permission 

from AGU. 

Fig. 13.  Measured versus calculated erosion rate (E) when shear stress was below and 

above 0.059 N m-2 in the laboratory flume experiment (Paper I). The upper figure (a) shows 

results from dry season period and the lower figure (b) shows results from a rainy period. 

Confidence interval for surface erosion was 0.001 (α = 0.05, s = 0.005) and for erosion over 

shear stress of 0.059 N m-2 was 0.019 (α = 0.05, s = 0.08). Reprinted with permission from 

AGU. 

The same effects can be seen in Fig. 13 during small peaks in the low flow period. 

As equations (9) and (10) cannot predict this change in the bed, the correct rate of 

erosion is not always captured by the model. During low flow periods, the 

simulated daily load does not always follow the measured SS load peaks, and 
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erosion from the main collection ditch cannot be explained reasonably well. 

During the low flow events, the daily load can be explained by background 

concentrations. However, the main point in the model is to capture the processes 

during high flow periods when the majority of bed sediment is eroded. The 

developed approach is considerably better than the unit load approach, assuming 

e.g. 90 kg ha-1 yr-1 of SS for peat harvesting with simple water protection methods 

(Ympäristöministeriö, 2003), which is used to assess loading from land uses such 

as peat harvesting.  

Since the equation used is based on changes in physical conditions directed at 

the sediment bed, it is capable of explaining erosion forces that occur in the main 

drain ditch. The approach is also useful for evaluating annual SS loads when 

runoff is usually continuously recorded. It could also be used in water protection 

to assess the effect of cutting peak flows by temporary water storage in ditches 

and ponds. 

6.3.2 Predicting suspended sediment yield in peatland forestry 
conditions 

The values of suspended sediment yield Qs (kg day-1) at the Virkosuo peatland 

forestry site were regressed against discharge flow Q using measured daily data 

for different months and the total study period (Fig. 14). The calculated results 

demonstrated that Qs depended on Q in approximately linear ways. However, the 

rating curves differed between different months due to changes in the catchment 

sediment supply. The spring period (May) in particular had high uncertainty. 

Consequently, the values of coefficients a and b varied markedly, even between 

the highest r2 values. Therefore, the regression curve for the total study period 

was low (r2 = 0.38).  
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Fig. 14. Regression results for the sediment rating curves for different months August-

November 2006, May-November 2007 and April-November 2008 and total study period 

(Paper II). Reprinted with permission from Elsevier.  

The results indicated that a single deterministic empirical model was not adequate 

to provide accurate annual predictions. However, this would need more research 

with different model formulations. Although different monthly curves with good 

regression agreement demonstrated that this approach might be useful to predict 

the suspended sediment yield and sediment supply status, further testing with a 

wider data set is needed. The relationships may not only be different during 

changing conditions in a single catchment, but may also vary widely between 

different catchments. The potential errors arise from changes in rating curves over 



59 

time, changes in sediment supply, differences in the rising and falling limbs and 

inadequately represented high concentrations and discharges. In the present study, 

errors were also caused by changes in the channel due to drainage operations in 

the first year. Regression analysis did not reveal a mathematical relationship 

between continuous flow rate (Q) and SS, indicating that SSC is also dependent 

on other parameters, such as accumulated SS in the drained area and previous 

flow conditions.  

6.4 Water management with the peak runoff control (PRC) method 

(III-V) 

6.4.1 Design and application of the PRC method (III-V) 

The PRC method enhances water protection in peatland forestry, including newly 

drained and cleaned drainage areas. It can be also installed at various locations in 

peat harvesting conditions. The effectiveness of the PRC method depends on: i) 

catchment topography (slope) and available detention volume; ii) design and 

location of the structure; and iii) runoff rate. Method malfunction is generally 

associated with: i) oversized control pipe; ii) insufficient detention volume 

originating from ditch slope; or iii) minor catchment area.  

Design of the PRC structure 

The design of a PRC structure involves a number of factors and many problems 

can be minimised and avoided with good design principles. The key to successful 

function is easy and consistent guidelines. Many factors affect the required 

dimensions and function of the PRC structure (Table 5). These factors vary at 

each location and should be considered in structure design and installation. 

Objectives to be achieved in design can be classified as follows: i) minimise the 

peak runoff rate; ii) maximise the retention/detention time; and iii) ensure 

sufficient drainage conditions. The design need to balance these demands as seen 

in Figure 15. The two driving forces in the design are the amount of runoff that 

will be retained, and the detention capacity (volume) of the drained network 

behind the structure. The PRC structure design should control the runoff during 

most peak runoff events without overtopping or using the emergency outflow, and 

delay runoff and enhance sediment settling time as long as possible without 
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affecting drainage conditions and damaging forest stand growth or peat harvesting 

operations.  

Fig. 15. Balance between drainage and retention capacity.  

Fig. 16.  Schematic diagram of the peak runoff control (PRC) structure used in 

peatland forestry (Paper IV). Reprinted with permission from Elsevier. 
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Table 5. Characteristics affecting the required dimensions of the peak runoff structure 

(PRC). 

Process Characteristic Effect Importance on 

dimensioning and 

function of PRC 

Hydrology Precipitation Effect on runoff and intensity +++ 

 Flow generation Subsurface and groundwater flow 

separation 

+++ 

 Flow regime Intensity and variation of peak discharges +++ 

 Groundwater elevation Effect on runoff generation ++ 

 Hyporheic zone Effect on runoff generation and 

groundwater elevation 

± 

Geomorphology Morphology Catchment conditions, PRC placement, 

peak runoff rate 

+++ 

 Catchment area Runoff generation, peak intensity +++ 

 Dominant sediment 

movement 

Effectiveness of PRC on SS retention + 

 Slope Peak intensity, PRC placement +++ 

Vegetation Soil type Soil pores, flow paths ++ 

 Roughness element Peak diminution in drainage network + 

 Tree stand Effect on runoff formation ++ 

 Peatland type Soil pores, flow paths + 

+ degree of importance; ± no effect 

A starting point for PRC structure construction is finding the right location in the 

drainage area. In some areas, the ideal arrangement would be to integrate the 

traditional settling basin and the PRC structure. Controlled outflow provides more 

constant settling conditions, thus enabling a better purification process. It is 

crucial that the detention time is sufficient to allow for settling of suspended 

solids. Detention should be greatest at the beginning of peak runoff production, 

when the erosion and sediment concentrations are usually highest (see Papers I-

V). The method can then prevent erosion and provide good settling conditions for 

transported SS. The function of the PRC method relies on control of detention 

time and flow velocities in the drainage network. Peatland drainage sites are 

located in various environments which produce different runoff responses 

depending on catchment and drainage area, slope, location, etc. All these factors 

need to be taken into consideration in dimensioning and installation of the 

structure. 
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In peatland forestry conditions the lower pipe should be installed at the same 

level as the ditch bottom, whereas the upper pipe (if needed) should be level with 

the original soil surface (Figs. 16, 17). A structure with the control pipe near the 

ditch bottom has advantages for managing water even at poorly drained sites. The 

main problem affecting the long-term functioning of PRC structures is pipe 

blockage by floating wood debris and peat blocks. To avoid this, the lower pipe 

should be fitted with an angle adaptor, which keeps the mouth of the pipe under 

water and thus prevents blockages.  

Fig. 17. Installation of the PRC structure at a peatland forestry site (photos by Juha 

Jämsen). Building up the base for the structure (upper left), installation of control pipe 

(upper right), structure sealing (lower left) and finalisation of the structure (lower 

right). 

In peat harvesting areas it is possible to use a structure containing three pipes at 

different levels (Fig. 18). The pipe diameter is selected depending on the upper 

catchment area and the storage capacity of the ditch network. The uppermost pipe 

operates during floodwaters and prevents flooding in the harvesting area. The 

pipes are recommended to be inclined (set up) against inflow, obstructing drift of 

floating peat particles to the pipes.  
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Fig. 18.  The peak runoff dam at the Luisansuo peat harvesting site. The dam 

contained three pipes with different diameter. These were inclined against the flow 

direction to prevent drift of floating peat particles as illustrated in the photograph 

(Paper III). Reprinted with permission from ASCE. 

The control pipe in a PRC structure can also be designed using the pipe flow 

equation (Eq. 11) and hydrological data as inputs:  

 2 , (11) 

where A is the control pipe cross-sectional area, h is the difference between the 

headwater and tail water elevations, g is gravitational acceleration, and C is a loss 

coefficient. When using the pipe flow equation, an important step is the selection 

of effective rainfall or runoff. This design runoff is the size of the event in which 

the main pollution load occurs, which generally equates to snowmelt or extreme 

summer/autumn storm runoff. If runoff data are available, the effect of the 

designed structure can be approximated in the final step.  

In peatland forestry conditions, the PRC structure can be designed with the 

procedures presented in Fig. 19. For climate conditions in Finland, with mean 

annual runoff of around 300 mm, the PRC structure can be designed from the 

nomograms presented in Fig. 20, which were developed using measured, 

calculated and optimised control pipe diameter data from the study areas. More 

detailed instructions for PRC dimensioning at peat harvesting sites can be found 

in Kløve (1997, 2000). 
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Fig. 19. Principles for the PRC structure control pipe selection (Paper V). Reprinted 

with permission from Elsevier. 

Fig. 20.  Control pipe dimensioning nomograms for: (below) areas with exterior 

catchment area (not drained) and (above) totally drained peatland catchments where 

backwater from the downstream drainage network influences the structure location 

(Paper V). Reprinted with permission from Elsevier. 

Other criteria 

In peatland forestry conditions and in winter months with little runoff, the PRC 

structure outflow control can partly freeze. Then the early spring runoff may not 

pass through the PRC structure immediately, but pond in the upstream basin and 

drainage network. This freeze-up provides better detention and settling conditions 

during slow snowmelt periods. The risk of flooding of peat surfaces is prevented 

with the overflow pipe, which is higher than the ditch ice cover and will not 

freeze. The method is not suitable in natural brooks, as it prevents fish migration.  

Determine catchment area, maximum runoff  and ditch stage - detention volume

Select the PRC structure location in catchment and drainage area

1) Select control pipe diameter using nomograms (here presented for 300 mm annual runoff) 

2) When using nomogram select different one for areas that contains large upland catchment areas 
(not drained), and for areas which are totally drained and have backwater effect in structure location. 

Test the effect of the structure against observed runoff values, if possible
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The PRC method is suitable for almost all peat harvesting areas. Problems 

arise if a suitable ditch volume behind the structure cannot be found. If the ditch 

water levels relative to the harvesting surface are considerably changed after the 

dam construction, for example with harvesting and lowering of the peat surface, 

the control dams should be reset into new elevations. At final stages in harvesting 

operations, when ditch height is at a minimum, some problems may arise with 

basic drying and peat production with the PRC structures (Petri Tähtinen, 

personal communication). 

6.4.2 Efficiency of the peak runoff control (PRC) method 

The peak runoff control (PRC) method (Fig. 21) was studied by comparing runoff 

and transported pollutants from two adjacent areas in the peat harvesting area 

(Paper III), and in peatland forestry conditions (Paper IV). Furthermore, 

applications for different catchment conditions were tested (Paper V). Calibration 

periods and catchment characteristics showed similar attributes for both adjacent 

study areas, which provided the possibility to compare the catchment runoff and 

pollutant transport before and after structure installation.  

Fig. 21. Temporal flooding in peat drainage ditch upstream from the PRC structure in 

spring (left, photo by Juha Jämsen) and control pipe (right). 

The PRC method in peat harvesting conditions (III) 

For the Luisansuo peat harvesting area the method worked well, being most 

effective during largest and sudden runoff periods (see Fig. 22). The peak runoff 

dams cut the storm peaks by 27–87%, and delayed them by 6–12 h. The control 

dams operated as they were designed to; no influence on low flow discharge was 
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detected and the dams were not observed to have any effect on groundwater 

elevation in the peat layers.  

The average reduction in SS transport by the dams was 61%. With increased 

discharge and peaks, the percentage reduction in SS increased and reached its 

highest value of 94% on 21 August 2004. In larger runoff events and higher peak 

rates, the percentage removal of SS by the control dams was greater than at lower 

flows. The method improved settling conditions in the main drain, which was 

noted in sediment collectors and as decreasing median particle size (d50). 

Moreover, the pipe inclination reduced the transport of floating peat, especially 

during low flows. 

The peak runoff control dams clearly decreased the nutrient load which 

included particulate and dissolved forms. The average reduction in total 

phosphorus was 47% and total nitrogen 45%. During the major peak flows, the 

reduction increased to 88% (Ptot) and 91% (Ntot). The nutrients had a clear 

positive correlation with the SS concentration, which indicates the importance of 

SS settling for controlling nutrient retention and transport. 
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Fig. 22.  Nutrient concentrations in runoff water from two study areas compared with 

discharge, precipitation, and SS concentration during research periods in 2003 (June 

14–September 18) and 2004 (June 7–September 13). In 2003 measurements were 

carried out without any treatment. During 2004 three peak runoff control dams were 

constructed in Area 1 and Area 2 operated as a reference area (Paper III). Reprinted 

with permission from ASCE. 

The PRC method in peatland forestry conditions (IV-V) 

The PRC method functioned adequately in peatland forestry conditions. During 

the three years of the study in Central Finland, around 10 large peak runoff events 

occurred per year (Fig. 23) and the detention area (ditch volume) behind the PRC 

structure partly filled for at least half a day during these events. The water was 

detained for longest (3–10 days) in the detention area in the ditch network during 

spring, due to snowmelt and a partly frozen control pipe. In summer, the detention 
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area only filled after storm flows and maximum summer detention time was less 

than 2 days, usually less than 1 day. The study areas responded differently to the 

storm flows (Fig. 23), due to the different size of uplands, landscape structures 

and available detention volume in the drainage networks. 

The PRC structure in the Virkorinne catchment reduced peak flow during 

storm flow events, cutting the peaks by 29–91% or 23–866 l-1 s-1 km-2. The 

highest momentary peak retention was observed during a rainstorm in July 2008. 

In the other five areas (see Paper V), runoff retention varied markedly among the 

areas, ranging between 10 and 73% or 5.07 and 57.63 l-1 s-1 km-2. The variation in 

detention was dependent on storage volume, catchment characteristics and control 

pipe dimensions. As expected, the highest retention was observed during the 

largest rainstorm events. During peaks, some seepage of runoff water was 

observed around the structure (Virkorinne), through more permeable soil layers 

(till, stones). No significant effects of water detention were observed on mean 

groundwater elevations (p<0.001) and thus the drainage conditions (0.3 m 

drainage depth) for tree stand growth were maintained. 

Paired studies revealed the efficiency of the PRC method. During the study 

periods the structure trapped between 81–90% of transported SS. The total 

reduction in transported SS due to the PRC was 86% during the whole study 

period. The specific SS load from the Virkosuo reference area (19.96 kg km-2 day-

1) was over 7-fold higher than that from the Virkorinne PRC area (2.71 kg km-2 

day-1). The SS retention was highest during the largest peak discharge events, 

when the method weakened the relationship between runoff and SSC and 

prevented direct resuspension of previously deposited matter. The PRC structure 

diminished erosion in the drainage area by lowering the flow velocity. 

Furthermore, a decrease in median particle size in runoff water was observed. 

Therefore, the PRC structure operated as designed. 

The PRC system clearly decreased the nutrient load from drainage areas and 

resulted in mean retention of 67% for Ptot and 65% for Ntot. The high retention 

occurred mainly through retention of particle-bound nutrients (for more details 

see Paper IV).  

Summary of impacts of the PRC method 

Water table manipulation during peak discharge in drainage networks has several 

benefits. From a water quality perspective, the benefits of the method originate 

from decreased temporal peak runoff volume, SS and nutrient retention, whereas 
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the disadvantages relate to inappropriate dimensioning of the control pipe. Poor 

dimensioning may create a risk of poor drainage and impaired forest growth.  

The PRC structure clearly reduced the peak runoff rate and peak magnitude 

in peat harvesting and peatland forestry conditions. The structure diminished the 

storm peaks, which directly affected retention of SS and nutrients during these 

periods. The present studies confirm the previous estimation that the reduction in 

SS during highest peak flow could reach 95% (Kløve 2000). Amatya et al. (2003) 

showed that an orifice-weir structure in forested peatlands in a temperate 

environment removed 54% of the annual SS load. Table 6 summarises available 

estimates of pollutant removal rates. The results were achieved through water 

detention, which prevented thalweg erosion and sediment resuspension and 

enabled better settling conditions for transported SS particles. The PRC structure 

operated as designed, being most efficient during sudden and large peak flow 

events. This can also be seen in correlations between the discharge and SS 

concentration. In the reference areas the SS concentration was more susceptible to 

the runoff peaks. 

Table 6. Estimates of pollutant removal rates (%) for peak runoff control (PRC) 

structures in peatland forestry and peat harvesting sites  

Pollutant Removal rate (%) in peatland 

forestry(1),(2) 

Removal rate (%) in peat harvesting 

sites(3),(4) 

Suspended solids (SS) 54–86 61–95 

Total phosphorus (Ptot) 30–67 47–88 

Total nitrogen (Ntot) 65 45–91 

(1) Paper IV (2) Amatya et al., 2003 (3) Paper III, (4) Kløve, 2000 

The peak runoff control dams prevented sediment bed erosion and transport. 

Erosion of the channel bed is the main reason for the SS load (Papers I, II). Peak 

runoff control substantially reduces the SS load from harvesting areas as the ditch 

runoff velocity is reduced. This study confirmed the influence of peak runoff on 

the annual SS load from peat harvesting areas. Therefore, managing peak flows is 

the key to effective erosion management and water protection. With peak runoff 

control this reduction takes place in the ditch network inside the drainage area. 

This is fundamentally better than traditional end-of-pipe water treatment solutions 

such as the sedimentation pond, since  
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sediment and pollutants are retained for longer. The positive effects of the dams 

on peat sediment settling are also confirmed by the results from the sediment 

collectors and particle size measurements. The results clearly indicate the 

effectiveness of the control dams in the re-deposition of the eroded peat sediment. 

Retention of the storm runoff waters and the reduction of the SS load reduced 

the nutrient load. Nutrient retention results are in agreement with findings made 

with similar methods in a forest peatland area in a temperate environment 

(Amatya et al. 2003). During a 5-year period, the controlled drainage with the 

orifice dam reduced 30% of total P export. The results from Pohjansuo 

demonstrated that the retention of the nitrogen load could be as high as 50% 

(Kløve 2000). 

At the PRC structure sites, nutrient retention was mainly the result of some 

nutrients being in particulate form and settling with SS. This is clearly seen as 

positive and high correlations between the SS concentration, Ptot and Ntot (Papers 

III, IV). Thus, major proportions of both nutrients were absorbed or adsorbed 

onto the SS peat particles. The connection between phosphorus and SS load is 

well known (e.g. Sallantaus 1983). It is typically presumed that absorbed 

phosphorus increases with the specific surface area, and therefore that larger 

particles contain lower concentrations (e.g. Stone and Murdoch 1989). Generally, 

SS did not exceed a median particle size of 100 μm (Table 1). The sedimentation 

of particulate P is a major physical removal process. A negative correlation 

between average daily discharge and Ptot and PO4-P was noted. This finding 

suggests that processes (e.g. settling, biological uptake) in the ditch network 

reduce phosphorus transport. Similar findings have been noted previously 

(Sallantaus 1983, Kløve 2001). During low flows, phosphorus is retained and 

stored in the channel (Svendsen & Kronvang 1993). Earlier studies by Sallantaus 

(1983) indicated that particulate phosphorus concentration could be reduced with 

the SS concentration reduction. Therefore, by managing the peat sediment load, P 

and N are also reduced. A similar benefit on sediment management has also been 

observed in Dutch peatlands (Kløve 1998).  

Retention of N at the PRC study sites occurred in all seasons, but was highest 

in summer. Similar findings have been made previously at peat harvesting sites 

(Kløve 2000), but in a temperate environment no significant total N reduction was 

observed (Amatya et al. 2003). Both organic and inorganic forms of N were 

present in the study areas. Nitrogen was mainly bound to particles or in organic 

form (see Paper IV). Therefore, high N retention was most likely caused by 
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particle settling. It can be postulated that with increased water retention time in 

the ditches, the processes for removing N also have more time to operate.  

For sediment transport management, the PRC is an effective method. 

However, the increased amount of stored peat sediment in the ditches may induce 

occasional elevated nutrient peaks. Part of the phosphorus that remains in the 

sediment might dissolve during anoxic periods if the phosphorus is bound to Fe. 

The aluminium (Al) and calcium (Cl) bonds are more stable in anoxic 

environments. At peat harvesting sites, settled sediment can be efficiently 

removed during ditch maintenance, whereas in peatland forestry the settled 

sediment remains in the ditch network. The PRC dams do not remove all 

dissolved PO4-N concentrations from the runoff waters. The results indicated that 

part of the Ptot volume leaches out in dissolved form or is attached to smaller 

particles (Stone & Mudroch 1989), which do not settle in the ditch system. Hence, 

the PRC method cannot be the only water protection method used at peat drainage 

sites. A suitable combination for water purification could be peak runoff control, 

sedimentation ponds (e.g. Joensuu 2002) and wetlands such as the commonly 

used overland flow fields (e.g. Ihme 1994, Silvan 2004, Ronkanen 2009). 

In theory, the PRC method increases the risk of poor drainage as the 

groundwater elevation may fluctuate in the drainage network. In peatland forestry, 

this may affect soil moisture conditions and tree stand growth if conditions in the 

root zone become anaerobic. According to groundwater measurements, water 

detention in the drainage system did not affect groundwater elevations, and 

adequate drainage depth and growth conditions were maintained. The soil 

moisture conditions, groundwater elevations and flood periods had different 

effects on tree stand growth depending on the season. In previous water 

manipulation tests at peatland drainage sites, Scots pine stand growth was not 

affected by spring and early summer high groundwater elevations (Pelkonen 1975, 

Tuononen et al. 1981, Päivänen 1984). However, during the late growing season 

in August, when microbiological activity in soils is most active (e.g. Silfverberg 

1984), high groundwater levels may harm trees (Pelkonen 1975). Short-term 

flooding is not harmful in any conditions or season. A properly dimensioned PRC 

structure does not influence tree stand growth (Heli Hyttinen, personal 

communication).  

At peat harvesting sites, elevated water could raise the level of the 

groundwater and soil moisture at the soil surface. This could reduce drying of the 

peat surface, which could in turn affect peat harvesting. Measurements performed 

at the Luisansuo site indicated that the PRC did not affect the peat groundwater 
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elevations. At Pohjansuo, it was noted that the time taken for the groundwater to 

return to pre-storm levels after heavy rainfall was much longer than the time 

interval in which the water was stored and delayed in the ditches (Kløve, 1997). 

Similar effects were noted at Luisansuo, where the structures did not affect peat 

production. This was confirmed by staff in the peat harvesting area (Tarja 

Väyrynen, personal communication).  

6.5 Sediment management in small silted forest brooks (VI)  

Unmanaged peatland drainage may cause heavy siltation to the small headwater 

brooks. To control the sediment transport processes in these environment, the new 

wooden debris restoration structure was tested in laboratory conditions (Paper VI). 

Small forest brooks naturally contain relatively large amounts of wooden debris, 

which alters brook channels and creates local bed and flow variations. The 

laboratory study (Paper VII) revealed that underminer structures allow sediment 

control in silted channels and that they have good potential for creating and 

improving silted bed conditions and fish habitats (Fig. 24). A perpendicular 

structure with no overflow is most efficient. The structure should cover full 

channel width to divert the entire flow below the structure (Fig. 25). The critical 

factors controlling the efficiency of the underminer structure are bed sediment 

particle size,  
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Fig. 24.  Bed topography and scour morphology after tests for single and perpendicular 

structures. Contour profiles in [cm] with respect to flume bottom [dm]. Bed level zero 

represents no scouring. Positive values (light) are areas of deposition and negative values 

(dark) areas of scouring (Paper VI). Reprinted with permission from IAHR. 

 

Fig. 25. Underminer structure in a brook environment. 

transition zone after the structure, angle to the flow and spacing. The optimal 

spacing is 2 to 3 channel widths. 

In field conditions, the optimum design for the underminer structure should 

consider two main parameters: i) maximum benefits to the aquatic habitat by 

creating a large scour hole, and ii) optimising the spacing between the individual 
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structures. The scour holes provide shelter and cover in silted-up sections of 

brook channels. Cost-effectiveness is also important. Results strongly suggest that 

underminer is effective restoration method for siltated forest brooks.  
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7 Conclusions and proposal for future studies 

Understanding of erosion and sediment transport conditions and processes, and 

variations in these over time and space in peat drainage areas, is essential to 

achieve effective water protection at peatland drainage sites. This section 

summarises the results and knowledge obtained in Papers I-VII and identifies 

areas for future research in order to provide inputs to scientific understanding and 

practical demands on erosion and sediment transport issues in drained peatland 

catchments.  

Direct erosion and transporting forces result from intensive storm flows, 

which erode material from the soil surface in peat mining areas or from the 

drainage channel base and side walls in peatland forestry areas. In-channel 

processes are important for both these peatland uses, since the drainage network 

often constitutes temporary inter-storm storage for eroding and transporting 

material. The sediment properties determine the bed sediment erosion sensitivity 

as fluffy organic peat sediment consolidates over time. As flashiness and peak 

runoff are the main process controlling sediment entrainment and transport from 

drained peatland areas, water quality management should include peak runoff 

management.  

Controlling peak runoff is a key to effective water quality management in 

drained peatlands. Such control can be achieved using the PRC method in 

drainage areas or by utilising natural fluvial processes in natural channels 

downstream. Installation of structures controlling peak runoff (PRC method) is a 

useful and cost-effective method. These structures store storm runoff waters 

temporarily in the ditch system and provide a retention time for eroded sediment 

to settle to the ditch bed and drainage network. The main effect of the method is 

on SS and SS-bound nutrients. In addition, preventing erosion in the drainage 

network decreases the effects on downstream watercourses. The PRC method can 

be successfully employed at peat harvesting sites and in boreal peatland forestry 

conditions when guidelines are followed and appropriate dimensions used.  

Sediment transport from drainage areas can be managed in small natural 

forest brooks, which may have been silted with inorganic or organic sediment. 

Addition of underminer structure to the channel was found to be effective and 

simple sediment management methods in headwater areas.  

New information provided in this thesis on sediment erosion and transport 

processes in drained peatland areas can help to improve water quality control in 

these areas. It is important to emphasise the novelty of this work. Previously no 
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reliable scientific data existed on sediment properties and the implementation of 

the PRC methods in peatland drainage areas. This study provides critical baseline 

evidence and understanding which will underpin future work in this area. 

Proposal for future studies 

Based on results presented in this thesis, some future studies are proposed as a 

continuation of study themes. 

1. Headwater erosion and sediment supply in peat-dominated catchments. An 

important context for understanding erosion and sediment processes is 

knowledge of the distribution of processes in time and space in more details. 

In drained peatland catchments, research is needed on the proportions of 

different sediment sources (e.g. bank collapse, weathering) and their effects 

on total sediment yield. Procedures and conditions that bring about temporal 

and spatial variation in these processes, e.g. downcutting, undercutting, 

groundwater seepage, root level, changes in soil type, need more research. 

The combined effects of forest management operations and different 

catchment characteristics should also be examined. Finally, there is very little 

existing experimental evidence on the mechanics of sediment transfer to 

channels and in first order streams.  

2. Organic sediment properties. Such properties need to be studied in more 

detail to determine the erosion and deposition behaviour of sediments in peat-

dominated catchments. Important parameters to assess include critical shear 

and settling velocity for natural sediment mixtures, bed armouring and 

consolidation, desiccation and association of biofilms. Furthermore, SS-

bound nutrients and their role in adsorption, dissolution and transport of bed 

sediments and their bioavailability need further study.  

3. Role of organic suspended solids (SS) in total organic carbon (TOC) cycle at 

catchment unity. Processes affecting e.g. the transfer from particulate organic 

carbon (POC) to dissolved organic carbon (DOC) require more detailed 

studies combined with catchment monitoring.  

4. Overall sediment yield from drained peatland catchments. Overall yield 

should be quantified with classification of different catchment types and their 

effects on loads. The role of sediment sources and storage needs to be 

understood and sediment transit time routed from drainage areas down to 

downstream reservoir.  
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5. Modelling of erosion and transport of organic material and routing to 

downstream location. Better modelling methods that take into account the 

uncertainty and stochastic nature of erosion are required. Such models could 

be used to predict erosion and/or calculate the role of SS on total load from 

large drainage areas and catchments. Some simple risk models have been 

developed (Leinonen 2009, Tuukkanen 2010). However, a more process-

based approach is needed. Difficult factors to resolve are: i) the small size of 

drainage areas; ii) the heterogeneity of the flow network; and iii) the 

stochastic nature of erosion processes and transport. Three aspects should be 

included in modelling: i) flow model; ii) erosion model; and iii) transport 

model, which should be combined to one common model environment.  

6. The role of peak runoff control (PRC) method at whole catchment level More 

measurements, routing and modelling are needed to answer open questions 

such as: i) how temporary water retention affects runoff peaks in downstream 

areas; and ii) how downstream water protection structures such as overflow 

fields benefit from lower runoff peaks.  

7. The hydraulics of small headwater natural systems and artificial drain 

networks. Knowledge of how flow behaves: i) in drains e.g. cross-sections 

and extreme events; ii) in natural peat channels, e.g. geomorphology, 

variations in sediment transport, groundwater linkage, would help to develop 

better models, understanding and management in these areas. 

The research needs and their place in drained peatland catchment systems are 

summarised in Fig. 26.  
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Fig. 26. Schematics of sediment movements in drained peatland catchments and 

research needs for sediment yield quantification.  

These future studies could be carried out in combined laboratory and field 

experiments together with modelling. Many of these research issues require large-

scale studies and several years of field measurements to quantify and qualify the 

overall and general patterns of process variations. Such long-term field studies are 

particularly important in detecting future alterations in peatland hydrology and 

water quality as a result of climate change.  

Present thesis provides excellent starting point and base information for these 

topics, which need further research in future.  
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