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Theories and empirical analysis of the impacts of anthropogenic disturbance
University of Oulu Graduate School; University of Oulu, Faculty of Technology
Acta Univ. Oul. C 661, 2018
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Peatland drainage affects about half the peatland area in Finland. Drainage changes natural
peatland hydrology and affects water quality through effects on peat decomposition,
mineralization, and enhanced mobilization. Runoff water from degraded peatlands transports
metals and nutrients and impairs downstream water quality. Peatland restoration through drain
blocking can reverse or minimize the negative effects and return degraded peatlands to their
natural state over time. In this thesis, a before-after-control-impact study was applied at national
scale to 44 boreal peatlands representative of a south-north boreal climate gradient, to study
peatland watertable and pore water quality responses to drainage and restoration. Runoff
dynamics, watertable levels, and associated characteristics were studied after peatland forestry
drainage and subsequent restoration at seven sites.

Analysis of watertable-related hydrological responses of 24 drained and restored sites and 19
undisturbed control sites revealed that restoration generally returned watertable levels and
fluctuations at restored sites to near-undisturbed levels. This created favorable high-watertable
conditions under which peatland species typically flourish. Examination of drainage/restoration
effects on local geochemical conditions by studying pore water quality at the same sites revealed
that, compared with undisturbed sites, forestry drainage increased dissolved organic carbon
(DOC), total phosphorus (Ptot), and total nitrogen (Ntot). Nutrient concentrations continued to
increase in the first year after restoration because of significant peatland disturbance, but DOC and
nutrient concentrations declined to near-undisturbed levels over time. Watertable level, soil and
air temperature, peatland class, and trophic level influenced pore water quality. An investigation
of catchment-scale runoff processes in response to drainage and restoration revealed the
complexity of runoff dynamics in peatlands. The amount of event runoff water varied between
sites, but disturbed sites had higher mean runoff efficiency than undisturbed sites. Raising the
watertable increased mean runoff efficiency compared with drained and undisturbed control sites,
as shown by higher mean event runoff coefficient. In periods of no rainfall, low flow in all
treatment conditions (disturbed, restored, undisturbed) was similar. During rainfall, the drainage
networks at disturbed sites created short flow paths and water reached the outlets faster.
Watertable-related storage (i.e., specific yield) at disturbed sites was significantly smaller than at
other sites, but restoration raised the watertable to near-undisturbed levels into the layer of less
decomposed and significantly higher specific yield.

Comparing the success of restoration against peatland ecological functions revealed some
improvements to restoration techniques that could improve restoration efficiency. However, better
hydrological indicators of peatland disturbance are needed.

Keywords: dissolved organic carbon, drainage, hydrology, nutrients, restoration





Menberu, Meseret Walle, Turvevaltaisten valuma-alueiden hydrologia: ihmis-
toiminnan vaikutusten vasteiden tulkintaa ja teoriaa. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. C 661, 2018
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Suomessa on ojitettu iso pinta-ala turvemaita. Ojituksen seurauksena turvemaiden hydrologia on
muuttunut ja valumavesien laatu heikentynyt orgaanisen aineksen hajoamisen, mineralisaation ja
ravinteiden liikkeellelähdön seurauksena. Valumavedet sisältävät usein metalleja ja ravinteita,
jotka heikentävät alapuolisten vesistöjen laatua ja ekologista tilaa. Turvemaiden ennallistaminen
ojia tukkimalla tai patoamalla voi vähentää näitä haitallisia vaikutuksia ja palauttaa suoekosys-
teemin luonnollisen toiminnan ajan saatossa. Tässä väitöstyössä hyödynnettiin kansallista soi-
den ennallistamisen monitorointiverkostoa, jossa on vedenlaadusta, valunnasta ja vesipintojen
korkeudesta aineistoa ennen ja jälkeen soiden ennallistamisen sekä vastaavaa aineistoa luonnon-
tilaisilta vertailualueilta. Tämä aineisto mahdollisti ojituksen ja ennallistamisen hydrologisten
vaikutusten tutkimisen ”Ennen-Jälkeen-Kontrolli” – asetelmalla. Tutkimuksessa oli 44 tutkimus-
kohdetta, jotka edustivat kattavasti Suomen eri ilmastovyöhykkeitä. Näistä seitsemällä kohteella
tutkittiin myös valunnan muodostumisen dynamiikkaa turvemetsätalousmailla, ennallistetuilla
soilla sekä luonnontilaisilla soilla.

Tutkimuksen havaittiin, että ennallistamisen seurauksena vesipintojen taso ja vaihtelu palau-
tui (24 kohdetta) lähelle luonnon tilaa (19 kohdetta). Tulos osoittaa, että kunnostus mahdollistaa
suoekosysteemille tyypillisten kasvien palautumisen. Vedenlaatuun liittyvät selvitykset sen
sijaan osoittivat, että ojituilla alueilla liuennut orgaaninen hiili (DOC), kokonaisfosfori (Ptot) ja
kokonaistyppi (Ntot) pitoisuudet olivat korkeita huokosvesissä. Ravinnepitoisuudet kohosivat
edelleen ensimmäisenä vuotena ennallistamisen jälkeen, sillä varsinaiset ennallistamistoimet
(puiden kaato, ojien tukkiminen) aiheuttivat häiriötä alueella. Tästä huolimatta DOC ja ravinne-
pitoisuudet laskivat lähemmäksi luonnontilaisia vertailualueita seuraavina vuosina. Aineiston
perusteella, vesikorkeus, maaperän ja ilman lämpötila, suotyyppi ja suon ravinnetaso vaikuttivat
veden laatuun. Valunnan vasteet valuma-alueella osoittivat monimutkaisia valunta-sadantapro-
sesseja turvemailla. Nuoren veden osuus valunnasta sateiden jälkeen vaihteli suuresti tutkimus-
kohteilla, mutta ojitetuilla/myöhemmin ennallistetuilla kohteilla oli keskimääräistä suurempi
valunnan osuus kuin luonnontilaisilla vertailualueilla. Vesikorkeuden nosto ennallistuksessa lisä-
si valunnan määrää verrattuna ojitettuun tilanteeseen tai luonnontilaiseen tilanteeseen. Ajanjak-
soilla, ilman sadantaa, valuntaprosessit olivat hyvin samankaltaiset ojitetuilla ja myöhemmin
ennallistetuilla sekä luonnontilaisilla vertailualueilla. Sateiden jälkeen ojaverkosto muodosti
lyhyitä virtausreittejä ja viipymää valuma-alueella. Vesivarastoa kuvaava ominaisantoisuus oli
ojitetuilla aluilla merkittävästi heikompi kuin luonnontilaisilla kohteilla. Ennallistaminen veden-
korkeutta nostamalla sen sijaan näkyi merkittävästi korkeampana ominaisantoisuutena. Tätä
selittää heikommin maatunut turvekerros suon pinnalla.

Työn tulokset edistävät tietoa suokunnostuksen hydrologiasta. Tuloksia voidaan käyttää arvi-
oimaan ja suunnittelemaan soiden ennallistamisen toimenpiteitä ja vaikutuksia.

Asiasanat: hydrologia, liuennut orgaaninen hiili, ojitus, ravinteet, soiden
ennallistaminen
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Sy Specific yield 

Tair Atmospheric temperature 

TB Runoff base time 

TL-1 Runoff lag time 

TL-2 Watertable lag time 

TP Time to peak runoff 
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WT Watertable  
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1 Introduction  

1.1 Peat resources and use 

This thesis examined peat-dominated catchments in representative peatland areas 

in the boreal zone of Finland. Peat was defined as any soil material with a content 

of at least 30% by mass of dead organic matter (Joosten & Clarke 2002) or organic 

matter with less than 20-35% mineral content (Turetsky et al. 2015). Peat deposits 

form when organic matter decays slowly or partly and rapidly accumulates under 

favorable waterlogged conditions (Holden et al. 2004). These processes and 

conditions have created peatlands that cover about 3% (400 million ha) of the total 

land surface of the planet (Greenup et al. 2000), most of which (about 87%) are 

found in the northern hemisphere (Strack 2008). Peatlands in Finland are estimated 

to cover about 30% (9.15 million ha) of the total land area (Turunen 2008). 

Peatlands are an intermediary that connects terrestrial and aquatic environments 

(Fig. 1), and they play a significant role in regulating the hydrological, ecological, 

and biogeochemical functions of the entire ecosystem (Joosten & Clarke 2002, 

Krüger et al. 2015, Mitra et al. 2005).  

Peatlands provide unique biodiversity and ecosystem functions (Kadlec & 

Wallace 2008). They store approximately one-third of the global soil carbon pool, 

mainly in boreal and subarctic peatlands (Yu et al. 2010). As a result, peatlands play 

a significant role in the global carbon cycle. In addition, peatlands are used in many 

countries for forestry, agriculture, and as a source of energy (peat mining) to 

generate greater revenue, although this compromises the carbon sequestration 

capacity and ecosystem functions of peatlands. Of the total peatland area in Finland, 

53-55% is used for forestry and agriculture (Marttila & Kløve 2010, Turunen 2008), 

only about 2% for energy production (peat extraction), which generates about 6% 

of the nation’s energy need (Heikkilä et al. 2012), and about 0.8% for agricultural 

purposes (Turunen 2008). The forest industry in Finland generates about one-fifth 

of the country’s national export income and is about 10-fold higher than the forest 

export income of other countries in the world (Finnish Ministry of Agriculture and 

Forestry 2010). Peatland forestry areas produce a significant proportion of the 

biomass needed by industries in Finland.   
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1.2 Peatland disturbance 

Utilization of peatlands for a variety of human needs requires suitable drainage 

networks. Although utilization of peatlands generates high economic benefits, it 

could bring significant disadvantages to the environment at local (surrounding 

ecosystem) and global scale (e.g., carbon balance). Changes in land use due to 

human exploitation of land resources are a major factor in the loss of biodiversity 

at global scale (Lehosmaa et al. 2017).  

The vast majority of peat degradation or depletion in the world is due to 

drainage of peatlands for forestry (Ramchunder et al. 2012). Anthropogenic 

disturbances affect about 56-80 million hectares (14-20%) of the peatlands on Earth 

(Strack 2008), of which 15 million hectares are located in boreal and temperate 

regions (Koskinen et al. 2011). In the 1950s, roughly 8.8 million hectares of Finnish 

peatland were undisturbed and only about 1.4 million hectares were drained 

(Turunen 2008). However, drainage work for forestry began soon afterwards and 

reached its peak during the 1960-1970s and again in the past two decades, with 

almost half the total peatland area in Finland (or about 4.7-6.0 million hectares) 

now being affected by drainage (Fig. 2a), primarily for forestry purposes 

(Paavilainen & Päivänen 1995, Similä & Aapala 2014). Peatland forestry 

represents a significant proportion (~20% by area) of all Finnish forestry (Rikala 

2003). However, many drained peatland areas have failed to produce sufficient tree 

growth and have been classified as low productive sites. They are now regarded as 

potential areas for peatland restoration purposes. 

1.3 Physical and hydraulic implications of peat disturbance  

Degree of decomposition has a significant effect on the physical and hydraulic 

properties of peat (Kechavarzi et al. 2010). Peatland drainage increases 

decomposition of peat soils (Paavilainen & Päivänen 1995). Waterlogged natural 

peatland conditions are poor in oxygen and such conditions allow more peat 

formation than decomposition. However, drainage creates aerobic conditions and 

favors peat decomposition over accumulation. Peatlands under undisturbed 

conditions typically have high total porosity, low bulk density, and high organic 

content, and the peat material typically responds by swelling and shrinking when 

subjected to wetting and drying (Rezanezhad et al. 2016). However, following 

drainage, loss of larger pores occurs due to the lowered watertable. This in turn 

results in collapse of the upper peat layer, causing shrinkage above the watertable 
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(Holden et al. 2004, Silins & Rothwell 1998) and compression below the watertable 

(Price & Schlotzhauer 1999). This increases the mean bulk density of peat 

significantly within a short time (Holden et al. 2004). These physical changes in 

the peat hasten the release of saturated water and cause significant peat moisture 

content fluctuations, which in turn cause rapid drying of the whole peat mass and 

more shrinkage (Holden et al. 2004). The rate of shrinkage in peat soils increases 

with soil dryness (Oleszczuk et al. 2003), and alters the weight and volume of peat 

(Oleszczuk & Brandyk 2008). These changes decrease the high porous acrotelm 

layer and increase compaction of the more decomposed catotelm layer of peatlands.  

Furthermore, the buoyant force of water, which supports the upper living peat 

layer, can be lost following watertable decline after drainage. This transfers the 

weight of the upper peat layer it formerly supported to the underlying layer (below 

the phreatic zone) and causes compression (Gebhardt et al. 2010). Lowered 

watertable after drainage also establishes aerobic conditions in the peat layer and 

increases aeration, resulting in higher peat oxidation rates (Baird et al. 2017) that 

can cause long-term irreversible subsidence of peatlands (Zanello et al. 2011). For 

example, in the Sacramento-San Joaquin River Delta of California, drainage-

induced peat soil decomposition is reported to be the main cause of land subsidence 

and threatens to compromise water quality in the area (Ingebritsen et al. 2000).  

A study on a drained peatland used for forestry in north-central Alberta, Canada, 

found that the mean bulk density of the top 40 cm peat layer increased by about 63% 

seven years after drainage, and that significantly decreased both the saturated and 

unsaturated peat hydraulic conductivities (Silins & Rothwell 1998). Increased bulk 

density after drainage also decreases the specific yield of peatlands (Mustamo et al. 

2016, Price 1997). This results in large watertable fluctuations in disturbed 

peatlands, as opposed to near saturation and mildly fluctuating watertable 

characteristics of undisturbed peatlands due to higher specific yield values 

(Kettridge et al. 2015). The hydrological response of peatlands with low specific 

yield values can be flashy, and they are prone to deep watertable levels under 

disturbed conditions (e.g., drainage) and/or during drought. In contrast, the high 

specific yield values of undisturbed peatlands can regulate the hydrological 

response, so that the position of the watertable does not drop to the more 

decomposed peat layer unless water is lost by drainage or other means, e.g., wildfire 

(Sherwood et al. 2013). Peatland disturbance immediately affects the position of 

the watertable, and hence specific yield could be a suitable parameter to estimate 

disturbance-related watertable dynamics, as it largely simplifies the complex 



20 

interactions between watertable, soil, vegetation, and the atmosphere (Logsdon et 

al. 2010). 

1.4 Hydrological implications of peatland disturbance 

Peatlands are highly sensitive to land use- or climate change-induced hydrological 

regime changes (Holden et al. 2004). The physical and hydraulic changes in peat 

that occur after drainage significantly alter peat hydrology (Gao et al. 2015) and 

create a hostile living environment for peat-forming species (Ketcheson & Price 

2011, Kopp et al. 2013, Rochefort & Lode 2006), which typically require near-

surface, stable watertable conditions (Holden et al. 2004). Drainage modifies the 

water circulation system within the peat and consequently alters the water-holding 

capacity and the amount of water leaving the system (Landry & Rochefort 2012). 

Subsurface flow dominates the runoff generation mechanism in drained peatlands, 

mainly due to lowered watertable conditions compared with surface flow 

dominated undisturbed pristine peatlands (Holden et al. 2006). 

The effects of drainage and subsequent restoration on peatland hydrology have 

not yet been fully documented or elucidated. Increased runoff immediately 

following restoration can be expected, due to dewatering of stored water. Thereafter, 

peatlands undergo a variety of changes (e.g., loss of buoyancy that causes stress to 

underlying peat) and over time settle to a new hydrological regime. Once the peat 

settles to the new conditions, the effect of drainage and restoration on runoff can 

be site-specific due to variations in e.g., catchment connectivity (controls 

groundwater inflows) and forest density (controls evapotranspiration). Increased 

infiltration and fluxes through the soil after drainage alter the hydrological 

conditions in peatlands (Burt 1995). After drainage, peaky runoff hydrographs and 

shorter lag times have been reported for blanket peats (Ballard et al. 2012, Holden 

et al. 2004) and small moorland catchments (Robinson 1985), but no change in the 

annual runoff efficiency has been observed. 

Some general effects of drainage (increased drainage density) on runoff 

processes have been identified, e.g., changes in the shape and size of runoff 

hydrographs (Hack 1957) and watertable decline (Haapalehto et al. 2011). In 

particular, rapid decline of the watertable (Fig. 1b) and faster runoff are immediate 

effects of peatland drainage (Paavilainen & Päivänen 1995). However, due to the 

heterogeneous nature of the peat soil matrix and other factors such as position of 

peatlands within the catchment, microrelief, slope, and vegetation cover, 

hydrological processes in peatland are generally complex and introduction of 
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drainage networks complicates the issue even more over time. This could be one of 

reasons why previous studies report conflicting results (Holden et al. 2004), 

especially with regard to the effect of drainage on temporary storage and peak 

runoff (Table 1). Most studies seem to agree on the effect of peatland drainage in 

increasing annual runoff amount (Holden et al. 2006, Paavilainen & Päivänen 

1995), although some studies report otherwise (Lundin 1988, Starr & Päivänen 

1981). 

Table 1. Reported trends in peatland drainage effects on temporary storage, peak runoff, 

and annual runoff amounts (Holden et al. 2006, Holden et al. 2004, Iritz et al. 1994, Lundin 

1988, Paavilainen & Päivänen 1995, Starr & Päivänen 1981). Most information reprinted 

with permission from SAGE publishing. 

Study Temporary storage Runoff peak Annual runoff 

Lewis (1957)  – + + 

Oliver (1958)  
 

+ 
 

Howe & Rodda (1960)  
 

+ + 

Conway & Millar (1960)  – + + 

Mustonen (1964)  
 

+ 
 

Burke (1967)  + – + 

Howe et al., (1967)  
 

+ + 

Baden & Egglesmann (1970)  + – 
 

Institute of Hydrology (1972)  
 

+ + 

Moklyak et al., (1975)  +  & – +  & – +  &  – 

Heikurainen (1968)  + – 
 

Ahti (1980)  – + 
 

Robinson (1980, 1986)  – + + 

Newson & Robinson (1983)  
 

– + 

Guertin et al., (1987)  
 

+ 
 

Gunn & Walker (2000)  – + + 

Holden et al., (2006) 
  

+ 

Paavilainen & Päivänen (1995) 
 

+ + 

Lundin (1988) 
  

– 

Starr & Päivänen (1981) 
  

– 

Iritz, Johansson, & Lundin (1994) 
 

– 
 

+ increase, – decrease 

1.5 Hydrochemical implications of peatland disturbance 

Peatlands of the boreal and subarctic peatlands alone store about 30% of the global 

soil carbon pool (Yu et al. 2010). This important global and local service of 
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peatlands is being compromised due to increased human exploitation of peat 

resources. Drainage can significantly affect runoff and soil water quality. Peat 

drainage speeds up dewatering of the peat layer and increases peat aeration, which 

promotes microbial processes (Holden et al. 2004), in turn causing rapid 

decomposition and mineralization of the peat layer (Haapalehto et al. 2011). This 

consequently alters peatland vegetation pattern (Talbot et al. 2010) and causes 

carbon stocks in peatlands to decline due to heterotrophic soil respiration (Laine et 

al. 2011, Minkkinen et al. 2007). All of these changes contribute to microbial 

immobilization and increase the concentrations of total nitrogen (Ntot) and 

phosphorus (Ptot) (Martini et al. 2007, Sundström et al. 2000). Moreover, they 

increase carbon losses and result in brownification of water. For example, water 

from drained upland blanket peatland sites in the United Kingdom is reported to be 

significantly higher in dissolved organic carbon (DOC) concentrations and degree 

of soil water discoloration than water at undisturbed pristine sites (Wallage et al. 

2006).  

In natural peatlands, microbial immobilization and plant uptake balance 

nutrient mineralization and reduce leaching of nutrients and suspended solids 

(Kløve 2001). However, drainage of peatlands causes quick release of carbon to the 

atmosphere and leaching of nutrients to downstream water bodies (Holden et al. 

2004), due to enhanced organic matter decomposition and altered hydrology. 

Peatland drainage increases oxidation of organic matter and changes peatlands 

from carbon sinks to carbon sources (Holden et al. 2004) and increases release of 

CO2 to the atmosphere (Joosten 2009). Most studies seem to agree on increased 

CO2 emissions after drainage (Miettinen et al. 2017, Strack 2008). However, some 

studies argue that drainage does not necessarily increase release of carbon to the 

atmosphere and report increased carbon storage and density after drainage due to 

flow of organic carbon from tree stands to the peat (Domisch et al. 1998, Minkkinen 

& Laine 1998).  

In drained peatlands, lowered watertable promotes runoff in the deeper 

decomposed peat layer, unlike in pristine peatlands (Holden et al. 2006). This often 

increases the risk of nutrient and metal leaching (Holden et al. 2004, Wieder & Vitt 

2006). In drained conditions, where the watertable is mostly deeper, the peat 

microbial community acclimatized to saturated conditions (before disturbance) 

may die and use of DOC by microorganisms may decline. This also favors DOC 

accumulation in the peat and a subsequent climate (e.g., rainfall event)-induced 

unexpected watertable rise or greater watertable fluctuation could remove the DOC 

from the peat and transport it to drains with runoff water (Landry & Rochefort 
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2012). An increase in DOC flux (of about 60%) following peatland drainage is 

reported in a recent review of 15 published studies (Evans et al. 2016). Leaching 

of metals, nutrients (nitrogen and phosphorus), DOC and suspended solids affects 

the water quality of downstream water bodies (Armstrong et al. 2010, Holden et al. 

2004, Marttila & Kløve 2010, Prévost et al. 1999). This in turn affects water color, 

taste, esthetic values, and food safety, as the presence of peatland pollutants in 

potable water could be hazardous to human health (Lambert & Graham 1995) and 

to aquatic flora and fauna, e.g., eutrophication blocks light and disturbs the 

photosynthesis process in aquatic plants (Kauppila & Bäck 2001, Landry & 

Rochefort 2012). Disturbance of photosynthesis in submerged aquatic plants cause 

oxygen deficiency and a rise in hydrogen sulfide content in sediment, which is 

damaging for aquatic fauna and leads to destabilization of aquatic biodiversity 

(Kauppila & Bäck 2001, Landry & Rochefort 2012).    

1.6 Peatland restoration 

During the past decade, anthropogenic disturbances have deteriorated the natural 

functions of peatland and surrounding ecosystems, and there is now growing 

interest in restoring and improving the natural functions of peatlands through 

reversing drainage (Martin-Ortega et al. 2014, Wallage et al. 2006). This is typically 

done by completely infilling (Fig. 1c; Fig. 3a, 3b) and or damming (Fig. 3c, 3d) 

drainage ditches. Restoration in Finland today typically involves drain damming, 

because there is often a shortage of available material (lack of ditch-digging spoil) 

to fill in all the ditches (Aapala et al. 2013). In Finland, Parks & Wildlife Finland 

(Metsähallitus) restored about 25 881 hectares of state-owned peatlands between 

1989 and 2017 (Fig. 2b).  

It has been shown that peatland restoration by drain blocking or damming 

improves some functions of degraded peatlands. Restoration rapidly raises the 

watertable (Haapalehto et al. 2014, Haapalehto et al. 2011) and reduces its 

fluctuations (Bruland et al. 2003) to levels observed at undisturbed pristine sites, 

successfully reduces DOC and soil water discoloration (Wallage et al. 2006), and 

reduces suspended sediment loads and prevents further decline in water quality 

(Martin-Ortega et al. 2014). Although it requires more recovery time, some of the 

typical peat vegetation can recover in the years after restoration, accompanied by 

loss of vegetation that was promoted by drained conditions (Haapalehto et al. 2011). 

The recovery of peatland vegetation following restoration can probably revive the 

globally important carbon sink properties of degraded peatlands over time 
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(Waddington et al. 2010) and reduce leaching of DOC in the long term. However, 

it could also temporarily increase nitrogen and phosphorus leaching, for up to five 

years (Haapalehto et al. 2014). 
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Fig. 1. Conceptual diagram showing general hydrological characteristics of (a) 

undisturbed pristine, (b) disturbed (drained), and (c) restored peatlands. 
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Fig. 2. (a) Peatland area drained by different stakeholders in Finland during the period 

1950-2000 (Rikala 2003) and (b) restoration in state-owned protected areas during the 

period 1989-2017 (Similä & Aapala 2014), updated). Reprinted with permission from 

University of Helsinki, Metsähallitus, and Finnish Environment Institute SYKE.  

 

Fig. 3. Two typical methods of peatland restoration: (a) Infilling the entire ditch and (b) 

condition of peatland after infilling (photos: Philippe Fayt). (c) and (d) Drain blockage 

by damming (Illustrator: Tupu Vuorinen). Reprinted with permission from Metsähallitus 

and Finnish Environment Institute SYKE. 

1.7 Outline and objectives of the study 

In general, there is lack of global consensus or a relatively incomplete 

understanding of the hydrological and hydrochemical properties of peatlands due 

to their complex nature and spatial heterogeneity. Disturbance of peatlands further 
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complicates their complex nature. Drainage and subsequent restoration affect the 

hydrology and water quality of peatlands in a variety of ways that are not yet well 

documented and understood. Some of the effects of drainage and/or restoration on 

hydrological and hydrochemical properties have been identified. However, these 

effects vary from site to site due to variations in peat type, drainage density, and 

restoration methods. Restoration usually has a significant instant impact on 

hydrology (typically on the watertable), but water quality improvement requires a 

longer stabilization time. Hence, large-scale (e.g., national-scale) studies that cover 

more of the spatial variations in peatlands are very important. As mentioned in 

section 1.4, there are conflicting results with regard to runoff processes in peatlands. 

Hence, novel methods or techniques that can characterize peatland runoff 

characteristics and resolve some of uncertainties are required.   

This thesis analyzed a total of 44 sites across Finland that are representative of 

boreal peatlands, using high temporal resolution hydrological and climate data 

(Papers I and II). In addition, catchment-scale hydrological responses of peatlands 

were investigated at seven of these study sites (Paper III). To investigate the effects 

of peatland drainage and subsequent restoration, the following main objectives 

were set for the work: 

– Use commonly available, easily measured, and relatively cheap parameters 

(watertable depth) to develop a reliable method for measuring the effects of 

drainage and subsequent restoration of peatlands from a hydrological and 

ecological perspective. 

– Measure restoration success with regard to the position and dynamics of 

the watertable level required by peat vegetation. 

– Study the effects of drainage and restoration on pore water quality and analyze 

the recovery trajectory of pore water quality. 

– Assess drainage- and restoration-induced sources of pore water quality 

impact by studying the interaction between hydrological processes, 

peatland type, and vegetation gradients (trophic levels) with parameters of 

pore water quality. 

– Assess restoration practices in relation to hydrology and water quality and 

propose improvements where possible. 
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– Identify drainage- and restoration-induced catchment-scale hydrological 

changes and compare hydrological processes in disturbed (drained), drained-

restored (restored), and undisturbed pristine headwater catchments. 

– Analyze runoff dynamics in peatlands in relation to the position of the 

watertable. 

 

Based on the above set of objectives, the following hypotheses were tested: 

1. Before restoration, a degree of self-restoration (e.g., accumulation of eroded 

materials, growth of mosses in ditch beds, etc.) at some drained sites can reduce 

the efficiency of the drainage network and reduce the effects of drainage on 

watertable dynamics. 

a) The peatland sites selected for analysis have variable peat thickness and 

forest density and thus the response of the watertable to drainage and 

restoration will vary between sites. 

2. Lowering the watertable using drainage ditches and raising the watertable by 

restoration (ditch blocking) affect pore water quality due to altered 

biogeochemical, physiochemical, and microbial cycles within the peat. 

b) Pore water quality reflects conditions of the peat that are very important 

for the survival of peat vegetation, and can be used as a proxy to measure 

the well-being of peatland and surrounding ecosystems. 

3. Drainage and restoration have an instant impact on the watertable and this 

results in marked changes in the runoff dynamics of peatlands.  

The above objectives and hypotheses framed the research approaches used in 

Papers I-III, as briefly described below. 

In Paper I, storm event-induced storage change in the saturated zone was 

analyzed, as a proxy for peat-water interaction, to detect drainage- and restoration-

related rapid changes or responses of the peat at 24 previously drained and now 

restored sites and 19 undisturbed control sites. Several novel methods (e.g., 

analysis of watertable hydrograph recession and watertable diurnal fluctuations) 

were deployed to trace all possible drainage/restoration-induced watertable-related 

hydrological changes. Furthermore, the watertable position requirements of typical 

peat species were evaluated in Paper I and were used as a measure to characterize 

restoration success.  
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In Paper II, a before-after-control-impact paired series (BACIPS) design was 

used to study water quality at the 43 peatland sites across Finland studied in Paper 

I. High-quality data on pore water quality parameters (e.g., Ptot, Ntot, and DOC), 

watertable level and climate were obtained for these sites. This study sought to 

increase understanding of the effects of drainage on water quality and the recovery 

trajectory since time of restoration. Hydrological alterations and/or physical 

disturbance during restoration can have negative impacts on pore water quality, 

especially during the first years after restoration. Hence, some of the sources of 

negative impacts associated with restoration were assessed in Paper II. 

In Paper III, catchment-scale hydrological response to input rainfall on drained, 

drained-restored, and undisturbed pristine peatlands was studied by selecting 

several hydrological events using the classical rainfall-runoff event selection 

method and two additional techniques. This approach was selected to reveal some 

of the hydrological parameters that might be hidden or overlooked by the usual 

approach and to help understand better the runoff dynamics of peatlands. 

Overall, the studies on which this thesis is based measured the success of 

restoration against peatland natural functions and sought to identify improvements 

to current restoration techniques which stakeholders might find beneficial in future 

operations. Furthermore, conflicting results on peatland hydrology reported in the 

literature were assessed in light of the results obtained, in order to increase 

understanding of the hydrological dynamics in peatlands. 
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2 Materials and methods 

2.1 Study sites 

A total of 44 peatland sites across Finland were selected for analysis (Fig. 4). These 

sites represent a range of peat spatial variability across the boreal region. As 

mentioned above, 43 of the sites were used in Papers I and II (Fig. 4) and seven 

catchment-scale peatland sites in Paper III (Fig. 5). All sites are part of the Finnish 

Parks & Wildlife Finland monitoring program, which includes 134 sites. 

Hydrological, water quality, and vegetation data were available for the 44 sites used 

in this thesis. The long-term mean annual temperature in south, central, east, west, 

and north Finland is 5.8, 3.6, 3.0, 3.8, and 2.6 °C, respectively, and mean annual 

precipitation is 656, 641, 613, 533, and 513 mm, respectively (Finnish 

Meteorological Institute 2015, Irannezhad et al. 2014).    

 

Fig. 4. (a) Location of the study sites in Finland and (b) peat soil cover (>30 cm peat 

thickness, given as a percentage) in Nordic and Baltic countries (Montanarella et al. 

2006). Reprinted with permission from Wiley. 

Of the 44 selected sites, 25 were drained for forestry in the 1960s-1970s and 

restored during the monitoring period of this study, and the remaining 19 sites were 
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pristine controls. In selection of the control sites, care was taken to ensure that the 

paired study sites before (drained with pristine controls) and after restoration 

(drained-restored with pristine controls) were a close match in terms of peat type, 

vegetation, topography, and weather conditions. Peatland type at the study sites 

ranged from ombrotrophic Sphagnum bogs to rich fens. These were typically 

grouped into spruce mires, pine mires, fens, and rich fens, based on the main 

vegetation characteristics, e.g., species group abundance (Table 2). Based on the 

Finnish peatland classification (Eurola et al. 1995), trophic level was used to 

classify the study sites further into poor (oligotrophic), intermediate (mesotrophic), 

and rich (eutrophic) mires (Table 2). This classification represents the degree of 

minerotrophic influence (pore water pH, electric conductivity, and base cations) of 

indicator species (Eurola & Huttunen 2006, Sjörs 1950, Tahvanainen et al. 2002). 

Although some correlation between trophic level and pH/cation gradient may exist, 

trophic level does not necessarily show nutrient availability or productivity of sites 

(Tahvanainen et al. 2002, Tahvanainen 2004). 

 

Fig. 5. Boundaries of study sites used for the catchment-scale study (Paper III), showing 

peatland area and drainage networks. See Fig. 4 for site location in Finland. Digital 

elevation model (DEM) is in meters. Reprinted with permission from Wiley. 
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Table 2. Peat type, trophic level, and code assigned to the study sites. Reprinted with 

permission from Wiley (Paper II). 

Peatland class  Trophic level Drained/Drained-restored sites Control (C) sites 

Spruce mire  Poor S1, S2, S3 SC1, SC3 

  Intermediate S4, S5, S6, S7 SC4, SC5, SC7 

Pine mire  Poor P1, P2, P3 PC1, PC2 

  Intermediate P4, P5, P6, P7 PC4, PC5, PC6 

Fen  Poor F1, F2, F3, F11 FC1, FC3 

  Intermediate F4, F5, F6, F7 FC4, FC5, FC6, FC7 

  Rich F8, F9, F10 FC8, FC9, FC10 

Peat thickness at the sites varied from 1 to 3 m, but at some sites it was up to 6 m. 

On average, spruce mires had the thinnest peat layer (0.65 m), followed by pine 

mires (1.23 m). Fens had the thickest peat layer, with an average peat thickness of 

1.93 m, as reported by the Ninth National Forest Inventory of Finland (Tomppo et 

al. 2011). Spruce mires have a dense spruce (Picea abies) canopy and presence of 

indicator species such as Vaccinium myrtillus, Rubus chamaemorus, Equisetum 
sylvaticum, and Sphagnum girgensohnii. Pine mires typically have a sparse pine 

(Pinus sylvestris) canopy and often have continuous carpets of peat mosses (e.g., 

Sphagnum angustifolium, Sphagnum magellanicum) and widespread presence of 

dwarf shrubs. Fens are open mires with continuous carpets of oligotrophic 

Sphagnum species and little presence of sedges and herbs. As their name indicates, 

rich fens are species-rich, with many sedges, herbs, brown mosses, and calciphilous 

peat mosses. 

Drainage networks were designed so that spacing between ditches was less 

than 50 m and approximately covered about 60% of the total peatland area at the 

study sites. From the 1990s onwards, clearing of the drainage ditches took place at 

some of the sites to keep them fully functional. In selection of the study sites, great 

effort was devoted to keeping drainage density (except at some sites, e.g., F5), ditch 

depth (average 0.8 m), ditch width (average 1.5 m), and restoration techniques 

fairly comparable, so that the effects from these would be minimal. A few years 

after drainage, NPK-fertilizer is applied as common practice in Finnish peatland 

forestry areas. Surprisingly, during the 1980s and 1990s the sites came under nature 

conservation within the Natura 2000 Network, and were protected as part of the 

national mire conservation program. As a result of this and of the inefficiency of 

drainage ditches for effective tree growth, no commercial logging took place, 

except at sites F1, F2, F4, and F10. Parks & Wildlife Finland carried out the 

restoration, which involved use of heavy machinery (e.g., excavators) to block the 
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ditches. The drainage ditches were filled using peat spoil left in situ during ditch 

excavation and peat dams (spacing ranging from 30 to 50 m, height about 1 m, 

length 6 to 10 m) in order to re-direct the flow of water to the main peat matrix. 

Determining the appropriate distance between peat dams involved taking into 

account the slope of the peatland and the amount of water flow in the ditches. At 

some of the sites, restoration involved removal of trees (if the forest cover was 

dense) to reduce loss of water by evapotranspiration. Depending on the context, the 

terms ‘disturbed’ and ‘drained’ are used interchangeably in this thesis to refer to the 

conditions before restoration. The terms ‘drained-restored’ and ‘restored’ are used 

interchangeably to refer to the conditions after restoration, and the terms 

‘undisturbed control’, ‘pristine control’, ‘undisturbed’, and ‘pristine’ are used 

interchangeably to refer to the control sites. 

2.2 Data collection 

Collection of the data for this thesis were performed in collaboration with Parks & 

Wildlife Finland. Some of the main features of the data collection procedure and 

field set-up used in the work are presented below. 

2.2.1 Hydrological and meteorological data 

A standpipe well of diameter 32 mm and length 1-1.5 m, fully slotted from tip to 

center and equipped with automatic Solinst Levelogger Gold data logging devices, 

was used to record high temporal resolution (15-30 minute interval) watertable data 

during the ice- and frost-free season (May-October) at all study sites. Pore water 

temperature data were collected together with the watertable data. Atmospheric 

pressure fluctuations, recorded using the same automatic data loggers, were 

compensated for during the watertable measurements and the data loggers also 

measured atmospheric temperature within a 15 km radius. The accuracy of 

collected watertable level data was crosschecked using manual measurements once 

a month. The standpipe well at each study site was installed near the center (e.g., 

midway between ditches) of the restoration area or particular peatland, to give 

better watertable representativeness (Fig. 6). The bottom end of the watertable 

standpipe well was kept within the peat layer and between vegetation sampling 

plots where crucial auxiliary vegetation data was collected (Fig. 6). Gridded (10 

km × 10 km) daily rainfall data were obtained from the Finnish Meteorological 

Institute. Furthermore, high temporal resolution (10-minute interval) rainfall 
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measurements were made at five locations (F1, F2, F5, FC5, and F11) using 

tipping-bucket rain gauges (Paper III). For the analysis in Paper III, high temporal 

resolution (15-minute interval) discharge data from sites F1, F2, FC1, F5, FC5, 

F11/1, and F11/2 were also collected, using a 90-degree V-notch weir installed at 

the outlet of the catchments (Fig. 7a). 

 

Fig. 6. Schematic diagram showing measurement and sampling set-ups used for water 

table, pore water quality, and vegetation at each study site. Reprinted with permission 

from Wiley (Paper II). 

2.2.2 Hydrochemical data 

The pore water samples at each study site were collected from a 1-m fully slotted 

standpipe installed within the peat layer and positioned inside the vegetation 

sampling plots near to the watertable measuring standpipe (Fig. 6). During water 

sampling procedure, old water was first removed from the standpipe using a pump 

and an interval of several minutes was left for fresh water to drain into the standpipe 

before water sampling (Fig. 7b). The water samples collected this way represent 

the pore water in the peat layers. Water sampling frequency was on average four 
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times per year and resulted in 966 water samples in total during the monitoring 

period (2008-2014). These pore water samples were analyzed for total 

concentrations of phosphorus (Ptot), total nitrogen (Ntot), DOC, pH, electric 

conductivity (EC), and ultraviolet light absorbance (UV-254 nm). The specific UV 

absorbance (SUVA) was calculated by dividing UV-254 by DOC. Analyses of the 

pore water samples were conducted in accredited laboratories using standard 

methods for: Ptot (SFS-EN ISO 6878: 2004), Ntot (SFS-EN ISO 11905-1: 1998), 

DOC (SFSEN1484: 1997), pH (SFS 3021: 1979), and UV-254 (SFS-EN ISO 7887: 

2012)  

 

Fig. 7. Discharge measuring V-notch weir and pore water sampling at one of the study 

sites. 

2.3 Data preparation for analysis 

Site labeling followed peatland type and drainage status (Papers I and II), e.g., 

drained/drained-restored spruce mire and its pristine control counterpart were 

denoted S1 and SC1, respectively, and pine (P-) and fen (F-) peats were labeled in 

a similar way (Table 3). The analysis in Papers I and II included aggregation of data 

from sites based on peat type and trophic level (Table 2). In Paper III, data from 

study sites F1, F2, F11/1, F11/2, and F5 were aggregated for before (drained) and 

after restoration (drained-restored) and data from pristine sites FC1 and FC5 were 

aggregated and used as a pristine control. 
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Table 3. Study sites and their pristine control counterparts, study period, and date of 

restoration. Reprinted with permission from Wiley (Paper I). 

Site pair Study period Date of restoration Site pair Study period Date of restoration 

S1-SC1 2010–2014 Oct 2011 P7-PC6 2009–2014 Nov 2011 

S2-SC1 2010–2014 Sept 2012 F1-FC1 2009–2014 Nov 2010 

S3-SC3 2008–2014 Jan 2010 F2-FC1 2009–2014 Nov 2010 

S4-SC4 2010–2014 Oct 2010 F3-FC3 2008–2014 Sept 2008 

S5-SC5 2010–2014 Jan 2012 F4-FC4 2009–2014 Dec 2010 

S6-SC5 2008–2014 Oct 2009 F5-FC5 2009–2014 Sept 2011 

S7-SC7 2010–2014 Nov 2011 F6-FC6 2009–2014 Oct 2009 

P1-PC1 2010–2014 Aug 2011 F7-FC7 2010–2014 Sept 2012 

P2-PC2 2009–2014 Oct 2010 F8-FC8 2010–2014 Sept 2011 

P3-PC2 2010–2014 Sept 2010 F9-FC9 2012–2014 Sept 2012 

P4-PC4 2009–2014 July 2011 F10-FC10 2013–2014 Aug 2013 

P5-PC5 2009–2014 Nov 2009 F11/1-FC1 2008–2014 Nov 2011 

P6-PC6 2009–2014 Aug 2011 F11/2-FC1 2008–2014 Nov 2011 

2.4 Watertable dynamics in peatlands  

2.4.1 Watertable analysis before and after restoration (I) 

Three simple methods were employed to assess drainage and restoration effects on 

watertable fluctuations (WTF). 

1. The change in watertable (ΔWT) time series (differences between e.g., WT(f) 

– WT(e), WT(g) – WT(f), etc., see Fig. 8a) and its variance were evaluated. 

2. The watertable hydrograph recession and rising limb slopes were evaluated. 

MATLAB code was used to find the local minimum and maximum, as in Fig. 

8a (e.g., local maximum WT(f) and minimum WT(e)) of the watertable time 

series, and then the slope of the rising (e.g., (WT(f) – WT(e))/(f – e)) and 

recession (e.g., (WT(g) – WT(f))/(g – f)) limb of the watertable hydrograph 

was evaluated.  

3. Following an existing approach (Azous & Horner 2000) shown in equation (1), 

the peak ΔWTmax daily time series was calculated for sampling occasion t as 

follows: 

a) Find the local maximum WT. 

b) Find the local minimum WT by taking the average of two previous minima 

prior to the local maximum WT. 
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c) Subtract (b) from (a) to get ΔWTmax: 

 WTF = WTmax − 0.5(WTmin + WTmin ) (1)

Peat storage gain analysis (I) 

The proportion of water interacted with the peatland (peat water interaction) 

measured by the storage gain (SG), which was calculated using the watertable 

fluctuation method (Healy & Cook 2002) as:  

 SG = Sy(h) × ∆WT (2)

where Sy(h) is specific yield as a function of watertable position (h) and ΔWT is 

rainfall-induced watertable change (e.g., ΔWT = r1+r2+r3+r4) for a specified period 

of time (Fig. 8b). The antecedent watertable recession was extrapolated to the time 

of watertable peak and used as a baseline (Heppner & Nimmo 2005), to minimize 

the effects of the previous storm recession. The master recession curve (MRC) of 

the watertable obtained using the adapted matching strip method was used to 

extrapolate the antecedent watertable recession curves (Posavec et al. 2006). Since 

specific yield varies with the positon of the watertable, specific yield values were 

determined from high temporal resolution (30-minute interval) rainfall and 

watertable data using equation (3). Short duration rainfall events were selected in 

order to minimize the effects of inflow (Qin), evapotranspiration (ET) and outflow 

(Qout) on WT and these values were assumed to be zero. The specific yield value 

was on average 0.14 when watertable was within 20 cm from the surface and 0.09 

when watertable was below 20 cm from the surface. These specific yield values are 

similar to those reported in the literature (Price et al. 2003). The specific yield 

values assigned to the study sites were based on the dominant range of watertable 

fluctuation during the study period (before and after restoration periods). Following 

this, the storage gain coefficient, SGC (SG/rainfall), and storage gain percentage 

difference (SPD) were calculated using equation (4), enabling pre- and post- 

restoration comparisons within and between study sites: 
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Fig. 8. Schematic diagram showing (a) time points used for assessing watertable (WT) 

fluctuation in methods (1) and (2), and (b) schematic diagram showing application of 

master recession curve (MRC) to evaluate changes in watertable height (r1, r2, r3, r4). (a) 

Reprinted with permission from Wiley (Paper I). 

 

 Sy = P + Qin − ET − Qout∆h  (3)

 

 SPD = (SGC − SGC(c))SGC(c) × 100 (4)

where P is rainfall, Qin is inflow, Qout is outflow, ET is evapotranspiration, Δh is 

WT change, SGC is storage gain coefficient for drained or drained-restored, and 

SGC(c) is storage gain coefficient for pristine control sites. Furthermore, drainage 

and restoration effects on watertable hydrograph recession were studied by 

calculating the slopes from peak-to-valley. To compare slopes of watertable 

recession before and after restoration under minimized weather effects, the slope 

absolute difference (SAD) calculated using equation (5), provided a statistically 

powerful before-after-control approach. 

 

 SAD = |Sd/r − Sc| (5)

where Sd/r is slope for drained (d) or drained-restored (r), and Sc is slope of the 

pristine control counterpart. 
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2.4.2 Impact of drainage and restoration on peat-forming species (I) 

The optimum watertable position and range of watertable fluctuation in natural 

mires were determined from a dataset of 278 vegetation plots (each 0.25 m2), by 

considering abundances of bryophyte species as the main criterion (Tahvanainen et 

al. 2002) (Table 4). At each control site, average bryophyte species cover in 10 

vegetation plots, each 1 m2 (Fig. 6), helped to group control sites based on the main 

vegetation type. This was used to estimate the optimum watertable position 

required by bryophyte species at the control sites used in this thesis. The effects of 

drainage and restoration were then assessed using peat species tolerance and 

requirement of watertable position and fluctuation as a scale (Table 4). See Paper I 

for further details. 

Table 4. Minimum (Min), maximum (Max.), and optimum watertable required, and 

watertable tolerance range of dominant mire types in Finland. Reprinted with 

permission from Wiley (Paper I). 

 Watertable (cm) 

Mire type Min. species tolerance Min. Optimum Max. Max. species tolerance 

Poor fens 1.03 5.21 9.39 13.57 17.75 

Intermediate fens 0.97 5.10 9.23 13.37 17.50 

Rich fens 0.99 4.68 8.38 12.08 15.77 

Rich spruce mires -1.85 4.94 11.73 18.52 25.31 

Poor pine mires 2.72 8.95 15.19 21.42 27.66 

Rich pine mires 0.84 5.81 10.78 15.75 20.72 

2.5 Role of peatlands in water quality regulation 

2.5.1 Analysis of pore water quality before and after restoration (II) 

The collected pore water quality data (in total 966 samples from 42 sites) from 

drained, drained-restored, and control sites were analyzed using the statistically 

powerful replicated before-after-control-impact-paired series (BACIPS) design 

(Osenberg et al. 1994, Stewart-Oaten et al. 1986). The analysis was performed: 

– For each pair of study sites. 

– For aggregated pore water quality based on peatland type. 

– For aggregated pore water quality based on trophic level. 

– For all aggregated data (to study post-restoration change in mean water quality). 
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The absolute difference between the control and drained conditions (Δb), and 

between control and drained-restored conditions (Δa), was then calculated for each 

water quality parameter before and after restoration, respectively. The post- 

restoration difference Δa was calculated for two conditions as:  

1. The absolute difference between control and mean water quality in years 2-6 

post restoration, to quantify the mean restoration effect. 

2. The absolute difference between control and drained-restored water quality 

values in each post-restoration year, in order to quantify the recovery trajectory 

of each water quality parameter in each post-restoration year.  

From this, the average effect size (Es) of perturbation (Osenberg et al. 1994) 

was calculated in units of the water quality parameter using equation (6). 

Furthermore, the standardized effect size index (EsI) was calculated, by dividing  

effect size by its standard deviation, for much easier and direct interpretation (see 

Paper II for details). The effect of restoration on pore water quality was an increase 

(rise) or decrease (fall) when effect size was positive or negative, respectively. The 

effect of restoration was further elaborated as small, medium, and large, when EsI 

was 0-0.20, between 0.20-0.50, and >0.5, respectively (Cohen 1977). 

 

 Es = (average of ∆a − average of ∆b) 
          

(6) 

2.5.2 Pore water quality relations with hydrology and temperature (II) 

Statistical methods such as Pearson’s correlation analysis, Random Forest (RF) 

model and principal component analysis (PCA) techniques were used to explore 

the relationships between water quality, hydrology, and temperature. Pearson’s 

correlation analysis was used to assess the influence of antecedent rainfall (PPT), 

atmospheric temperature (Tair), soil temperature (Tsoil), and watertable on pore 

water quality. The antecedent conditions considered for this analysis were: 

– The 1-, 4-, 7-, 14-, and 30- day mean and standard deviation (SD) for Tair, Tsoil, 

and WT. 

– The 1-, 4-, 7-, 14- and 30-day total PPT. 

PCA was used to identify the main patterns of variation in pore water quality 

parameters. The analysis was performed for all aggregated data from all sites, and 

separately for drained, drained-restored, and pristine sites and for poor, 
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intermediate, and rich trophic level. The best explanatory environmental variables 

for water quality variations were assessed using Random Forest models. The 

statistical analyses are explained in detail in Paper II. 

2.6 Catchment-scale hydrology before and after peatland 

restoration (III) 

The effects of drainage and subsequent restoration on catchment-scale (catchment 

area 12-65 ha) runoff dynamics were examined, mainly in relation to watertable 

fluctuations, at seven of the study sites (see Fig. 5 for location). Several 

hydrological events, selected using a three-event selection technique (Approach 1-

3), were used to quantify event-based hydrological parameters (see Paper III for 

details). Daily and high-temporal resolution (15-30 minute interval) hydrological 

data were used. Some of the parameters calculated were: base flow (BF), peak 

runoff rate (PRR), rising runoff coefficient (RC_rising), recession runoff 

coefficient (RC_recession), runoff coefficient (RC), specific yield (Sy), watertable 

rise per rainfall input (WTR), and catchment response time parameters (Fig. 9). 

Furthermore, the instantaneous unit hydrograph (IUH) method was employed for 

analyzing storm response of the study catchments before and after restoration, as 

validation of the other approaches. 

 

Fig. 9. Schematic diagram showing some of the hydrological parameters estimated 

from event rainfall, where TB = runoff base time, PRR = peak runoff, TP = time to peak 

runoff, TR = runoff recession time, TPP = time from peak watertable to peak runoff, TL-
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1 = runoff lag time, TL-2 = watertable lag time, and shaded region represents base flow. 

Reprinted with permission from Wiley (Paper III). 

Using the hydrological parameters calculated, comparisons were made between 

drained sites and pristine control (control-D; data from pristine sites during the 

same period), post-restoration drained-restored and pristine control (control-R; data 

from pristine sites after restoration), and drained and drained-restored conditions.    
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3 Results and discussion 

3.1 Watertable response to drainage and restoration (I) 

The watertable at most of the drained sites studied (22 sites) declined significantly 

after drainage and was significantly lower than observed at the corresponding 

pristine control sites (Fig. 10). However, restoration brought the watertable level 

and its fluctuations close to those observed at pristine control sites (Fig. 10). 

Restoration raised the mean watertable (± standard deviation) at sites with spruce 

(-27 cm ± 16.7), pine (-20.9 cm ± 3.2), and fen (-12.9 cm ± 14.2) to 8.0 cm ± 22.5, 

-3.5 cm ±10.6, and 0.4 cm ± 6.8, respectively, where a negative WT value indicates 

watertable depth below the ground surface and a positive WT value refers to 

watertable above the ground surface. The effect of restoration on the watertable at 

different sites was found to vary from one peatland type to another. The effect was 

stronger on spruce mires (mean WT change = 35.0 cm) than on pine mires (mean 

WT change = 17.4 cm) and fens (mean WT change = 13.3 cm). The Ninth National 

Forest Inventory of Finland reports that spruce mires used for forestry have 

shallower peat than afforested pine mires and fens (Tomppo et al. 2011). Hence, 

variations in forest density and peat thickness could be the primary reasons for 

differences in watertable response to drainage and restoration between sites. A 

correlation between peat depth and watertable variability has been reported 

previously for sites with similar drainage density (Berry & Jeglum 1991), and hence 

could affect the watertable response properties of sites. The other reason is that 

there is more water throughflow per unit area in minerogenic spruce mires than in 

pine mires and fens, which can contribute to variations in watertable response. 

Identifying variations in watertable response to drainage and restoration, and 

reasons for these variations, would help to improve future restoration techniques. 

3.1.1 Peat storage gain and watertable fluctuations (I) 

The rising limb of the watertable hydrograph shows storage gain (recharge to WT) 

and the recession limb characterizes the combined effects of discharge, storage, and 

evapotranspiration (Tedd et al. 2012). Peatland ecosystems require a shallow 

watertable, but are also affected by the amplitude of watertable fluctuations (WTF). 

Hence, understanding the amplitude of WTF is as important to peatland ecosystems 

as the watertable level. Before restoration, the WTF at drained sites was 
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significantly higher than observed at the pristine sites, indicating large temporary 

storage gain and rapid change in water storage. However, analysis of the variance 

in WTF showed that restoration brought the WTF back near to that at pristine 

control sites (see Paper I for detailed results and discussion). The amplitude of WTF 

controls the temporary and long-term water storage gain of peatlands during storm 

events. Before restoration, the majority of drained sites (18) had larger temporary 

storage gain (larger SGC values) than the situation after restoration at drained-

restored sites (smaller SGC values), in which restoration changed high-amplitude 

WTF (before restoration) to mild WTF conditions after restoration, resulting in 

lower SGC (Fig. 11). Examination of WTF and watertable hydrograph recession 

slopes (see Paper I) demonstrated that restoration had indeed brought back 

watertable dynamics back near to those at pristine control sites (Fig. 12). 

   

Fig. 10. Mean difference in watertable (WT) depth between paired sites (e.g., mean WT 

level at S1 – mean WT level at SC1) both before and after restoration. Reprinted with 

permission from Wiley (Paper I). 
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3.1.2 Watertable fluctuations in relation to peat species requirements 
(I) 

The primary aim of the restoration network described in this thesis was to re-

establish shallow watertable conditions at formerly drained, now restored, sites to 

the levels observed at pristine control sites. This is because watertable level is a 

significantly important environmental variable that plays a major role in dictating 

species composition of peatland communities in mire restoration areas (Maanavilja 

et al. 2015). Although re-establishing healthy and fully functional ecosystems after 

years of disturbance could take decades, regaining high and stable watertable 

conditions is important for peat vegetation recovery and is a stepping-stone towards 

improved ecosystem conditions. 

 

Fig. 11. Watertable response to rainfall events expressed as temporary storage gain 

coefficient (SGC) at each drained and drained-restored site. Reprinted with permission 

from Wiley (Paper I). 

In this thesis, the majority of spruce and pine mires and fens before restoration had 

watertable levels below their vegetation-derived watertable threshold (see Table 4). 

In contrast, at their pristine control counterparts, watertable levels were above the 

threshold required by vegetation, as revealed by WTF duration curve analysis 
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(Table 5). Restoration returned the WTF to within the vegetation-derived 

watertable threshold at most study sites, but the watertable was above the ground 

surface for about 12-40% of the monitoring period at about 10 sites (Table 5). The 

question remains as to how rapidly peat vegetation can recolonize following this 

quickly achieved rise in the watertable to favorable levels and fluctuations. A study 

on previously drained minerotrophic fen in Finland reported a high degree (more 

than 50% cover) of re-colonization of peat-forming species (e.g., revival of 

Eriophorum vaginatum, which gave way to Carex and Sphagnum) within three 

years of restoration (Jauhiainen et al. 2002). Restoration by ditch blocking and 

removal of trees in three drained rich fens sites in east-central Sweden resulted in 

revival of Sphagnum species, wetland bryophytes, and sedges (Hedberg et al. 2012). 

However, the response of some rich fen indicators such as vascular plants and 

bryophytes to restoration was not strong and thus introduction of these species as 

part of restoration measures may be necessary (Hedberg et al. 2012). One of the 

reasons why some species do not revive after restoration is because of their less 

competitive nature. Inundation after restoration mobilizes nitrogen and phosphorus, 

and highly competitive species exploit these resources more than less competitive 

species (Hedberg et al. 2012). Overall, quick recovery of some peatland ecosystem 

functions within a few years after restoration could be possible, given the fact that 

shallow and mildly fluctuating favorable watertable conditions have been achieved, 

but a delay in full recovery of some species could be expected. 

3.1.3 Measuring restoration success 

The range of watertable levels and fluctuations required by dominant peat 

vegetation was estimated (Table 4) and used to measure restoration success. Spruce 

and pine mires can tolerate watertable position up to 30 cm below the surface and 

fens up to 20 cm below the surface. The watertable duration curves created using 

these watertable thresholds (Table 5) and mean watertable differences helped to 

classify restored sites as over-restored, well-restored, and less well-restored (Table 

6). Measure of restoration success considered the following two criteria: 

1. The similarity of mean watertable at drained-restored and at pristine control 

sites, i.e., the mean watertable difference (MWTD). Negative MWTD 

indicated that the watertable at the pristine control sites was higher than at 

restored sites, while positive watertable MWTD indicated the opposite. 
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2. The species tolerance to watertable level in spruce and pine mires and fens. 

Positive differences in percentage time of watertable position indicated that the 

watertable at restored sites was below the required threshold for a significant 

period, while negative differences indicated the opposite.  

The differences in MWTD were largely positive and the differences in 

percentage duration of watertable position were largely negative at three study sites 

during the study period, due to over-restored conditions, while restoration was 

inefficient at four sites (Table 6). These variations in watertable response to 

restoration can be attributed to peatland type and or peat thickness, undetected drain 

blockage differences, variations in post-restoration vegetation re-colonization 

patterns, peatland connectivity to nearby catchments, position of peatlands within 

catchments, and forest density. Peat hydraulic properties and subsidence due to 

drainage in different peatlands can vary and result in variations in watertable 

response. Peat subsidence of up to 22 ± 17 cm (mean ± SD) has been reported 

several decades after drainage, with the highest subsidence observed at wetter and 

nutrient-rich sites (Minkkinen & Laine 1998), indicating variations in subsidence 

between peatland types. This was observed for the rich spruce mires of this study, 

where the main roots of trees, especially the root collar, were visible to the eye due 

to loss of the covering peat. 
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Fig. 12. Conceptual diagram summarizing of the effects of drainage and restoration on 

watertable and related hydrological changes observed in this thesis. 

Table 5. Results of the watertable (WT) duration curve showing percentage of time WT 

position was above the ground surface (GS) and more than 20 cm and 30 cm below the 

surface before and after restoration of spruce and pine mires and fens. Reprinted with 

permission from Wiley (Paper I). 
 

Before restoration After restoration  
Drained Control Drained-restored Control  

% time WT % time WT % time WT % time WT 

Sites > GS < 30 cm > GS < 30 cm > GS < 30 cm > GS < 30 cm 

Spruce and pine mires 

S1-SC1 0.0 96.6 0.0 85.2 34.7 0.0 0.0 38.8 

S2-SC1 0.0 100.0 0.0 64.1 77.6 0.0 0.0 51.2 

S3-SC3 0.0 77.6 0.1 1.0 36.8 0.0 12.5 1.8 

S4-SC4 0.0 90.7 0.0 12.7 11.9 48.9 7.3 43.9 

S5-SC5 0.0 94.9 0.0 27.4 4.7 69.8 0.0 11.6 

S6-SC5 0.0 91.0 0.0 36.4 1.6 0.2 0.0 17.8 

S7-SC7 0.0 31.8 6.3 0.0 1.2 0.0 33.1 0.0 

P1-PC1 0.0 25.0 0.0 5.6 23.7 4.4 10.8 1.1 

P2-PC2 0.0 57.6 0.0 0.0 0.0 24.4 0.0 0.0 
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Before restoration After restoration  

Drained Control Drained-restored Control  
% time WT % time WT % time WT % time WT 

Sites > GS < 30 cm > GS < 30 cm > GS < 30 cm > GS < 30 cm 

P3-PC2 0.0 97.3 0.0 0.0 0.0 17.6 0.0 0.0 

P4-PC4 2.6 42.7 11.9 0.0 33.3 0.0 0.0 0.0 

P5-PC5 0.0 37.5 2.3 0.0 0.0 0.0 28.6 0.0 

P6-PC6 0.0 69.1 0.0 0.0 12.9 0.0 0.0 0.0 

P7-PC6 0.3 49.7 0.0 0.0 40.6 0.0 0.0 0.0 

Fens > GS < 20 cm > GS < 20 cm > GS < 20 cm > GS < 20 cm 

F1-FC1 0.0 84.8 0.0 0.0 0.7 0.0 6.7 0.0 

F2-FC1 0.0 51.8 0.0 0.0 13.9 0.0 6.7 0.0 

F3-FC3 0.0 65.5 0.0 41.4 0.0 38.9 0.0 24.9 

F4-FC4 0.0 8.7 0.0 23.1 0.0 1.9 0.0 9.6 

F5-FC5 0.0 36.3 0.0 1.6 5.8 0.0 0.0 5.0 

F6-FC6 0.0 61.7 0.0 0.0 33.8 28.6 0.8 11.2 

F7-FC7 0.0 23.4 0.0 0.0 16.7 1.1 0.0 6.1 

F8-FC8 0.0 96.5 26.0 0.0 0.0 0.0 9.8 0.0 

F9-FC9 0.0 58.6 2.2 0.0 0.0 21.7 0.4 0.0 

F10-FC10 0.0 16.4 0.8 30.4 0.0 11.6 0.0 45.9 

Table 6. Mean watertable differences (MWTD) and percentage (%) time  watertable (WT) 

level differences between restored and control sites and degree of restoration success. 

Reprinted with permission from Wiley (Paper I). 

Sites Differences in % time 

 WT deeper than 30 cm 

MWTD (cm) Restoration success 

S1-SC1 -38.8 27.7 Over-restored 

S2-SC1 -51.2 35.7 Over-restored 

S3-SC3 -1.8 6.9 Well-restored 

S4-SC4 5.0 -1.7 Well-restored 

S5-SC5 58.2 -17.7 Less well-restored 

S6-SC5 -17.6 13.9 Over-restored 

S7-SC7 0.0 -1.1 Well-restored 

P1-PC1 3.3 0.0 Well restored 

P2-PC2 24.4 -15.4 Less well-restored 

P3-PC2 17.6 -16.2 Less well-restored 

P4-PC4 0.0 7.1 Well-restored 

P5-PC5 0.0 -6.1 Well-restored 

P6-PC6 0.0 5.6 Well-restored 

P7-PC6 0.0 10.1 Well-restored  
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Sites Differences in % time 

 WT deeper than 30 cm 

MWTD (cm) Restoration success 

Differences in % time  

WT deeper than 20 cm 

F1-FC1 0.0 -2.5 Well-restored 

F2-FC1 0.0 0.3 Well-restored 

F3-FC3 14.0 -3.1 Well-restored 

F4-FC4 -7.8 3.9 Well-restored 

F5-FC5 -5.0 6.5 Well-restored 

F6-FC6 17.5 4.5 Well-restored 

F7-FC7 -5.0 7.550 Well-restored 

F8-FC8 0.0 -6.2 Well-restored 

F9-FC9 21.7 -9.7 Less well-restored 

F10-FC10 -34.3 7.9 Well-restored 

There can be variations in water storage behind the constructed peat dams at 

different drained-restored sites, which could have contributed to the variations in 

restoration success. Greater subsidence near the drainage ditches creates small 

ponds in which water can stay ponded rather than being distributed evenly to 

peatlands farther away and relatively higher in elevation. A series of water 

reservoirs behind peat dams has been observed in a study of abandoned block-cut 

bog after restoration (Ketcheson & Price 2011). Furthermore, peat dams might be 

leaky at some sites if they are not well inspected and maintained after construction. 

This scenario could have arisen at some of the study sites where the watertable after 

restoration remained deeper. As a result, continuous inspection, maintenance, and 

assessment of constructed peat dams can be recommended, to avoid prevalent 

leakage of ponded water. Through maintenance and construction of long peat 

embankments (Fig. 13), water can easily be redirected to the main peatland area 

and spread evenly over a wider peatland area. 



53 

Fig. 13. Long (60 m) peat embankment constructed to divert water to the main peatland 

area or to wet dried peat located farther away. Reprinted with permission from 

Metsähallitus and Finnish Environment Institute SYKE. Photo: Reijo Hokkanen. 

3.2 Pore water quality in undisturbed natural peatlands (II) 

This part of the thesis work provided new understandings of the effects of drainage 

and restoration on peatland ecosystems, using pore water quality as a measure. As 

expected, the pore water quality in undisturbed natural peatlands showed some 

variations. Spruce mires in pristine condition had the highest mean concentrations 

of Ntot (1047 µg L-1) and Ptot (94.5 µg L-1). However, the lowest Ntot (619 µg L-1) 

and DOC (28.1 mg L-1) concentrations were observed for fens. This could be due 

to variations in peat vegetation composition, peat thickness, level of peat 

decomposition, water movement and its interaction with peat, etc. Different trophic 

levels also had different concentrations of nutrients, i.e. differences in pore water 

quality. Rich fens had the lowest pore water concentrations of Ntot, Ptot, and DOC, 

while the highest Ntot and DOC concentrations were found in intermediate 

(mesotrophic) and poor (oligotrophic)  mires  (see Paper II for details). 



54 

3.2.1 Impacts of drainage and restoration on water quality (II) 

Pore water quality is vital to peat vegetation, which forms one major ecosystem 

structure and thereby affects biogeochemical cycles, e.g., through effects on 

decomposition processes. Furthermore, pore water can be a proxy to indicate 

potential risk of nutrient leaching to downstream water bodies. Hence, having a 

good understanding of pore water quality can indicate development of ecosystem 

functions. Peatland drainage and restoration had variable impacts on water quality 

at the sites studied in this thesis, as revealed by the BACIPS analysis of paired sites. 

The concentrations of Ptot, Ntot and DOC in water in different peatland types and at 

different trophic levels at drained sites were several-fold (on average 1.9- to 14-

fold) higher than measured at pristine control sites (Table 7). This clearly shows 

the long-term effects of drainage on pore water quality. This effect declined after 

restoration, but the concentrations were still on average 1.5- to 7.7-fold higher at 

drained-restored sites than at pristine control sites (Table 7). 

When aggregate data for the post-restoration period were considered, a 

statistically significant decline in mean pore water concentrations of Ntot and DOC 

was determined for pine mires and fens (Fig. 14c, 14d). The largest decrease in 

pore water Ntot and DOC concentrations following restoration was found for pine 

mires (effect size of DOC = -19.8 mg L-1; effect size of Ntot = -1041.8 µg L-1), 

followed by fens (effect size of DOC = -11.4 mg L-1; effect size of Ntot = -506.1 µg 

L-1), and spruce mires (effect size of DOC = -10.4 mg L-1; effect size of Ntot = 79.4 

µg L-1) (Table 7, Fig. 14). The Ntot concentrations in spruce mires showed a slight 

increase on average after restoration. 

Drainage lowers the watertable and increases soil aeration, which leads to 

increased nutrient mineralization (Bridgham et al. 1998, Cabrera 1993, Kalbitz et 

al. 2002, Ramchunder et al. 2009, Worrall et al. 2007), potentially increasing 

nitrogen availability. A previous study on rich boreal fen reported sensitivity of 

DOC to watertable level, with a 3 cm decline in the watertable resulting in a 21.8% 

increase in DOC production. Increased peat aeration due to e.g., drainage favors 

microbial processes and solubility, which in turn increases peat mineralization and 

increases the pools of DOC (Gough et al. 2016) and organic-bound nitrogen. These 

changed conditions (e.g., increased solubility) could increase risk of nutrient 

leaching during storm events. This highlights how drainage can affect nutrient 

production processes through its effect on e.g., watertable and water movement, 

and in turn on peat aeration. As a result, peatland restoration has been carried out 

in many areas in order to reverse some of these factors promoted by drainage back 
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to their natural condition, hoping to minimize nutrient leaching and/or stop other 

undesirable processes from taking place. As shown in Table 7, restoration has 

shown some promising results, although full recovery of formerly degraded 

peatlands might need more time. 

Table 7. Summary of pore water quality (mean ± SEM) based on peatland type and 

trophic level. SEM = standard error of mean. Reprinted with permission from Wiley 

(Paper II). 

Trophic level Treatment Ptot (µg l-1) Ntot (µg l-1) DOC (mg l-1) pH3 WT (cm) No.1 Sites2 

Rich  53.1±12.3 769±73.5 18.2±1.5 6.4±0.06 -10.3±1.3 69–79 6 

 Drained 150±61.0 1660±317 33.5±4.5 6.6±0.2 -32.9±7.6 7–12 3 

 D-r4 71.8±19.6 913±70.5 21.3±2.0 6.2±0.1 -11.1±0.8 27–29 3 

 P-c5 10.7±2.4 402±45.4 10.9±1.6 6.5±0.07 -5.2±1.0 35–38 3 

Intermediate   107.8±10.5 1596±76.5 53.6±1.7 4.6±0.7 -14.1±0.7 464–495 22 

 Drained 156.5±32.6 2652±191 80.9±4.4 4.5±0.6 -26.8±1.9 88–103 12 

 D-r 161.7±20.5 1982±143 60.1±3 4.5±0.6 -10.6±1.1 167–173 12 

 P-c 43.9±6.9 819±61 35.7±1.2 4.7±0.7 -11.5±0.7 206–219 10 

Poor   127.7±13 1471±83.4 54.8±1.5 4.1±0.5 -16.4±0.7 353–383 15 

 Drained 141.6±26.1 1901±153.4 69.7±2.9 4.0±0.8 -31.8±1.9 62–79 9 

 D-r 176.7±25.3 1800±163.8 61.5±2.7 4.0±0.4 -13.8±0.9 166–170 9 

 P-c 59.1±8.7 817.3±29.8 37.6±1.2 4.2±0.4 -12.2±0.8 125–134 6 

Peatland type         

Fen  44.4±5.1 948±44.1 38.1±1.2 4.3±0.05 -11.9±0.49 404–410 19 

 Drained 71.5±15.2 1475±119 54.3±2.4 4.1±0.1 -21.5±1.4 83–87 10 

 D-r 45.5±5.9 1043±77.9 40.8±2.2 4.2±0.08 -9.6±0.7 143–144 10 

 P-c 30.4±7.7 619±40.0 28.1±1.4 4.7±0.07 -10.0±0.53 178–179 9 

Pine mire  130±227 1810±104 66.6±2.2 4.2±0.03 -14.9±0.87 285–289 12 

 Drained 187±27.3 3018±249 93.1±5.4 4.4±0.8 -30.9±2.4 60–62 7 

 D-r 200±27.4 2135±160 74.0±3.2 4.1±0.6 -13.7±1.1 115–116 7 

 P-c 26.0±4.8 790±97.5 43.6±1.5 4.2±0.02 -8.2±0.7 110 5 

Spruce mire  200±21.6 1974±130 54.7±2.4 4.7±0.05 -18.7±1.2 243–258 12 

 Drained 263±76.8 2950±248 82.8±5.8 4.8±0.1 -41.1±3.0 38–44 7 

 D-r 277±38.2 2516±261 62.6±4.1 4.5±0.06 -13.7±1.5 104–112 7 

 P-c 94.5±10.8 1047±51.3 33.9±1.4 5.2±0.07 -16.1±1.4 101–102 5 

1Number of samples, 2Number of sites, 3Median ± SD, 4Drained-restored, 5Pristine control 

Other factors that affect soil biogeochemical conditions, such as significant 

atmospheric sulfur deposition, should also be considered, so that the effects of 

drainage and restoration are not masked. A decrease in atmospheric sulfur 

deposition over recent decades is reported to have resulted in an increase in DOC 

in surface waters of glaciated landscapes (Monteith et al. 2007). However, a study 
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in the United Kingdom observed no significant correlation between peat soil DOC 

and changes in atmospheric deposition (Worrall et al. 2008). In Finland, 

atmospheric nitrogen deposition is low compared with that in other European 

countries (Dirnböck et al. 2014). Thus atmospheric nitrogen deposition is unlikely 

to have had a significant effect on the data used for this thesis that would completely 

mask drainage and restoration effects. However, more studies addressing 

atmospheric deposition, especially in relation to drainage and restoration, are still 

required. 

 

Fig. 14. Mean restoration effect size (Es) and effect size index (EsI) of (a) pH level, (b) 

total phosphorus (Ptot), (c) total nitrogen (Ntot) and (d) dissolved organic carbon (DOC) 

concentrations in pore water at different peatland types for aggregated data after 

restoration (bars show 95% confidence interval of Es). Reprinted with permission from 

Wiley (Paper II). 

Relatively more consistent results in comparisons between individual sites, 

peatland classes, and trophic level were obtained for Ntot and DOC than for Ptot. 

Many sites displayed increased Ptot concentrations immediately after restoration 

(see Paper II). This was also seen for the aggregated data, as Ptot increased in spruce 
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and pine mires regardless of time after restoration (Table 7; Fig. 14b) which agrees 

with previous findings (Koskinen et al. 2017). This could be due to the relatively 

higher watertable rise in spruce and pine mires than in fens following restoration 

(Paper I) and associated changes in the peat matrix. This higher watertable could 

flush out phosphorus to downstream water bodies during storm events, as reported 

in a recent study (Koskinen et al. 2017). Increased phosphorus leaching from Fe-

rich peat has been observed after restoration (Kaila et al. 2016). In this thesis, 

significantly higher Ptot concentrations were recorded at drained and drained-

restored sites than at pristine control sites (Table 7). Varying soil moisture 

conditions, with a transition between relatively dry conditions before restoration 

and wet conditions after restoration, or between relatively wet conditions before 

drainage and drier conditions after drainage, could potentially cause a rise in Ptot in 

both cases (Martin et al. 1997, Rupp et al. 2004). After drainage, NPK-fertilizer is 

applied as routine practice in Finnish peatland forestry areas. Although there was 

no detailed information about this available for the sites studied in this thesis, it is 

unlikely to have had a significant effect on Ptot after several decades. Fluctuations 

in the watertable create varying moisture conditions that could potentially mobilize 

phosphorus. Hence, it is strongly recommended that the watertable level be 

controlled through site-specific management practices, which would help halt or 

minimize phosphorus solubilization and export (Rupp et al. 2004). 

3.2.2 Water quality recovery since restoration (II) 

As expected, analysis of all aggregated data revealed that nutrient concentrations 

increased immediately after restoration, mainly due to disturbances associated with 

restoration. This was evident on comparing the concentrations of Ptot, Ntot, and DOC 

one year before and one year after restoration, where the concentrations one year 

after restoration had increased by 60%, 27% and 13%, respectively. This increase 

was found to decline over time (Table 8; Fig. 15), giving some hope that the 

damaging impacts following restoration would last only a short time and show 

signs of predictability. In the first two years after restoration, pore water Ntot and 

DOC concentration decreased by 30% and 26%, respectively, from the values two 

years before restoration, and the Ptot concentration increased by only 15%, a trend 

which continued over the next few years (Fig. 15). This decreasing trend with time 

after restoration was also observed when the data were analyzed separately based 

on peatland type (Fig. 16) and trophic level (Fig. 17). However, despite this 

stabilization of nutrient concentrations, it will most likely take several years until 
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the water quality at formerly degraded peatlands fully recovers, stabilizes, and 

resembles the situation at pristine control sites. 

Table 8. Pore water quality (measured as concentration of nutrients in water, mean ± 

SEM) before and after restoration for different peatland groups and water quality 

recovery based on aggregated data for different years. Reprinted with permission from 

Wiley (Paper II). 

Treatment Ptot (µg l-1) Ntot (µg l-1) DOC (mg l-1) pH6 WT (cm) N1 Sites2 

Drained 150±20.6 2290±124 73.4±2.8 4.3±0.8 -29.1±1.4 157–194 24 

D-r3 161±15.1 1813±101 57.7±1.9 4.2±0.7 -12.1±0.6 362–372 24 

P-c4 45.9±4.9 778±36.6 34.0±0.9 4.5±0.9 -11.1±0.5 366–391 19 

Restoration success (I)  

Well 143±17.3 1698.4±108 56.4±2.6 4.2±0.8 -8.5±0.7 220–227 17 

Over 460.5±77.3 3915.8±572 88.3±7.9 4.6±0.4 -3.8±1.3 40 3 

Less-well 62.5±10.2 1464±99 51±3.1 4.1±1.1 -25±1.6 47–53 4 

Drained5 63.7–163.7 1740–3073 56.3–90 4.2–4.4 -33.2– -17.9 3–85 1–24 

Year after restoration 

1 206.3±33.6 2381.1±294.8 74.9±5.4 4.2±0.8 -9.5±1.2 91–94 24 

2 187.6±37.8 1771.5±164.1 55.8±3.3 4.3±0.8 -10.8±1.3 97–100 24 

3 142.6±23.4 1562.1±135.4 53.3±3.1 4.3±0.7 -10.8±1.2 92–97 22 

4 131.3±29.6 1671.6±234.7 49.8±3.2 4.1±0.7 -16.9±1.7 51–52 11 

5 106.6±24.3 1319.2±199.9 44.1±3.5 4.3±0.4 -17.9±1.6 26–27 4 

6 27.8±9.7 871.3±147.8 32.7±3.7 4.1±0.2 -18.3±2.8 4 1 

1Total samples, 2Total sites, 3Drained-restored, 4Pristine control, 5Range of mean (1 to 4 years), 6Median 

± SD 

3.2.3 Hydrology and temperature effects on water quality (II) 

Links were found between restoration-induced hydrological changes and pore 

water quality. Watertable level and fluctuations and its antecedent conditions were 

observed to have an impact on pore water quality. The position of the watertable 

affects redox processes in the peat layer and results in variations in nutrient and 

DOC concentrations. When the watertable was deeper, especially under drained 

conditions, pore water Ntot and DOC concentrations increased (r of Ntot, r of DOC 

= 0.20-0.88) across peatland types and trophic levels. Lowered watertable 

conditions with greater fluctuations create aerobic conditions that favor 

mineralization and increase DOC concentrations, and flush out stored DOC in the 

saturated anaerobic peat layer (Kalbitz et al. 2000). This was not the case at the 

drained-restored sites, with a raised and mildly fluctuating watertable, indicating 
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that the raised watertable minimized the effects on water quality. This shows that 

restoration revived some of the natural processes (e.g., high watertable creates 

anaerobic conditions that slow microbial activity and decomposition). Furthermore, 

over-restored sites (inundated) had higher mean concentrations of Ptot, Ntot, and 

DOC, and higher median pH level than well-restored and less well-restored sites 

(Table 8), highlighting the importance of avoiding over-restoration. Rewetting after 

dry periods has been shown to increase DOC concentrations, e.g., a sudden soil 

structure disturbance during rewetting (wetting-drying cycles) can release formerly 

sequestered carbon as DOC (Kalbitz et al. 2000, Lundquist et al. 1999). 

 

Fig. 15. Post-restoration recovery over time in mean pore water concentrations of (a) 

total phosphorus (Ptot), (b) total nitrogen (Ntot), (c) pH level, and (d) dissolved organic 

carbon (DOC) for aggregated data from all sites. Bars show standard error of mean 

(SEM) except for pH level, where median and standard deviation are shown. DR = 

drained, D-&-R = drained-restored; WT = average watertable level (red bars); -1 

represents drained condition, 1–6 represent post-restoration years, and shaded region 

represents mean and SEM for each parameter at pristine control sites. Reprinted with 

permission from Wiley (Paper II). 
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In the PCA analysis, Ntot, Ptot, and DOC correlated in the same direction, indicating 

similar response profiles (see Paper II for details). There were indications that rising 

temperature, e.g., Tair (30-day mean Tair and SD) under drained conditions 

explained variations in DOC. Under drained-restored conditions, soil temperature 

(same-day mean Tsoil and 7-day mean Tsoil) explained variations in pore water 

quality more than Tair (see Paper II for details). Higher Tair conditions at the study 

sites correlated positively with Ptot (Pearson’s correlation coefficient r = 0.22-0.96), 

Ntot (r = 0.27-0.75), and DOC (r = 0.20-0.88). However, an effect of Tsoil was 

detected only with Ntot (r = 0.25-0.95) (see Paper, II for details). The strongest 

correlation between pore water quality and Tair was obtained when water quality 

parameters were analyzed against 14-day antecedent mean Tair.  

In one mechanism, carbon storage properties in peatlands can depend on the 

activities of some enzymes, which in turn rely on presence of suitable hydrological 

and weather conditions to function. Increased temperature and lowered watertable 

(aerobic conditions) promote the activity of phenol oxidase, which reduces the 

concentrations of phenolic compounds and leads to higher hydrolase enzyme 

activity. This in turn increases production of DOC, a legacy process which can 

continue for some time after the watertable has risen (Boothroyd et al. 2015, 

Freeman et al. 2001, Reddy & DeLaune 2008), e.g., through restoration.  

Organic matter decomposition is more sensitive to changes in temperature in 

low temperature regimes at northern latitudes than in warmer regions (Vanhala et 

al. 2008). This is expected to increase production of DOC and greenhouse gas 

release to the atmosphere due to the projected global warming, especially at drained 

sites. In this thesis, lowered watertable conditions at drained sites appeared to be 

more sensitive to changes in Tair than the corresponding pristine control and 

drained-restored sites. This indicates that restoration or shallow watertable 

conditions may act as a buffer against effects associated with a rise in temperature 

due to climate change, especially on concentrations of DOC and Ntot through effects 

on decomposition. 

3.2.4 Patterns of water quality change in different peatlands (II) 

There are strong links between water quality, peatland type, trophic level, and 

watertable-related hydrology. In the Random Forest model (see Paper II), the most 

important explanatory variables for pore water quality were peatland type, trophic 

level, and watertable. The dataset used in Paper II included broadly diverse peat 

vegetation that ranged from wet, open fens to closed peatland forest vegetation of 
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spruce mires, and from acidic poor fens to rich fen vegetation. Hence, it was not a 

surprise to find that peatland type and trophic level explained some of the variations 

in pore water quality. Drainage and restoration affected the water quality of 

different peatlands differently. One reason for this could be their differing 

hydrological response to drainage and restoration, e.g., mean watertable response 

was highest in spruce mires, followed by pine mires and fens (Paper I). The highest 

restoration-induced impact on DOC and Ntot, irrespective of time after restoration, 

was found for pine mires, followed by fens and spruce mires (Table 7; Fig. 14). As 

regards Ptot, sites that had relatively higher mean watertable change (spruce and 

pine mires) showed an increase in Ptot concentrations after restoration, whereas fens 

(relatively lower mean watertable change) showed a decrease (negative effect size 

for Ptot) (Table 7; Fig. 14). The differing peat thickness in different peatlands could 

also have an impact on the hydrochemical response of peatlands to drainage and 

restoration. Peatlands with shallower or thinner peat layers under long-term dry 

conditions could dry out faster and favor peat decomposition more than thicker 

peatlands (Grand-Clement et al. 2014). Spruce mires, with mean peat layer 

thickness less than 100 cm, were the thinnest type studied and have a more 

decomposed peat layer than fens and pine mires (Seppä 2002).  
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Fig. 16. Post-restoration recovery over time in mean pore water concentrations of (a) 

total phosphorus (Ptot), (b) total nitrogen (Ntot), (c) pH level, and (d) dissolved organic 

carbon (DOC) for aggregated data based on peatland type. Bars show standard error of 

mean (SEM) except for pH level, where median and standard deviation are shown. -1 

represents drained conditions, 1–6 represent post-restoration years, and shaded region 

represents mean and SEM for each parameter at pristine control sites. Reprinted with 

permission from Wiley (Paper II). 
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Fig. 17. Post-restoration recovery over time in mean pore water concentrations of (a) 

total phosphorus (Ptot), (b) total nitrogen (Ntot), (c) pH level, and (d) dissolved organic 

carbon (DOC) for aggregated data based on trophic level. Bars show SEM except for pH 

level, where median and standard deviation are shown. -1 represents drained 

conditions, 1–6 represent post-restoration years, and shaded region represents mean 

and SEM for each parameter at pristine control sites. Reprinted with permission from 

Wiley (Paper II). 

Intermediate and poor sites had higher concentrations of Ptot, DOC, and Ntot than 

rich fens both before and after restoration. Typically, fens are well connected to 

adjacent mineral soil catchments and receive low-DOC water from surrounding 

areas that dilutes the high-DOC pore water in the peat and results in lower DOC 

concentrations. In addition, pH levels regulate nutrient availability to plants, which 

in turn depends on flow patterns of water within peatlands and adjacent catchments. 

Rich fen sites (diverse vegetation), with their good connectivity and relatively 

better water movement and interaction with adjacent mineral soil, had a median pH 

range of 6.2-6.6. Nutrient availability (phosphorus and nitrogen) to plants is 

maximized when pH level is within the range 5.0-6.0 (Lucas & Davis 1961), and 

fens with their good pH range allow plant nutrient uptake and storage of nutrients 
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in plant biomass rather than in the soil profile. However, poor and intermediate sites 

were more inclined towards an acidic pH range (median pH range 4.0-4.6), while 

their characteristic Sphagnum peat allows relatively restricted water movement 

compared with rich fens. This allows DOC and nutrient accumulation in the peat 

layer of poor and intermediate sites, through effects on residence time and plant 

uptake. Links between water movement and chemistry in mires have been reported 

previously, with e.g., moderately rich fens with increasing flow rate showing 

increased pH and concentrations of oxygen (Sparling 1966). Rich fens with better 

water flow rate can acquire the necessary high mineral cation concentrations and 

alkalinity for their vegetation (Tahvanainen et al. 2002). Although increased water 

flow rate might be important for peat vegetation through effects on nutrient 

availability, it could pose a risk to downstream bodies due to nutrient leaching in 

runoff water. The results in this thesis show that water movement within peatlands 

and their interaction and connectivity to adjacent mineral soil catchments should 

be well investigated when planning restoration measures, since conservation of 

waterways seems to play a very important role in peatland ecosystem restoration.  

3.3 Peat disturbance-related runoff and storage changes (III) 

3.3.1  Impacts of drainage and restoration on runoff and storage 

In Paper III, the mean event runoff coefficient for disturbed (drained), control-D, 

restored, and control-R conditions varied between 0.24-0.33, 0.20-0.28, 0.26-0.35, 

and 0.23-0.31, respectively (Table 9). Runoff coefficient was slightly higher under 

disturbed conditions than under control-D conditions, but restoration increased 

runoff efficiency at times, and runoff coefficient under restored conditions was 

slightly higher than under all other conditions. After drainage of an open bog in 

Finland for forestry, a significant increase in runoff was reported (Seuna 1981). 

Hydrological characteristics varied greatly between treatment conditions and 

hydrological data temporal resolution types at the sites studied in this thesis (Table 

9). Most of the runoff occurred during the recession period of the hydrograph, 

especially for hydrological events that lasted less than a day, irrespective of 

treatment type. The mean peak runoff rate (PRR) was highest under disturbed 

conditions (Table 10). However, the base flow, which is the runoff during no-

rainfall periods (disturbed: 0.77 mm/day, control: 0.85 mm/day, restored: 0.84 

mm/day) showed no significant differences between treatments. 
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Table 9. Runoff coefficient (RC), percentage of runoff shared during the rising 

(RC_rising) and recession (RC_recession) parts of the hydrograph and specific yield 

(Sy) calculated using the three-event selection technique (Approach 1-3) for all 

treatment conditions. Reprinted with permission from Wiley (Paper III). 

   High-resolution data Daily data 

    % of total runoff   % of total runoff  

Method Treatment No. ev1 RC RC_rising RC_rec2 Sy RC RC_rising RC_rec Sy 

Approach 1 Disturbed 21/50 0.13 30.03 69.97 0.15 0.31 54.20 45.80 0.13 
 Control-D 12/50 0.29 25.83 74.17 0.13 0.23 49.96 47.26 0.33 
 Restored 22/63 0.17 30.04 69.96 0.18 0.35 58.50 41.50 0.25 
 Control-R 21/63 0.25 23.88 76.12 0.15 0.31 57.47 42.53 0.30 

Approach 2 Disturbed 32/91 0.07 30.04 69.96 0.23 0.33 42.02 57.98 0.24 
 Control-D 32/21 0.11 27.63 72.37 0.23 0.28 36.70 63.30 0.35 
 Restored 88/118 0.10 33.09 66.91 0.24 0.26 41.79 58.21 0.44 
 Control-R 74/37 0.09 28.08 71.92 0.30 0.31 41.63 58.37 0.50 

Approach 3 Disturbed 17/49 0.11 34.32 65.68 0.15 0.24 57.09 42.91 0.14 
 Control-D 17/49 0.16 37.80 62.20 0.20 0.20 57.90 42.10 0.32 
 Restored 59/69 0.17 41.91 58.09 0.15 0.27 59.92 40.08 0.31 
 Control-R 59/69 0.15 35.98 64.02 0.20 0.23 58.32 41.68 0.35 

1Total number of events analyzed (high temporal resolution data/daily data), 2RC_recession 

In general, acquiring accurate runoff measurements is difficult, particularly in the 

flat topography of Finland, in which the inevitable occurrence of shallow 

watertable dynamics and subsequent inundation affects hydrological connectivity. 

In flat topography, the outlet might not capture the whole water from the catchment 

due to difficulties in delineating catchment boundaries, and water from the 

catchment could leave by means other than the designated outlet. Hence, much care 

should be taken when dealing with runoff from peatland areas situated in rather flat 

or completely flat topography conditions. In this thesis, mean runoff efficiency in 

restored conditions (mean runoff coefficient) was slighter higher than in the 

formerly disturbed condition. This could be due to:  

– Emerging plant communities adapting to wetter conditions, and a possible 

reduction in transpiration and interception through e.g., decreases in tree 

density. At the study sites examined in this thesis, trees were removed as part 

of the restoration process. Shallow watertable conditions after restoration also 

inhibit any tree growth. This potentially affects evapotranspiration and 

interception properties, which are key components of the hydrological cycle. 
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– Restoration causing sustained wetter antecedent conditions and less available 

storage for incoming rainfall events. Antecedent watertable conditions largely 

control the hydrological response in peatlands (Daniels et al. 2008). 

– Drainage changes peat physical properties and recovery of these properties by 

restoration are typically very slow, since accumulation of new peat layers is a 

very long process. This in turn could affect the hydrological behavior of 

restored sites until similar peat physical properties to those at undisturbed sites 

re-establish. 

Table 10. Mean (± standard error of mean) watertable rise (WTR) per rainfall input and 

peak runoff rate (PRR) under all treatment conditions, calculated using daily data. The 

hydrological events were selected using the three-event selection technique (Approach 

1-3). Reprinted with permission from Wiley (Paper III). 

 PRR (mm/day) WTR (cm/mm) 

Treatment Approach 1 Approach 2 Approach 3 Approach 1 Approach 2 Approach 3 

Disturbed 2.73 ± 0.38 3.27 ± 0.30 2.23 ± 0.31 0.85 ± 0.10 0.36 ± 0.02 0.82 ± 0.08 

Control-D 1.97 ± 0.40 2.98 ± 0.76 1.65 ± 0.30 0.36 ± 0.05 0.25 ± 0.03 0.31 ± 0.02 

Restored 2.05 ± 0.28 2.27 ± 0.19 1.78 ± 0.25 0.37 ± 0.03 0.20 ± 0.01 0.34 ± 0.03 

Control-R 1.74 ± 0,23 2.54 ± 0.25 1.54 ± 0.21 0.37 ± 0.04 0.17 ± 0.01 0.36 ± 0.06 

Artificial drainage networks under disturbed conditions created shorter pathways 

for water to reach the outlet faster and resulted in higher peak runoff than natural 

streams, as reflected by the PRR results (Table 10). Immediately after drainage, 

peak flow increases of up to 200% have been reported (Lundin 1988). However, 

this increase could decline over time when new hydrological conditions develop, 

e.g., through vegetation change and compression of peat, as reported in a 

comparative study of disturbed and pristine sites in tropical peatlands (Katimon et 

al. 2013). Furthermore, after several years of drainage, successful tree colonization 

at the drained sites can reduce the peak flows (Robinson 1986). This can be due to 

increased water loss by interception and transpiration, especially during small 

rainfall events. However, when small rainfall inputs are preceded by long dry 

antecedent conditions (Ahti 1980), relatively wetter pristine peatlands could have 

higher runoff peaks than drained peatlands (Heikuranen 1976). In this study, the 

base flow did not show noticeable differences between treatment conditions. Other 

studies have reported increased (Ahti 1980, Lundin 1988, Lundin et al. 2016) and 

decreased low flows (Conway & Millar 1960) after introduction of drainage ditches. 

Obviously, immediately after drainage dewatering of stored water increases low 

flows (Holden et al. 2004), mainly due to the presence of high fiber content and 
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large active porosity in the peatlands prior to drainage. Previous studies have 

reported conflicting results concerning runoff-related peatland characteristics both 

before and after restoration in different regions (Table 1). This is mainly due to 

spatial variations in infiltration capacity and hydraulic properties of peat soils. In 

addition, patterns of tree colonization (after drainage) and recovery patterns of peat 

vegetation (after restoration) vary in different regions, which causes differences in 

the local responses of key hydrological components (e.g., evapotranspiration and 

throughfall). This in turn can affect runoff response in different regions differently.     

Watertable-related storage properties of peatlands were the clearest 

hydrological indicator for peatlands subjected to anthropogenic disturbances. 

Rainfall input caused significantly higher watertable rise in disturbed conditions 

(WTR = 0.36-0.85) than measured in control-D (WTR = 0.25-0.36) and restored 

conditions (WTR = 0.20-0.0.37) (Table 10). Restoration reduced the watertable 

fluctuation at restored sites to near the levels recorded at their pristine control 

counterpart. Significantly higher (p<0.05) specific yield values at restored and 

pristine control sites created mildly fluctuating watertable conditions compared 

with disturbed sites, which had highly fluctuating watertable conditions due to 

smaller specific yield values (see Table 9). Peatland drainage increases peat bulk 

density through enhanced peat decomposition, in which a small release of stored 

water results in large watertable decline due to smaller specific yield values at 

disturbed sites. Surface elevation changes due to collapse of the upper peat layers 

after drainage, especially in highly compressible peats, could affect peat storage 

properties. Hence, such drainage-induced changes should be taken into account 

when evaluating disturbance-related storage changes. In this thesis work, manual 

measurements of peat surface elevation changes were made on a monthly basis to 

correct for the effect of peat subsidence or mire respiration on watertable data. 

3.3.2 Catchment hydrological change since time of restoration  

In the first year after restoration, mean runoff coefficient at restored sites was lower 

than under all other treatment conditions. However, two, three, and four years after 

restoration, runoff generation at restored sites increased and was higher than 

calculated under all other treatment conditions (Fig. 18c). The peak flow rate 

followed similar trends to runoff coefficient (Fig. 18d). For two years after 

restoration, the specific yield at restored sites was significantly higher than the 

value at disturbed sites. However, three and four years after restoration, the 

watertable position at restored sites moved towards the more decomposed and 
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lower specific yield area (Fig. 18b), which in turn increased the amplitude of 

watertable fluctuations (Fig. 18a). The slight increase in runoff coefficient and 

slight decrease in watertable position over time at restored sites can be due to: 

1. Peat dam or embankment failure (e.g., leaky peat dams causing more runoff). 

2. Changes in plant species reducing evapotranspiration until new species 

establish and adapt.  

3. Uncertainty in response, as re-establishing new stabilized conditions takes 

decades (McCarter & Price 2015, Taylor & Price 2015) 

Fig. 18. Mean annual catchment hydrological response since time of restoration. (a) 

Watertable rise per rainfall input (WTR), (b) specific yield (Sy), (c) runoff coefficient (RC), 

and (d) peak runoff rate (PRR). Shaded region represents mean and standard error of 

mean (SEM) values for undisturbed control sites. For disturbed sites, the mean value is 

shown. Bars show SEM. Note that ice- and snow-free periods (May to October) were 

only included in the annual calculations. Reprinted with permission from Wiley (Paper 

III). 

3.3.3 Catchment response time to rainfall events (III) 

Results of the instantaneous unit hydrograph (IUH) method revealed that the runoff 

hydrograph peaked faster and was flashier in disturbed conditions (e.g., site F5; 
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tpeak = 1.87 hr ± 0.37 (mean ± SEM)) than pristine control-D (pristine site FC5; 3.46 

± 0.57) and restored (site F5; 3.41 ± 0.55) conditions (Fig. 19), which agreed with 

the results of other approaches (see Paper III for details). After restoration, the IUH 

results showed higher tpeak in restored conditions than in the corresponding pristine 

control and formerly disturbed conditions. The average time it took for event water 

to reach the outlet was shorter in disturbed conditions than under other conditions, 

as revealed by the mean transit time (Fig. 19c). This was mainly because drainage 

networks are in general designed (e.g., better gradient and shorter flow paths) to 

have better runoff efficiency (to keep the watertable at deeper positions to 

encourage tree growth) than natural streams. Hence, drainage ditches quickly 

collect surface and subsurface runoff from the main peatland area and transport it 

to the outlet at a faster rate than natural channels. The results of the IUH analysis 

also indicated that restoration could restore peatland hydrology from a hydrological 

catchment response perspective (e.g., Fig. 19; for more details see Paper III). High 

temporal resolution (less than hourly) hydrological data were used in the IUH 

method to calculate the catchment response time.   

 

Fig. 19. Catchment response time: (a) Average instantaneous unit hydrograph (IUH), (b) 

time to peak IUH (tpeak) in hours (hr), and (c) mean transit time (MTT) for site F5 (disturbed 

and restored conditions), and pristine control site FC5 (control-D and Control-R, 

corresponding pristine data during the same time). Bars show standard error of mean. 

Reprinted with permission from Wiley (Paper III). 

3.3.4 Hydrological behavior of peatlands (III) 

The Pearson’s correlation analysis (Paper III) revealed a significant positive 

relationship between runoff coefficient (RC) and: peak runoff rate (PRR), 

cumulative rise in watertable during an event (WTrise), and rainfall (PPT). 
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However, the relationship between RC and specific yield (Sy) was significantly 

negative. Specific yield showed significant dependence on the position of the 

antecedent watertable (AWT). Runoff generation in peatlands varied significantly 

when the watertable was within 20 cm (disturbed), 10 cm (pristine control), and 5 

cm (restored) of the surface (Fig. 20). Runoff generation during no-rainfall periods, 

i.e., the runoff in between rainfall events or base flow, showed significant 

dependence (Pearson’s r = 0.18, p<0.05) on the mean position of the watertable. 

Fig. 20 illustrates how the position of the watertable can control peatland 

hydrological characteristics during rainfall and no-rainfall periods. 

 

Fig. 20. Hydrological behavior of peatlands under (a, b, c, d) rainfall periods and (e, f, g, 

h) no-rainfall periods for (a, e) disturbed, (b, f) control-D, (c, g) restored, and (d, h) 

control-R treatment conditions. Pearson’s relationship coefficient (r) was significant at 

p<0.05. Horizontal dotted line represents location of watertable where runoff varied 

significantly. Reprinted with permission from Wiley (Paper III). 
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4 Conclusions  

There is great uncertainty about the hydrological and hydrochemical properties of 

peatlands, due to their complex nature. Disturbance of peatlands is likely to 

increase the difficulty in understanding the hydrological and geochemical 

properties of peatlands. In addition to their complexity, there is lack of well-

documented large-scale hydrological and geochemical data on peatlands. In this 

thesis, a replicated before-after control-impact study design at a national scale (the 

first of its kind) was used to study the effects of drainage and subsequent restoration 

on peatland hydrological characteristics, e.g., watertable level, storage, and runoff 

dynamics and pore water quality. A total of 43 sites (24 disturbed and later restored, 

19 undisturbed controls) that consisted of different peatland types and covered the 

main peatland types in the boreal region were studied. High quality watertable, 

climate, water quality, and runoff (7 sites) data were available for all of these sites. 

Different peatland types (mires, fens) responded differently to drainage and 

restoration, but restoration returned the watertable level and fluctuations at most 

formerly disturbed, now restored, sites near to undisturbed levels. Analytical 

assessment of the effects of drainage and restoration on peatlands was possible 

using the watertable data, collection of which requires simple, low-cost instrument. 

This is important when a large number of sites are included in assessments.  

There were great variations in pore water quality over time and space, primarily 

due to variations in vegetation composition (trophic levels) and peatland types. 

Marked effects of local hydroclimate, peatland type, and vegetation gradient on 

concentrations of dissolved organic carbon (DOC) and nutrients were observed. 

Typically, drainage increased the concentrations of total phosphorus (Ptot), total 

nitrogen (Ntot), and DOC at disturbed sites compared with undisturbed control sites. 

The concentrations of DOC, Ntot, and Ptot in pore water showed a brief rise in the 

first year after restoration, mainly due to the effects of intense disturbance, but 

thereafter showed a clear decreasing trend towards the levels at undisturbed control 

sites. 

Catchment-scale analysis of the impacts of drainage and subsequent restoration 

on peatland hydrology indicated that restoration could bring back some natural-like 

hydrological properties from a runoff perspective (e.g., catchment response time) 

and storage perspective (specific yield) in formerly degraded peatlands. Runoff 

efficiency under disturbed conditions was slightly higher than observed under 

undisturbed control conditions. Restoration clearly decreased runoff at restored 

sites one year after restoration, but increases in runoff were observed two, three, 
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and four years after restoration compared with the runoff efficiency under other 

treatment conditions. Overall, restoration slightly increased the mean runoff 

efficiency at restored sites, especially during consecutive rainfall events, due to 

near to ground surface watertables and wetter antecedent conditions for the next 

storm event. From a runoff point of view, catchment response time (i.e., mean 

transit time, runoff lag time, time to peak runoff) clearly indicated disturbance-

related changes in peatlands. However, watertable and related storage changes (e.g., 

specific yield) more clearly showed the effects of drainage and restoration on 

peatland hydrology, and were superior to runoff parameters as indicators. The 

watertable at disturbed sites was positioned in a more decomposed and lower 

specific yield area (Sy = 0.13-0.24), and this caused highly fluctuating watertable 

conditions. However, restoration quickly brought the watertable into the layer of 

less decomposed peat with higher specific yield (Sy = 0.31-0.44), and thus less 

highly fluctuating watertable conditions. 

Overall, unlike the watertable, the water quality at the restoration sites has not 

yet fully stabilized, even after six years, indicating a need for longer monitoring 

periods. Furthermore, the vegetation, and thus evapotranspiration, is not yet in 

equilibrium, so total runoff in particular will continue to change for many years 

after restoration until a new quasi-equilibrium system state is achieved. Hence, 

longer monitoring periods are needed when planning to assess changes in peatlands 

and surrounding ecosystems due to drainage and restoration. Fig. 21 summarizes 

some of the comparisons made and results obtained in this thesis. 
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Fig. 21. Schematic diagram showing the effects of drainage and subsequent restoration 

on peatland hydrology and pore water quality. 
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5 Recommendations  

5.1 To the scientific community 

In Papers I and II, the effects of drainage and subsequent restoration on watertables 

and water quality were analyzed using measurements made at a single point within 

the catchment. This could have created some uncertainties in water quality and 

watertable analysis. Measurements of watertable level and water quality made at a 

single point may not be representative of the situation in the entire catchment, 

which could lead to inaccurate conclusions. Thus much attention should be given 

to the accuracy of the data (representativeness). Watertable level and water quality 

may vary spatially, due to uneven peat decomposition or subsidence (after 

drainage), distance to drainage ditches or natural channels (more decomposition 

near the ditches), spatially uneven vegetation community, and micro-topography 

(e.g., hummocks and hollows). For example, the spatial variability in initial 

watertable position and the subsequent watertable decline due to drainage and 

associated peat subsidence between microforms (hummocks, lawns, and hollows) 

can cause spatial variability in the DOC response (Strack et al. 2008). Thus the use 

of one measuring point should be avoided, especially when the expected or 

hypothesized change in watertable level or water quality is very small compared 

with the natural variability, as was the case for some of the study sites in this thesis. 

However, one measuring point can be acceptable when the hypothesized change in 

the parameters to be measured is significantly larger than the natural variability. 

5.2 To stakeholders 

Stakeholders/practitioners should try to consider the following principal 

mechanisms in peatlands when planning restoration measures. If over- or under-

restoration can be avoided, the required outcomes of restoration can then be 

achieved. 

– Analysis of flow paths (e.g., surface flow paths can easily be estimated through 

analysis of digital elevation models) before and after restoration within the 

peatland and surrounding catchments. This can help determine how water can 

be evenly distributed throughout the peatland, an important component for the 

recovery of degraded peatlands. This can be achieved for instance by building 

a greater number of peat dams that can help distribute water more evenly and 
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reach peatlands farther away. However, if there is enough available material 

(slightly decomposed peat, ditch spoil material) on site or nearby for complete 

backfilling of the ditches, this technique, accompanied by sparse peat dams, is 

recommended over restoration by damming only, in terms of better water 

distribution. 

– Restoration techniques applied (backfilling or damming) should try to return 

the conditions in disturbed areas to those in pristine natural peatlands. This can 

be achieved e.g., by planting moss fragments in the restoration area (along the 

ditches), or shoveling peat with plant propagules from nearby undisturbed 

mainland peat into the restoration area. 

– Stagnation of water behind peat dams for long periods should be prevented, 

since disturbed areas are hotspots for nutrient leaching during very wet periods. 

This can be done by redirecting water to the main peatland area through e.g., 

building very long dams at selected points, so that more disturbed areas 

(blocked ditches) have minimized DOC and nutrient leaching. Low peat dam 

density can promote stagnation of water behind peat dams rather than 

distributing water to the main peatland area and can limit restoration around 

the ditches (localized effect). Hence, when peat damming is preferred over 

backfilling, acquiring the right peat dam density is very important. 

– If the peatland considered for restoration has steep slopes, delivering water to 

the main peatland area and to distant peatlands could be problematic. Hence, 

when possible, practitioners should consider using both backfilling and 

damming (with dams that are strong enough to resist high flows, e.g., by 

reinforcing the dams with woods and geotextiles). 
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