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Albin Enetjärn 

Abstract 
Boreal peatlands are substantial terrestrial carbon storages. They are also important for the 
function of several large-scale cycles and systems that humanity benefits from. Drainage 
affects peatlands by establishing a new, lower equilibrium for the groundwater table. As a 
consequence of a lowered groundwater table and physical disturbance from the ditch, a chain 
of events is triggered, causing a number of changes in the hydrology and hydrochemistry of 
peatlands. The review aimed at gathering the most relevant literature on how boreal 
peatlands are affected by drainage. This was carried out by searching for scientific articles on 
online databases and libraries. Besides reviewing hydrology and hydrochemistry, a 
compilation of boreal peatland characteristics and a background on the history of Swedish 
peatland drainage are handled in the report. The results show that concentrations and loads 
for a long range of water quality parameters are affected by drainage. The effects vary a lot 
depending on different peatland characteristics. Both runoff and chemical changes depends 
largely on whether ditches reach mineral soil beneath the peat. The most obvious and 
adverse effect on chemistry is a large increase in suspended solid concentration and export. 
Other changes include increases of mineralized nitrogen, decreased organic carbon 
transport, increased annual runoff and increased levels for a number of elements, such as 
Mg, Ca, K and Mn. 
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1 Introduction 
Words and terms presented in italic style throughout the introduction are further described 
and defined in Appendix 1, which is a list of relevant abbreviations and definitions. 

1.1 Background 
Peatlands are substantial terrestrial water storages occurring on earth’s surface, 

particularly in the boreal climate zone on northern latitudes (Gorham 1991). The water 
stored in peatlands appear in two principal ways; free and bound. The free water is such 
water which is not attracted to soil particles with any chemical or capillary forces, forming a 
coherent body of water filling out the pore space within its distribution, and where the upper 
surface represents the atmospheric pressure. It can also cumulate at the soil surface if the 
physical conditions are favorable. Bound water are the water resources that are left in a soil 
when all the free water has been allowed to drain. It is bound with chemical, capillary and 
colloidal forces to varying degree and as opposed to free water, energy is needed to remove it 
from the soil column. Peat are very efficient in storing bound water thanks to its loose 
texture with high porosity. Especially the shallow, least decomposed type of peat has an 
extremely high capillary capacity thanks to its low bulk density. Deeper, more decomposed 
peat, while storing less water, have even stronger bound water thanks to its smaller pore 
spaces. Because of these special properties, the removal of water through drainage can only 
be achieved for parts of the total water storage (Malmström 1928; Nationalencyklopedin 
2017a).            
 The purpose of constructing drainage ditches in peatlands is first and foremost to 
increase growth of cultured vegetation based on financial interests. In the case of boreal 
peatlands this is often synonymous with forest cultivation. The increased growth is possible 
thanks to ditches leading to a lowering of the groundwater table (GWT) which in turn gives 
enhanced growth conditions. Drainage ditches have three principal functional tasks: (1) 
Interception of surface water from the peatland, (2) mobilization and removal of 
groundwater by increasing the GWT gradient and (3) preventing influx of groundwater from 
surrounding terrain into the drainage area (Heikurainen 1973).     
 In recent years the awareness of potentially dangerous human influence on natural 
cycles and systems such as the climate system, the nitrogen (N) cycle, global biodiversity and 
several others has been pointed out by scientists (e.g. Rockström et al. 2009; Ripple et al. 
2017). Peatlands could potentially play a significant role in several of these large-scale cycles 
and systems, and consequently it is of utmost importance for humans to increase as well as 
gather knowledge about peatlands and how our land use activities affects them. Wetlands, 
including peatlands, provides us with a number of ecosystem services linked to their 
interplay with water. Retention and absorption of nutrients, global climate regulation, 
dampening runoff and production of berries to name a few. All of these services can 
potentially be affected, in either direction, by the action of draining (Naturvårdsverket 2012). 
Since boreal peatlands represent a considerable, if not major, part of Swedish wetlands it is 
of great interest and importance to increase our knowledge about how they respond to 
drainage.  

1.2 Study aim 
This review aims at giving a comprehensive explanation of how different aspects of 

hydrology and hydrochemistry are affected by drainage in peatlands of the boreal landscape. 
The main focus will be on Swedish peatlands. Recent research on northern peatlands and 
their response to anthropogenic land use has mainly been focusing on their role in the global 
climate system, and whether they act as sinks or sources of C. Two fairly recent and very 
comprehensive reviews on that field of research have been written, both including boreal 
peatlands (Bussell et al. 2010; Haddaway et al. 2014). Because of this I have chosen to leave 
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gas fluxes out of this review and instead I will focus on the effects peatland drainage have on 
the properties and quality of water. As a consequence of abiotic changes in peatland 
environments, living organisms are also affected (Turetsky and St. Louis 2006). However, 
that is not within the scope of this study. To give readers a good insight to the study subject I 
will start by giving a thorough introduction to the physical characteristics of boreal peatlands 
as well as a flashback on the history of Swedish peatland drainage. The actual review section 
of the study will be divided into two major parts, each focusing on how hydrology and 
hydrochemistry are affected by boreal peatland drainage. 

2 Method 

2.1 Search strategy 
To find articles for this review, a number of different information sources were used. 

This included scientific databases, search engines and web pages of relevant institutes and 
agencies. The original plan of the review was to include also climatological effects of peatland 
drainage. This had to be abandoned while working with the result part due to a lack of time. 
However, during the search phase of the study climatological studies were also included 
which explains the presence of climate related words in the search terms (Appendix 2). The 
number of studies found through searching different sources were narrowed down by 
excluding irrelevant studies in three steps. First by scanning the titles for relevant terms and 
sorting out any article that did not fit within the aims of the study. Secondly by reading the 
abstract or introduction of the article and downloading it if fell within the scope of the study. 
Thirdly by reading the full-length article and extract any relevant results if it seemed useful 
and the study design was proper. 
 Special interest was given to Swedish studies that met the criteria, but any scientific 
study that seemed useful to fulfill the purpose were included as long as the following three 
criteria were met: (1) The subject was either hydrological (dealing with physical properties of 
water, e.g. water table lowering and runoff changes), water chemical (dealing with e.g. pH, 
alkalinity, carbon (C), base cations, absorbance or any other chemical constituent of water) 
or had a scope dealing with both study fields. (2) The study dealt with an intervention on the 
natural state of peatland hydrology in the form of drainage through ditching, protection 
ditching or any similar event. Changes in any of the aforementioned subjects were then 
compared either with its own values prior to the intervention or, most commonly, with a 
nearby peatland through calibrating the original differences over some time before 
performing an intervention and look for differences compared to the calibrated values 
(paired catchment study). Studies comparing an altered peatland area with a nearby 

Figure 1. Map over the northern hemisphere, 45-90°N, and an enhanced map of Scandinavia. Colors represent 
different classifications in the Köppen-Geiger climatic system. The green color “Dfc” represents the climate 
zone referred to as “boreal region” in this report. Map developed from original in Chen and Chen (2013). 



   3  

peatland area without any calibration were also used, but treated more cautiously since 
underlying differences could be present. (3) The geographical site or sites of the study was 
situated within the boreal climate zone, “Dfc”, according to the Köppen-Geiger classification 
system. This is visualized in Figure 1. A few exceptions to this was undertaken for studies 
taking place in the conifer-dominated forest region of southern Sweden (South Swedish 
highlands), roughly delimited by the 6°C-isotherm in Figure 2. Further, the study had to take 
place in a natural or semi-natural peatland ecosystem. Semi-natural in this case includes 
especially peatlands being used for forestry in some way. Excluded are for instance studies 
taking place on peat extraction sites or agricultural fields which often are classified as 
peatlands but where the biogeochemical cycle has been heavily altered.    
The search for relevant studies was done systematically according to the list below. Online 
searches were done with different combinations of search terms depending on the function 

of each database or search engine. These are 
specified in Appendix 2. The search from different 
sources was performed in the following order: 
1. All references from Bussell et al. (2010)  and 
Haddaway et al. (2014) was examined. 
2. Two reports from the Swedish Environmental 
Protection Agency dealing with environmental 
effects of drainage was examined for relevant 
references (Simonsson 1987; Wesström Hargeby 
and Tonderski 2017). 
3. Three Swedish online sources, SwePub (2017), 
IVL Svenska Miljöinstitutet (2017) and SLUpub 
(2017) offering search  services for both internal 
and external scientific studies was searched with 
specific terms, which are specified in Appendix 2. 
4. Searching for relevant publications on Web of 
Science (2017). Search terms and search turn-out 
are presented in Appendix 2. 
5. Searching for relevant publications on Google 
Scholar (2017). Search terms and search turn-out 
are presented in Appendix 2. 
6. Any digital article or book of relevance that was 
not available online but existed  in printed form at 
Umeå University Library or SLU Umeå University 
Library, was collected. 
7. After the primary search was over, relevant 
references that appeared in the downloaded 
articles were collected online or in the libraries. 
 

2.2 Review structure 
The result section has been divided into 

four parts. The first part gives the reader a 
background on past and current research on boreal 
peatlands, dealing with their role in the global 
carbon (C) cycle, different ways of development, 
physical properties and predictions on how they 
will respond to future climate changes. Part two 
describes the history of peatland drainage in 
Sweden, explaining its underlying reasons, spatial 
distribution and quantifying its areal extent 
depending on different definitions of peat. Part 
three and four are a compilation of hydrological 

Figure 2. Map showing mean annual 
temperature in Sweden 1961-1990 (black lines 
and numbers) and regions from where Swedish 
studies were included in the review. Studies 
from northern Sweden (north of dashed red 
line) is part of the boreal zone (Figure 1) and 
suitable for the study. A few studies from 
southern Sweden (within the dashed red circle, 
“South Swedish highlands”) were also 
interpreted as useful based on relatively cold 
“borderline-boreal” climate and conifer-
dominated forests. Map developed from 
original at SMHI.se (2017). 
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and water chemical studies respectively. These parts are quantitative comparisons of 
different studies, split up into different subheadings depending on the subject of each study.  

Some figures and tables which I consider representing a pervading pattern, or just 
are nicely displayed and relevant results, have been borrowed from different reports. 
Further, I have created a few tables in order to clearly present similar data from different 
authors. When presenting data, I have chosen to focus on the size of change due to the study 
intervention, which commonly is expressed as a percentage increase or decrease compared to 
before drainage. However, sometimes the most convenient method has been to report 
changes in absolute numbers, for example changes in pH which are more comprehensible 
that way. In some cases, I also report changes in specific runoff, e.g. in the form of g·m-2·d-1. 
When reporting specific runoff changes and chemical concentration changes in a study, it 
always corresponds to measurements in the stream outlet(s) of the studied catchment(s) if 
nothing else is mentioned. If changes in a study are statistically significant it is mentioned, 
but also non-significant changes will be brought up if it seems relevant for the cause.  

Throughout the review I use three different terms to describe the artificial removal of 
water from peatlands. The terms used are ditching, draining and drainage. Ditching refers to 
the physical removal of soil matter by e.g. excavation or ploughing, which create a ditch that 
reduces the GWT and diverts waterfrom an area. Draining (verb) and drainage (noun) are 
means removal of water in a wider sense, e.g. by pumping or drinking it. In this review, I 
have switched between the three words quite freely and they should be interpreted 
synonymously. The removal of water in the studies I have used have exclusively taken place 
with different types of ditches. Therefore, all three terms allude to this. 
 

Figure 3. The geographical sites of all studies that has been used in the review (chapter 3.3 and 3.4). Studies 
taking place at two widely separated sites have their number presented twice. Studies placed in a box without an 
asterisk or a question mark have been performed at the same or nearly the same site. Studies taking place at three 
or more widely separated sites have been marked with an asterisk and put in a box of the country where they were 
performed. The study with a question mark was performed at an unknown site in Finland. Studies are numbered 
in order of appearance in the text. 
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The first time a study is brought up in the actual review (part 3.3 and 3.4 of the 
result), the author name(s) and publication year are presented in italic style and a brief 
explanation on the study design is given. This will hopefully give the reader a better 
perception of the study and make comparisons between studies easier. Transition between 
studies are clearly marked with an indent at the first row. In the results, I have chosen to 
separate studies that deals with primary ditching and ditch cleaning (or protection ditching), 
presenting them in different paragraphs. If several measures have been undertaken within a 
study, I have counted it as primary ditching, and it is mentioned in the text. The geographical 
site for each study is presented in Figure 3.  
 

3 Results  

3.1 Background to boreal peatlands 

Boreal peatlands can be defined as any peatland occurring within the boreal region of 
earth (Figure 1). On an area basis, they cover around 2-3% of earth’s terrestrial surface, 
representing 80% of earth's total peatland area (Wieder, Vitt and Benscoter 2006). Although 
occupying a small share of the terrestrial surfaces of earth, they store significant amounts of 
C. That is because net primary production in peatland areas generally exceed the 
decomposition of organic matter (OM), leading to a long-term uptake of C from the 
atmosphere. A frequently cited estimate made by Gorham (1991) is that northern (boreal + 
subarctic) peatlands store 455 petagrams (Pg) of C, which is equal to 30% of the terrestrial 
soil C on earth. Paavilainen and Päivänen (1995) lists seven other estimates ranging from 
41.5 to 489 Pg of C, calculated for either boreal or global peatlands. A newer estimation made 
by Yu (2011) is 547 Pg of C in northern peatlands and 612 Pg of C in global peatlands 
respectively. The great range in numbers highlights the difficulty in estimating pools of C 
over large areas, which has several reasons. Firstly, the areal distribution is highly uncertain 
due to the lack of a global definition delimiting what a peatland is. Secondly, data for depth 
of peatlands are scattered and highly variable, and often based on a lot of assumptions. 
Thirdly, there is an uncertainty involved when estimating bulk density and C content of peat, 
which may vary over the world (Gorham 1991; Paavilainen and Päivänen 1995; Vasander and 
Kettunen 2006). Despite the large variation in estimates, the general view among 
researchers is that boreal peatlands are an important C sink on the global level (e.g. Wieder 
and Vitt 2006; Strack et al. 2008a; Bussell et al. 2010; Haddaway et al. 2014).  
 The distribution of today's boreal peatlands is almost exclusively a result of an 
initiation and expansion during Holocene. The rate of peatland initiation has been driven by 
glacial, isostatic and climate changes and has been fairly constant throughout Holocene, with 
a slight decrease in the last 3000 years (Kuhry and Turunen 2006; Yu 2011). There are three 
principal ways in which peatlands are developed: (1) Paludification, the most common 
genesis, is when mineral soil is converted into a peatland because of a rise in the GWT. This 
leads to anoxic soil conditions, preventing OM decomposition so that peat starts 
accumulating. (2) Terrestrialization, which is when shallow bodies of water are gradually 
filled in or “eaten up” from the sides by floating mats of vegetation. Temporal changes in 
sedimentation, evapotranspiration, morphometry and hydrology may further accelerate the 
process. (3) Primary peatland formation, the least common genesis, is the immediate 
accumulation of peat on moist ground after deglaciation or water drawback (Sjörs 1983; 
Paavilainen and Päivänen 1995; Kuhry and Turunen 2006; Wieder and Vitt 2006). Lateral 
expansion of peatlands once developed depend on several different local factors (e.g. 
topography, permeability, drainage, vertical peat accumulation) as well as climate. However, 
thanks to different local conditions, no specific climatic scenario can be said to cause a 
general expansion. As an example, a more humid climate could favour the development of 
paludification but at the same time counteract the process of terrestrialization (Kuhry and 
Turunen 2006).          
 One mutual denominator for the great majority of boreal peatlands is flat topography 
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that prevents runoff, with slopes generally having <0.4% inclination. Flat topography is 
important both for the initiation and expansion of peatlands (Gorham 1991; Kuhry and 
Turunen 2006). Yu (2011) modelled the global peatland C sequestration during Holocene in 
relation to the atmospheric carbon dioxide (CO2) content. His results showed that boreal 
peatland C sequestration rate increased during the first few thousand years after 
deglaciation. Since then the sequestration rate has decreased, and the last 1 000 years it has 
been close to the Holocene average of 41.8 Pg per thousand years. As a comparison, annual 
anthropogenic CO2 emissions equaled 32 Pg in 2010 (IPCC 2014).    
 The role of peatlands as a C sink applies only as long as net primary production 
(NPP) exceeds decomposition for that area. Generally, the peat accumulation rate is in the 
order 1-20% of NPP. The OM which is decomposed in the upper aerobic part of the peat is 
mineralized primarily as CO2. However, as the litter breaks down and get covered by new 
plants, it is compressed and the porosity decreases. This results in a high water holding 
capacity and a low hydraulic conductivity which favors a high water table. Water saturation 
causes anaerobic conditions and as a consequence decomposition slows down considerably. 
The peat/water table-relationship thus creates a positive feedback loop, favouring the 
presence of each other. The major constituent produced under anaerobic C mineralization is 
methane (CH4) (Vasander and Kettunen 2006; Ise et al. 2008). The rate of C flux out of the 
peatland is controlled by respiration from both autotrophic and heterotrophic organisms and 
is regulated by several factors. Autotrophic respiration occurs only while photosynthesis is 
active, but is also controlled by access to water, nutrients and soil temperature. 
Heterotrophic respiration on the other hand continues even during the winter when 
photosynthesis stops (Vasander and Kettunen 2006). The major limiting factor for 
heterotrophic respiration is availability of oxygen, which is largely controlled by the water 
table level, but also soil temperature, microbial activity, vegetation characteristics and soil 
pH (Blodau 2002; Vasander and Kettunen 2006).       
 The average current rate of net ecosystem exchange (NEE; equal to NPP minus 
autotrophic respiration) for northern peatlands has been calculated to 18.6 and 21 g m-2 a-1 
using two different models (Clymo 1998; Yu 2011). However, the projected climate change 
will cause increased evapotranspiration and changed precipitation patterns in the future 
which might alter the peat/atmosphere-balance (IPCC 2014).  Ise et al. (2008) developed a 
model for soil organic carbon (SOC) dynamics in northern peatlands, taking future climate 
changes into account. The model showed that soil temperature, water table drawdown and 
peat structure all interact and lead to a decreased overall peat mass. This highlights the 
sensitivity of peat mass balance to external factors such as temperature and hydrology. 
 Because of peatlands functioning as a C sequestrant and also providing other 
ecosystem services, many studies focusing on the dynamics between peatlands and its 
surrounding environment has been conducted during the last 30 years (Turetsky and St. 
Louis 2006). A large proportion of the studies has been directed against anthropogenic 
disturbances on peatlands, for instance the draining of peatlands for different cultivation 
purposes, and how it affects the natural conditions. Peatland drainage has proven to have 
far-reaching consequences not only for the climate through altered flux of greenhouse gases, 
but also on different hydrological and chemical factors. While the hydrological (physical) 
effect is a direct consequence of drainage, chemical and climatological effects are indirect 
effects caused by a reduced water table and changed oxygen conditions (Wieder and Vitt 
2006b).  

3.2 Drainage in Swedish peatlands 
The extent of Swedish peatlands is not totally clear. Different estimations of the total 

peatland area range from 63 000 to 100 000 km2, representing 15-22% of the total land area 
(Sjörs 1983; Hånell 1989, Joosten and Clarke 2002; Hånell 2006; Hånell 2009). Higher 
estimates include all peat-covered ground while the lower ones include only areas with >30 
cm peat cover. 17 000 km2 of peatlands (>30 cm peat) are classified as productive forest 
while the rest is non-reproductive marshland (Hånell 2009). The geographical distribution 
of peatlands in Sweden is skewed, with the highest proportion of peatlands occurring in 
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northern Sweden and in the South Swedish Highlands (Figure 4). This distribution coincides 
rather well with that of boreal climate in Sweden (Figure 1). Consequently, the majority of 
Swedish peatlands is located within boreal regions. 

No data presenting the distribution of Swedish peatlands in the boreal landscape 
specifically are to be found. However, Hånell (1989) has compiled data on the extent of 
peatland (peat depth >30 cm) in Norrland which represents roughly the northern half of 
Sweden. All of Norrland is located within the boreal region and represents a large proportion 
of the boreal Swedish landscape. Of the 63 438 km2 of peatland that he reported throughout 
Sweden, 42 879 km2 (68%) was located in Norrland. This means that 19% of Norrlands’ total 
area (242 735 km2; Nationalencyklopedin 2017b) is covered by peatland. Based on 
comparisons of Figure 1 and 2 it can be approximated that the total coverage of boreal 
peatlands in Sweden, including all peatlands above the red line and in the red circle of Figure 
2, is at least 50 000 km2 and they have a coverage of at least 20% in the boreal landscape.  
A substantial part of Swedish peatlands has been subjected to drainage, both for agricultural 

and forestry purposes (Wesström, 
Hargeby and Tonderski 2017). During 
the 19th and 20th century over 1 000 
000 km of ditches and underdrainage 
systems were introduced for 
agricultural purposes. The 
agricultural distribution in Sweden is 
almost inversely related to that of the 
boreal climate zone in Figure 1 (SCB 
2013). Because of this and also the 
fact that agricultural areas often have 
been subject to a long-term and large-
scale anthropogenic influence, they 
are excluded from further analysis in 
this review which will focus on natural 
and semi-natural conditions. Beside 
agriculture, forestry has been a major 
contributor to drainage in the 
landscape (Wesström, Hargeby and 
Tonderski 2017).  

The history of drainage for 
forestry in Sweden extends back to 
mid-late 19th century and several past 
studies deals with the relation 
between drainage and forest growth 
(e.g. Malmström 1928; Malmström 
1935). The purpose was already then 
to increase growth in peatland forests 
as well as making tree-free peatlands 
suitable for farming. A common 
misunderstanding at the time was 
that waterlogged areas caused frost 
and consequently aggravated peatland 

farming and forest growth (Eliasson 2008). Another threat was said to come from the 
ongoing paludification; large areas of productive forest risked being turned into swamps. The 
blame was laid on “one of the forests’ most dangerous enemies”; sphagnum, and drainage 
was considered a necessary measure to prevent sphagnum from expanding (Lundström 
1895). Research that was executed in the beginning of the 20th century demonstrated that 
swamp growth was basically immeasurable and put an end to these misconceptions. Further, 
the importance of nutrients for forest growth on peatlands was increasingly noticed at this 
time (Malmström 1935; Eliasson 2008). 

Figure 4. Geographical peatland distribution in Finland, Norway 
and Sweden countries expressed as a percentage ratio of the total 
land area. Map by Montantarella, Jones and Hiederer (2006). 
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After a dip during World War I, drainage of Swedish forests took off at a hitherto 
unsurpassed rate in the 1920’s. Government grants were handed out to private landowners 
and companies both as a measure to increase production and to create job opportunities. 
This became increasingly important during the 1930’s economic depression when high 
unemployment rates forced the government to pay large funds to keep people occupied, for 
instance through ditch excavating. By the start of World War II, when ditching decreased 
considerably, around 5 000 km2 of peatland forest had been dewatered (Eliasson 2008; 
Bernes and Lundgren 2009).  

After the war, forest drainage started to increase again, but never reached the same 
extent as in the 1930’s. Industrial rationalizations which took off after the war were adapted 
by the forest industry as well. Ditching by hand was to ineffective and gave way for new 
technologies. First in the form of ditch blasting with dynamite which were soon replaced 
with machines for ploughing and hydraulic excavators, of which the latter was more 
adaptable and is most popular at present day (Eliasson 2008). A new form of ditching for 
forestry took off in the 1970’s. The new method of clear-cutting all trees in an area removed 
almost all evapotranspiration which caused a large increase in infiltrating water. This could 
potentially give a deterioration in forest regeneration because of high GWTs, causing low 
oxygen levels. By excavating shallow so-called “protection ditches” in the felled area, the 
GWT could be lowered for some time so the newly planted trees could establish and start 
influencing the water balance. The shallow ditches would then naturally grow over when they 
were not needed anymore (Bernes and Lundgren 2009). 

At present day, at least 11 000 km2 of Swedish peatlands are affected by ditching, 
mainly for forestry purposes. However, 3 500 km2 of the ditched area, half of it in northern 
Norrland, are still classified as non-reproductive marshland and has in that sense been 
failures. Assuming that boreal peatlands represents 80% of all peatland area in Sweden the 
number would be almost 9 000 km2 of peatlands and around 3 000 km2 of failed 
commitments. The areas reported is calculated on the basis that each kilometre of ditch 
dewaters 5 ha of land, equal to 25 meters of lateral effect (Hånell 2009). This number is 
however a large simplification since ditch depth and peat characteristics influences the 
draining. On shallow peatlands, the texture of underlying mineral soil is also an important 
factor in determining groundwater flow (Heikurainen 1973). According to Hånell (2009) the 
affected area “clearly reaches further than 25 metres” for some ditches.  

The extent of new ditching beside protection ditches in Swedish forests have been 
almost non-existent since the beginning of the 1990’s. In 1986 a national permit was 
introduced for draining actions. Further, governmental grants to ditching businesses ceased 
in 1991 and in 1994 drainage were generally prohibited in the Svealand and Götaland regions 
of southern Sweden (Bernes 2009; Naturvårdsverket 2009). Cleaning of old ditches down to 
the original depth for forest regrowth is not prohibited and the most common measure taken 
at present time (Hånell 2009; Naturvårdsverket 2009). Many Swedish ditches are in a state 
of overgrowing and needs to be cleaned in the near future to maintain or regain their 
function (Hånell 2009; Hansen et al. 2013). The chemical effect of ditch maintenance seems 
to be similar to new ditching while the hydrological impact is less pronounced (Joensuu, Ahti 
and Vuollekoski 1999; Joensuu, Ahti and Vuollekoski 2002; Koivusalo et al. 2008; Hansen et 
al. 2013) 
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3.3 Hydrological effects of peatland drainage 

3.3.1 Groundwater table    
Heikurainen (1973) presents a figure of the GWT in a ditch and on 2.5, 5, 10, 20 and 

40 m distance during three sampling events from July to September. At all events, a clear 
lowering in the GWT depth up to 10 m from the ditch were evident, increasingly marked 
when moving closer to the ditch. No unambiguous GWT decrease was visible at 20 or 40 m 
distance.  

Bergquist, Lundin and Andersson (1984) studied two mires and reports an average 
lowering of the GWT with 22 and 33 cm respectively during the first-year post-drainage. No 
further lowering could be observed after the first year.  

Lundin (1984) studied a fen for five years. The targeted catchment had an area of 333 
ha of which 37% were peatland. During a two-year period prior to drainage, calibration to an 
adjacent peatland catchment took place. This was followed by three years post-drainage 
studies. Lundin obtained a statistically significant lowering of the GWT, on average -40 cm. 
Local variation spanned from 20 to 75 cm. At 5 m distance, the GWT was 25 cm higher than 
in the ditch. At the water divide on the strip between the ditches a wedge of higher GWT 
remained, 40 cm above the ditch water surface and markedly higher than adjacent 
measurement points.  

Similar results are reported by Hillman (1992). He studied a 90-ha section of a treed 
fen with a ditch network density of 333 m·ha-1 and compared it with and adjacent control 
area. Peat layer was >1.5 m thick and underlain by clay. Ditches had a depth and width of 0.9 
and 1.4 m respectively. Ditch intervals of 30, 40, 50 and 60 m spacing lowered the water 
table with on average 79, 66, 56 and 73 cm respectively. GWT profiles between ditches 
showed a rather smooth convex profile, except for a wedge-shaped peak at the mid-strip 
water divide of the 40, 50 and 60 m spaced ditches. The GWT drop at midpoint was 74, 46, 
37 and 54 cm for the different ditch spacing respectively. 

Lundin and Bergquist (1990) studied a 330-ha catchment, consisting of 19% 
peatland (bog, peat depth 3-6 m), comparing it with an upstream control catchment before 

and after drainage. Ditch network density was 343 
m·ha-1 and consisted of differently sized ditches. 
The first year after drainage, the average GWT 
decreased 7 cm compared to undrained conditions. 
Three years after drainage, the average GWT had 
decreased 21 cm compared to undrained 
conditions.  

Haapalehto et al. (2014) obtained a smooth 
curve with an increased lowering of the GWT when 
approaching an open ditch. Based on studies of 
nine drained and ten pristine peat bogs, GWT level 
at all distances were significantly different from 
each other (Figure 5).  

Lundin (1984) noticed that the annual 
amplitude between highest and lowest GWT was 
slightly higher at mid-strip than adjacent to the 
ditch.  
 

Results from Koivusalo et al. (2008) shows 
that ditch cleaning might not have the same effect 
on the GWT as pristine ditching. They studied two 
treated and two control catchments five years 
before and five years after ditch cleaning. The 
treatments had their ditches deepened 30-50 cm 
down to an original 80 cm depth. No significant 

Figure 5. Mean water table levels for drained 
and pristine peatlands on 0, 5, 10 and 15 m 
distance from ditches (if drained). Stacks 
indicate 95% confidence interval. n=9 for 
drained and n=10 for pristine. From original 
in Haapalehto (2014). 
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effect from the measure could be seen. However, on sites with shallow peat underlain by till 
or sand, a lowering of the GWT occurred after ditch cleaning.  

3.3.2 Mean annual runoff 
Flow regime disturbances is a direct effect of peatland drainage. One observed change 

is the mean annual runoff (MAR) from the drainage basin, which is supposed to increase on 
the behalf of decreased evapotranspiration (Simonsson 1987). Table 1 lists a number of 
studies that have quantified annual runoff changes. Even though most studies differ slightly 
from each other regarding study design, the general pattern is an increased runoff during the 
first one or few years following drainage while effects in the longer term seems less 
pronounced. Most studies only measured runoff during the snowless season. 

As for long term effects, Lundin (1994) observed a slightly decreased MAR (-4%) 
compared to undrained conditions during a two-year period one decade after drainage. The 
change was possibly related to dry weather conditions.  

In two paired-catchment studies by Åström, Aaltonen and Koivusaari (2001a; 
2001b) taking place in partly peat-covered (average depth 50 cm) catchments, no evident 
differences in runoff could be detected from the combined actions of ditch cleaning and 
complementary ditching. Both studies had a two-year calibration period and two years of 
post-drainage activity. In one of the studies, measurements indicated that high water flows 
may have decreased in amplitude after excavation. Runoff was however not treated 
statistically. 

Koivusalo et al. (2008) found runoff changes from ditch cleaning to be similar to 
those from ditching pristine peatlands. The treatments experienced a 37% and 38% 
increased MAR respectively. These numbers were considered large compared to other 
studies and questions were raised whether the control catchments could have been affected 
by the treated ones.  

 
Table 1. List of studies reporting on changes in mean annual runoff from catchments after draining peatlands. 
Values correspond to the first calendar year after ditching if nothing else is mentioned. 

Study Annual runoff change Comments 
Braekke (1970) +24% From Simonsson (1987). Norwegian fen. 29% decrease in 

surface runoff and 138% increase in groundwater runoff. No 
further study design information.  

Seuna (1974) +43% From Simonsson (1987). No study design information. 
Mustonen 
(1975) 

+30% From Simonsson (1987). No study design information. 

Seuna (1981) +52% The decadal post-drainage average increased 29%. 
Discounting for depletion in water storage. Study design 
described under heading 3.3.3. 

Lundin (1984) -10% Three years average. Oct 1980-Aug 1983. Separate years 
(Oct-Sept[Aug]) means were -18%, -21% and +29%. Study 
design described under heading 3.3.1. 

Bergquist, 
Lundin and 
Andersson 
(1984) 

+10% From Simonsson (1987). Two mid Swedish mires were 
studied. No further study design information. 

Lundin and 
Bergquist (1990) 

-6% Discounting for depletion in water storage. Study design 
described under heading 3.3.1. 

Manninen 
(1998) 

+15% First year after ditching. “Second year it was practically the 
same as before ditching”. Study design described under 
heading 3.4.1. 

Prévost, 
Plamondon and 
Belleau (1999) 

+7% Five summer (Jun-Oct) average. Not statistically significant. 
Dry summers tended to favor a higher flow in the drained 
area. Study design described under heading 3.3.3. 
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3.3.3 High and low flow events 
Seuna (1981) performed a long-term study on a bog. For two decades following 

ditching he measured several parameters, comparing them with an undrained and calibrated 
control. The treated catchment was 5 km2 and consisted of 44% peatland, 1.5 m deep. Ditch 
network density was 305 m·ha-1 and ditch depths 60-130 cm. The study found significant 
changes for spring high flow (+31 percent), summer high flow (+131 percent) and for both 
summer and winter minimal flow (+several 100 percent to infinity). During the two decades 
of post-drainage studies there was a decreasing trend for both summer and winter low flow.  

Lundin (1984) found that average high-water flow both increased and decreased for 
three years following drainage, because of varying ground frost conditions between years. 
Low water flows under 1 l·s-1·km2 consistently increased. The spring high water flow was 
lowered the first two years after drainage compared to undrained conditions (-40%, -18%). 
The third year had a rapid snow melt event with frozen ground conditions and high 
precipitation which is hypothesized to have caused the witnessed increase of 28%.  

Prévost, Plamondon and Belleau (1999) studied runoff and water quality changes in 
a bog during summer season (Jun-Oct) for seven years. They studied a 20-ha catchment with 
8 ha of peatland which had six one metre deep ditches excavated. One each with 20, 30, 40 
and 50 m spacing and two with 60 m spacing. Peat depth was at least 1.5 m. The study had a 
paired catchment setup and was calibrated the first two years and controlled five years post-
drainage. They found a significant increase in summer base flow, which increased 25% 
(+0.93 l·s-1). This was extra evident during two dry summers, when the ditches sustained a 
constant base flow. 

 
Hansen et al. (2013) studied the effects on runoff and hydrochemistry from ditch 

cleaning at two sites, one in the South Swedish highlands (see Figure 2) and one in northern 
Sweden. The studied catchments were partly peat-covered and mostly forest covered. The 
post-drainage study time was two and three years for the northern and southern site 
respectively. Two different excavating methods were used, one “normal” and one 
“considerate”, where the latter included for instance building sludge dams and leaving 
boulders in-stream. They found only minor changes in runoff from ditch cleaning at two 
Swedish sites. One site was unaffected while the other experienced an increased runoff of 1.5 
l·s-1·km-2 during the first month following drainage. Dry conditions reduced the effects on 
runoff. 

3.3.4 Subsidence 
As a consequence of a lower GWT, the peat subsides. Beside GWT level, subsidence is 

also dependent on peat depth and ditch depth (Heikurainen 1973; Table 2).  
Simonsson (1987) reports that subsidence of the peat surface was noticed within the 

first few months following drainage, ranging from 2 to 22 cm at three different drainage 
sites.   

Seuna (1981) observed a subsidence of 12 cm during the decade following drainage. 
 Lundin (1984) measured an average subsidence of 14 cm during the three years 
following drainage. The largest difference compared to the reference mire, 21 cm, appeared 
during the first summer following drainage.  

Hillman (1992) measured subsidence 26 months after drainage. He reports an 
average subsidence of 11.2 cm for peat between ditches of 90 cm depth and 30, 40, 50 and 60 
m spacing respectively. The mean subsidence for the different spacing’s was 16.1, 10.2, 7.9 
and 10.5 cm respectively, reflecting the GWT drop mentioned under heading 3.3.1. No 
consistent relation between subsidence and distance from ditch could be seen.  

However, Heikurainen (1973) writes that subsidence is greatest at the ditch edge and 
least at mid-strip, averaging 40 and 10 cm respectively. Consequently, a slight gradient 
towards the ditch emerges, promoting further groundwater runoff. 
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Table 2. Two studies showing the relationship between peat depth and subsidence 10 years following drainage 
(left) and ditch depth and subsidence of peat on the ditch side (right; no time period stated). From Heikurainen 
(1973). 

Peat depth (cm) Subsidence (cm) Ditch depth (cm) Subsidence (cm) 

0–50 14 80 20 

50–100 20 100 30 

100–150 24 120 40 

150–200 27 140 55 

200–250 33   

250–300 38   

300 41   

3.4 Hydrochemical effects of peatland drainage 
The chemical variation of boreal peatlands is large under both natural and drained 

conditions. One important reason to this is the hydrological differences between the two 
principal organic peatland types; bogs and fens. While bogs receive all of their nutrients and 
water with atmospheric deposition and rainfall, fens are fed by nearby groundwater flow 
which brings in dissolved nutrients and oxygen from adjacent grounds (Bourbonniere 2009). 
Simonsson (1987) lists both some geographical/physical factors (mire type, climate, altitude, 
bedrock and soil characteristics, catchment hydrology, humification, peat depth) as well as 
factors depending on the drainage operation (ditch depth, ditch closeness, lowering of the 
GWT, time of ditching, time since ditching) that will influence the water chemistry. Another 
important factor mentioned is the extent of dilution; water chemistry measured in a large 
downstream recipient might be practically unaffected by drainage while the effect in the 
ditch itself might be significant.  

Three principal phases of water chemistry can be acknowledged when draining 
peatlands: (1) ditching, chemical composition while the excavation is undertaken, (2) 
dewatering, time between excavation and the establishment of a new GWT, and (3) drained, 
the time after dewatering has been completed (Lundin 1984; Simonsson 1987). Given the 
heterogeneous nature of boreal peatland chemistry, it is important not to jump to 
conclusions about spatial differences. Because of this, the main focus will lie on before-after 
changes from drainage on each specific peatland, rather than looking for general values that 
could represent drained vs. undrained peatlands. A range of chemical factors are presented 
below. 

3.4.1 pH 
Bergquist, Lundin and Andersson (1984) measured a lowered pH of 0.1-0.2 units 

during the dewatering phase five months following ditching. The decrease was largest further 
downstream from the two mires. For the third, post-drained phase, pH increased with 0.3 
units adjacent to the mires while decreasing 0.4 units 5 km downstream.  

Lundin (1984) found no changes in the average pH for three years following 
drainage. Annual high pH, mainly occurring during winter low flows, were also not affected. 
Low pH, mainly occurring during spring and autumn high flows, were elevated 0.5-0.8 units 
above the expected. An exception to this was an extreme value of pH 3.9 during a dry period 
the third autumn after drainage, which was 1.2 units below the expected. Rain water pH 
showed no deviations that could explain the extreme value. A few km downstream the 
drained area, stream pH was also elevated 0.5-0.8 units during relatively low pH values (6.2-
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7.5). This applied also to the low 
flow during the third autumn, 
contrasting to upstream 
conditions.  

Ramberg (1981) studied 
the effects on pH from draining a 
small forested catchment with a 
thin partial peat cover. The 
catchment had an old overgrown 
drainage network from the 1920’s 
but were mechanically excavated 
with 0.8-1.5 m deep ditches in 
1974, one year after clear-cutting 
78% of the area in 1973. The pH 
increased on average 0.9 units the 
two years after drainage compared 
to the two years before drainage 
(Figure 6). Another project in the 
same area studied the pH changes 
in four undrained clear-cut 
catchments but could not find the 
same pattern. Also, the response 

from drainage was immediate, as seen in Figure 6. This led to the hypothesis that drainage 
accounted for the changes observed. 

Simonsson (1987) lists three other Scandinavian studies with the following outcome, 
(1) an increase of 0.4-0.5 units was seen in 20 to 40-year old ditches on bogs, (2) an increase 
of 0.4-0.6 units during a three-year period, no further information granted, and (3) a 
decrease with 0.6 units in a Norwegian study.  

Lundin and Bergquist (1990) found increased stream water pH with on average 0.3 
units both adjacent to the bog and 1 km downstream for 42 months following drainage. The 
change was most evident during the first year.  

Manninen (1998) studied a forested, partly peat-covered catchment which were 
subject both to ditch cleaning (20%) and pristine ditching (80%). The ditch network density 
measured 148 m·ha-1. He found a significant increase in pH of 0.8-0.9 units over two years 
following drainage.  

In a large-scale Finnish study, Joensuu, Ahti and Vuollekoski (2002) studied 
chemical changes of ditch network maintenance and complementary ditching in 40 
catchments for 1-2 years prior to and 2-3 years after ditching. Catchments were compared to 
34 adjacent control catchments. The average treated catchment had an area of 82.5 ha and a 
peat cover of 59% of which 74% were drained by 3.1 km of complementary ditches and 5.4 
km of cleaned ditches. On average, pH increased from 5.62 before drainage to 6.30 the first 
year, 6.27 the second year and 6.17 the third-year post-drainage while the control was 
basically unchanged. Changes for all years were significant compared to control.  

Prévost, Plamondon and Belleau (1999) noticed an instant elevation of pH of about 
1.0 units after drainage. pH remained elevated for the five years that the study was 
conducted. At the same time, pH in soil water samples decreased slightly at the sampling 
points on 1.5, 5 and 15 m distance from the ditch during the five years post-drainage. 

Åström, Aaltonen and Koivusaari (2001a) measured an average increase of 1.0 units 
for two years following ditch cleaning and complementary ditching. During the same period 
the control catchment stream pH was basically unchanged.  

Using the same study design, the authors examined another catchment (Åström, 
Aaltonen and Koivusaari 2001b). Average pH increased from 5.45 before drainage to an 
average of 6.2 for the two years post-drainage. At the same time control stream pH decreased 
with about 0.5 units. As expected, there was a close correlation between pH and alkalinity. 

Figure 6. pH and alkalinity before and after drainage of a small 
forested catchment area underlain by shallow peat. Reference 
corresponds to four unaffected forest streams. Alkalinity was 
calculated as difference between anions and cations (white circles) 
or actual measurements (white triangles). From Ramberg (1981). 
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pH was inversely correlated with discharge in both studies (high pH coincided with low 
flows).  

 
In the study on ditch cleaning by Hansen et al. (2013), average post-drainage pH 

increased using both excavating methods and at both sites. The “normal” method increase 
was 0.23 units for the northern site and 0.73 units for the southern site. The “considerate” 
excavation raised pH with 0.10 units at the northern site and 0.41 units at the southern site. 
The increases were most evident during the first year. All changes were significant. 

3.4.2 Alkalinity  
Ramberg (1981) presents an increase from zero to an average of 0.11 mekv/l the two 

years following drainage, either measured directly or calculated by subtracting anions from 
cations (Figure 6). The difference was hypothesized to come from a faster groundwater 
inflow to the ditches. 

Bergquist, Lundin and Andersson (1984) noticed a 30% lower alkalinity downstream 
the drained area during the excavation phase, probably caused by an increase in mire water 
runoff. The alkalinity remained 20-40% lower than expected during the dewatering phase. 
The two-year average following drainage was +11% 200 m downstream of the mires, -23% 1 
km downstream of the mires and -46% 5 km downstream of the mires, compared to expected 
values.  

Lundin (1984) reports an average increase of +11% for three years following drainage.  
Lundin and Bergquist (1990) found a 51% increased HCO3- concentration on average 

for the 42 months following drainage. The corresponding increase 1 km downstream was 
46%. 

Manninen (1998) found a significant increase of alkalinity (+0.15 mekv/l) from a pre-
drainage average close to zero. 

Åström, Aaltonen and Koivusaari (2001b) measured alkalinity two years prior to and 
two years after performing ditch cleaning and complementary ditching of a peat-dominated 
catchment. Alkalinity in the discharge water increased +158% during the first year and 
+225% during the second year compared to before drainage, from an average of 0.12 mekv/l 
to 0.31 and 0.39 mekv/l respectively. 

 
Hansen et al. (2013) found a significant increase of +13% for alkalinity during two 

post-drainage years in the “normal” method ditch at the northern site. The other three 
ditches also showed increases, however not significant. 

3.4.3 Carbon 
When assessing carbon (C) in hydrochemistry, several different forms can be 

distinguished. Some of the common ones are total carbon (TC) which represents all C 
present, total organic carbon (TOC) which represents all C of organic origin, and dissolved 
organic carbon (DOC), which is small-sized particles of organic carbon that are able to pass 
through a fine-textured filter, often with pore size 0.45 µm but sometimes larger (Strack et 
al. 2008b; Hansen et al. 2013). 

Lundin and Bergquist (1990) found a significant decrease in TOC concentration for 
42 months following drainage. The measured decrease was -10% at the outlet and -7% 1 km 
further downstream. The decrease in actual amount was higher (-38%) due to changed 
runoff patterns.  

Kenttämies (1981) studied hydrochemistry in a bog. The bog chemistry was first 
compared with a large number of other catchments, before performing drainage. He 
measured a slight but significant decrease (-17%) of TOC concentration in a ditch during an 
18-month period post-drainage. The load of TOC, which was correlated to the monthly 
runoff, experienced no overall change.  

Lundin (1984) found no significant changes in the amount or concentration of TOC 
for three years post-drainage.  
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Åström, Aaltonen and Koivusaari (2001a; 2001b) saw a moderate decrease of TOC 
concentrations in both studies, compared to pre-drainage levels and to the control stream. 
Compared to pre-drainage levels, the decrease was -32% in both studies. In one of the 
studies TOC concentration was inversely correlated with pH. 

Joensuu, Ahti and Vuollekoski (2002), found that DOC decreased significantly for 
three years following ditch cleaning and complementary ditching. The decrease was -31% for 
both the first and second year and -28% for the third year compared to before drainage.  

Strack et al. (2008b) examined growing season DOC concentrations in a poor fen 
with a peat depth of 0.8-1.5 m. The fen was divided into three topographically separated 
units, one “control”, one “experimental” that was drained during the study and one “drained” 
that had been drained nine years prior to the study. Their findings showed that DOC 
concentrations in pore water and surface water were elevated after drainage, both in the 
short-term and the long-term. Generally, DOC concentrations increased in low parts of the 
peatland while decreasing in hummocks. There was also an increased DOC export due to the 
elevated concentrations and increased surface discharge. Surface discharge increased from 
near zero to a range of 2-6 mm. DOC in discharge was particularly high (617 mg·m-2·d-1) 
during the first six days after drainage and measured 127, 110 and 91 mg·m-2·d-1 on average 
for the full first, second and third season respectively. Values for the “drained” site showed 
that similar levels persisted a decade after drainage with 104 and 82 mg·m-2·d-1 for the tenth 
and eleventh season respectively. Seasonal losses of C through DOC in runoff measured 8-11 
g·m-2, representing 17% of the TC budget. 

 
Nieminen et al. (2010) studied nine partly peat covered paired catchments for 1-3 

years prior to ditch cleaning and 2-4 years after ditch cleaning. The catchments ranged 
between 21 and 172 ha in size, of which 16 to 72% were affected by the drainage. Ditch 
spacing were <40 m. In eight of the catchments, DOC concentrations decreased during the 
post-drainage period. The first-year average decrease was around -4 mg·l-1, and the fourth 
year’s average decrease was around -6 mg·l-1. The specific export of DOC also decreased. The 
first year’s decrease (-57 kg·ha-1·a-1) was significant. 

Hansen et al. (2013) found a significant decrease of DOC concentrations after ditch 
cleaning with the “normal” method at the southern site. Average post-drainage DOC went 
from 33.8 mg·l-1 to 23.7 mg·l-1 (-30%). The “considerate” excavation method showed no 
change at the site, neither did any of the excavation methods at the northern site. 

3.4.4 Nitrogen 
Three different constituents of N are usually acknowledged when assessing water 

quality; nitrate (NO3-), ammonium (NH4+) and organic nitrogen (org-N). Together they 
basically represent total nitrogen (tot-N) (Grip 1982; Lundin 1984; Lundin and Bergquist 
1990).  

Lundin (1984) presents large annual fluctuations for the three N constituents. NO3- 
concentrations were on average significantly greater (+110%) during a three-year period 
following drainage. The first half year post-drainage exhibited no increase while April 
concentrations were 400% higher all three years. Except the first half year, concentration in 
flows during Oct-April increased 200%. The actual increase in transport was from 0.08 to 
0.25 kg·ha-1·a-1 (+213%) during the three study years. NH4+ exhibited an uncertain change of 
+36% for stream concentrations during the three years. Ditching generated minor overall 
changes in total transport of NH4+ with both decreases and increases during the study 
period. Org-N showed no concentration changes over the full three-year period, but was 50% 
higher between the first and second summer post-drainage.  

Bergquist, Lundin and Andersson (1984) presents data for changes in NO3-, NH4+, 
org-N and tot-N after drainage (Table 3). 

Lundin and Bergquist (1990) reports insignificantly increased NO3- concentrations 
and decreased NH4+ concentrations during 42 months after drainage. Concentration of org-
N exhibited a significant decrease (-20%) at the outlet compared to pre-drainage levels. Tot-
N concentration also decreased significantly (-16%) at the bog outlet. No significant changes 
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could be observed 1 km further downstream. The drained area had an increased nitrogen 
retention of +269% (kg·ha-1·a-1) compared to the control basin during the 42 months after 
drainage.  
 
Table 3. Average changes of the four major N constituents following drainage of Siksjöbäcksområdet 1981-1983. 
Changes were measured 200, 1000 and 5000 metres downstream the drained mire. I = dewatering phase, 
March-July 1981. II = two-year post-drainage mean March 1981-February 1983 (Bergquist, Lundin and 
Andersson 1984). 

   200 m 1 km 5 km 
   I II I II I II 

NO3- +14% +64% - +13% +83% +26% 
NH4+ -36% +21% - +7% -36% +3% 
org-N +55% +37% - +17% +23% -10% 

tot-N +46% +55% - +20% +32% 0% 
 

Manninen (1998) found tot-N concentration increases of +54% on average during 
two years following drainage. The total amount of leached N increased by 30% during the 
same time period, from 1.56 to 2.04 kg·ha-1·a-1. The ratio of inorganic nitrogen (mainly 
NH4++ NO3-) increased from 12 to 23% of the Tot-N, above all because of a great rise in 
average NH4+ concentration, which increased 4-fold. Total amount leached increased sixfold 
during the two years, from 0.09 to 0.6 kg·ha-1·a-1. 

Prévost, Plamondon and Belleau (1999) found a clear increase (+320%) in mineral N 
(NH4+ and NOx) during the five years post-drainage. The main increase happened during the 
ditching and lasted for two years. Mineralized N increased also in the soil water samples, and 
the increase was largest close to the ditches. No analysis of separate N constituents was 
performed. 

Joensuu, Ahti and Vuollekoski (2002) found small but significant decreases in tot-N 
concentrations following ditch cleaning and complementary ditching. The decrease was, 
compared to before drainage, -12% during the first year, -5% during the second year and -4% 
during the third year. Despite a tot-N decrease, NH4+ concentration increased significantly 
with +141% during the first year, +232% during the second year and +274% during the third 
year compared to the control catchments. Changes in NO3- were small and insignificant. 
Consequently, the decrease of Tot-N was implied to come from decreased concentrations of 
Org-N. Loads of Tot-N for three years post-drainage decreased with -5% compared to 
expected values. The corresponding changes for NH4+ and NO3- was +310% and +68% 
respectively. 

In a paired catchment study, Åström, Aaltonen and Koivusaari (2002) examined the 
impact of ditch cleaning and supplementary ditching. The catchment was partly covered by 
peat averaging 50 cm in depth and had 32.7 km of ditches excavated. Discharge weighted 
mean of NH4+ increased from 1.5 µM before ditching to 6.3 µM for the two years after 
ditching, leading to a significant increase. NH4+ concentrations were negatively correlated 
with discharge in the control stream and in the treated stream before drainage, but in the 
latter the trend was reversed after drainage. The study found no significant changes in NO3- 
or org-N.  

Åström, Aaltonen and Koivusaari (2005) also examines a catchment using the 
paired catchment method. N and P were the study objectives in the study, going on for two 
years before and two years after drainage. The site was also sampled the fifth year after 
drainage. The study site is covered in another article with other study objectives (Åström, 
Aaltonen and Koivusaari 2001a). The catchment size was 160 ha and largely covered by peat 
with an average depth of 50 cm. Drainage actions involved roughly equal amounts of ditch 
cleaning and supplementary ditching to a total ditch length of 31.8 km. The average org-N 
concentration decreased after drainage, both expressed as arithmetic average and flow-
weighted average. The decrease in org-N followed the decrease of TOC covered in the other 
article, however it was not as marked. NH4+ concentrations increased during the two first 
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year post-drainage. The increase was 
especially marked during high flow events 
such that runoff and NH4+ concentrations 
were positively correlated after drainage. 
NO3- concentrations also increased the two 
years after drainage and most so during 
high flow events. NO3- concentrations was 
also positively correlated with runoff post-
drainage as opposed to before. 

Nieminen et al. (2017) studied the 
long-term effects from drainage on the 
concentrations of tot-N and tot-P in 
peatland catchments. They compared 54 
pristine peatlands with 34 peatlands that 
had been drained more than 20 years ago, 
many of them around 60 years ago and one 
as long as 90 years ago. The catchments had 
great variation in size, peatland cover and 
drainage proportion. Drained peatlands had 

an average tot-N concentration of 847 µg·l-1 with a range from 360 to 1650 µg·l-1, while 
pristine peatlands showed an average tot-N concentration of 412 µg·l-1, ranging from 130 to 
940 µg·l-1. The drained average was 106% higher than the pristine average. Further, there 
was a significant trend for increased tot-N concentrations with increasing time since 
drainage (Figure 7).  Peatland percentage, drainage proportion or fertility status of the 
catchments could not explain the the concentration variations in drained peatlands. 

 
Nieminen et al. (2010) found no change in dissolved N concentration or specific 

export after ditch cleaning. The trend was that the specific export increased after treatment 
but it was not significant. The variation between catchments was high. 

Hansen et al. (2013) found significantly increased concentrations of NO3- after ditch 
cleaning with the “normal” method. The change was +454% for the northern site and +62% 
for the southern site. Changes in NH4+ concentration were significant for the “normal” 
method at the northern site (+113%). For both ions, the increase was larger during the first 
year after ditch cleaning. 

 

3.4.5 Phosphorus 
When assessing phosphorus (P) in water, a division into two different forms is often 

made; ortho-phosphate (PO43-) and total phosphorus (tot-P), where the latter also includes P 
which is bound into organic tissue (Grip 1982; Lundin 1984; Lundin and Bergquist 1990). 

Bergquist, Lundin and Andersson (1984) found a 71% increase of tot-P during the 
dewatering phase. The two-year post-drainage average showed no clear change, however this 
was largely because of an increase during the first year (+62-110%) followed by a decrease 
during the second year. 
 Lundin and Bergquist (1990) reports various effects on P from drainage. For PO43-, a 
significant decrease of -25% could be observed at the outlet for 42 months following 
drainage. However, during the same period a significant increase of +16% was observed 1 km 
further downstream. Tot-P exhibited an insignificant increase on both sites. Increased 
geochemical sorption to the peat, precipitation to stream sediments and biological uptake 
are listed as possible reasons for decreased PO43-.  

Manninen (1998) noticed an average increase of +30% for tot-P for two years 
following drainage. The total load that leached from the catchment increased twofold during 
the study period. Ditching mainly increased the amount of inorganic PO43- which 
experienced a fourfold increase in total amount transported, from 0.028 to 0.105 kg·ha-1·a-1. 

Figure 7. Scatter diagram and linear simulation of 
relationship between tot-N concentration and time since 
drainage. From Nieminen et al. (2017). 
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Joensuu, Ahti and Vuollekoski 
(2002) found only an insignificant increase 
of tot-P concentration during the first year 
following ditch cleaning and 
complementary ditching. The second and 
third year after excavation experienced 
significant decreases of -24% and -5% 
respectively compared to pre-drainage 
levels. Only a few of the 40 sites exhibited 
large changes, either positive or negative, 
after drainage. Tot-P concentrations were 
positively correlated to the occurence of 
fine-textured mineral subsoils in the 
ditches. The change in tot-P load over the 
three study years was -12% compared to 
expected values.  

Åström, Aaltonen and Koivusaari 
(2002) found no significant changes in the 
P concentrations during two post-drainage 
years. However, they noticed a relationship 

between P and Fe, suggesting that changes in different species of Fe to a large extent controls 
P abundance. 

Åström, Aaltonen and Koivusaari (2005) found a changed behavior of total reactive P 
after ditching. For two years post-drainage, the concentrations were considerably higher 
than pre-drainage. Further the correlation to Fe was enhanced, despite being significant 
since before and although Fe did not show any change in concentration. Also, reactive P 
stopped being negatively correlated with water flow after drainage. Compared to their other 
study of a similar catchment (Åström, Aaltonen and Koivusaari 2002) P behaved differently, 
which was suggested to depend on Fe redox chemistry and the original concentrations of P. 
Tot-P exhibited nearly the same behaviour as reactive P; an approximate 100% increase from 
pre-drainage levels and strong correlation with Fe. 

Nieminen et al. (2017) found similar changes in tot-P as for tot-N in their long-term 
study. The average concentration for drained peatland catchments was 31 µg·l-1, ranging 
from 8 to 96 µg·l-1. For pristine peatlands, the average concentration was 14 µg·l-1, ranging 
from 3 to 47 µg·l-1. The drained average was 121% higher than the pristine average. 
Particulate P accounted for a major part of the increase. Further, there was a significant 
trend for increased tot-P concentrations with increasing time since drainage (Figure 8). 
Peatland percentage, drainage proportion or fertility status of the catchments could not 
explain the the concentration variations in drained peatlands. 

 
Nieminen et al. (2010) found no change in dissolved P concentration or specific 

export after ditch cleaning. However, the variation in outcome between catchments was high. 
In the ditch cleaning study by Hansen et al. (2013), a significant decrease (-43%) was 

found for tot-P at the southern site using the “normal” excavation method. 

3.4.6 Sulphur 
Lundin (1984) found significantly increased levels of SO42-. The measured change 

amounted to +30% on average during the three years following drainage. No changes were 
observed during the first winter but a rapid increase was seen during the first spring flow. 
The maximum concentration compared to pre-drainage (+100%) occurred during the second 
spring flow in April 1982. At a site 2 km downstream of the fen there were no signs of 
elevated SO42- concentrations during the study period.  

Bergquist, Lundin and Andersson (1984) saw negligible SO42- changes during the 
dewatering phase. However, the two year average changes post-drainage were +41%, +2% 
and -5% on 200 m, 1 km and 5 km distance from the mire respectively.  

Figure 8. Scatter diagram and linear simulation of 
relationship between tot-P concentration and time since 
drainage. From Nieminen et al. (2017). 
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Lundin and Bergquist (1990) reports a significant increase in SO42- concentration 
during 42 months after draining a bog. Changes were +11% at the bog outlet and +18% 1 km 
further downstream. 

Prévost, Plamondon and Belleau (1999) saw that ditching caused an instant and 
lasting effect of increased S concentrations for five years post-drainage. The increase 
measured +40%. SO42- was the predominant form of S in surface water. Soil water samples 
on different distances from ditches also experienced enhanced S levels during the study 
period. The increase was generally proportional to ditch closeness, indicating that enhanced 
aerobic conditions was the driving mechanisms. 

Joensuu, Ahti and Vuollekoski (2002) saw significant changes in mean sulphur 
concentration the second and third year after drainage, measuring +45% and +39% 
respectively. The mean increase in load during all three years was +20%. 

 
Hansen et al. (2013) found significantly increased concentrations of SO42- after ditch 

cleaning. At the northern site, there was an increase for the “normal” excavation method 
(+16%), and at the southern site both for the “normal” (+43%) and the “considerate” (+16%) 
method. 

3.4.7 Other elements 
 Elements included in the review were aluminium (Al), calcium (Ca), chlorine (Cl), 
copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn), natrium (Na), potassium (K) and 
zinc (Zn). Mercury (Hg) which is extremely toxic for many organisms are treated under 
heading 3.4.12. Significant post-drainage concentration changes are presented in Table 4. 

Lundin and Bergquist (1990) measured concentration changes in a number of 
elements (K, Ca, Mg, Na, Al, Fe, Cu and Cl) for 42 months following drainage. All elements 
except K and Cl exhibited slight increases after drainage, but the only one that was 
statistically significant was Mg, which increased 10% both at the outlet and 1 km further 
downstream (Table 4).  
 
Table 4. Significant changes in concentrations for a number of elements after drainage. The numbers are averages 
for different time periods, which are specified in the right-most column (m=month, y=year, p-d=post-drainage). 

  Al Ca Fe K Mg Mn Na Time 

Kenttämies (1981) - - - +200% - -  - 1 y p-d. 

Lundin (1984) - +25% - - - -  - 2 m p-d. 
Lundin and Bergquist 
(1990) - - - - +10% -  - 42 m p-d. 

Manninen (1998) - - +96% - - +99%   -  2 y p-d. 
Prévost, Plamondon 
and Belleau (1999) - +27% - - +44% - +50% 5 y p-d. 

Åström, Aaltonen and 
Koivusaari (2001a) +50% +80% +13% - +67% +235%  - 2 y p-d. 

Åström, Aaltonen and 
Koivusaari (2001b) +42% +54% +2% - +49% +188%   -  2 y p-d. 

Joensuu, Ahti and 
Vuollekoski (2002) +251% (1y) +35% +15% (1y) +83% +38%  - +39% 3 y p-d. 

 
Manninen (1998) found the following changes in transported load (kg·ha-1·a-1) over 

two years post-drainage: Fe +70%, Mn +40%, K +30%, Na +<20%, Ca and Mg about +50%, 
Cu +50%, Al and Zi +10%. All changes were significant. 

Prévost, Plamondon and Belleau (1999) found significant increases of Mg, Na and C 
unchanged five years post-drainage (Table 4). K concentrations did not change. Mg 
concentrations generally increased over the growing season and differed most from the 
control stream during the autumn. Soil water concentrations of Mg, Na, Ca and K also 
increased after drainage and was associated with slight decreases in pH and marked 



   20  

increases in conductivity. The increases were most clear close to the ditches, but occasionally 
large for Ca and K up to 15 m from ditches.  

 
In the parallel studies by Åström, Aaltonen and Koivusaari (2001a; 2001b) they 

examined Ca, Mg, Fe, Al and Mn concentrations in discharge water. Significant changes 
compared to pre-drainage levels are presented in Table 4. The changes observed seemed to 
be an effect of the ditches reaching down into the till horizon underneath the peat, which 
increased the ground water content in ditches and mobilized mineral particles.   

Joensuu, Ahti and Vuollekoski (2002) measured concentration and load changes over 
a three-year post-drainage period. Concentration changes are presented in Table 4. 
Significant load changes over a three-year period were: Na +50%, K +52%, Ca +43%, Mg 
+36% and Al +73%. 

 
Nieminen et al. (2010) found increased concentrations for Al in eight out of nine 

catchments after ditch cleaning. The concentrations of Fe and Mn varied a lot during the 
study and showed no unambiguous changes. The specific export of Al increased significantly 
(+2.0 kg·ha-1) the first year after treatment. The following years showed a decreasing trend 
but were not significant. The specific export of Mn showed decreasing numbers for all four 
years post-drainage, however only the second and fourth year were significant. Fe showed no 
change in specific transport. 

Hansen et al. (2013) found significantly increased K concentrations after ditch 
cleaning using both excavation methods and at both sites. For the “normal” method, the 
increase was +113% at the northern site and +22% at the southern site. For the “considerate” 
method the increase was +300% at the northern site and +37% at the southern site. Other 
elements with significant changes was Fe: -10% for southern site, “considerate” method and -
50% for southern site, “normal” method. Mg: +14% for northern site, “normal” method, 
+21% for southern site “considerate” method and +24% for southern site “normal” method. 
Na: +17% for norther site “normal” method. Mn: +83% for southern site “considerate” 
method. 

3.4.8 Suspended solids and dry residue 
 Different expressions are used by different authors for describing the amount of 
material present in water samples. Suspended solids, suspended matter and suspended 
sediments all mean the same thing, which is the dried weight of suspended material in a 
water sample, measured by pouring water through a fine-textured filter (pore size generally 
≤ 1 µm) and then weighing it (Joensuu, Ahti and Vuollekoski 1999; Åström, Aaltonen and 
Koivusaari 2001a, 2001b). Dry matter or dry residue includes all present substances, both 
dissolved and suspended. In natural mire water, dissolved substances are normally the 
dominating form (Simonsson 1987). 

Kenttämies (1981) reports a significant increase of average suspended solid 
concentration for 18 months following drainage of a bog. The mean exhibited a sixfold 
increase, from 1.45 mg·l-1 to 9.31 mg·l-1. No correlation was found between monthly runoff 
and suspended solids concentration or load, but it was observed that heavy rainfalls caused 
clear increases in the concentration which was derived from sides and bottoms of ditches.  

Bergquist, Lundin and Andersson (1984) and Lundin (1984) presents five- to sixfold 
increases of dry residue during the initial ditching phase. The suspended matter share of the 
increases were estimated to be 100- to 200-fold. 80% of the solids was of organic origin in 
the latter study. For the dewatering phase, Bergquist, Lundin and Andersson (1984) presents 
a dry residue increase of 80% (200 m downstream mire) and 24% (5 km downstream mire).
 Lundin (1984) reports a +90% dry residue increase for the three months (Oct-Dec) 
during and immediately after drainage. The following calendar year exhibited a -38 % 
decrease compared to undrained conditions, and the second calendar year following 
drainage showed a -57% decrease. A majority of the months during the two years 
experienced an increased dry matter concentration but thanks to a decreased concentration 
during the high spring flow in April-May the yearly mean was lowered.  
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A decrease was seen also by Bergquist, Lundin and Andersson (1984) after the first 
year. However, their two-year average for dry residue following drainage was 5-10% higher 
compared to undrained conditions on both 200 m, 1 km and 5 km distance from the mire.  

Manninen (1998) saw an immediate twentyfold increase of suspended solids in the 
catchment outlet. The two-year average post-drainage saw a significant, fourfold increase. 
Total load of solids during April-October also increased from drainage, from 4.1 kg·ha-1 to 
15.5 kg·ha-1 (+254%). A nearby downstream lake experienced a +40% increased load during 
the same time. 

Prévost, Plamondon and Belleau (1999) noticed a large significant increase of 
suspended sediments during the ditching phase and following weeks, measuring 88-779 
mg·l-1, compared to normal values rarely exceeding 30 mg·l-1. Ditching phase concentrations 
represented a 100- to 200-fold increase over the expected values. After the initial phase, 
suspended sediments levels were similar to that of the control stream, except during a storm 
event two years after ditching when levels were elevated. Heavy rainfall on the ditch sides 
appeared to be the reason for the increase in the latter case. 

Joensuu, Ahti and Vuollekoski (1999) performed a large-scale study of 37 catchments 
(including 31 adjacent controls) where ditch network maintenance was performed. The mean 
catchment size was 85 ha, of which an average of 35 ha was peatland affected by the ditching 
maintenance. Discharge water were controlled for suspended solids from April to October 
during four consecutive years following treatment. The mean concentration of suspended 
solids before treatment was 5.04 mg·l-1. This increased to 71.29 mg·l-1 for the first year post-
drainage. The second-year mean was 26.75 mg·l-1 and the third-year mean was 12.84 mg·l-1. 
However, variation was large, especially during the first year and most values were lower 
than the mean with only a few high values standing out. Monthly concentrations followed the 
runoff pattern with higher values during high runoff (Figure 9). Temporal distribution of 
suspended solids varied with physical features of the catchments. Areas with thick peat layer 
or with compact till as subsoil layer showed small changes in water quality except during the 
excavation. Areas with fine-textured clay and silt subsoils showed a consistently raised 
suspended solid concentration for four years. Coarse-textured, sandy subsoils showed very 
high concentrations during and just after the excavation, and also during periodic high flows. 
A positive correlation existed between concentration of suspended solids in discharge water 
and the total length of maintained ditches. Loads of suspended solids also increased heavily 
in the treated catchments. From April to October the first post-treatment year it measured 
170.9 kg·ha-1·a-1, compared to 6.74 kg·ha-1·a-1 in the control catchments. 

 

Åström, Aaltonen and Koivusaari (2001a) measured that suspended matter 
concentration increased from a mean of 0.55 mg·l-1 before drainage to 56 mg·l-1 the first post-
drainage year and 25 mg·l-1 the second post-drainage year. Concentrations significantly 

Figure 9. Monthly distribution of suspended solids concentration in discharge water from treatment 
catchments (n=37) during the post-drainage period (left). Runoff pattern for control (n=26) and treatment 
catchments (n=33) during the same time (right). From Joensuu, Ahti and Vuollekoski (1999). 
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increased as the water flow increased, with maximum concentrations during the spring 
flood.  

In their parallel study (Åström, Aaltonen and Koivusaari 2001b), an increase was also 
seen, however not as marked. From an average suspended matter concentration of 4 mg·l-1 
before drainage, concentrations increased to 10 mg·l-1 the first post-drainage year and 36 
mg·l-1 the second post-drainage year. Second and third years values were about threefold 
higher than the control stream, compared to similar values prior to the drainage actions. The 
smaller increase in the latter study compared to the former was hypothesized to be a 
consequence of sedimentation pits and sedimentation basins that were constructed at the 
end of strip and diversion ditches.  

 
Nieminen et al. (2010) found increased concentrations of suspended solids in eight 

out of nine catchments the first year after ditch cleaning. Two catchments showed 
particularly marked increases (+80 mg·l-1 and +135 mg·l-1 respectively). The following three 
years also showed almost consistent increases, however not as marked as the first year. The 
specific export of suspended solids increased significantly all four years post-drainage. The 
first year’s increase was 17.5 times higher than background levels, and the fourth-year 
increase was 3.45 times higher than the estimated background transport. 

Hansen et al. (2013) found increased concentrations of suspended solids after ditch 
cleaning using both the “normal” and “considerate” method. For the “normal” method, 
average increases measured +330% and +6239% for the northern (2 years) and southern (3 
years) site respectively. The “considerate” method increase measured +56% and +567% for 
the northern and southern site respectively. Despite the huge increases, no significant results 
were obtained when assessing the full post-drainage period thanks to large variation and 
concomitant increase in the reference areas. However, when assessing only the first month 
after drainage, the increase was significant for both methods at the southern site. The 
elevated amounts of suspended solids created a layer of sludge on the bottom of ditches, 
especially the “normal” method ditch at the southern site, where the benthic fauna decreased 
by 96%. Sedimentation increased towards the end of the study in the “considerate” ditch at 
the southern site. This was suggested to be a delayed effect due to the preventive measures 
that were undertaken for the “considerate” ditches. Given the large and remaining effects of 
sediments in and downstream of the ditches, a follow-up study was performed during a 
summer season, six and seven years after the main study (Zetterberg and Hansen 2016). 
Suspended matter concentrations were markedly lower than a few years earlier. The average 
concentration was below 1.0 mg·l-1 for all ditches except the “considerate” one from the 
southern site, which had 1.5 mg·l-1, so still relatively low levels. Field observations and 
measurements showed that ditches at the southern site were still covered by up to 40 cm 
thick layers of sludge, while the northern site had occasional sludge sections up to 10 cm in 
thickness. 

3.4.9 Conductivity 
Lundin (1984) reports a decreased conductivity for three years following drainage but 

without significance. 
Lundin and Bergquist (1990) reports an insignificantly increased conductivity after 

42 months of drainage. 
Prévost, Plamondon and Belleau (1999) noticed a conductivity increase of +54% for 

five years post-drainage. The increase was mostly due to increased levels of base cations and 
mineralized N. Also soil water conductivity on different distances from the ditches showed a 
marked increase in conductivity for the same reasons. The increase was larger closer to the 
ditch then at a distance. 

Åström, Aaltonen and Koivusaari (2001a) saw ambiguous effects on conductivity in 
their study. The first-year average changed -20% compared to pre-drainage levels, and the 
second year increased +13% compared to pre-drainage.  

In their parallel study (Åström, Aaltonen and Koivusaari 2001b), conductivity 
increased during the first two years following drainage. The increase started in June the first 
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year after drainage, but were on average more pronounced during the second year, when it 
was almost double compared to pre-drainage levels. However, extraordinary high values in 
the control stream for second year spring flood made comparison with the reference 
catchment hard. Conductivity was closely related to the amounts of both Ca2+ and Mg2+ ions 
(correlation coefficients being 0.96-0.98). 

In the large-scale Finnish study performed by Joensuu, Ahti and Vuollekoski (2002), 
conductivity in discharge water increased significantly (+21%) during the first three years 
post-drainage with an average value close to 50 µS·cm-1. 

3.4.10 Colour 
Berquist, Lundin and Andersson (1984) found only minor changes (<8%) in colour 

(mg Pt·l-1) during the dewatering phase, both at 200 m and 5 km distance from the mire. The 
two-year average following drainage underwent changes of -19%, -7% and -3% at 500 m, 1 
km and 5 km distance from the outlet respectively. 

Lundin and Bergquist (1990) found significant decreases for colour during a 42 
months period post-drainage. The changes were -14% for the bog outlet and -10% at a site 1 
km downstream.  

 
Hansen et al. (2013) found a significant decrease in colour (-40%) for the “normal” 

method ditch at the southern site. 

3.4.11 Oxygen 
Lundin (1984) found no significant changes in COD after drainage. (Lundin 1984). 
Lundin and Bergquist (1990) found a significant decrease (-21%) of chemical oxygen 

demand (COD) in the stream outlet from a bog over 42 months following drainage. The 
corresponding change 1 km downstream was -17%.  

3.4.12 Trace elements and heavy metals 
Rekolainen, Verta and Liehu (1986) studied mercury (Hg) in lake sediments from 13 

lakes of which a few had catchments that had been drained. The study indicated that drained 
catchment-lakes had lower contents of Hg in their surface layer sediments, which was 
probably caused by an increased supply of allochthonous organic matter. Despite this, the 
total annual load of Hg was sometimes higher in these lakes thanks to increased runoff and 
sedimentation.  

Westling (1991) studied Hg in runoff from drained compared to undrained peatlands. 
He found no changes for total-Hg between drained and undrained peatlands. For methyl-Hg 
he found elevated concentrations for two southern Swedish drained mires, with at least 
double concentrations compared to the controls and the central Swedish mires. The 
concentrations were also several times higher compared to a number of streams and lakes in 
the area. 

 
Hansen et al. (2013) saw extreme concentrations of both total-Hg and methyl-Hg for 

1-2 days after ditch cleaning. After that levels went back to normal, and no significant 
increase was evident either as a monthly average or a 2-3-year average after ditch cleaning, 
as compared to pre-drainage levels. 
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4 Discussion 

4.1 Hydrology 
As Heikurainen (1973) points out, and other studies in this review shows, peatland ditches 
only affect the GWT at a limited distance from the ditch, a consequence of the low hydraulic 
conductivity in peat. The generally accepted definition when quantifying the areal impact of 
ditches is a 25 + 25 m lateral effect, leading to 5 ha of affected soil for every km of ditch 
(Hånell 2009). But, as Hånell points out and Hillman (1992) demonstrates, the effect can be 
seen at much longer distances than that. For instance, Hillman saw a GWT drop of 54 cm on 
the middle of a 60-m wide strip between ditches. Of course, it can be discussed if the same 
effect would be seen on 30 m distance from a single ditch. The possible effect in ditch 
networks is nevertheless very clear, but not included in the current definition. It should be 
mentioned however that the variation is large between studies. Haapalehto et al. (2014) 
obtained a much less pronounced effect on ≤15 m distance from the ditch with a much 
steeper GWT gradient (Figure 5). Heikurainen (1973) did not measure any significant 
lowering at all on 20 or 40 m from the ditch. To state that the 25-m definition is an 
underestimation is therefore also not correct. Rather, there is a need for more research on 
how far away ditches in different kind of peatlands, as well as mineral soil, have an effect on 
the GWT.  

Hydraulic conductivity is the major controlling mechanism on how far the ditching 
effect reaches and in a peatland, the hydraulic conductivity is largely dependent on how 
decomposed the peat are vertically. This in turn are dependent on NPP, type of vegetation, 
soil temperature and other variables (Heikurainen 1973). Based on this, it should be possible 
to look at general patterns for different kind of peatlands (fens, bogs, open, forested, …) as a 
means of defining their hydraulic conductivity and in the long run their susceptibility to 
ditching. Sweden has tremendous amounts of detailed information about wetlands across 
the country as well as great databases on the national distribution of geological and 
hydrological conditions (Gunnarsson and Löfroth 2009; SGU 2017). By using these 
information sources, it should be possible to create a dynamic system on how far the lateral 
extension of ditches reaches. A goal for future research in the field should be to develop a 
model for such an estimation. The results in this review clearly demonstrate some of the 
effects that can occur after ditching, which stresses the need for better knowledge on how 
large the areal extent is. 

Results from hydrology studies indicates that after ditching, the GWT gets lowered to 
some extent. Close to the ditch, the effect is large for all studies, while the effect on longer 
distances from the ditch varies quite a lot. The time it takes for the GWT to establish at a new 
level can vary between under a year (Bergquist, Lundin and Andersson 1984) up to three 
years (Lundin and Bergquist 1990). At least two of the studies presented profiles of the GWT 
on strips between ditches. Both studies indicate that at the mid-point water divide, a wedge 
of higher water can persist after drainage, seemingly less marked if the ditch network is 
dense (Lundin 1984; Hillman 1992). As a consequence of the changed water and oxygen 
conditions that establishes after the GWT drop, the peat will subside. The average 
subsidence when measured on several distances from the ditch seems to be in the order 10-
20 cm, according to the studies included here. Subsidence is greatest close to the ditch and 
varies in magnitude depending on both peat depth and ditch depth. The greater subsidence 
close to the ditch creates a slight gradient that further promotes groundwater flow toward 
the ditch.  

The subsidence can have a profound effect when performing ditch cleaning. When 
cleaning ditches down to their original depth, it may actually reach several decimeters 
further down into the peat than during the original excavation, and hence maybe reach the 
mineral soil below. Current Swedish regulations on new ditching are strict, and permit are 
required. However, when it comes to ditch cleaning, clearing down to the original bottom is 
fine (Naturvårdsverket 2009). 
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Studies measuring runoff are characterized by a great heterogeneity in study design, 
making direct comparison hard. The post-drainage measuring periods can vary, as can 
length of sampling season and the weather conditions during the study period. Some studies 
discount for the immediate depletion in water storage GWT drops before quantifying any 
changes in runoff while others do not, or at least do not mention it. However, looking at the 
results, it is obvious that the general effect from drainage is an increased runoff. The effect is 
not ubiquitous but nevertheless quite marked, and not surprisingly more obvious in new 
ditches than cleaned ones. The effect also seems more pronounced during the first time after 
ditching which is logic, since vegetation often increase after ditching. Ditches also offer the 
water a quick way of the peatland, leaving less surface water behind for the in-situ 
evapotranspiration (Simonsson 1987).  

Simonsson (1987) mentions another possible reason to why runoff increases more in 
some studies than others. Namely that ditches if circumstances are right can penetrate into 
mineral soil below the peat, where a separate groundwater flow with higher hydraulic 
conductivity can feed the ditch. This is supported by the results in this review. The two 
studies that indicated a (slight) decrease in annual runoff after ditching (Lundin 1984; 
Lundin and Bergquist 1990), were both taking place at deep peat sites (average depth >3 m) 
while the one showing the highest increase in runoff took place on a shallower peatland with 
depth “about” 1.5 m (Seuna 1981). It is much possible that the ditches, 130 cm deep, 
penetrated into the mineral soil below the peat at some places, giving them contact to the 
mineral soil aquifer. The fact that the mineral soil under the peat consisted of sand and 
gravel offers great conditions for a high inflow of water because of a high hydraulic 
conductivity. Given that the runoff might increase after ditching, questions have been raised 
about possible downstream effects, such as flooding. Lundin (1994) studied this and 
concluded that the effect of increased runoff from small peatland catchments is often 
negligible when it reaches larger rivers. 

High- and low flow events seems to be less marked after ditching. Several studies in 
this review show that summer and winter base flows increase after drainage. The annual 
spring flood varies great from year to year, but most studies show a decrease. Seuna (1981) is 
an exception, but because of the aforementioned circumstances with possible groundwater 
inflow, the increase might very well be because of ditches being fed with water from 
surrounding mineral soil. Equalized flows after ditching have been noted before, and 
Simonsson (1987) mentions that the reasons for this is that during extreme events, such as 
rapid snowfall or heavy rainfall, the low GWT gives the peat some “buffer capacity”, an 
unsaturated zone which can mitigate rapid events. On the other hand, ditches offer water a 
short rapid transport of the peatland, which can potentially give the opposite effect. Lundin 
(1984) experienced this during one spring, the third after ditching. The combination of rapid 
snowmelt, frozen ground conditions, precipitation and a simple way for water to leave the 
peatland caused the +24% increase witnessed. Low flows increase in most studies thanks to a 
constant input of deep groundwater, which continues also during dry and cold periods. 
However, one winter flow decreased for Lundin (1984) showing that even this hypothesis is 
not unambiguous. 

The effects from peatland drainage on hydrochemistry are large, but hard to 
generalize because of the great diversity of conditions that occur on and around peatlands. 
However, some effects are very obvious and can be considered generally applicable. The 
following can be said for different chemical parameters:  

Suspended solids increase vastly after drainage. The increase is clear both for new 
ditching and ditch cleaning actions. It is also apparent both on deep peatlands as well as 
shallow peatlands where ditches penetrate the mineral soil. On the temporal scale, effects 
seem to last longer for shallow peat sites. Åström, Aaltonen and Koivusaari (2001a; 2001b) 
and Joensuu, Ahti and Vuollekoski (1999) studied mostly shallow peatlands and could see 
effects for several years while other studies mainly saw an effect during the first year. 
Simonsson (1987) also mentions that long lasting effects can appear if easily eroded mineral 
soils are affected by the ditching. Prévost, Plamondon and Belleau (1999) also noticed an 
increase for a deep peat ditch, two years after ditching, caused by heavy rainfall which 
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eroded the ditch sides. Even though water concentrations of suspended solids might 
decrease after some time, sedimentation on the bottom of ditches and downstream water 
courses gives a remaining effect, which can be profound for benthic and other water 
organisms, as demonstrated by Hansen et al. (2013; 2016) 

 

4.2 Hydrochemistry 
pH increases after drainage. According to Simonsson (1987), pH may decrease for 

some time after drainage when acidic mire water is diverted into the ditch. In this review, a 
majority of the studies did not show this but a rather direct increase of pH. A possible reason 
is that this study has a more diverse range of studies, with studies from both shallow and 
deep peat sites. The study in this review that did actually show an initial decrease in pH are 
one of the studies Simonsson (1987) referred to. On sites where ditches penetrate into 
mineral soil, less acidic groundwater can enter the ditch and have a diluting effect as well as 
buffer the hydrogen ions. Thus, depending on mineral conditions below the peat, flow 
amount and flow path, the size of the increase can be very different, but it generally lasts for 
the full study periods. Occasional events of low pH can also occur. Lundin (1984) 
experienced a shock decrease during an autumn low flow. One possible explanation is that 
oxidizing processes in the peat led to the lowered pH (Simonsson 1987). Further downstream 
of a ditched area, pH might decrease. This is linked to other processes, such as nitrification, 
which is acidifying. The increased concentrations of mineralized N (Table 3) then helps to 
cause a lower pH (Simonsson 1987). 

Alkalinity increases concomitant with the increase in pH. This is also an effect of 
increased groundwater inflow from mineral soil. The effect is seen instantly and lasts several 
years. 

Different forms of C decreases after drainage. This is valid for both DOC and TOC and 
is noticed in several of the studies included here. Although Strack et al. (2008) found 
elevated concentrations in pore and surface water at a small peatland site, the general 
change seems to be a decrease. When the GWT gets lowered it loses contact with the 
decomposing C-rich top layers of the peatland, transporting less of both dissolved and 
particulate C into the ditches. The excess C is mineralized in-situ thanks to enhanced oxygen 
conditions and delivered to the atmosphere mainly as CO2 (Bussel et al. 2010; Haddaway et 
al. 2014). 

Concentration changes of N and P shows quite large variation between the studies. 
While some studies show clear results in one direction, often increasing, other studies 
display opposite results. Further, the new study by Nieminen et al. (2017) showed interesting 
results regarding the long-term concentration changes of tot-N and tot-P after drainage, 
indicating that they might actually increase over long time periods. If their findings will be 
backed up by future research, it could mean that the role of peatland drainage (and forest 
drainage) can have a much larger effect on downstream aquatic environments than has been 
believed. In the shorter term, tot-N concentrations tend to increase after drainage, even if 
some studies measured a decrease (Lundin and Bergquist 1990; Joensuu, Ahti and 
Vuollekoski 2002). When considering the three major constituents (org-N, NH4+, NO3-) 
separately, the picture gets clearer. NH4+ and NO3- both increases thanks to enhanced 
mineralization in the peat, which is indicated by increased concentrations also in the soil 
water (Prévost, Plamondon and Belleau 1999). NO3- concentrations can increase 
downstream on behalf of NH4+ concentrations, as nitrification goes on (Table 3; Simonsson 
1987). Org-N is generally decreasing as a result of being linked to the TOC levels. P 
concentration changes are subtler than for N, and not as temporally extended. Åström, 
Aaltonen and Koivusaari (2002; 2005) points out a relationship between P and Fe. 
 Other elements mostly show increases. S, Ca, Mg, K, Mn, Fe, Al and Na are all likely 
to increase from enhanced groundwater flow. Hg may also increase after drainage, however 
only for a few days, thus not posing any large changes in the long term. Due to the 
widespread Hg pollution across Sweden and its potential danger through biomagnification, 
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there is a need for more research on how ditching affects Hg concentrations and loads in 
runoff water. Considering that Sweden will not reach its environmental quality standard for 
Hg and have implemented a general exception for Hg when assessing surface water quality 
highlights the need to counteract further Hg contamination of fresh water (Miljösamverkan 
Sverige 2018).          
 Loads of different substances often change in the same direction as concentrations. 
In many studies and for most substances the change is higher than for concentrations 
because of the usual increase in annual runoff.  

4.3 Conclusions 
The most important conclusions to come out of this review are: 

•   Ditches affect the groundwater level by causing a lowered GWT. The decrease is 
largest close to the ditch and less further away. The vertical and horizontal effect 
depends on ditch depth and hydraulic conductivity in the peat. 

•   Runoff changes may occur after ditching, often causing an increased annual runoff 
compared to undrained conditions. High and low flow events are often less 
pronounced after ditching. If ditches reach mineral soil below the peat runoff changes 
are generally larger than in pure peat ditches.  

•   The fact that peat subsides quite significantly after drainage may cause the action of 
ditch cleaning to reach down below the original ditch bottom if the same depth is 
sought, and this can (as the other conclusions points out) have large effects on both 
hydrology and hydrochemistry. 

•   pH and alkalinity increase after drainage. During the ditching phase and further 
downstream in the water course, occasional decreases can occur.  

•   Concentrations of DOC and TOC in runoff decreases after ditching on behalf of 
increased in-situ mineralization. 

•   Constituents from a long range of elements (N, P, S, Ca, Mg, K, Na, Al, Fe, Mn) might 
have their concentrations raised thanks to drainage. The spatial and temporal 
distribution depends on several factors, but if the ditch comes in contact with the 
mineral soil, the increase can be large. 

•   The long-term effect of drainage on the concentrations of N and P might be larger 
than previously thought which could mean that transport of these elements to 
downstream reservoirs from boreal peatlands are more important than currently 
believed. 

•   Concentrations of suspended solids increases as a consequence of drainage in 
peatlands. This applies both to new ditching and ditch cleaning. The effect is more 
obvious and long-lasting if the ditch reaches down into mineral soil below the peat. 

•   Due to the many and diverse effects that ditches have on their environment, more 
research is needed on how far they reach laterally at different sites. 
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Appendix 1. Abbreviations and definitions 
This report some abbreviations and terms which might be confusing for readers not fully 
briefed on the subject. To clarify these, I have listed the one’s with most importance for the 
review. 
 
Boreal landscape: Here used to describe the cold-temperate subarctic region spanning 
around the northern hemisphere. It is characterized by conifer-dominated forests, short and 
cool summers, long winters and precipitation exceeding the potential evapotranspiration. 
Several thorough definitions exist, based on either climate, vegetation or both (Wieder and 
Vitt 2006). In this review, boreal is defined according to an updated version of the widely 
used Köppen-Geiger climate classification system, as described in Chen and Chen (2010; 
visualized in Figure 1). This includes any region where the temperature of the warmest 
month is greater than or equal to 10 °C. Temperature of the coldest month is –3 °C or lower. 
Precipitation is rather evenly distributed throughout the year and the mean temperature of 
one to three months is 10 °C or above but the warmest month is less than 22 °C. 
 
Boreal peatland: Any peatland occurring within the Boreal landscape. 
 
Northern peatland: A broader, less defined term than Boreal peatland. Northern 
peatlands can intend any peatland occurring on northern latitudes, including the arctic, 
subarctic, boreal and sometimes parts of the temperate region. 
 
Peat: Here, the definition of peat from Haddaway et al. (2014) is used, which is “partly 
decomposed plant material deposited under saturated soil conditions”. This  
 
Peatlands: Peatlands are areas of land with an accumulation of peat greater than 30 cm, 
which involves most other available definitions. This includes all types of peat covered 
terrain with or without forest vegetation, such as swamps, bogs, fens, mire complexes and 
farmland. However, peatlands that have been transformed into agricultural areas are not 
considered in this review (Nationalencyklopedin 2017c; Haddaway et al. 2014). 
 
Petagram: Also Pg. Measure of weight equal to 1o15 g, one quadrillion grams.  
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Appendix 2. Search terms 
When searching the scientific databases for articles, the search terms were based on the 
three inclusion criteria mentioned above. These were specified as a study subject (e.g “pH”), 
an intervention from the natural state (e.g. “ditching”) a habitat term (e.g. “peatland”) and a 
biome (e.g. boreal) term. One word from each category had to be present in the text of the 
search outcome. This optimized the results and ruled out as many irrelevant articles as 
possible. To execute this search technique, each relevant habitat word was written in the 
search field and separated from each other with an OR. A second and third search field were 
added for the interference and subject terms respectively, which were also secluded with OR. 
In front of the second and third search field, a textbox with the option AND was chosen. This 
setup instructed the search engine to search for outcomes with one word from search field 1, 
one word from search field 2, and one word from search field 3, in any possible combination. 
When searching, two kinds of so called wildcards were used instead of letters, if necessary. If 
a star (*) was included in a search word (e.g. drain*), it represented anything between zero 
to infinite letters in that word, thus in the case of drain*, the outcomes drained, drainage, 
drainable and so on were returned. Secondly, the inclusion of $ in a search word represented 
zero or one character only (e.g. re$wetting, which returned both re-wetting and rewetting). 
 
The search terms used for Swedish databases were: (drain* OR ditch* OR trench* OR 
groundwater* OR water$table OR dik* OR drän*) AND (peatland$ OR peat OR forest$ OR 
mire$ OR fen$ OR bog$ OR wetland$ OR myr* OR torv* OR sumpskog OR skog OR kärr OR 
mosse) AND (boreal OR northern OR taiga OR conifer* OR nordlig* OR tajga) 
 
For Web of Science the following were used:  
Habitat terms: Peat* OR bog* OR quag* OR slough OR fen* OR swamp* OR carr* OR mire* 
OR marsh* OR morass OR marsh$land OR taiga OR tree$stand* OR conifer* OR spruce* 
OR pine* OR wood$land OR forest* OR tree$plant* 
Interference terms: Drain* OR ditch* OR trench* OR gully OR gullies OR dike* OR dewater* 
OR drought OR disturb* OR ”water$table*” OR divert* OR divers* OR drawdown 
Subject terms: pH OR carbon* OR CH4 OR CO2 OR ground$water OR erosion OR GHG OR 
"Green$house gas*” OR carbon$dioxide OR methane OR N2O OR "nitrous oxide*" OR DOC 
OR DOM OR POC OR TOC OR ”organic content” OR ”organic matter” OR subsid* OR 
run$off OR nitrate OR NO3* OR sulphate OR sulfur OR iron OR Fe OR nitro* OR phosp* 
OR ammoni* OR potassium OR alkalin* OR sequestr* OR water$table OR soil$temperature 
OR hydrolog* OR "water chemi*" OR ground$water* OR hydrog* OR ”metal ion*” OR ”base 
cat$ion*” OR anion* OR aerob* OR anaerob* OR nutrient* OR magnesium OR mg OR clay 
OR suspen* OR ”water qual*" 
Biome terms: Boreal* OR taiga OR northern 
 
For Google Scholar, the following were used:  
Habitat terms: peat OR peatland OR bog OR quag OR slough OR fen OR swamp OR carr OR 
m 
ire OR marsh OR morass OR ”marsh land” OR marshland OR ”tree stand” OR tree stand OR 
conifer OR spruce OR pine OR woodland OR forest OR ”tree plantation” 
Interference terms: draining OR drainage OR drained OR gully OR gullies OR dike OR 
dewater OR dewatered OR drylaid OR disturb OR ”water table” OR watertable OR diverted 
OR diversion OR drawdown OR trench OR trenching 
Subject terms: ph OR carbon OR CH4 OR CO2 OR ”ground water” OR groundwater OR 
GHG OR ”GHG's" OR ”greenhouse gas” OR ”greenhouse gases" OR erosion OR subsidence 
OR ”carbon dioxide” OR methane OR N2O OR ”nitrous oxide” OR DOC OR DOM OR POC 
OR TOC OR ”organic content” OR ”organic matter” OR ”run off” OR runoff OR nitrate OR 
NO3 OR nitrification OR sulphate OR sulfate OR sulphur OR sulfur OR iron OR Fe OR 
phosphate OR phosphor OR phosphorus OR ammonia OR ammonium OR pottasium OR 
alkaline OR sequestration OR ”water table” OR watertable OR ”soil temperature” OR 
hydrology OR hydrologic OR ”water chemistry” OR ”ground water” OR groundwater OR 
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hydrogen OR ”metal ion” OR ”base cation” OR anion OR aero OR anaerobe OR nutrient OR 
magnesium OR mg OR clay OR suspended OR ”water quality" 
Biome terms: Boreal OR taiga OR northern OR swedish OR finnish 
 
Table A. The online databases which were used. Presenting if topic or title search was conducted, number of hits 
for the search and additional comments. 

Database Topic/title Number of hits Comments 

SwePub Topic 162 
Short search string used (see above). One new 
article. Many articles did not include drainage 
in any way. Most relevant in first pages. 

IVL Topic 11 + 9 Searched for “drain*” and “dik*”. Small 
database = few hits. Two new articles.  

SLUpub Title 92 
Searched for (drain* OR dik* OR drän* OR 
ditch* OR watertable). One new article. 
Several recurrent ones from earlier 
databases/reports. 

Web Of Science Title & Topic 302 
Long search string used (see above). A 
number of articled collected. Many 
reoccurring ones as well. 

Google Scholar Topic 36 200 
Searched for: boreal OR northern peatland 
draining OR drainage OR drained. The first 
100 hits were examined. A few new studies 
found. Almost all were recurrent ones. 

 


