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Abstract

Browni�cation refers to a process where the water turns browner due to increased levels

of natural organic matter and iron, which poses environmental and human prosperity

challenges. Lake Bolmen in south Sweden has issues with increasing water colour. Since

the lake is water supply for 600,000 people, it is of great interest to �nd possible causes

of the increased colour. Ryds �A is a stream originating from the previously extracted

peatland Espen�asmossen and 
ows to Lake Bolmen. This study aims to quantify the

browni�cation of the stream and thereby evaluating the e�ects of the adjacent peatland.

The �eld work consisted of water sampling at ten di�erent locations along Ryds �A, between

August and October 2023. Various parameters, including colour, fDOM and turbidity,

were analysed. A gradient with a slight negative inclination in colour along the river could

be discovered. Moreover, extremely high colour values were found, and iron was noted

as an important factor in
uencing the colour in Ryds �A. A 
ow series at the outlet of

Ryds �A was produced to determine a relationship between colour and 
ow, and a strong

correlation was found. Further on precipitation and colour correlated. The colour had

a displacement in the x-direction for the corresponding 
ow and precipitation. Runo�

coe�cients were also determined. Furthermore, a positive correlation between suspended

solids and colour of the water at Espen�asmossen was found. Various factors, such as

tributaries and land use, could also have an impact on the colour of the water. Further

research is recommended, such as a longer measurement period. However, Espen�asmossen

cannot be ruled out as a contributing factor to the brownness in Ryds �A.

V



VI



Sammanfattning

Bruni�ering syftar till en process d�ar vattnet blir brunare p�a grund av �okade halter av

naturligt organiskt material och j�arn, vilket inneb�ar utmaningar f�or milj�on och m�anniskor.

Sj�on Bolmen i s�odra Sverige har problem med brunare vatten. Eftersom sj�on �ar dricksvat-

tent�akt till 600 000 m�anniskor �ar det av stort intresse att hitta orsaker till bruni�eringen.

Ryds �A �ar ett vattendrag i anslutning till den tidigare utvunna torvt�akten Espen�asmossen

och rinner vidare ut i sj�on Bolmen. Denna studie syftar till att kvanti�era vattendragets

brunf�arg och �aven utv�ardera e�ekterna av den intilliggande torvt�akten. F�altarbetet be-

stod av vattenprovtagning p�a tio olika platser l�angs Ryds �A, mellan augusti och ok-

tober 2023. Olika parametrar, inklusive f�arg, fDOM och turbiditet, analyserades. En

svagt negativ f�arggradient l�angs �an kunde uppt�ackas. Dessutom fann man extremt h�oga

f�argv�arden och j�arn noterades som en viktig bidragande faktor till f�argen i Ryds �A. En


�odesserie vid utloppet av Ryds �A var skapad f�or att utv�ardera ett m�ojligt samband mel-

lan f�arg och 
�ode, vilket ocks�a kunde ses. Vidare korrelerade nederb�ord och f�arg starkt.

F�argen hade en f�orskjutning i x-led, f�or motsvarande 
�ode och nederb�ord. Avrinningsko-

e�cienter best�amdes ocks�a. Vidare fann man ett positivt samband mellan suspenderat

material och f�argen p�a vattnet vid Espen�asmossen. Olika faktorer, s�asom bi
�oden och

markanv�andning, skulle ocks�a kunna p�averka vattnets f�arg. Vidare forskning, exempelvis

l�angre provtagningsperiod rekommenderas. Espen�asmossen kan dock inte uteslutas som

bidragande orsak till bruni�eringen i Ryds �A.
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1 Introduction

In this section a relevant introduction for the thesis will be presented. Furthermore, the

aim will be introduced as well as the overall structure of the report.

1.1 Background

Water is an essential and crucial resource; as drinking-water, for food and industrial pur-

poses, as well as an energy supply. It is a fundamental part of our ecosystems, and the

ecosystem services we are provided with. Sweden has a good water access, compared to

many other countries. However, over the decades, more attention have been directed to-

wards arising environmental issues regarding water management and water resources (The

Swedish Environmental Protection Agency, n.d.-a). This includes the process browni�ca-

tion, which refers to an increase in water colour, meaning that the water turns browner

(Ekstr�om, 2013; Graneli, 2012). The phenomenon has been researched on since the 1960s,

and is now recognised throughout the northern hemisphere (Ekstr�om, 2013; Klante et al.,

2021). Browni�cation can be explained as increasing levels of natural organic matter

(NOM) and iron (Fe). NOM is a combination of dissolved organic matter (DOM), and

particulate organic matter (POM) (Bj�orner�as et al., 2021).

Browni�cation is important to highlight since it is an issue with impacts on various lev-

els, including social and ecological. To mention some; drinking water with high levels of

DOM is in need of chemical water puri�cation, which is both costly and not desired due

to environmental aspects. Furthermore, browni�cation can a�ect aquatic organisms neg-

atively by decreasing their visability. Increased browning can also lead to increased levels

of greenhouse gases. The carbon content in DOM, dissolved organic carbon (DOC), is an

important part of the carbon cycle. When DOC is added to waters it is processed and

further emitted as either methane, carbon dioxide or sedimented (Kritzberg et al., 2020).

Hence, there is an importance in an increased knowledge surrounding browni�cation. A

lake in south Sweden which has issues with browni�cation is Lake Bolmen. Hence, this

report will investigate an in
ow which is connected to the lake.

Lake Bolmen is the twelfth largest lake in Sweden and has high values in both recre-

ation and water supply. The company Sydvatten uses the lake as a drinking water supply

for 600,000 people in southwestern Sweden. In the study "Browni�cation in Lake Bol-

men, Sweden, and its relationship to natural and human-induced changes" the correlation

between the colour in Lake Bolmen and the biggest tributaries are analysed through a

longer time series. Lake Bolmen is a�ected by browni�ciation and during the last 40 years

an increase in brown colour have been seen, based on colour measurements in the lake

since the 1930s. In the lake and its major tributaries the colour varies both temporal and

spatial, and in the southern part of Lake Bolmen there are lower colour values (Klante

et al., 2021). What has not been covered is one of the smaller tributaries, Ryds �A, which

is also used as a collection ditch for runo� water from an old peat extraction area, Es-

pen�asmossen. Since the 90s there have been complaints about the colour of the water,
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which is discolouring the boats located at a boathouse at the outlet of Ryds�A. Moreover,
it is said that large amounts of sludge makes it hard to run the boats. The complaints
suggest that this is due to the old peat extraction area releasing humic substances (The
County Administrative Board in Kronoberg, 2023).

There is sparse data on the chemical status, ecological status and hydrology of Ryds
�A. Only the holder of the peat extraction permit, the company S•odra Skogs•agarna, has
taken water samples on a few locations along Ryds�A. Hence, there is an interest in inves-
tigating the potential browni�cation of Ryds �A and if there is any correlation between the
colour and the old peat extraction area Espen•asmossen. Thus, this thesis will include an
analysis of the browni�cation in Ryds�A and possible e�ects from the peat extraction area.
Ryds �A is typical for a small stream in southern Sweden, considering size and catchment
area. Hence, what is presented in this report could be used for similar streams which
originate from peat extractions areas.

1.2 Aim

The overall aim of this study is to acquire data involving parameters such as colour, pH,
turbidity, temperature and others during the late summer and autumn period in Ryds
�A. Additionally, with data of precipitation and other parameters, set up a 
ow series in
Ryds �A.

Thereby, this thesis addresses the following research questions:

ˆ Can a gradient of brownness be seen in Ryds�A during a speci�c period?

ˆ Is it possible to evaluate the e�ects the peatland Espen•asmossen has on browni�ca-
tion in Ryds �A?

ˆ Can a 
ow series at the outlet of Ryds�A be estimated in order to �nd a connection
to the colour?

ˆ Are there other factors that can explain the browni�cation in Ryds�A?

1.3 Structure

Chapter 2 presents the literature research. This includes an overview of browni�cation,
drivers and mechanisms behind the phenomenon and following impacts. Furthermore,
research and theory related to peatlands are presented.

Chapter 3 includes an overview of the study area, as well as relevant information about
the environment in the catchment area.

Chapter 4 demonstrates the methodology which was employed for the study.

Chapter 5 presents the acquired and existing results.

2



Chapter 6 refers to the discussion, where the results are reviewed and examined. Further
aspects related to the study are also discussed.

Chapter 7 states the conclusions that are drawn from the study.

Ultimately, relevant attachments are presented in the appendix.
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2 Browni�cation and the Importance of Peatlands

This section provides relevant literature research. That includes general information re-
garding browni�cation, as well as the mechanisms behind it. Moreover, research regarding
peatlands in relation to browni�cation will be presented. Further relevant details will also
be displayed.

2.1 Browni�cation

Browni�cation is a process which refers to an increase in brown water colour, meaning
that the water turns browner, due to an increase in concentration of natural organic
matter (NOM), and increasing levels of iron (Fe) (Bj•orner�as et al., 2021; Ekstr•om, 2013;
Klante, 2023). NOM consists of DOM and POM (Klante, 2023). The main element of
DOM in a water 
ow is humic material (Findlay, 2007). Furthermore, DOM is in general
the predominant form of organic nitrogen, phosphorus, and carbon. It consists of both
N, P, C, H, O and S; arranged into millions of various organic molecules (Findlay and
Parr, 2017). Occasionally for analytical approaches, only the carbon content is measured
in DOM. Hence, the term DOC is applied, meaning dissolved organic carbon, the mass of
carbon in DOM (Findlay, 2007). About 50 percent of DOM consists of DOC (Moody and
Worrall, 2017). Thereby, browni�cation is said to be increasing levels of iron and NOM
in surface waters (Bj•orner�as et al., 2021). For clari�cations regarding the abbreviations
related to browni�cation, see Table 1.

Table 1: Abbreviations related to browni�cation.

NOM Natural Organic Matter
DOM Dissolved Organic Matter
POM Particulate Organic Matter
TOC Total Organic Carbon
POC Particulate Organic Carbon
DOC Dissolved Organic Carbon
DIC Dissolved Inorganic Carbon

Browni�cation has been studied since the 1960s, when it was discovered. The phenomenon
has further been observed over the northern hemisphere during the last decades (Ekstr•om,
2013; Klante et al., 2021). The increase in DOM concentrations and browner water have
been acknowledged in various countries; including Sweden, Finland and Norway, as well
as in central Europe, the United Kingdom and North America (Ekstr•om, 2013).

Numerous water 
ows contain high concentrations of DOM. Lakes with a brown wa-
ter colour and high concentrations of DOM are called polyhumic or dystrophic lakes. In
inland waters, such as rivers and lakes, there are two main origins of DOM. DOM can
either be produced through internal production, via plankton or aquatic plants, or it can
also be produced through external inputs, deriving from wetlands or terrestrial origin
(Graneli, 2012).
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Browni�cation of water has historically been measured through a technique which uses a
platinum salt cobalt solution as a reference. Hence, the colour of the water is measured in
the unit mg Pt/l (milligram platinum per liter). Today, browni�cation can also be mea-
sured by studying and analysing the absorbance of light at a speci�c wavelength in the
water, usually at various wavelengths around 400 nanometers. Furthermore, browni�ca-
tion and DOM concentrations both displays seasonal variations, variations between years,
as well as long-term trends. However, in general, there is an increase in browni�cation to
be seen over the last decades (Graneli, 2012; Klante et al., 2021).

2.1.1 Impacts

Brown water impacts both the human prosperity, as well as the ecological and chemical
status of the lake. Brown water commonly contains more DOC and when producing drink-
ing water from surface water, the DOC content is in general reduced (Kritzberg et al.,
2020). In Sweden 75% of the drinking water origins from surface waters (Svenskt Vatten,
2016), meaning that the majority of the drinking water source might be in
uenced by
browni�cation. In order to reduce the concentrations of DOC, a chemical precipitation
can be applied, which is not desired both due to cost and environmental aspects. Fur-
thermore, precipitation of DOC cannot fully be completed, and the remains can disturb
in later steps of the water puri�cation process. Hence, there is a risk that the water
contains higher levels of pharmaceutical residues and possible carcinogenic, chlorinated
organic compounds. Additionally, the distribution network can have an increased growth
of microbial content due to this decreased quality. If the water contains a concentration
of 15 mg DOC L� 1 or more, chemical precipitation is not e�cient. Thereby drinking
water treatment plants (DWTP) are in need of investing in other techniques such as
nano�ltration, or �nding other raw water sources. In Sweden there is a recommendation
to have a DOC concentration of 4mg L� 1 or less in drinking water (Kritzberg et al., 2020).

Increased brown water will also a�ect the aquatic organisms. Knowledge about the e�ects
browning have on biodiversity is generally limited. Depending on the level of browni�ca-
tion, the e�ects can be both promoting and demoting. The increase in organic matter can
protect from UV-radiation and be a source of food. Conversely, predatory �sh are trou-
bled by decreased visibility. With brown water the primary production drops, resulting in
a generally decreased food web. The brown water enhance phytoplankton and they pro-
duce less unsaturated fatty acids than algaes. This in turn means that �sh and ascending
rank species will be less nutritious. Lastly, high amounts of DOC can result in aquatic
species having a small chemical stress, which lowers the pH in the �sh. Despite this, a
higher amount of DOC gives �shes a protection against aluminium toxicity. However, one
species that have been seen dominating in browner water is the algaeG.semen. It is also
suggested that with less penetrating light the pelagic species can bene�t more than the
benthic species, especially if they can grow above the surface, for instanceElodea canaden-
sis (Kritzberg et al., 2020). Elodea canadensisis an invasive alien species in Sweden water,
and it is known to have a negative impact in lake ecosystems and causes several problems
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(Swedish Agency Marine and Water Management, 2016). Furthermore, in a study made
in northern European lakes, it was shown that the population of Eurasian perch (Perca

uviatilis ) decreased with the colour of the water. The brown water colour had a nega-
tive e�ect on the body growth and length-at-age (van Dorst et al., 2019). Moreover, in
another paper it is shown that the �sh three-spined stickleback (Gasterosteus aculeatus)
had increased mortality, further on decreased body condition as well as ingested prey
biomass due to decreased search e�ciency. It is suggested that increased browni�cation
will negatively e�ect the �shes search e�ciency due to less light availability (Hedstr•om
et al., 2017). However, this paper only include one �sh and the experiment was conducted
in large outdoor enclosures.

DOC in freshwater is known as one of the biggest components in the carbon cycle. When
terrestrial carbon is added to surface waters it is processed, resulting in carbon being
emitted as carbon dioxide or methane, or either sedimented. One can draw the conclu-
sion that increased browning can cause increased greenhouse gases. Other biochemical
consequences is that DOC a�ects the distribution, bioavailability and mobility of cationic
metals. For instance, there is a relationship between high DOC levels and high levels of
mercury in �sh and invertebrates. DOC can also contribute to a slower recovery of acidi-
�cation of water as it naturally can operate as an organic acid. Furthermore, iron, which
is also known as contributor to the browning colour, have an interrelationship with toxic
metals as lead, vanadium and arsenic. In many waters an increase in these toxic metals
have been seen, and browni�cation may be the cause of this (Kritzberg et al., 2020; Oni
et al., 2013; W•allstedt et al., 2010). Furthermore, browner water absorbs more heat from
the suns radiation. This temperature increase a�ects the whole ecosystem and also the
position of the thermocline in some deeper waters (Klante et al., 2021).

Browni�cation also have consequences regarding recreational value and tourism. Peo-
ple prefer to swim in clear water, and they are willing to travel further in order to have
clear water over brown water. One explanation could also be that brown water could be
believed to be algal blooms, that can cause skin irritation (Keeler et al., 2015; Kritzberg
et al., 2020).

2.1.2 Drivers and Mechanisms

Land use and characteristics
When ascribing mechanisms behind browni�cation, forest management is an important
factor to include as a driver. In general, forests are managed in two di�erent ways.
Even-aged forest management is a method where a majority of the trees in the forest
are approximately the same age. This is in contrast to the method uneven-aged forest
management, which refers to a system where there is a greater diversity among the ages
of the trees in the forest. Both of the methods come with various advantages, as well as
disadvantages (Grebner et al., 2022). Even-aged forest management includes procedures
such as site preparation to generate planting locations, clear-cutting and occasionally also
ditch network maintenance (DNM). DNM is usually performed to restore drainage func-
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tions, with the aim of both enhancing and maintaining forest production once generated
by �rst-time drainage. In Sweden, DNM is generally performed to enable seedling forma-
tion, by lowering the groundwater levels. This is also performed since there is a reduction
in evapotranspiration, hence raising the groundwater table, which comes from the cutting
of the full-grown trees. (Kritzberg et al., 2020).

Following this, it has been showed that even-aged forest management leads to increased
concentrations of DOC being transported to water 
ows. In northern parts of Sweden,
studies have shown that the practice of site preparation increased downstream transport
of DOC with 195%, compared to no site preparation. Moreover, clear-cutting lead to
increased levels of downstream DOC by 92% in northern Sweden (Kritzberg et al., 2020).
The main factors behind these increasing DOC levels are harvesting, and more speci�cally
the raised water levels, as well as the direct runo� elements that comes from this process
(Schelker et al., 2012). During the conditions with high 
ow in riparian zones, there
will thereby be an increase in DOC concentrations in soil water close to the soil surface.
Furthermore, in Finland, where the general system for forest management typically is
even-aged forest management, the export of DOC has increased. This phenomenon has
in particular been seen in the more fertile locations (Kritzberg et al., 2020).

Additionally, the technique DNM and the following impacts on water quality and DOC
concentrations is still under discussion. In general, how and to what extent DNM impacts
the concentration of DOC is dependent on what type of soil there is. DNM is also said
to a�ect various pathways of the water, and thereby in
uence the contact between water
and DOM. The water 
ows in deep soil, interacts with positively charged minerals, and
thus decreases the DOC exports. However, other studies also show that DNM is a�ecting
erosion. Hence, further research evaluating the di�erent factors is important (Kritzberg
et al., 2020; Nieminen et al., 2017).

Following this, another factor of importance regarding forest management and the im-
pact on browni�cation is the species of the trees. It is stated that a�orestation is a
driver of long-term surface water browning. The strongest correlation in browni�cation
was explained by a distinct increase in the species Norwegian spruce, (Picea abies) Karst
(�Skerlep et al., 2020). The correlation between browni�cation and spruce forest a�oresta-
tion has also been seen in other studies. It is displayed that the accumulation of soil layers
in forest dominated by spruce leads to increased levels of organic acid. These acidic condi-
tions further enhances the mobilisation of iron, which thereby induces the concentrations
of iron in surface waters, and as a consequence increases browni�cation. It can thereby be
concluded that further a�orestation of spruce forest will lead to enhanced levels of iron,
and thereby increased browni�cation (�Skerlep et al., 2021).

Meteorological parameters
There are two meteorological parameters, precipitation and temperature, that in several
studies are pointed out as main contributors to browni�cation and increased colour in
annual variations (Ekstr•om, 2013; Klante et al., 2021). Increased precipitation causes

8



increased runo�, which can interact with super�cial soil parts, resulting in an increase of
DOM and colour in freshwater. Increased temperature may prolong the growing season,
and contribute to more DOM available to enter the aquatic system. Moreover, a higher
temperature can potentially decrease the frozen period and thereby enhance DOM trans-
port during a longer period of time. Lastly, a higher temperature can cause a reduced
spring 
ood, due to less snow available, which reduces the removal of DOM (Ekstr•om,
2013).

More extreme climate is expected in Sweden in the future. During winter, spring and
autumn, precipitation is expected to increase and intensify. During summer, drier and
warmer climate is expected (The Swedish Environmental Protection Agency, n.d.-b).
Temperature zones are expected to move north and the growth season is expected to be
prolonged (The Swedish Environmental Protection Agency, n.d.-b). De Wit et al. (2016)
found that further browning in the surface waters in the northern hemisphere will con-
tinue with a wetter climate. Furthermore, Ekstr•om (2013) found that climate change will
intensify the annual variation of DOM concentration, since both higher temperature and
more intense rainfalls are expected in future. Moreover, other factors, such as decreasing
sulfuric acid deposition, are more induced in the long term perspective (Ekstr•om, 2013).

Decrease in Acidi�cation
A further factor to include as an in
uence on browni�cation is acidi�cation. Research
has shown that there is a correlation to be found among decreased levels of acidi�cation
and increased levels of browni�cation. In a study from Monteith et al. (2007), data have
been gathered from 522 streams and lakes in North America and in northern Europe.
It is there displayed that rising DOC levels between 1990 and 2004 can be explained by
changes in acid-sensitivity for the catchment, as well as deposition chemistry. It is showed
that concentrations of DOC have increased proportionally to a decrease in human-induced
sulphur and sea salt, deposited from the atmosphere (Monteith et al., 2007). Hence, there
is a long-term change to be found in the discharge of atmospheric sulfur (S), which has
had a sharp decrease since the 1980s (Kritzberg et al., 2020). This is most presumably due
to reduced levels of anthropogenic emissions (Klante et al., 2021). The result is thereby a
recovery from acidi�cation. Furthermore, the decreased levels of acid leads to an increased
net charge of organic matter in the ground. This results in both a higher mobility as well
as solubility of DOC, enabling a more successful transport of DOC from soils to aquatic
systems (Ekstr•om, 2013). This is also mentioned in a report by Borgert and Liess (2023),
where the soil recovery from acid precipitation in the 1970s and 1980s is mentioned as a
factor for browning. When in recovery, it a�ects the mobility and solubility of soil DOC
and iron (Borgert and Liess, 2023).

Uncertainties
Various factors are suggested as drivers and mechanisms behind browni�cation. However,
there is still a lack in knowledge behind each factor and their respective contribution;
over di�erent time scales as well as for di�erent geographic locations (�Skerlep et al.,
2020). Processes and phenomenon having an in
uence on a smaller time scale, might
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either enhance or inhibit factors operating on a long-term scale. Hence, further research
is needed for understanding the complexity behind drivers of browni�cation (Fork et al.,
2020).

2.2 Peatlands

Peatlands are terrestrial ecosystems that are formed when organic carbon rich matter is
accumulated and waterlogged. With anaerobic conditions plant material cannot fully de-
compose, hence peat is created. Peat is de�ned as at least 30 cm depth and 30% or more
dry mass of dead organic material. Peat can be formed in various types of environments,
vegetation and water. Peatlands also function as important regions for biodiversity and
ecosystem services (Finlayson and Milton, 2018). According to The Swedish Environ-
mental Protection Agency (2023), an untouched peatland is referred to as a wetland. In
Sweden a wetland is considered as either bog, marsh or mixed mire (The Swedish En-
vironmental Protection Agency, 2023b). About 2.84% of the earth's terrestrial surface
is covered in peatlands, and they occur over all climate zones. They can be both active
peatlands, still accumulating peat so called mires, non-active and peatlands used for eco-
nomic use such as for agricultural soil or energy extraction, so called old peat extraction
sites. According to The International Peatland Society, 84% of all worlds peatlands are in
natural or almost natural condition and only 16% are drained peatlands. Peatlands store
large amounts of carbon, due to the accumulation process, and sequester more carbon
than any other terrestrial system. Hence, when drained a lot of carbon dioxide is re-
leased. This process also makes the soil tightly compacted, making it aggravate to restore
into correct hydrology (International Peatland Society, n.d.).

In Sweden, 25% of all land area is peatland, which represents a quarter of European
peatland. From early 1800s, Sweden among other Nordic countries began to drain peat-
lands, in order to create more productive forestry and agricultural land (International
Peat Society, 2009). In Sweden this was encouraged in order to create peatland agri-
culture and it was also subsidised by the government. Many peatlands were inadequate
drained, resulting in the fact that nowadays 50% or more of all peatlands are abandoned
(International Peat Society, 2009). As mentioned, Sweden has large amounts of areal
that is peatland. In a report made by The Swedish Environmental Protection Agency,
it has been assessed that about one quarter of all peatlands have disappeared due to
ditching, lake lowering within forestry, agriculture and peat mining management. Of the
ones included in the Wetland Inventory made by the Swedish Environmental Protection
Agency, only 10% of the original peatlands exist today in the southern part of Sweden.
In the northern part about 1/5 of the bigger wetlands are untouched by humans. About
90,000 Swedish miles of ditches are dug or constructed and it has been shown that 10%
of all marshlands are within 20 meters from closest ditch (The Swedish Environmental
Protection Agency, 2019).

The drainage of peatlands have several impacts on the ecosystem. It results in a loss
of biodiversity, and the hydrological change a�ects the regional and downstream water
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quality in terms of increased suspended solids, nutrients and pollutants, as well as the
water quantity. Cultivated peat are sources of CO2 and responsible for major part of
nitrous oxide emissions, for all soils, due to higher peat decomposition rate. However,
cultivated peat become minor sinks of the greenhouse gas methane CH4, due to their
aerobic condition, in comparison to a wetland which is naturally releasing methane gas
(International Peat Society, 2009). However, in general, a wetland stores more greenhouse
gases than it releases (The Swedish Environmental Protection Agency, 2023b).

After active cultivation of peat, abandoned peatlands can continue to release greenhouse
gases. High release of CO2 and N2O can continue for decades. Minor release of CH4 emis-
sion is also possible due to degradation of the drainage system. However, by a�orestation
of the peat soil, CO2 emissions will to a certain extent decrease due to carbon stored
in the biomass of the trees and due to a decreased rate of decomposition of the peat
when planting. Nitrous oxide on the other hand cannot with certain actions be avoided
(International Peat Society, 2009).

2.2.1 Peatlands and Browni�cation

Peatlands as a contributor to browni�cation has historically not received as much atten-
tion as other suggested drivers (Nieminen et al., 2021). Nevertheless, the 
uvial 
uxes
of DOC, i.e. 
uxes in rivers/streams, which originates from peatlands is of great impor-
tance in the global carbon cycle. The 
uvial 
uxes include particulate organic carbon
(POC), dissolved inorganic carbon (DIC), and dissolved organic carbon (DOC) (Moody
and Worrall, 2017).

Furthermore, the concentrations of total organic carbon, TOC, from catchment areas
with peatlands have displayed an increase during the past 15 - 25 years. In a study
made by Nieminen et al. (2021), 133 catchment areas dominated by peat were analysed.
Out of these peatlands, 71 of them were drained peatlands, and 62 of them were pris-
tine, undrained, peatlands; i.e. wetlands. The result showed that concentrations of TOC
were approximatley 14 mg/l higher in waters originating from drained sites compared to
undrained sites, in southern latitudes. In northern latitudes, drained sites contributed
with TOC concentrations which were about 8 mg/l higher than from undrained sites.
Hence, the study suggests that drainage of peatlands for forestry has a long-term e�ect
on concentrations of TOC. It is said that a decrease in acidi�cation and climate change
might be the key contributers to increased levels of TOC and browni�cation in high
latitude areas (Nieminen et al., 2021). However, the drainage of peatlands for the for-
est industry is of great importance in regards to browni�cation, in regions where heavy
drainage has taken place in Sweden and Finland (Nieminen et al., 2021).

Other research that also highlights peatlands as a main contributor to browni�cation
is a report from Rosset et al. (2022). It is demonstrated how peatlands contribute to
91 � 54 Tg DOC per year, from terrestrial ecosystems to surface waters. Additionally,
peatlands are stated to contribute with 12 - 20 % of the global DOC which is transported
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into oceans (Rosset et al., 2022). The varying contribution of DOC mainly di�ers be-
tween un-disturbed sites and disturbed sites. Un-disturbed sites refers to peatlands in
its natural state, while disturbed sites are peatlands where there have been some sort of
anthropogenic in
uence in the past twenty years. This includes activities such as grazing,
drainage, burning or logging. It is displayed that in un-disturbed sites, air temperature
is the main factor behind DOC 
uxes. Warmer temperatures will lead to the peatlands
releasing more DOC to waters. This is related to enhanced vegetation and activities by
microbes. Additionally, the direct discharge of DOC at the outlet of peatlands is a main
contributor to browni�cation in disturbed sites. This is due to the altered structure of
the peatland, and since the water in disturbed peatlands can reach the deep layers of the
peat. At a global scale, both temperature and discharge seem to be key contributors.
Hence, this shows that DOC 
uxes is dependent on peatland status. However, in a future
under climate change, which will a�ect both temperature and precipitation, it will be
di�cult to proper anticipate actual exports of DOC (Rosset et al., 2022).

Furthermore, research by Sarkkola et al. (2009) also strengthen the impact peatlands
have on browni�cation. When analysing various catchments with peatlands, levels of
TOC concentrations in stream water and TOC export were found to be in relation to the
percentage of peat in the catchment area (Sarkkola et al., 2009).

In a report from IVL Swedish Environmental Research Institute (2016), it has been shown
that one of the most common e�ects of peat extraction is increased levels of suspended
matter, along with increased nutrient leaching in waters. When including sedimentation
dams or other measures, such as bu�er zones, surface bilges and ditches with a low slope,
the load can be reduced. However, the protective measures need to be adapted over time
since the composition of the water from the outlet of the extraction area may vary during
the lifetime of the peat extraction site (Hansen et al., 2016). Moreover, as mentioned in
Chapter 2.1, iron is an important factor when it comes to browni�cation. It has been
shown that during ditching and peat extraction, elevated levels of iron can occur (Hansen
et al., 2016). The pH a�ects the solubility of the iron to a large extent. At low pH
values the iron remains in solution. At high pH values the iron is precipitated (Hansen
et al., 2016). The ditching e�ect of transport of material and hence the browni�cation
is also demonstrated in a report by Borgert and Liess (2023). The drainage of peatlands
and wetlands accelerates the decomposition of surface peat, the mineralisation of organic
matter, and the processes of erosion and sediment transport from the catchment area to
the watercourse. Furthermore, ditching enhances oxic conditions, fostering interactions
between iron and organic matter that maintain iron in solution. This increased solubility
makes the iron more susceptible to soil leaching, thereby contributing to further browning.
Moreover, in the study the three streams Stor�an, Lill�an and Mur�an were compared and
analysed in a longer time series. Among these, Lill�an had the highest DOC concentration
and Mur�an the highest iron concentration, but Mur�an still had a darker water colour.
The study then concludes that iron is of great importance for the darker colour in Mur�an,
and that there probably is a lot of iron in the catchment area of Mur�an. Furthermore,
the low pH that is seen in the area can a�ect the iron mobility. The pH in the stream
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Mur�an is shifting from approximately 5 to 6.5 during the year (Borgert and Liess, 2023).

2.2.2 Legislation

The extraction of peat in Sweden is controlled byMilj•obalken (1998:808), the Swedish
Environmental Code, since January 2017. Today, peat can only be extracted from areas
where the natural values are stated as low. These are often lands where previous ditch-
ing or other land management has been performed (Geological Survey of Sweden, 2021).
Otherwise, peatlands can contribute with various ecosystem services, such as provide
habitats for plants and animals. They can also function as recreational areas. These are
some factors stating a peatland as having high natural values, and thereby not permitted
to extract peat from (The Swedish Environmental Protection Agency, 2023a).

Furthermore, a permission for peat extraction today will include an assessment by Ge-
ological Survey of Sweden (SGU). This includes an analysis of the peat quality, a risk
assessment of e�ects on the ground water, as well as an analysis of the extent of impact
by the ditching (Geological Survey of Sweden, 2021). However, peatlands permitted for
peat extraction before 2017 can still have authorisation for peat extraction according to
the now removed law surrounding certain peat deposits (1985:620) (The Swedish Envi-
ronmental Protection Agency, 2023a).

Moreover, there are also requirements for after-treatment, remediation, of exploited peat-
lands. This is mainly regulated when the permission for peat extraction is established
by the County Administrative Board, in a consultation with supervisory authority and
others who might be a�ected by the decision. A speci�c after-treatment plan can thereby
di�er depending on site and other external circumstances (The Swedish Environmental
Protection Agency, n.d.-c).
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3 Study Area

In this section the study area will be described as well as relevant background information.
As mentioned in the introduction, the aim is to investigate the relationship between
browni�cation in Ryds �A and the peat extraction area Espen•asmossen.

3.1 Lake Bolmen

Bolmen is a lake located in Sm�aland, in the south of Sweden, see Figure 1. A close
up of Lake Bolmen and relevant tributaries can be seen in Figure 2. The lake has an
area of about 184 km2, and a maximum depth of 37 meters (Bolmen Research Station,
2023). Lake Bolmen is the 12th largest lake in Sweden (Eklund et al., 2016). Moreover,
the lake is divided by three counties; J•onk•oping county, Halland county and Kronoberg
county. The water that comes from Lake Bolmen is distributed as drinking water to a large
number of consumers in Sk�ane (Scania), 600,000 people, which includes the municipalities
Helsingborg, Lomma, Esl•ov, Lund, K•avlinge, H•ogan•as, Sval•ov, Landskrona, and parts of
Sta�anstorp and Malm•o. The water is puri�ed at Ringsj•o water treatment plant, which
is located outside Stehag in Sk�ane. Hence, lake Bolmen is of great importance as a
drinking water source, and the water quality of the lake a�ects many individuals (Water
Information System Sweden, 2023a).

Figure 1: An overview of Lake Bolmen, located in the south of Sweden (Water Information
System Sweden, 2023b).
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Figure 2: Lake Bolmen and the tributaries Stor�an, Lill�an, Mur�an and Ryds �A (Water Infor-
mation System Sweden, 2023b).

Lake Bolmen is overall stated as having a good ecological and chemical status. Although,
regarding the chemical status, the concentrations of Mercury (Hg) and polybrominated
diphenyl ethers (PBDE) are exceeding the limit values. Regarding the ecological status,
improvements can be made for biological quality factors linked to eutrophication. The
requirements are not met today (Water Information System Sweden, 2023a).

During the last decades, an increase in water colour has been noted in Lake Bolmen,
as well as in di�erent in- and out
ows related to Bolmen, see Figure 3 (Klante et al.,
2021).
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Figure 3: The increase in water colour in Lake Bolmen and tributaries. The lines represent the
pattern acquired through local weight regression, over a time period of a year. The dots represent
measurements obtained monthly. The �gure is obtained directly from the paper by Klante et al.,
(2021).

Measurements of the water chemistry in the lake have been made since 1966 and are
ongoing. There has been an increase in organic substances in Bolmen since 1991, which is
correlated to the increase in brown water colour. Furthermore, a decrease in browni�cation
have been noted since 2008 for northern Bolmen, and since 2012 for southern Bolmen. This
could indicate a slow-down in the browni�cation process (Borgstr•om, 2020). However, the
colour of the lake is still exceptionally browner compared to 60 years ago (Klante et al.,
2021).

3.2 Ryds �A

The stream Ryds�A starts from the small village R�as, and is bypassing the peatland Es-
pen•asmossen before entering Lake Bolmen. The peatland have been extracted by S•odra
Skogs•agarna between 1985 and 2016 (S•odra Skogs•agarna ekonomiska f•orening, 1986).
There is no previous data on the browni�cation of Ryds�A. In general, the available data
on the hydrology of the river and its catchment is very sparse. Since data is missing, mea-
surements need to be taken in order to analyse how the peat extraction area is a�ecting
the browni�cation in Ryds �A. There are also tributaries to the stream that might be of
interest to analyse. The stream and the in
ows can be seen in Figure 4. At two of the
inlets measurements have been taken, see arrow 2 and 3.

During the years, The County Administrative Board in Kronoberg has received several
complaints about large amounts of sludge in the outlet of Ryds�A (occasionally mentioned
as Byholma �an) which is assumed to originate from Espen•asmossen. The complaints con-
cerned Byholma boat house, sited at the outlet of the river. At present, it has almost not
been possible to run the boat engines because of all the sludge, that lies like a bed over
the whole river, according to the complaints. See picture of the location, R10, in Ap-
pendix. Moreover, the boat house was build 1987 and complaints about the discoloration
of the boats came as early as in the 90s. The case was closed with the County Adminis-
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trative Board justifying that S•odra Skogs•agarna has shown that the self-monitoring are
within the limitations that apply to their permit (The County Administrative Board in
Kronoberg, 2023)

Figure 4: Map of the stream Ryds�A. The arrow marked as number 1 shows the starting point,
and the arrow marked as number 2 shows an in
ow to the stream at which measurements have
been taken. The arrow marked as number 3 shows the second tributary, at which measurements
also have been taken. The stream and arrows are marked out on a map provided by the Land
Survey (2023) (The Land Survey, 2023a).

3.3 Espen•asmossen

Outside the small community •Aspen•as in the municipality Ljungby, the peat extraction
area called Espen•asmossen (or sometimes•Aspen•asamossen) is located. Since 1985 S•odra
Skogs•agarna have extracted the peat in Espen•asmossen for the use as source of energy.
The County Administrative Board in Kronoberg noti�ed extraction permit 1984 (S•odra
Skogs•agarna ekonomiska f•orening, 1986). During 1987, the County Administrative Board
permitted a processing concession in accordance with the new law, 1985:620 on certain
peat deposits. This concession was valid until 30 November 2012. It was then extended
until March 1, 2015 by the county board. The latest permit was given 2015 when The
County Administrative Board in Kronoberg gave S•odra Skogs•agarna Ekonomisk F•orening
an extended permit to extract peat, which is valid until year 2040. An after-treatment
shall be implemented within this time frame. Moreover, the concession covers a total of
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188 hectare, of which the operational area amount is 66 hectare. A total extraction of
1.500 000 m3 peat is permitted with a yearly rate of maximum 70 000 m3 (The County
Administrative Board in Kronoberg, 2015).

According to the Environmental protection o�cer Susanne Leijon at The County Ad-
ministrative Board in Kronoberg, nowadays S•odra is in the middle of an after-treatment,
even though they haven't excavated everything. The post-processing is not done and is
an open case about what needs to be carried out (S. Leijon, personal communication,
19 October, 2023). As can be seen in Figure 5, the peat extraction area is divided by a
road. The western part of the peat extraction area is valued as having high natural val-
ues, according to the Wetland Inventory made by the Swedish Environmental Protection
Agency (Geological Survey of Sweden, n.d.-b).

Water from the concession area consist of precipitation and surface water. The water
is collected through ditches and is passing by two sedimentation ponds located in the
northern and eastern parts of the area. The ponds are each 30Ö 6 meters. The east-
ern dam is drained via a tributary leading to the river Mur�an 
owing towards Bolmen,
and the northern dam is drained via Ryds�A 
owing towards Bolmen, see Figure 5 (The
County Administrative Board in Kronoberg, 2015).

In the concession condition it was determined that all water diverted from the concession
area must pass sedimentation ponds. Sedimentation dams must be designed in such way
that the sedimentation function of the dams does not deteriorate during high water 
ows.
Moreover, the content of suspended substances in water diverted from the peat extraction
area to the recipient must be limited so that it does not exceed 20 mg/l (The County
Administrative Board in Kronoberg, 2015).
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