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Abstract 
During recent decades many lakes have become browner in the northern 

hemisphere and more specifically in Sweden. This process is called 

brownification. Brownification of lakes makes it more difficult to clean 

water to drinking water quality and may have negative ecological effects 

on biota. Browning of lakes is generally thought to be caused by an 

increase of humic substances that consist of organic matter which colour 

the water brown or yellow. However, more recent studies show that 

dissolved iron can interact with humic substances in browning lakes. Since 

the concentrations of dissolved iron have increased during recent years and 

the mechanisms behind brownification and the contribution of iron to this 

process is not clearly understood it is important to investigate this subject. 

In this study 17 lakes in the south of Sweden were sampled for iron 

concentration, dissolved organic carbon (DOC), absorbance (420nm) and 

pH. Further, data was added about atmospheric sulphur deposition and 

additional data from 17 lakes in the north part of Sweden was compared to 

the sampled lakes. Iron had a stronger significant correlation towards 

absorbance than DOC had in the south of Sweden. A similar amount of 

dissolved iron seems to colour lakes differently based on their location in 

Sweden. This indicates that different mechanisms are involved in the 

interaction between iron and absorbance. However, pH had a stronger 

relationship with absorbance than either DOC or iron. Overall results 

suggested that iron do have a strong browning effect on Swedish fresh 

water lakes in the presence of DOC and that iron-increase driven processes 

may be due to a change of pH.  
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Abbreviations 
 

AIC – Akaike’s Information Criterion 

ASD – Atmospheric Sulfur Deposition 

DissFe – Dissolved Iron 
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1. Introduction 

Many lakes in the south part of Sweden and elsewhere in the northern hemisphere have 

become browner over time (Köhler et al., 2013., Kritzberg & Ekström, 2012). This browning 

is a potential stressor which can influence the aquatic ecosystem (Hansson et al., 2004). The 

coloured matter is often referred to as humus particles, organic matter that turns water yellow 

or brown (SLU, 2018). Increased flow of rain water through soil can flush humus particles of 

total organic carbon (TOC) towards streams, river and lakes. The organic carbon that is 

dissolved in the water column, called dissolved organic carbon (DOC), represent a large part 

of TOC. An increase of DOC is thought to be the reason why lakes turn brown. However, 

many different factors could be contributing to the total browning effect, like increasing 

temperatures, changes in land use and a decrease in atmospheric acid deposition (Monteith et 

al. 2007., Freeman et al. 2001., Correll et al. 2001). The mechanisms of brownification are 

therefore not so easily explained. 

 

During forthcoming years climate variability is expected to increase. For different regions 

there will be a greater risk of droughts or wet periods (Strock et al., 2016). Large parts of 

southern and central Europe are expected to become even hotter and drier (Rowell & Jones, 

2006., Christensen et al., 2007). However, for the northern parts of Europe, like the United 

Kingdom and Scandinavia increased precipitation and wetter climate overall are predicted. 

(Kjellström et al., 2018).  Dry springs and summers together with wet autumns and winters 

are thought to increase the concentrations of DOC in lakes (Stadmark et al. 2017). With a 

changing climate a stronger brownification for this reason is expected.  

 

Another less discussed explanation for increased browning of water is that not only DOC and 

organic matter is the source of water colouring. There have also been reports that state that the 

concentrations of dissolved iron (dissFe) is correlated to the concentration of DOC and 

therefore can also be a contributing factor to brownification (Sarkkola et al., 2013). There is a 

gap of knowledge if dissFe contributes to more leakage of DOC and the browning effect of 

dissFe alone.  

The dissFe-concentration in most Swedish rivers and lakes has increased strongly over the last 

four decades. (Kritzberg & Ekström, 2012). The increase often occurs where conifers, forestry 

and clear cutting are dominant, which lead to increased dissFe-export (Björnerås et al. 2017).  

Another reason for the increase of dissFe in freshwaters could be the decline in atmospheric 

sulphur deposition over time. Since the 1980th the atmospheric sulphur deposition (ASD) has 

significantly decreased with 80 % until today (SMHI, 2018). During the peak sulphur 

deposition in the 1970th, iron formed stable precipitates with sulfide which reduced leaching 

and enhanced binding of iron in soils and sediments. It is discussed that the increase in 

leaching iron from soils is because of declining depositions of sulphur from the atmosphere 

(Morse et al. 1987., Ekström et al. 2016., Björnerås et al. 2017). There are many explanations 

why dissFe concentrations have increased. However, the increase of dissFe in Swedish lakes 

during recent decades is most likely due to a decrease in ASD.  

The cause of brownification is related to an increase of precipitation and change in land use 

which leads to increase in DOC- concentration and DOC- colour (Williamson et al., 
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2015). However, Ekström & Kritzberg (2012) says that the increase in organic matter alone 

cannot explain the increase in water colour. The increase in water colour is often significantly 

higher than the increase in organic matter (Hongve et al., 2004; Erlandsson et al., 2008). 

Further, increased browning of lakes may have negative consequences. The browning of 

water is a phenomenon which can have large ecological and societal consequences because of 

how it affects the aquatic ecosystem. For example, less light can pass through brown water 

and therefore organisms that are dependent on light in lakes get negatively affected by this 

and according to Hedström et al. (2017) brownification may cause increased winter mortality 

amongst fish. On the societal level, brownification does not only lead to a reduction of 

recreational values, like swimming and bathing in these lakes but also loss of potential 

drinking water resources with more expensive treatments (Chow et al. 2007., Kritzberg & 

Ekström, 2012). Therefore, it is important to understand the causes of and mechanisms behind 

increased lake browning. 

Because of the ambiguous explanations for brownification of lakes and the lack of research 

about the possibility that dissFe could be a driving factor for this, it is essential that 

brownification further studied. Further, the Swedish environmental goals state that lakes, 

rivers and water should be ecological, sustainable and that the diverse environment must be 

preserved. There is also of great importance to sustain good quality of surface water and 

groundwater. (EPA, 2018).  This is also supported on international level where the global 

sustainability goals state that clean water and sanitation should be ensured for all and that 

sustainable water use must be applied to ensure and conserve life in oceans, seas and marine 

resources (UN, 2019). 

Aim  

The aim of this study is to investigate if there is a correlation between water colour and 

dissolved iron concentration in humic lakes in Sweden and if this correlation could be affected 

by sulphur deposition.  

 

Questions 

1. Do increased levels of Fe lead to increased browning and is iron a stronger driver of 

browning than DOC? 

2. Is the correlation between iron and brownification stronger in southern than in 

northern Sweden?  

3. What is the most contributing factor for brownification? 

 

2. Material and methods 

2.1 Research design 

For this study I chose lakes along a gradient of browning from two regions (northern 

compared to southern Sweden), in order to test if browning correlates with parameters such as 

DOC/TOC, pH, dissolved iron and deposition of atmospheric sulphur. In the south part of 

Sweden in the regions of Halland, Småland and Blekinge, 17 lakes were sampled. 5 lakes in 

Blekinge and the rest in Småland and Halland, Fig 1. The lakes were chosen based on the 

colour of the lake water (Lagans Vattenråd, 2018., Nissans Vattenråd, 2018., VISS, 2018). At 
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the time of the sampling it was very windy, so only one sample/lake was deemed to be 

necessary on the wind exposed shore of the lake. Data from 17 lakes from the north part of 

Sweden (Fig. 1) was not physically sampled but data was retrieved from trend lakes published 

by the Swedish University of Agricultural Sciences (SLU, 2018). Data about ASD was 

retrieved from the Swedish Metrological and Hydrological Institute (SMHI). The total 

deposition of sulphur for 5 years (2018, 2017, 2016, 2015 & 2014) was added together and 

divided by 5 to get the mean value of ASD during these recent 5 years (SMHI, 2019). A mean 

of 5 years was chosen to be more representative than just one year. ASD span quite large 

areas but the different ASD area values were able to be divided in to 6 regions where the 

analysed lakes were located (Tab 1). 

 
Figure 1: The sampling locations in the  

south (blue circle) and data retrieved for 

lakes in the north (orange circle) of Sweden. 
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2.2 Sampling methods 

For water sampling, wader-trousers and a swing sampler was used to access deeper parts of 

the lake than just the shoreline. The samples were taken by hand in glass bottles and filtered 

from biological debris with an GF/F filter. Data about pH, conductivity and water temperature 

was retrieved using a pH/EC/ TDS-meter (HI991301). Water samples were kept in bottles, 

filled to the top, for transportation back to the laboratory. At the laboratory, 50 ml from each 

of the samples were conserved with 1ml of nitric acid (HNO3) and then an Atomic Absorption 

Spectrometry – Varian SpectrAA-100 (AAS) was used to determine the concentration of 

dissFe in each water sample, where the nozzle of the AAS was put in to the samples prepared 

with HNO3 (Domingo, 2013). For determination of organic carbon, a TOC analyser (DR 

2800) was used. 1 ml of each sample was put in to equally many ampules and then screwed 

on to indicator ampules with a two-side connection. Then the vial-combination was put in to a 

reactor for 2 hours at 100 °C.  After two hours, the vials were removed from the reactor and 

put in a test tube rack to cool for one hour. Then the vials were put in to the cells of the TOC 

analyser for analyses of DOC-levels. Water colour was determined using a SHIMADZU UV-

1800 spectrophotometer, where 15 ml of the sample was put in the transparent sample 

compartment of the machine (Kritzberg, 2014., SIS, 1998). This procedure was repeated for 

all the samples.  

Table 1: The atmospheric sulphur deposition in Sweden divided into 6 different regions based on the 

concentrations of sulphur (S) per square meter and mean year (5 years). The X shows which region 

each lake is located in.  

Northern 

lakes 

 Region 1 

(100 mg 

S/m2/ 

year) 

Region 2 

(150 mg 

S/m2/ 

year) 

Region 3 

(200 mg 

S/m2/ 

year) 

Southern 

lakes 

Region 4 

(380 mg 

S/m2/ year) 

Region 5 

(410 mg 

S/m2/ 

year) 

Region 6 

(460 mg 

S/m2/ 

year) 

Täfteträsket   X Södra Gussjö X   

Valkeajärvi X   Lyen X   

Jutsajaure  X  Lösen  X  

Båtkåjaure X   Stora 

Havsjön 

 X  

Louvvajaure X   Hästhultssjön X   

Bergträsket   X Flaten X   

Voulgamjaure X   Älmtasjön  X  

Storvindeln  X  Färskejön  X  

Brännträsket  X  Hindsen  X  

Vitträsket  X  Unnen   X 

Stor-Arasjön X   Mörtsjön  X  

Sidensjön X   Bolmen N   X 

Pahajärvi X   Bolmen S   X 

Njalakjaure X   Vidöstern   X 

Norra Reivo X   Majsjön   X 

Dunnervattnet  X  Jällunden   X 

Ögerträsket   X Allgunnen X   
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2.3 Statistics  

The data was put into an excel-sheet and then it was divided into region groups of southern 

Sweden and northern Sweden and by the different parameters that was tested. This to see the 

similarities and differences between the two regions and between different parameters. The 

statistics was then conducted for question 1-3. General results were added and most of the 

sampled parameters were tested against each other. This to get a greater picture of the 

problematics of the subject. For all the statistical correlation tests, (Pearson’s correlation) was 

used. These correlations were used to describe the linear relationship between the variables, 

absorbance, DOC, dissFe concentration, pH and atmospheric sulphur deposition. (Field, 

2013). IBM SPSS Statistics 24 was used for statistical analyse of the data.  

Further, Akaike’s information criterion (AIC) was used to select the best-performing model 

for each response variable, in this case to see the difference between the south and the north 

of Sweden for selected parameters. Lower AIC value = better performing model. The test was 

performed with the following formula: = n*LOG (SSE/n; 10) +2*PV 

n = number of observations., SSE = Sum of Squares., PV = Number of predictor variables 

2.4 Limitations  

Lakes within up to two hours of driving distance from Halmstad and Karlskrona was chosen 

for sampling, because of the economic aspects and what is reasonable within the limited time 

of this thesis. 17 lakes were assed to be necessary in order to do statistics on the collected data 

and to get a clear result. Further, within the time limits DOC, dissFe-concentration, pH and 

absorbance was chosen to be analysed. Only DOC, organic carbon that can pass through a 

filter was chosen to be analysed instead of TOC, which also include particular organic carbon. 

TOC is made up to a large extent of DOC (Stadmark et al. 2017).  

2.5 Ethics 

Since this was a study about sampling water, there were no ethic obstacles or perspectives 

necessary to put into consideration before or during this research. However, if the results from 

this study would indicate any risk for human health or the environment, necessary procedure 

will be undertaken.  

3. Uncertainties 

There are many mechanisms involved within hydrogeological processes which often occur 

during a longer period. When only sampling at one occasion and looking at only a few 

parameters like DOC, dissFe-concentration, pH and absorbance and leaving out for example 

precipitation data, repetitive sampling, difference in surrounding environment and chemical 

processes within soil and water, the result may not explain the whole process of what is going 

on.  
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4. Result 

4.1 Result for question 1 

Q1: Do increased levels of Fe lead to increased browning and is Fe a stronger driver of 

browning than DOC?  

Increased dissFe-concentrations do contribute to increased browning of both northern and 

southern lakes (AIC = -38.56., r2= 0.194., p= 0.009). The sampled lakes in the south of 

Sweden have a stronger correlation and lower AIC-value towards concentrations of dissFe 

(AIC = -21.27., r2= 0.382., p= 0.008) than DOC (AIC = -21.07., r2 = 0.352., p= 0.012), which 

indicate that dissolved iron have stronger browning effect than DOC (Fig 2 & 3). However, 

dissFe and DOC have a strong significant correlation which indicates that these two 

parameters work together (AIC = -24.81., R2 = 0.539., p = 0.001). When there is high DOC-

concentrations, there also is high dissFe-concentrations. An increase of dissFe leads to higher 

absorbance (Fig 2). However, the values of the three bottom right locations is slightly off 

from the rest of the sampled locations, which could indicate that they are outliers and needs to 

be further analysed. Iron had a stronger correlation to absorbance than DOC, however when 

combining all the data both north and south lakes, DOC had a stronger correlation to 

absorbance than iron (Tab 1). This may imply that iron have other mechanisms and processes 

that colour the lakes.  

 
Figure 2: The relationship between DOC and water colour (absorbance420nm). An increase 

of DOC results in more water colour.  
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Figure 3: The relationship between dissFe and water colour (absorbance420nm). An increase 

of dissFe results in more water colour. 

 

4.2 Result for question 2 

Q2: Does Fe have different impact on brownification in the south or north of Sweden?  

 

The variation in dissFe concentration in the sampled lakes in the south (blue) explained 38,2% 

of the variation in water colour (absorbance) (AIC = -21.27., r2= 0.382., p= 0.008). In the 

northern lakes, variation in Fe concentration explain 64,8 % of the total variation in 

absorbance (AIC = -36.21., r2=0.648., p= <0.001). The regression lines for northern and 

southern Sweden have different slopes and the difference of AIC-value of the different 

regions indicate that other mechanisms than just increase in dissFe is the driving factor for 

brownification and that not the same processes are involved (Fig 4). 

 
Figure 4: The relationship between concentrations of dissFe and absorbance within the south 

of Sweden (blue) and the north of Sweden (orange).  
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4.3 Result for question 3 

Q3: What is the most contributing factor for brownification? 

 

The strongest correlation towards water colour (absorbance) was neither DOC or dissFe as 

initially thought, but pH (AIC = -8.61., R2= 0.805., p= <0.001). The pH of northern lakes 

explains 44,2 % of the total absorbance (AIC = -36.21., r2 = 0,442., p= 0.004). However, the 

pH of the southern lakes explained 66,5 % of the total absorbance (AIC = 36.21., r2= 0.665., 

p= <0.001). A low pH generates higher absorbance, Fig 5. Although, the AIC- value from 

northern and southern lakes indicate that both models are equally well performing.  

 

 
Figure 5: A low pH correlates with a high absorbance and with increasing pH absorbance 

declines. Blue is samples in the south and orange is in the north of Sweden. 

 

4.4 General results 

PH and sulphur deposition correlated with strong significance and sulphur deposition had 

significant correlation towards absorbance (Tab 2). The relationship between sulphur to pH 

and to dissFe and absorbance could indicate that a change of sulphur deposition controls the 

pH levels which in turn affects soil processes of dissFe and DOC to leach into lakes, but also 

that sulphur deposition can control soil processes directly to colour the water. However, when 

only testing the northern lakes, dissFe and sulphur deposition also had a significant 

correlation, which therefore means sulphur has direct connection to the dissFe levels. Since 

absorbance was significantly correlated with all the parameters, it might have several driving 

factors for brownification (Tab 2).  
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Table 2: Relationship between chosen parameters in the north and south of Sweden. AIC-value 

represents the best performing model. R2 represents the proportion of variation explained by the 

predictor variable. P represents the P-value and the relationship whether the relationship between 

the variables are positive or negative. 

 

5. Discussion 
5.1 Discussion for question 1 

Q1: Do increased levels of Fe lead to increased browning and is Fe a stronger driver of 

browning than DOC? 

 

This study shows a stronger correlation for water colour and concentrations of dissFe than 

that of water colour and DOC in the sampled lakes in the south of Sweden (answering 

question 1). Previous literature studies and reports have stated the strong correlation between 

DOC and water colour and Björnerås et al. (2017) also found positive trends between dissFe 

and increase in water colour. A strong correlation between absorbance and dissFe is also 

supported by Brezonik et al. (2019). The increase of water colour with increasing dissFe has a 

similar slope both in north and south of Sweden and the R2-value does not differ that much 

(Tab 2). This implies that there are similar mechanisms between both DOC and iron that 

colours the water. Neither DOC or dissFe showed significant correlation towards atmospheric 

sulphur deposition in the south of Sweden, meaning that there is not a relationship between S 

Linear 

regression 

South of Sweden North of Sweden North and south 

Variable 1/ 

Variable 2  

 

AIC            R2         P AIC          R2        P AIC         R2           P 

pH /  

Sulfur 

deposition 

 

No sig. No sig.  148.8        0.548         0.001 

pH /  

dissFe 

 

-24.81 0.340 0.014 

 
 

-15.26 0.359  0.011  
 

-38.56 0.233   0.004 
 

Sulfur 

deposition / 

Absorbance 

 

-11.04 0.274 0.031 
 

-36.21 0.374 0.009 
 

-34.3 3 0.789 <0.001 
 

dissFe /  

DOC 

 

-24.81 0.539 0.001 
 

No DOC data. No DOC data. 

dissFe /  

Sulfur 

deposition 

 

No sig. -15.26 

 

0.321 0.018 

 

No sig. 

Absorbance / 

DOC 

 

-21.27 0.352 0.012 

 
 

No DOC data.  No DOC data. 

Absorbance / 

pH 

 

 -36.21       0.665    <0.001 -36.21 0.442 0.004 
 

-8.61 0.805 <0.001 
 

Absorbance / 

dissFe 

-21.27 0.382 0.008 

 
 

-36.21         0.648     < 0.001 -38.56 0.194 0.009 
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deposition and concentration of Fe or DOC, which Björnerås et al. (2017) and Morse et al. 

(1987) say there could be. With the strong significant correlation between dissFe and 

absorbance, in this study stronger than DOC, there is a need to better understand the various 

mechanisms behind this process, which will be discussed further in upcoming sections.  

However, the ecological effects of iron in lakes need to be emphasized since Morton & Lee 

(1974) states that concentrations between 0.1 – 1 mg/l iron in lakes are of some concern. Low 

concentrations of dissFe in drinking water do not involve any risk to human health but 

according to the Swedish national food agency (2001) the limit for water fit for drinking is 

0.100 (mg/l Fe). With increasing iron leaching drinking water will be more difficult to clean 

and to keep below these guidelines.  Although iron is an important and ubiquitous element, 

concentrations that exceed physical requirements, may become toxic and act as an enzyme 

inhibitor (Frías‐Espericueta et al. 2003). Further, excessive intake of iron may also affect 

other biological activities such as growth, reproduction and behaviour (Zhou et al. 2014). 

However, Pollingher et al. (1995) found that an addition of iron in lakes affects species 

composition of phytoplankton and promoted the growth of green algae and bacteria. The 

addition of iron also benefited the growth of cyanobacteria (Morton & Lee, 1974., Hyenstrand 

et al. 2001). This is supported by Kosten et al. (2012) who also stated that a combination of 

both increase in temperature and water colour could enhance the growth of cyanobacteria in 

lakes. This could turn lakes and drinking water supplies more toxic in the future (Ekvall et al. 

2013) and implicate negative effects on biota.  

In my study none of the sampled lakes in south of Sweden had concentrations of iron lower 

than 0.100 mg/l and since Leigh‐Smith et al. (2017) state that iron toxicity data are limited 

and that the existing data are poor, more research is needed on the ecological effects, as well 

as the synergistic effects of both increased iron and DOC concentration. More studies are 

needed where historical concentrations of DOC, Fe and water colour are compared. Even 

though temperature did not significantly correlate with dissFe concentration in my study, I 

still propose that seasonal variability of dissFe-concentrations of surface water is further 

studied (Ekström et al, 2016., Xunchi et al. 2017), to be able to exclude or embrace other 

driving parameters of brownification. 

5.2 Discussion for question 2 

Q2: Does Fe have different impact on brownification in the south or north of Sweden?  

 

Both in the north and in the south of Sweden there is an increase of water colour with 

increasing dissFe concentrations, however increasing dissFe concentration in the south tend to 

colour the lakes to a greater extent than in the north (answering question 2). In my study I 

found high concentrations of dissFe but rather low absorbance in the north part of Sweden. 

This indicate that dissFe must work together with another mechanism or process to be able to 

colour the water.  Björnerås et al. (2017) mentions that the availability of DOC determines the 

transportation rate of dissFe, since organic matter needs to be present in the water to keep 

dissFe suspended (Stumm & Morgan, 1996). The absence of high concentrations of TOC in 

the northern lakes (SLU, 2019) could therefore explain why the high dissFe concentrations 

colour lakes less than in the southern lakes with elevated dissFe and DOC concentrations. 
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Many studies have shown the strong relationship between dissFe and organic matter 

(Kritzberg & Ekstrom, 2012., Sarkkola et al. 2013., Peter & Sobek, 2018).  Although dissFe 

is dependent on organic matter and dissFe may have the most pronounced colouring effect in 

combination with DOC, dissFe only has a minor effect on the absorbance properties of 

organic matter (Brezonik et al. 2019). This means that dissolved iron does not contribute to an 

increased browning effect of organic matter, but that Fe has a colouring effect on its own. 

Instead, dissFe needs DOC as a transporting medium, thus a combination of elevated dissFe 

and DOC could result in a synergistic browning effect. However, Peter & Sobek (2018)., 

Peter et al. (2017) state that the high variability in the relationship between Fe and organic 

matter in different lakes need further research.  

 

Further, there is less atmospheric deposition of sulphur in the northern part than in the 

Southern part of Sweden (SMHI, 2019). My study showed only a significant positive 

relationship between sulphur and dissFe in the northern part of Sweden, in the southern part 

there was no significant correlation. This might imply that different mechanisms are involved 

in the browning process. However, decreased atmospheric sulphur deposition (ASD) might 

indirectly increase the concentrations of Fe in the south part of Sweden. Ekström et al. (2011) 

conclude that reduced acidification may be an important driver of brownification as the 

properties of dissolved organic matter changes in higher pH that benefit an increased 

browning effect of DOC. Furthermore, Kida et al. (2018). Showed that DOC benefit the 

transportation of dissFe into lakes. These results indicate that there are different mechanisms 

involved in the browning process between the south and the north of Sweden and that an 

increase of dissFe-concentrations in lakes could be due to a decrease of ASD, but that iron 

have a spatial difference in influencing browning, dependent on the availability of DOC. 

 

5.3 Discussion for question 3 

Q3: What is the most contributing factor for brownification? 

My study showed the best predictor for water color was pH. With increased pH, lakes become 

clearer (answering question 3).  A decrease in ASD since the 1980th results in less 

acidification and therefore increase the pH of Swedish lakes (Odén, 1976., Futter et al. 2014., 

Bragée et al. 2015). This decrease of atmospheric sulfur can drive leaching of iron into lakes, 

and therefore turn lakes brown (Morse et al. 1987., Björnerås et al. 2017).  In contradiction to 

my study, it has been shown that increasing pH is linked to increasing water color (San 

Clements et al. 2012). Björnerås et al. (2017) also suggest that a decrease of ASD drives the 

increase of dissFe leaching and thus making lakes browner. Since this study only sampled the 

lakes at one occasion, it is impossible to tell if a change of pH in time will affect the water 

color for the individual lakes. My study only shows that the more alkaline the lakes are the 

clearer they are, and the more acid the lakes are, the browner they are. However, Erlandsson 

et al. (2012) reported that a high pH affects browning negatively in lakes and Temnerud et al. 

(2014) stated that a better correlation between high absorbance and iron is expected at pH 

below pH 6, in accordance with this study. Therefore, pH does contribute strongly to the 

mechanisms that color the lakes in both southern and northern lakes.  
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5.4 General discussion 

When discussing these results and looking at the relationships, it’s safe to say that there are a 

lot of mechanisms that contribute to the overall browning process and more research is 

needed to fully understand the processes of browning. However, even though literature state 

that there is an increase of browning during the last decades (Kritzberg & Eksström, 2012., 

Köhler et al. 2013., Williamson et al. 2015., Björnerås et al. 2017). there have been high 

concentrations of DOC/TOC in lakes previously, which indicate that lakes have been in a 

browner stage before and what we see today is refractory period from before the start of the 

20th century (Bragée et al. 2015). Further, the atmospheric deposition of sulphur could be a 

contributor of more release of iron into lakes, which my study gives a correlation of (AIC =-

15.26., R2= 0.321., p= 0.018) in northern lakes. However, the ASD has been in a lower stage 

before, at the start of the 20th century (Moldan et al. 2013., Bragée et al. 2015), which would 

mean that the binding that Morse et al. (1987) state where iron is bound up to sulphur has 

been at a lower stage before. What we might see happening in Swedish lakes is perhaps a 

reversion to a previous situation, before acidification became pronounced, when lakes were 

browner.  

5.5 Environmental goals 

The Swedish environmental goals and UN’s sustainability goals state that there is of great 

importance to sustain good quality of surface water and groundwater and that conservation of 

life in oceans, seas and marine resources should be ensured (EPA, 2018., UN, 2019). 

However, with the current development of Swedish fresh water lakes that has been presented 

in this study and other scientific reports, it is unclear whether these goals can be fulfilled 

within forthcoming years.   

5.6 Further studies 

Variability of temperature need to be further analysed but also how climate change will affect 

the colouring of water, with longer periods of drought or precipitation. Further, the spatial 

variation of ASD, its effect on pH in Swedish lakes and how pH affects the relationship 

between iron and DOC on region specific lakes need more research. I propose modelling of 

all the variables to better understand the reality of the problem, to see which parameter affects 

what and to try and predict future scenarios. Once we have more knowledge about the 

mechanisms behind brownification, more research is needed on how brownification will 

affect the environment and to what extent algal bloom and cyanobacteria will increase.  

Based on the need for accessibility of water resources in Sweden, the concept of 

brownification in general needs further research and scientific input, to be able to produce and 

ensure safe drinking water even during droughts.  

 

5.7 Health aspects 

Surface water meant for drinking water must be purified in a water treatment plant to remove 

bacteria, pollutants, heavy metals and organic matter before it’s safe to drink (SWWA, 2016). 

Except for higher treatment costs for surface water that have high concentrations of DOC and 

iron, there are no negative health aspects from drinking water from a water treatment plant. 

However, if there are algal bloom and cyanobacteria present in the lake, it’s recommended not 
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to drink the water or swim in the lake (SNFA, 2019). The results which my study present 

mean that this must be considered to a larger extent in the future.  

6. Conclusions 
In this study three things can be concluded; 1) Dissolved iron have a strong browning effect on 

Swedish fresh water lakes in the presence of DOC. 2) Despite similar levels of dissFe, lakes 

are browner in the south than in the north of Sweden which implies that there are different 

browning processes and mechanisms in the south and in the north of Sweden. Atmospheric 

sulphur deposition only had a significant relationship with dissolved iron in the north of 

Sweden.3) However, both in the south and in the north of Sweden, pH tends to be an important 

driver that could affect browning of lakes. This indicates that atmospheric sulphur deposition 

will affect the pH which further could affect the concentrations of dissolved iron. With 

increasing concentrations of both DOC and dissolved iron, a synergistic browning effect of 

the two parameters might be expected, in both south and north part of Sweden.  
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