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1 Introduction  

 

 
The lakes of the current study are located in all regions of Norway ( ). They range from 
lakes in coastal areas at 0 m.a.s.l., to mountain lakes at 1250 m.a.s.l ( ). The lakes chosen 
for the dataset are located in mountain and forest areas ( ).  Height 
above sea level as well as distance from the coast has an impact on weathering speed, as will be 
described in chapter 1.2.6.  The geology (Chapter 1.1.2) plays a main role in ion composition and 
acidification processes, along with precipitation, snowmelt and air transported ions from industry 
in populated areas.  
 



 

1.1.1 Industry and Population 





1.1.2 Geology  

Surface stones can consist of both, bedrock and quaternary deposits. The bedrock in Norway 
consists mainly of hard slow weathering granite and gneiss ( ) (Chapter 1.3.3). Thus, only 
small amounts of ions can be introduced into the lakes via weathering of these bedrocks (e.g. 
Sverdrup and Warfvinge, 1993).  



 

 
This yields in a low ionic strength of the lakes in Norway and particularly in the lakes chosen to 
be in the current study (Henriksen et al., 1989). Thus, even small changes in acidity can have large 
impacts (Henriksen et al.,1989). The lakes of the presented datasets are diluted and in general are 
low in ionic content (Skjelkvåle and Wright, 1998). .  

The glacier ice cap retreated from the little ice age, and the following post glacial rebound occurred 
firstly in the South of Norway and in lower latitudes at the coast. (Reviewed by 

). The abrasion by the glacier decreased the thickness quaternary deposits in these 
areas(Figure 5), and the buffer against acidification is lower. In regions with thin deposits, the 
retention time for ions is lower, and the drainage from lakes faster in most Norwegian regions 
(Skjelkvåle and Wright, 1998). 



 
 In the forest areas quaternary deposits and organic matter 
coverage is thicker, and lead to a longer retention time 
and higher buffer capacity in the catchment areas 
(Skjelkvåle and Wright, 1998). The ability for humus and 
soil particles to bind ions makes these areas more 
resistant to acidic changes than the mountain lakes with 
thin deposits (

1.1.3 Hydrology 

  

 Precipitation as rain 

Ps precipitation as snow  

 Evapotranspiration  

 Evaporation  

 Drainage, surface water 

Qg Drainage, groundwater 

 Change storage capacity in snow and ice 

 Change in storage capacity of lakes 

Change in storage capacity soil water 

Change in storage capacity in ground water  

 
Precipitation shows generally a west to east gradient with highest precipitation in the west (1500 
 4000 mm) and lowest in the East (500  1500 mm). In southern Norway, this gradient is separated 

by the drainage divide in the middle, causing a rain shadow effect on the east (Hanssen-Bauer and 
Forland, 2000). The mountains themselves have the highest precipitation (4000 mm), but also a 



high amount of snowfall and lower temperatures. Runoff follows the same pattern without the 
extreme values. Snowfall is measured to have the biggest values in areas with high mountains.  

 
 
 
 
 

The highest temperatures are measured at the south- and west coasts of Norway ( ). In the 
North, a gradient from higher temperatures at the coast, caused by the extensions of the Gulf 
Stream, to lower temperatures further inland are measured. 
 

 



The residence time or water age for a lake explains how long it takes for the water or a substance 
to get through the system. This depends on the lakes area and how fast water flows in or out of the 
lake (Tollan, 2002).  
The retention time of water and ions is affected by many aspects of the hydrological regimes, and 
is a part of the total water balance equation that enlightens the complexity of water flow, e.g. in a 
catchment area (Tollan, 2002). 

 
Freshwater consists mainly of four major cations; calcium (Ca2+), magnesium (Mg2+), sodium 
(Na+) and potassium (K+), and four major anions; bicarbonate (HCO3

-), carbonic acid (CO3
-)  

sulphate (SO4
2-) and chloride (Cl-) (Wetzel 2001, reviewed by: 

. Other important ions in surface 
waters are the dissolved nutrients nitrogen (nitrite: NO2

-, nitrate: NO3
-, ammonium: NH4

+) and 
phosphorus (phosphate: PO4

2-), and suspended and dissolved organic matter (e.g. carbonic acids). 
Furthermore, trace metal ions can be found (e.g. aluminium: Al), both in suspended and dissolved 
forms (reviewed by: . The composition of organic and inorganic ions in a 
lake determines the water quality. 
 

The ionic composition varies a lot, depending on 
the biota and the bedrock in the catchment area (Livingstone, 1963). Even though the human 
population density and agricultural intensity in Norway is rather low, local and long-range 
anthropogenic impacts, such as pollution from rural areas and agriculture play a role for what kind 
of ions are found in the lake. (Skjelkvåle et al., 2007). The ionic strength is often measured by the 
electrical conductivity due to the good electrical conductivity of ions compared to pure water. 
( ). 

1.2.1 Inorganic ions 

K+, Ca2+ and Mg2+ are base cations (BC) known as micronutrients for plant growth (Drever, 1997). 
They originate mainly from the weathering of the terrestrial environment, making soil in the 
catchment area, which may be enhanced by anthropogenic acidification (chapter 1.3.3) or climate 
change ( . When plants take up these nutrients they are contributing to natural 
acidification, and change the composition (Drever, 1997). Furthermore Ca and Mg can bind 
bicarbonate and form precipitates, which reduces the bicarbonate buffer capacity 
(ANC)(Schwoerbel et al., 2005).    
 



Bicarbonate (HCO3
-
) is another ion, which reaches the lakes directly from the atmosphere and 

from the catchment area. HCO3
- can originate from the dissolution of CO2 in the lake (atmospheric 

input), or via weathering calcite containing rocks (Wetzel, 2001; Allan and Castillo, 2007). 
Bicarbonate plays an important role for buffering the lakes at high pH (Chapter 0). 
 
SO4

2- and NO3 can originate from natural sources such as weathering and sea-salt, but are usually 
increased by anthropogenic activities. Industrial combustion of SO2 and NOx, can react with 
oxygen and water to SO4

2- and NO3 before it reaches the lakes and catchments as precipitation 
(Nestaas, 2009; Schwoerbel et al., 2005). Both ions can be used as nutrients by plants and bacteria. 
An additional source of NO3 may be by nitrification of ammonium (NH4

+)(reviewed by: Callisto 
et al., 2014)(Chapter 1.5.2).  
 
NH4

+ usually comes from degradation processes of organic matter, or excretion by fish 
(Schwoerbel et al., 2005). However, due to the Haber Bosch procedure, it became possible to fix 
N2 and use it as fertilizer (Galloway et al., 2004). Hence, agriculture is a main source of ammonium 
(Chapter 1.5.2).. Another ion which is important as nutrient and which is often introduced in high 
levels via agriculture is PO4

2- (reviewed by: Schwoerbel et al., 2005). 
 
Silicium (Si) originates mainly from weathering processes of rocks like feldspar (Ulrich, 1983)and 
has important implications for the buffer capacity of a catchment area ( ).  
 

However, the solubility of a certain ion is dependent on; i) the distance of two 
ions from each other, ii) the type of ion, and iii) on the dielectrical constant (Equation 
2)(Schwoerbel et al., 2005).
 

 

 

 
: Distance from each other 

: valency of anions 
:valency of cations 

D: dielectric constant  
 
Examples of solubility of different ions are given in . 
 



Substance (g 100ml-1) 
NaCl 35.9 
Na2CO3 21.6 
MgCl2 * H2O 53.4 
MgCO3 0.011 
Ca(OH2) 0.118 
CaCO3 (Calcite) 1.4*10-3 

  
 

1.2.2 Organic ions 
 
Other kind of ions are related to organic matter. Due to different charges in organic matter (e.g. 
carbonic acids, NH4

+), the surplus charge is usually negative and the main organic matter 
compound in lakes is humus, which is the mixture of high molecular weight organic compounds 
and refractory organic matter. In the current study, total organic carbon (TOC) is measured as a 
proxy for humus. Since TOC is also known to be the main compound absorbing light, it is also 
used as a proxy for light absorbance or brownification (Wetzel, 2001). TOC comes mainly from 
detritus of living biota, e.g. forest leaves and branches, flowers and grass, in the catchment area, 
and in little (dust) or no degree from air (Steinberg, 2003).   
 
For a few years, more specific measurements of the organic matter quality have been done. Since 
the quality and degradability of organic matter increases with its nitrogen and phosphorous 
content, the total nitrogen (TOT-N) and the total phosphorous (TOT-P) concentrations have been 
measured. Additionally, the TOT-N and TOT-P ratio can be used to assess the limiting nutrient 
after Redfield (optimum 16 :1)(Dodds and Smith, 2016). 
 

1.2.3 Cation exchange 



 

1.3.1 Buffer capacity (ANC, Alkalinity) 

 The buffer capacity a lake have is dependent on the catchment areas 
characteristic ( ,  ).

Anion neutralisation capacity (ANC) and alkalinity (ALK) are two measures of buffer capacities.  
The technical definition of ANC is the sum of Bicarbonate, and other ions (A-) minus H+, and Al 
cations ( ).  Due to the low concentrations of most ions compared to bicarbonate in 
natural systems in Norway A- and Aln+ is set to 0 (Garmo et al., 2014). 
 

  

 

 

The system is in ionic balance when the sum of strong anions and the sum of base cations are the 
same ( ). By solving this equation towards ANC (HCO3-

  -  H+), we can calculate the 
ANC by using only the base cations and strong anions by subtracting the sum of measured anions 



from the sum of measured base cations ( ). Positive ANC values indicate a surplus of 
cations and bicarbonate; negative values indicate that there are more H+ than bicarbonate. 
 

[H
+

]+ [Al
n+

] + [Ca
+

]+ [Mg
2+

] + [Na
+

] + [K
+

] + [NH4
+

]    =   [Cl 
-
] + [SO4

2-
] + [NO3

-
]+ [HCO3

-
]+ [A

-
]  

ANC = ([Ca
2+ 

] + [Mg
2+

] + [Na
+

] + [K
+ 

]+ [NH4
+

]) - ([Cl
-
] + [SO4

2-
] + [NO3

-
])  

base cations  strong acid anions  

Alkalinity = 

1.3.2 Buffer systems 
There are five ways for the lakes  catchments to buffer against acidity depending on the pH: i) 
Bicarbonate buffer (pH>8 to 6.2); ii) Silicate buffers (pH 6.2 to 5.0); iii) Cation exchange buffer 
(pH 5.0 to 4.2); iv) Aluminium buffer (pH 4.2 to 2.8); and v) Iron buffer (pH 3.8 to 2.4)(reviewed 
by Norton, 1989). The use and effectiveness of these buffer systems depend on the availability of 
the buffers and the pH. When the lake system is gaining more H+ than the buffer system can 
neutralize the buffer capacity is reached and the acidification accelerates.  

 
The bicarbonate buffer system in a lake is formed via CO2 input from the atmosphere or via lime 
inputs after weathering processes. CO2 dissolves in water via hydrolysis and forms carbonic acid 
( )( ).  is then converted to its related bases (bicarbonate (HCO3

-), and 
carbonate (CO3

2-)(Wetzel, 2001)). In the end a buffer system of CO2, HCO3- and CO3
2- is formed. 

Due to the formation of carbonic acid, CO2 dissolution in water can lead directly to acidification, 
but once in the system its corresponding bases can act as an efficient buffer system. 
 

  Hydrolysis to CO2 
 

             Dissociation to H+, HCO3
- and CO3

2- 

 
 

         Calcite dissolution 



 
 
The equilibrium between the three parts of the buffer system depends on the pH. At low pH values, 
most compounds of the carbonate buffer are available as CO2, while higher pH values convert 
more CO2 to CO3

2-. Hence, a low pH can reduce the buffer capacity of the system by transforming 
the buffers into a gas. 
 

 
pH concentration 

changes. The diffusion of CO2 also increases with temperature and pressure and decreases with 
higher salinity. Both CO2 and O2 dissolve more easily in water with a temperature at 0 than at 
30 C ( , Schwoerbel et al., 2005). 
 

Gas Partial- 
pressure % 

0 °C 10 °C 20 °C 30 °C 

O2 20.99 14.5 11.1 8.9 7.2 
N2 78.0 22.4 17.5 14.2 11.9 
CO2 0.33 1.005 0.70 0.51 0.38 

 

 



 

 
Organic soil particles (especially humus) are known to act as cation exchange buffer systems. 
Thereby, mainly Ca2+ and free H+ can be exchanged .  

( )

 

 

 

 

1.3.3 Weathering (trend in base cations) 
Weathering processes can release a variety of ions via the degradation of rocks and bedrock 
material. It can be caused by physical or chemical mechanisms.  
For the release of BC to the lakes, chemical weathering is the most important. Five types of 
chemical weathering can be differentiated; i)  the splitting of water in the crystal structure of the 
mineral (hydrolysis), ii) Acid-base reactions, iii) redox reactions, iv) dissolution and 
recrystallization (isomorph substitution), v) hydration reactions, vi) 

 
 

Hydrolysis:  K+ is released from bedrock with water 

 
 



Acid dissolution in calcium carbonate rich alkaline areas can release more cations to the water. 
The acids may originate from e.g. acid rain, or plant cation exchange. 

 
 

Oxidation 
 

  
 
Hydration (cation exchange process): 

(Ferrihydrite) 
 

Schuiling 
and Krijgsman, 2006)

 

(vanLoon and Duffy, 2011)

(vanLoon and Duffy, 2011)
(vanLoon 

and Duffy, 2011)

1.3.4 Critical limits  

μ





 

1.4.1 Acid rain  

Acid rain is a term used for both dry deposits and 
wet deposits that contain a higher than normal content of nitric (HNO3) and sulphuric (H2SO4) 
acids that comes from the lower troposphere (Nestaas, 2009).  

Recently the SO2 emissions in Europe were drastically reduced due to advanced technologies for 
emission cleaning and changing power sources away from sulphur rich coal power plants. Figure

. Also within Norway, local pollution sources decreased. 

 



Acid rain appears to threaten the biodiversity in lakes and rivers seriously. In 1990 overall, > 9000 
fish stocks were lost and > 5000 fish stocks were magnificently depleted after acidification. Recent 
data are lacking, but a study in 2008 estimated that the affected areas decreased from 20.000 km² 
in 1990 to 13.000 km² in 2006, which equals a reduction of 38% (Norwegian Environment Agency, 
2015). 

Already in 1987 several methods if liming were developed to 
save lakes and water courses. In 1988 14 mio. NOK of tax money was dedicated to restore 
freshwater systems via liming.  



 

1.4.2 Aluminium remobilization 

 

 
 

In fact, the main problem for biotic life in acidic lakes is the 
remobilization Al3

+ when the pH decreases ( ). Al is only bioavailable in acidic 
conditions. In some streams and rivers acidification and Al-toxicity is the reason for important

 Thereby, metals can be 
remobilized after acidification of the lake. 

 



   
 

1.4.3 Sea-salt episodes  
 

Sea-salt episodes  are widespread along the coastal areas of Norway, and can be measured by 
chloride concentrations and conductivity in the water ( )

 
 



 

The  main contributor of Cl in a lake is from sea-salt that is carried with precipitation, or through 
dry depositions (Garmo et al., 2014). Cl is considered a conservative ion, 

 (
). 

(
) or Al ( )

 
 

The water running through the soil in the catchment area will also bring particles and ions to the 
water body, changing the ionic composition of the lake. In sea-salt events the catchment soil gets 
less acidic and the runoff becomes more acidic (  
 
Close to the coast it is natural to have a higher content of sea-salt, which contributes to a higher 
amount of NaCl, than in inland areas. A storm/ sea-salt episode peaks this concentration, and 
increases the conductivity measurement due to the addition of salts in the water, but it also causes 
the ratio of Na:Cl to increase ( ). This is caused by an increased drainage of Na 
from the catchment soil. As the soil is saturated, cations previously retained by the CEC in the soil 
are flushed to the lake body, together with the ones coming in by the storm event.  
 



 
 

1.5.1 Organic matter/ Brownification 

Erlandsson et al., (2008); and reviewed by Graneli (2012). An 
increase in TOC is also thought to be due to decline in SO2 in acid rain (Evans, 2005; Monteith et 
al., 2007). The dissolved organic carbon (DOC) (Monteith et al., 2007), acidity and SO4 content 
of lakes can suppress the amount of DOC, which means that a decline in these factors will lead to 
a higher concentration of DOC (Evans, 2006). However, humus in the lakes themselves is known 
to reduce the buffer capacity, since it is an acid itself (Austnes, 2014). 
 
The buffer capacity is another factor controlling the solubility of TOC. A catchment area that has 
a high ANC has lower DOC concentrations (Evans, 2006). Therefore, the increases in TOC are 
thought to be a sign of recovery from previous acidifications in catchment areas where the ANC 
was low. Iron is another important contributor to colour changes, and allows more colouration than 
possible with TOC alone (Kritzberg and Ekström, 2012). 
 



The Impacts of brownification for the biota are rather negative, due to the absorbance of light.

In recent years, the amount of DOC has increased (reviewed by Graneli, 2012). Looking back at 
periods in Norway with high acidification the lakes were clearer and were called Clearwater lakes. 
Now the opposite is observed; a brownification of lakes. A lowered deposition of industrial 
sulphate is the most likely explanation for the recent brownification. In fact, Scandinavian lakes 
in pre-industrial times are thought to be brown-water lakes (Cunningham et al., 2011). 
  

1.5.2 Eutrophication 
Phosphate, ammonium, and nitrate are important inorganic nutrients. They can originate from 
anthropogenic sources, such as waste and sewage in rural areas, or agricultural activities in the 
catchment (reviewed by: Callisto et al., 2014). This contributes to important nutrition for algal 
growth. Phosphorus is usually considered the limiting factor in freshwater lakes and most 
important component for eutrophication (Schindler 1977; Sharpley 
et al., 1994). Eutrophication usually yields in an increased algal biomass, which absorbs most light 
in the surface layer of the lake and has similar effects as brownification via allochthonous TOC 
input (reviewed by: Callisto et al., 2014), including the implications for ionic compositions. 
 
However, an increase in phosphorous can yield in nitrogen limitations in freshwater lakes. In this 
case, the only phytoplanktons that are capable of using elemental N2 as their nitrogen source are 
cyanobacteria. Since many fast growing cyanobacteria species in freshwater lakes are known to 
produce cyanotoxin, a surplus of phosphate may lead to toxic algal blooms (Anderson et al., 2002). 
In addition to a potential toxicity of new dominant algal species, the food web may be altered by 
altered competition and predator-prey dynamics due to a different dominant players in the food 
web (reviewed by: Callisto et al., 2014). 
 
Increased  primary production also leads to increased microbial respiration, especially below the 
euphotic zone. This process may quickly consume all oxygen, which is crucial for higher 
organisms, such as fish (Corell, 1999). In case of complete oxygen consumption in the sediments 
alternative electron acceptors may be used. Thereby toxic sulphide or reduced heavy metals, or 
orthophosphate may be released (Chen et al., 2016).  
A higher biomass in the euphotic zone can also absorb more sunlight and, thereby, increase the 
temperature of the surface layer. This will lead to a higher temperature and density difference 
between the surface layer and deeper layers, which means a more stable stratification (reviewed 
by: Wetzel, 2001). 
 



In regard to acidification, NO3 from acid rain is known as one reason, due to its conversion to 
HNO3. NH4 may have the same effect. Since NH4 is largely used for microbial nitrification 
processes, NO3 is the final product, which can become acidic (HNO3) (reviewed by: Callisto et al., 
2014). 
However, since the lakes of this study were chosen for monitoring of lake acidification, the lakes 
were chosen in regions with little anthropogenic import of phosphate and nitrogen (Garmo et al., 
2014).  

1.5.3 Climate change 
According to the latest IPCC report (Stocker et al., 2014; Pachauri et al., 2014), the global climate 
is rapidly changing, mainly due to anthropogenic greenhouse gas emissions. An increasing 
temperature (~ 2- 4°C), changing precipitation patterns, increased CO2 levels and water 
acidification, increasing storm events, and northward migration of species, are some of the 
observed consequences of global warming (Stocker et al., 2014; Pachauri et al., 2014).  
 
Between 1900 and 2008 the annual mean temperature in Norway increased by 0.9 C (Climate 
change  Norway; ). Higher temperatures 
themselves can already decrease gas solubility ( ), and lead to changing forestation, which 
can be important for brownification (Akselsson et al., 2013). 
 
The changes in Norway will appear as more storms, especially in the East and South (

). Mean geostrophic wind speeds are thought to increase all over Northern Europe by 5  
10%. Extreme geostrophic wind speeds are predicted to increase in the south and west of Norway 
and to decrease over the Norwegian Sea ( ). Thus, it is hard to predict what the 
implications for sea-salt episodes will be. Sea-salt episodes are known to increase the ionic strength 
in catchment areas and to yield in increased cation exchange processes. In already acidic 
catchments this could cause a sudden flush of H+ into the lakes (Skjelkvåle et al., 2007; Laudon, 
2008). 
 
Precipitation has been increasing in Norway since 1900. The largest increase (19-22%) has been 
found in the western and north-western parts of Norway (

. Increased temperature can enhance nitrification processes and the leaching of nitrate (van 
Breemen et al., 1998; Wright and Jenkins, 2001). Eventually, the nitrate can end up in the lakes 
and lead to acidification and eutrophication. 
Higher temperatures and precipitation rates will affect weathering processes and production of 
ions and drainage of ions via increased runoff in the catchment areas. Higher erosion of coastal 
areas with more frequent sea-salt episodes will increase the sea-salt input into lakes close to the 
coast. 
 
Increased CO2 levels can lead to acidification, but can also increase the carbonate buffer capacity 
(Stocker et al., 2014; Pachauri et al., 2014). The northward migration of species may lead to 
increased biomass in form of conifer forests in the North, which would increase the TOC contents 
and humus loads, which can act as buffer-, or acid. The thawing of permafrost may lead to less 
surface runoff and an increasing role of groundwater flow. Additionally, thawed permafrost soil 
may supply additional organic matter (Semiletov et al., 2016). 
Increased temperatures will decrease the solubility of gases such as oxygen and CO2, which are 
crucial for biological processes and fishes, but which may also counteract the acidification by CO2.  



 

 

 

 

 

 

2 Methods 



 

Hence the nitrogen and 
phosphorous concentrations are low (Garmo, 2014).

(Henriksen et al., 1989).

2.1.1 Ionic budget  

The relation 
between cations and anions are approximately in a ratio 1:1 in lakes. 



The concentration of main cations and anions in the dataset is measured with a 
ICP-MS, the concentration of bicarbonate is calculated by titrating the solution to pH 4.5. 

 

The ionic balance/ionic charge is calculated in two ways depending on what measured parameters, 
and how much TOC and LAL there is in the lake measurements. Prior to calculating ionic balances, 
it is crucial to analyse all main chemical parameters. The parameter concentrations are in -

1. The difference in ionic charge is calculated by the sum of anions minus the sum of cations 
( ).  

 

a: sum anions 

If the lake contains labile aluminium, (LAL), ammonium (NH4
+ ), and total organic carbon 

(TOC), these are taken into the calculation; The sum of cations include LAL and NH4
+, the sum 

of anion include organic anions (OA-). 

The OA- is calculated using an empirical equation ( ) with TOC concentrations (MD, 

2014). 

 

For quality control, measurements with ionic budgets > 10 -1, are checked and 

possibly reanalysed (MD, 2014).  



2.1.2 Non-sea-salt ions 
Even though some Cl can come from the soil deposition or bedrock, this is ruled out by choosing 
lakes with low contribution from these sources for the dataset Therefore the chloride measured 
from the output is assumed to be the same as the chloride input from sea-salt. In addition, it is 
assumed that the ratio between chloride and the other ions in seawater has the same ratio as Cl and 
other ions in the lake ( ). That way, measuring the content of chloride and subtracting the 
chloride:cation ratio in seawater, non-marine base cations can be calculated  ( ). 
 
 

Cation Ratio per 
chloride (r) 

Ca2+ 0.037 
Mg2+ 0.196 
Na+ 0.859 
K+ 0.018 
SO4

2- 0.103 
 

 

 





 

 

 

3 Results  

 



 







μ

 
 

μ
 

[mS m-1]



 

3.3.1 Differences between the regions, and lake types 

COND ALK TOTP TOTN TOC

mS m-1 mmol l-1 g l-1 P g l-1 P g l-1 N g l-1 N mg l-1 C

Al/R Al/Il LAL ANC ANCOAA

g l-1 g l-1 g l-1 μeq. l-1 μeq. l-1 μeq. l-1



Ca Mg K Na Cl pH

mg l-1 mg l-1 mg l-1 mg l-1 mg l-1 g l-1 N mg l-1

Ca Mg K Na Cl H+

μeq. l-1 μeq. l-1 μeq. l-1 μeq. l-1 μeq. l-1 eq. l-1 N μeq. l-1 μeq. l-1

Ca* Mg* K* Na* SO4*

μeq. l-1 μeq. l-1 μeq. l-1 μeq. l-1 μeq. l-1



3.3.2 Geographical differences between the lakes 



[μeq. l-1] [mg l-1]

[mg l-1] [meq. l-1] [μg l-1]

[μg l-1] [μg l-1] [μg l-1]



 

3.4.1 Differences between 1990 and 2014 





μ



3.4.2 Mann-Kendall test and Theill-Sens slope 







Ca Mg K Na Cl pH 

Ca* Mg* K* Na* SO4* 

COND ALK TOTP TOTN TOC 

Al/R Al/Il LAL ANC ANCOAA 





4 Discussion 

 



 

 

 

 

 



 

 





 



 



 

 



 

reviewed by Norton, 1989

 



(reviewed by: Callisto et al., 2014)

 
Since industrial emissions of SO2 and NOx are decreasing, climate-related factors can become 
more important in delaying lake recovery (Skjelkvåle et al., 2003; Akselsson et al., 2013). Hence, 
climate change should be considered as the main threat to Norwegian lakes, in the future 

Sea-salt episodes are known to increase the ionic charge 
in catchment areas and to yield in increased cation exchange processes. In already acidic 
catchments this could cause a sudden flush of H+ into the lakes (Skjelkvåle et al., 2007; Laudon, 
2008).

increased 
temperatures also decrease the solubility of gases such as oxygen and CO2, which are crucial for 
biological processes and fishes, and which play an important role in the carbonate buffer system.  

(van Breemen et al., 1998; Wright and 
Jenkins, 2001) do not seem to play a role on the general ionic composition of lakes. Most likely 
the lack of agricultural input in the study lake and the saturation of the catchment with industrial 



NO3 can explain the lack of increasing nitrification. A potential increase in natural nitrification 
would be much lower than the reduction of nitrate by reducing NOx emissions. Direct 
measurements of nitrification rates could help to clarify the role of climate change on natural 
nitrification processes.

5 Conclusion  

6 Outlook 
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