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Abstract

Long-Term Impact of Drought on Acid Sulfate Soil Leaching, a Study of Nine
Catchment Areas in Sweden and Finland
Emilie Åström

Sediments rich in sulfide were deposited in the Littorina sea in an environment that was shallow, anoxic,
and reductive. The sediments were brought above sea level by isostatic uplift and can now be found
along the coast of the Baltic sea. These sulfide rich sediments oxidize when they are exposed to air when
the water table is lowered due to uplift, anthropogenic activities, or hydrological droughts. Oxidation of
sulfate soils will lower the pH and mobilize metals in the soil that will leach into adjacent rivers and will
impact the water chemistry and damage ecosystems. A few studies have noted that leaching increases
in sulfate soils after drought which has resulted in fish death.
    The impact of droughts on leaching from sulfate soils were investigated in nine rivers (Flarkbäcken,
Hertsångerälven, Kvismare canal, Kyro river, Närpes River, Persöfjärden, Storbäcken, Tjuståsaån, and
Toby river) by looking at time series of sulfate concentrations and drought periods. The impact on rivers
after a drought was studied by plotting the deviation from median specific discharge in summer and
autumn against the deviation from median concentration of SO4

2-, a suite of metals and pH the following
season with high discharge e.g. spring. The metals that were examined in the river were Aluminum (Al),
Cadmium, (Cd), Cobalt (Co), Cupper (Cu), Iron (Fe), Manganese (Mn), Nickle (Ni), Zinc (Zn).The
Kendall’s τ was then used to determine if the relationship between discharge and leached compound
concentration was significant and which direction it had.
    In the sulfate timeseries the hydrological droughts generally coincided with low SO4

2- and were
followed by SO4

2- peaks. The sulfate concentrations increased significantly after droughts, and the
increase in SO4

2- lasted for 1-3 years for most rivers. In two Finnish rivers the SO4
2- remained higher a

longer time of 5 years in Kyro river and Närpes river after multiyear droughts. In Kvismare canal, Kyro
river, Närpes river and Tjuståsaån the SO4

2- concentration was higher in the mid-1900s which could be
due to changes in ditching activity, the acid sulfate soils transitioning to post active sulfate soils after
the ditching activity stopped in the regions, or SO4

2- air deposition historically being greater.
    SO4

2-, Co, Ni, and Zn had negative significant correlations in a majority of the rivers, while pH, Fe,
and total organic carbon had significant positive correlations a majority of rivers. A negative correlation
indicates high concentrations of the leached compound after a drought while positive correlations
indicate low concentrations of the leached compound after a drought. Al, Cd, Cu, and Mn did not have
a significant correlation in a majority of the rivers which could be due to their dependence on pH which
will not always change in the rivers in spring due to acidic water leaching from acid sulfate soils since
the acidic water will be diluted by meltwater.

Keywords: acid sulfate soil, hydrological drought, water chemistry, metal leaching, sulfate
concentration
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Populärvetenskaplig sammanfattning

Långsiktig påverkan av torka på urlakning från sura sulfatjordar, en studie på nio
avrinningsområden i Sverige och Finland
Emilie Åström

Efter senaste istiden var vattnet i havet syrefritt och reducerande vid havsbotten, vilket ledde till att
sulfidmineral avsattes. Dessa sulfidrika sediment har hamnat ovanför havsytan på grund av
landhöjningen och finns i kustnära områden runt östersjön. Sulfidsedimenten oxiderar om de kommer i
kontakt med syre vilket kan ske på grund av landhöjning, mänskliga aktiviteter, eller torka som sänker
grundvattennivåerna. När sulfatjordarna oxiderar sänks pH i jorden och metaller frigörs vilka sedan
lakas ur jorden och påverkar närliggande vattendrag och ekosystem. Lakning av metaller har i några
studier setts öka efter extrem torka vilket i vissa fall har lett till fiskdöd.
    I nio vattendrag (Flarkbäcken, Hertsångerälven, Kvismare kanal, Kyro älv, Närpes å, Persöfjärden,
Storbäcken Tjuståsaån och Toby å) undersöktes hur torka påverkar urlakning från sura sulfatjordar. De
ämnen som undersöktes var Aluminium (Al), Kadmium (Cd), Kobolt (Co), koppar (Cu), Järn (Fe),
Mangan (Mn), Nickel, (Ni), Totalt Organiskt Kol (TOC), och Zink (Zn). Sambandet mellan
vattenföringens avvikelse från medianen under de sommar samt höst och avvikelsen av
koncentrationerna av urlakade ämnen från medianen följande årstid med högt flöde plottades för att
undersöka hur sambandet såg ut. De statistiska testerna Kendalls τ användes för att utvärdera om en
korrelation existerade och i vilken riktning den gick.
    Sulfatkoncentrationerna var generellt sett väldigt låga under torrperioder men ökad snabbt efter att
torkan avtagit. Den förhöjda sulfatkoncentrationen varade generellt sett i 1-3 år för de flesta vattendrag.
Det fanns däremot två undantagsfall då sulfatkoncentrationerna var förhöjda i Kyro älv och Närpes å
under 5 år efter en torrperiod som varat i flera år. I Kvismare kanal och Tjuståsaån var
sulfatkoncentrationerna, högre under mitten av 1900-talet. De högre koncentrationerna av sulfat kan
bero på att det var mer dikning, eller större mängd luftföroreningar under denna period.
    Sambanden för sulfat, Co, Ni och Zn visade att efter torra perioder var koncentrationerna högre i en
majoritet av vattendrag än normalt. pH, Fe och TOC visade på ett motsatt samband. Efter torrperioder
sjönk därmed koncentrationen Fe och TOC i en majoritet av vattendragen. Al, Cd Cu, och Mn hade
signifikanta samband i mindre än 50 % av vattendragen vilket kan vara till följd av att de är beroende
av pH som själv inte hade en tydlig korrelation i alla vattendrag. pH sjunker i många fall inte särskilt
mycket till följd av en torka då vattnet som lakas ut från sulfatjorden späds ut av smältvatten under
våren.

Nyckelord: sur sulfatjord, hydrologisk torka, vattenkemi, metallurlakning, sulfatkoncentration
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1. Introduction
Acid sulfate soils are an environmental risk primarily found in Sweden, Finland, southeast Asia, Africa,

and Australia (Erixon 2009). Around the Baltic Sea isostatic rebound since the last ice age is the main

cause for the occurrence of sulfate soils, which were formed from seabed sediments deposited during

postglacial marine transgressions. (Rosentau et al. 2021; Erixon 2009). Hereafter, the word sulfate is

used only as part of the expression 'sulfate soils', and the formula SO4
2- is used when referring to the

anion itself (e.g., in stream water).

     Sulfate soils commonly occur below the highest coastline for the Littorina sea in Sweden and Finland

(Sohlenius et al. 2015). When the conditions at the seabed were anoxic and reductive, clays containing

iron sulfide (FeS) and pyrite (FeS2) formed. These sulfide clays are inactive as long as they are water

saturated as iron and heavy metals are bound to sulfide in compounds that are insoluble (Erixon 2009).

Sulfate soils can be classified into three stages: potential sulfate soils, active/acid sulfate soils and post

active sulfate soils. The issues connected to sulfate soils arise when the sulfate soil dries, due to isostatic

uplift or more commonly due to anthropogenic influence. Anthropogenic influences that can affect

sulfate soils are drainage and ditching to lower the water table or draining lakes or peatlands which is a

common practice used to expand agricultural areas (Åberg 2017). When the groundwater table has been

lowered the sulfide minerals start to oxidize, producing sulfuric acid that lower the soil pH and thus

transforming the potential sulfate soil into an acid sulfate soil (Boman et al. 2010).The sulfuric acid then

causes leaching of metals that otherwise are in stable compounds (Åberg 2017). The metals commonly

released and enriched in rivers during oxidation of acid sulfate soils are aluminum (Al), cadmium (Cd),

cobalt (Co), copper (Cu), Iron (Fe), nickel (Ni), manganese (Mn), and zinc (Zn) (Sohlenius et al. 2015).

All of these metals can act as environmental toxins (Erixon 2009). Raised levels of Al is the top cause

for sudden death of fish in rivers. Post active sulfate soils have previously been active sulfate soils but

have been oxidized and leached to such an extent they no longer pose an environmental threat (Dent &

Pons 1995, Åberg 2017). Hydrological droughts can temporarily lower the groundwater table in soils or

in surface waters, such as rivers and lakes and can thus impact oxidation of sulfate soils. Hydrological

drought will be the focus henceforth (SMHI 2022h). Episodes of fish death and increased leaching from

sulfate soils have been detected in Finnish rivers after droughts (Toivonen et al. 2019). With an

increasingly warming climate there is a higher probability of extreme weather variations between years,

heatwaves will become more common, and evapotranspiration will most likely increase due to the higher

temperatures (SMHI n.d.).
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1.1. Aims
The aim of the project is to investigate how sulfate soils and droughts interact as it has not been

investigated thoroughly in Sweden previously except for Erixon (2009) who studied Persöfjärden in

Norrbotten. Some research on drought and sulfate soil interactions has been done on Finnish rivers (e.g.,

Österholm & Åström 2008, Toivonen et al. 2019). Acid sulfate soils have been studied thoroughly in

regard to the anthropogenic influence on leaching of heavy metals and sulfates to rivers due to lowering

of lakes and ditching. This thesis was done in cooperation with the county administrative board of

Västerbotten and the KLIVA project. The EU-funded KLIVA project is a collaboration between

Swedish and Finnish agencies such as the county administrative board of Västerbotten, the Swedish

Forest agency, Linnæus university, Åbo Academy, the Finnish forest centre, Finnish Environment

Institute (SYKE), Centre for Economic Development, Transport and the Environment (ELY), the

Geological Survey of Finland (GTK). One of the objectives of the KLIVA project is to find out how

changes in the water balance will impact acid sulfate soils as the climate warms.

    This thesis therefore aims to investigate how sulfate soils are influenced by drought and how this is

reflected in the water quality of rivers. The study area includes Sweden and Finland where sulfate soils

are common, and data is readily available. Nine rivers were chosen for this study, three in Finland: Kyro

river, Närpes river, and Toby river, and six in Sweden: Flarkbäcken, Hertsångerälven, Kvismare canal,

Persöfjärden, Storbäcken, and Tjuståsaån. A comparison between Hertsångerälven and Toby river will

be made for the drought of 2018. The study will endeavor to give an estimate of how long after a drought

the SO4
2- concentration returns to concentrations that commonly occurred before the drought and

correlate the hydrological conditions during the warm months to river water quality parameters in the

following (spring or winter) high flow event. The parameters tested are SO4
2-, pH, Total Organic Carbon

(TOC) as well as a suite of metals, namely Al, Cd, Co, Cu, Fe, Ni, Mn, and Zn.
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2. Background
2.1. Formation of acid sulfate soils in the Baltic region
The Baltic Sea experienced four different depositional environments during its formation: The Baltic

ice lake, the Yoldia sea, the Ancylus lake and the Littorina sea, of which the Ancylus lake and Littorina

sea were relatively free from ice. The Weichsel ice age ended around 16 000-11 600 BP and the Baltic

ice lake formed as a glacial freshwater lake. The Baltic ice lake was supplied by meltwater from the ice

sheet that was retreating (Boman et al. 2010). The Baltic ice lake had a small outlet in Öresund up until

13 000 BP when the ice sheet had retreated past Billingen, which then became the new outlet for the

lake, thus lowering the lake level significantly. During a later expansion of the ice sheet the outlet at

Billingen was covered once more by ice, initiating a water-level rise in the Baltic ice lake, and outflow

through the old outlet in Öresund was reestablished. As deglaciation progressed the ice sheet margins

retreated again re-exposing the outlet at Billingen, which led to a drastic drop of the sea-level around

11 600 BP which after the drop of the lake level allowed exchange of salty ocean water for freshwater

(Björck 2008). The water thus became brackish and the Yoldia sea stage was initiated which lasted until

10 800 BP (Boman et al. 2010). Uplift later closed the connection to the Atlantic Ocean stopping the

exchange of water, and the Ancylus lake stage was initiated (Björck 2008) which lasted until 8500 BP

(Boman et al. 2010). During the Ancylus lake stage the basin was tilting due to uneven uplift as the

north uplifted faster than the southern parts of the basin. There was an influx of saltwater during this

time caused by the opening of Kattegatt (Björck 2008). The influx of saltwater started a transition from

freshwater to saltwater which marks the transition to the Littorina sea stage. During the Littorina sea

stage three transgressions occurred until 6000 BP, after which the eustatic sea-level rise no longer

outpaced the isostatic uplift of the crust (Björck 2008). The Littorina sea marine limit presently lies is

at approximately 60 m above sea level (figure 1), and delineates the area where most of the sulfate soils

found in the Baltic sea region are thought to have been formed (Sohlenius et al. 2015).
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Figure 1. Early Littorina Sea extent, approximately 8000 BP (Uścinowicz 2014, fig. 7.16).
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The sulfidic sediments on which sulfate soils later developed were formed in the relatively calm bottom

waters of estuaries where there was an abundance of S-bearing organic matter and where anoxic,

reductive conditions often prevail (Larsson et al. 2007; Erixon 2009; Boman et al. 2010) During the

Littorina sea stage stratification of the water column promoted an increase in biological productivity at

7000 BP, which led to deposition of large amounts of organic matter causing a depletion of oxygen and

an anoxic, reducing environment on the sea floor. These conditions persisted until 4000 BP and were

followed by a gradual re-oxygenation until 2300 BP (Häusler et al. 2017).

    Anaerobic bacterial breakdown of organic matter is accompanied by sulfate reduction on the seafloor,

releasing hydrogen sulfide (H2S) in the sediments, following the reaction in Eq. (1) (Martin et al. 2006).

SO4
2- + 10 H+ + → H2S + 4H2O (1)

The reduced sulfur produced thus can precipitate with reduced metallic ions (e.g. Fe2+) to form minerals

such as FeS (Martin et al. 2006; Larsson et al. 2007; Nichols 2009), as per Eq. 2

Fe2+ + S2- → FeS (2)

FeS can then be chemically altered into FeS2, which is energetically more stable (Martin et al. 2006)

provided that there is an adequate supply of sulfur from organic matter and also sufficient time, since

formation of FeS2 is a slow process (Sohlenius et al. 2004; Larsson et al. 2007). Pyritization is described

by the reactions in Eq. 3 and Eq. 4:

FeS + SX
Y- → FeS2 + e- (3)

FeS + H2S → FeS2 + H2 (4)

Postglacial isostatic rebound around the Baltic Sea has lifted glaciomarine sediments above present-day

sea level, making them susceptible to oxidation. Large areas of potential sulfate soils developed on these

sediments are, however, covered by wetlands, mire, and lakes and have thus remained in anoxic, water

saturated conditions (Boman et al. 2010). Artificial drainage from ditching of farmlands and lowering

of lakes to obtain new arable land is one of the most common causes for the lowering of water tables

that leads to sulfide oxidation in sulfate soils (Boman et al. 2008).

    Potential sulfate soils in the northern Baltic region that developed on glaciomarine sediments are

commonly black, while the active sulfate soils which have started to oxidize are brown or gray

(Sohlenius et al. 2015). This characteristic black color is due to the high content of FeS in the postglacial

silt, which is higher than in potential sulfate soils further south in the Baltic sea region. In the southern

Baltic region, the clays classified as gyttja (> 6 % organic matter according to Larsson et al. 2007) with

a bluish gray or greenish black color are located below the Littorina sea limit usually in old estuarine
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lakes. These sulfate soils also contain a few percent of organic matter but instead of FeS FeS2 is the

dominant iron sulfide species (Sohlenius et al. 2004). The sulfate soils in the southern Baltic and the

oxidized sulfate soils in the northern Baltic are visually difficult to distinguish from soils that are not

potential sulfate soils (Sohlenius & Öborn 2004).

    When sulfate soils classified as gyttja  dry, the soil will shrink, and cracks that extend vertically into

the soil will form. These cracks increase the permeability of the soil and allow oxygen to penetrate

deeper into the clay gyttja and more soil will be exposed to oxidation (Pousette 2010) FeS is metastable

and will not oxidize as long as the soil is water saturated as FeS and FeS2 are not soluble in water (Erixon

2009). FeS can oxidize within days of being exposed to oxygen, with the risk of the entire layer of the

oxygenated potential sulfate soil oxidizing within a month of constant exposure to oxygen. The FeS2

will take longer to oxidize than the metastable FeS (Martin et al. 2006, Boman et al. 2008, Sohlenius et

al. 2004). Oxidation of sulfate soils, specifically the FeS and FeS2 will lower the pH in the soil as

sulfuric acid (H2SO4) is released during the process (Sohlenius et al. 2015). For reactions for the

oxidation process see Eq. (5) for FeS oxidation and Eq. (6) for FeS2 oxidation (Boman et al. 2010).

10FeS + 24O2 + 26H2O → 10Fe(OH)3 + 11H2SO4 (5)

4FeS2 + 15O2 + 14H2O → 4Fe(OH)3 + 8H2SO4 (6)

As, Co, Ni, and Pb are all common impurities in FeS2 that will be released and mobilized during

oxidation (Gregory et al. 2015). The lower pH due to the production of sulfuric acid in sulfate soils will

moreover lead to enhanced weathering and leaching of Al, Cd, Mn, Zn and Cu (Sohlenius & Öborn

2004). The effects of ditching of sulfate soils are especially long lasting and have a half-life of 30 years

(Österholm & Åström 2004). The increase in oxidation and leaching from lowering of the water table

will therefore have long-lasting effects on the water quality and ecosystems in rivers (Österholm &

Åström 2004).

2.2. Impact of  sulfate soils on freshwater quality
Sulfate soils usually have at least a weight percentage of sulfur of 0.2-1, although these soils can affect

pH significantly even at with a lower percentage of FeS (Sohlenius et al. 2004, Åberg 2017). The

acidifying properties that are characteristic of a sulfate soil are greater when the ratio of Fe to S is low,

while a soil organic content above 8 % will have a buffering effect (Larsson et al. 2007). Specific

conductance (SC) is an indicator of SO4
2- content in soil and in rivers adjacent to acid sulfate soils. High

SO4
2- concentrations or SC are therefore indications of active sulfate soils. In such soils, the soil pH

should be below 4 (Sohlenius et al. 2004). In climates with seasonality where snow storage occurs during

the winter the rivers have low flows during winter as the soils are frozen and precipitation is stored until

spring. Snowmelt and extreme rainfalls can leach large amounts of potentially harmful metals that have

been mobilized by the weathering of acid sulfate soils. In the northern Baltic region, leaching is limited

during early snowmelt, when the soil is usually still frozen, but it increases later as the thawing ground
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becomes permeable (Åström 2001; Van Loon 2013; Nyberg et al. 2001; Stähli et al. 2001). Österholm

& Åström (2008) did not find a correlation between the severity of summer drought and leaching of

Sulfate and metals to rivers but found a long term increase of sulfate and metals in the river similarly to

Erixon (2009) and Toivonen et al. (2019). The long term increase in leachates from the sulfate soil

indicate that there are large and lasting amounts of oxidized and leached sulfate and metals in the sulfate

soils after a drought (Boman et al. 2008; Toivonen et al. 2019). Heatwaves, extreme weather fluctuations

and increased evaporation might be an increasing hazard that could affect drought occurrence (SMHI

n.d.) which could lead to more frequent events of abnormally high leaching of sulfate and metals from

sulfate soils (Toivonen et al. 2019, Österholm & Åström 2008).

    Leaching from active sulfate soils will increase the metal concentrations of Al, Cd, Co, Cu, Mn, Ni,

and Zn and can decrease the pH in adjacent surface waters (Åström 2001; Lindgren et al. 2022; Roos &

Åström 2005 Erixon 2009; Toivonen et al. 2019). The pH can further decrease due to oxidation of Fe

which is a process that releases protons (Fältmarch et al. 2008). In rivers acidified by intense leaching

from sulfate soils, dissolved Fe tends to precipitate as insoluble hydroxides or as organic complexes

(figure 2), leaving the water exceptionally clear during conditions with low pH (Erixon 2009, Yu et al.

2015). Al is also strongly dependent on pH and will dissolve if the pH is below five (Sohlenius et al.

2004, Nordmyr et al. 2008). Al, and Cu can form complexes with organic matter or humic acids. When

the pH rises above 5, for example if the river merges with a river that has a higher pH or when it reaches

the sea, the Al will no longer be soluble and flocculates as a white substance (Nordmyr et al. 2008,

Österholm & Åström 2004). The effects of sulfate soils are especially damaging to fish as the leaching

of harmful elements occurs in spring when the roe of many species hatch which can lead to severe

declines in fish populations. High concentrations of Al are one of the most common causes of fish death

as it disturbs osmoregulation, causing the fish to suffocate, and also inhibits reproduction (Fältmarch et

al. 2008). Al, and Cd have a low mobility in rivers at low pH, while Cu, Ni, Mn, and Zn are moderately

mobile at low pH in rivers. Al as previously stated can flocculate and the remaining metals (Cd, Cu, Ni,

Mn, and Zn) can thus be removed from the river during transport in adsorption processes with clay

particles or organic material (Miranda et al. 2021).

    Acidification of rivers can have multiple different sources such as humic acids naturally released from

forest soils, or acidic precipitation due to air pollution (e.g. -combustion aerosols or fertilizers), all of

which act to lower the water pH. Humic acids can lower the pH in soils to 3-5 as the organic acids

formed from decomposition of organic material in podzols are quite strong (Eriksson et al. 2017). Humic

acids correlate strongly to TOC concentrations in rivers. In rivers affected strongly by sulfate soils

however there is a positive relationship between pH and TOC indicating that at lower pH the content of

humic acids decreases. Moreover, the water containing humic acids while acidic does not have the high

concentrations of metals commonly associated with sulfate soils. (Toivonen & Österholm 2011).

Acidifying air pollution normally has a pH of 4.2 and was a major issue in the 1970s but has a minor

effect on soil acidification today. In Sweden the air pollution from the industrial era has been declining
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and the impact of air depositions on Persöfjärden was deemed negligible compared to the SO4
2-

concentrations in the river (Erixon 2009).

Figure 2. Iron precipitation in ditch dewatering farmland in Flarken, Sweden. The ditch merges with Flarkbäcken
50 m downstream from the location of the photograph. Photographer: Emilie Åström, 2022.
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2.3. Impact on ecosystems
2.3.1. Impacts on fish
In Finland there have been several occurrences of fish death due to leaching from sulfate soils with the

earliest documented case being from the 1830s (Mustonen & Huusari 2020, Fältmarch et al. 2008). Al

tends to be deposited close to the river outlet and will thus generally only affect biota in the lakes and

river affected by leaching from sulfate soils (Virtasalo et al. 2020). High concentrations of Fe, although

not as dangerous as high concentrations of Al, in rivers and lakes can in some cases have harmful effects

on the fauna as it can congeal on gills, and suffocate the fish, or coagulate on roe inhibiting the hatching

of new populations (Fältmarch et al. 2008). High levels of Cd, Co and Zn are likewise damaging to the

fish population as Cd is cancerogenic and can cause deformities in the skeleton of the fish while Co and

Zn are ecotoxicological (Fältmarch et al. 2008). Cd, Co, Cu, Mn, Ni, and Zn can be transported as far

as 25 km from the river before they precipitate on the sea floor. These metals can thus damage marine

biota and river biota. The damaging effects of Cd, Co, Cu, Mn, Ni, and Zn due to leaching from sulfate

soils have been observed as far as 12 km from the river outlets in the Baltic sea (Virtasalo et al. 2020).

    A well-documented case of fish death due to leaching from sulfate soils after drought occurred in lake

Gärdefjärden near the village Lövånger in Skellefteå municipality. The lake level was probably lowered

for the first time around 1850 but this draining was probably practiced only during the harvest of water

growing Carex spp, where after the lake level was restored to previous levels to naturally fertilize the

shallow areas of the lake between harvests of Carex spp. The lake level was permanently lowered in the

early 1900s to increase the amount of arable land surrounding the lake when the farmers switched to

modern farming practices. Agricultural practices changed to utilize nitrogen fixating plants and horse

powered farming equipment to increase their yield. This led to the sulfide rich sediments being exposed

to oxygen all year around. In 1914 the first drought occurred since the change in agricultural practices

in the area, which exposed a further 100 ha of sulfide soils to oxygenated conditions. In the spring of

1915, the snow meltwater washed through the acid sulfate soils which led to a massive fish death

downstream from the area. The normally brown water rich in organic material became clear, which is a

result of the water retaining a pH below 4.5 leading to precipitation of the organic material (Åberg 2017).

Dead fish continued to be washed up on the shores until the autumn in 1917, as the precipitation and

discharge were higher than normal during this period and washed out the leached metals from the sulfate

soils in the area. During this time fish migrated from the lake to sea and the remaining freshwater

population collapsed (Holm 1942). The inflowing river and the lake then slowly recovered in the

following years, the water regained its brown color, and the fish populations increased again. The lake

however experienced more fish deaths each time it was further drained or more ditches were dug in the

area (Åberg 2017). Renewed mass fish deaths in 1933-1934 followed a 1 m lowering of the lake

Gärdefjärden. The fish were suffocating from aluminum depositions in their gills. At the start the larger

fish seemed more resilient but as the weeks passed pike and breams of a significant size also died and

were washed up on shore, which resulted in the lake being called “the dead sea”. In Gärdefjärden and
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downstream from the lake migrating fish from the sea died recurrently each summer as they traveled

into the river. In 1940 even the fish at the river outlet were found dead at the shore and the water of the

lake was devoid of life according to residents (Holm 1942). The lake has now, 70 years later, an almost

similar fish species composition and population size as before the lowering of the lake level. A

neighboring lake (Högfjärden) where less sulfate soil was oxygenated meanwhile only took around 30-

40 years before the water quality recovered after the lowering of the lake level in the late 1930s.

Recovery from acid sulfate soil leaching may however have been delayed by acid rain and could

otherwise have been shorter (Åberg 2017).

2.3.2. Impacts on agriculture
The need for new arable land has historically been one of the main reasons for lowering lakes, mires,

and wetlands, and thus exposing sulfate soils to increased oxidation (Mustonen & Huusari 2020). In

Finland approximately 50 % of the arable land is potential sulfate soils (Roos & Åström 2005). The

impact on crops from sulfate soils have not been intensively studied, while remediation methods to make

sulfate soils fertile and increase production on them have been extensively investigated (Fältmarch et

al. 2008). Similarly to fish, high concentrations of Al and Fe can have some toxic effects on crops as a

low soil pH will decrease the fertility of the soil since phosphorus which is an essential nutrient will be

fixated in Al and Fe compounds (Imanudin et al. 2021). Crops may become enriched with metals such

as Co, Mn, and Ni if grown on sulfate soils, as reported in a few studies in the Baltic region  (Fältmarsch

et al. 2009; Fältmarsch & Österholm 2010; Imanudin et al. 2021). This is however not very common

for plants can efficiently regulate their uptake of metals. Some studies also found that cows grazing on

sulfate soils had abnormally high levels of Al, Cu, Fe, Mn and Zn in their milk (Alhonen et al. 1997;

Ajorlo et al. 2010; Imanudin et al. 2021).
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3. Methodology
3.1. Study sites
The rivers studied in this thesis were chosen according to several criteria. The area of acid sulfate soils

had to be large enough in comparison to the catchment’s size to impact the water quality after a drought.

The SO4
2- concentration therefore had to be at least 9.6 mg/l, which is 400 % greater than the typical

concentration in non-sulfidic soils of Västerbottens costal regions (Åberg 2017). Sampling and

measurement of water quality also needed to be regular or semi-regular and over at least 5 years. The

data had to include SO4
2- concentrations and at least 2 other chemical parameters to compare the results

for different rivers. The SO4
2- in the rivers were also confirmed to not be a result of relict salty

groundwater from the Weichsel ice age leaching into the river, wastewater treatment plant effluents or

other anthropogenic contaminations of SO4
2-. The degree of anthropogenic SO4

2- contamination can be

assessed by verifying if the SO4
2- when plotted against discharge does not have significantly higher

concentrations at minimum flows and minimum concentrations of SO4
2- during high flows (SGU 2020).

An example of 3 different contamination levels of SO4
2- from anthropogenic sources (based on Two

rivers from this study, Storbäcken and Tjuståsaån, and Helgeån in Skåne) can be found in appendix A,

where all rivers in this study can be classified as not substantially affected by anthropogenic

contaminations of SO4
2-, Tjuståsaån is affected to a moderate extent by anthropogenic contaminations

of SO4
2-, and Helgeån is significantly affected by anthropogenic contaminations of SO4

2-. One river in

Sweden was of comparable size to a river in Finland. Hertsångerälven has a catchment area of 505.6

and is thus of comparable size to Toby river which has a catchment area of 504 km2.

    The rivers which were investigate, and the size of their catchment, and the percentage of agricultural

area in the catchment are shown on Figure 3. The 3 Finnish rivers are Kyro river, Närpes river and Toby

river which are all located in Österbotten. Of the 6 Swedish rivers, Persöfjärden in Norrbotten is the

northernmost catchment studied. Flarkbäcken, Hertsångerälven, and Storbäcken (close to Ostvik) are in

Västerbotten, and Flarkbäcken is a sub-catchment area to Hertsångerälven. The man-made Kvismare

canal, is near Örebro, central Sweden, and has its outlet in lake Hjälmaren. Furthest south is Tjuståsaån

which is a sub-catchment to Emån near Oskarshamn.

    Flarkbäckens catchment upstream the small village Flarken, is only moderately affected by sulfate

soils and has a thriving, healthy population of brown trout. However approximately 4 km further south

at Sigridsrönningen, the river is significantly affected by sulfate soils, as indicated by high levels of

SO4
2- and a low pH. The great impact on the river water quality is partly due to the lowering of a lake

near Flarken to increase the agricultural area. The sulfate soils previously saturated with water were

exposed to oxidation when the lake level was lowered. The water leaching from the acid sulfate soil

have a pH of 4.0 and SC of 577 µS/cm in comparison to upstream from Flarken where the SC is only

61 µS/cm. There has also been found in sampling along the river that there is an addition of sulfates

from the soil in proximity to the river along the narrower catchment area between Flarken and

Sigridsrönningen. Flarkbäcken is one of six sub-catchments to Hertsångerälven and a heavily farmed
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area. In Hertsångerälvens estuary the fish population is significantly smaller and less varied than in

adjacent estuaries that are less affected by sulfate soils. In Hertsångerälven the fish has not had any

spring migration since the 1940s, possibly due to occasional extreme concentrations of Al during the

spring discharge. The lack of fish in the river estuary is an indication that the river and estuary is

negatively affected by sulfate soils which also is confirmed by the river chemistry as the SO4
2-

concentration is around 48 mg/l (Åberg 2019). In total the catchment area is roughly estimated to contain

8 million m3 of sulfate soil (Åberg 2017).

    Kvismare canal was excavated in the 1800s (NE n.d.) close to Örebro in an area mainly consisting of

agricultural land with 10 m thick soil cover overlaying a bedrock consisting of limestone, shales, and

sandstone (Persson et al. 2020). During this time the lake Hjälmaren was lowered and drainage for the

agricultural land was dug (NE n.d.). There are large areas with sulfide rich fine sediment soils along

Hjälmaren and especially in Kvismare canals catchment area. The lowering of Hjälmaren affected large

parts of these potentially sulfate soils but only a small part of the potentially acid sulfate soils could have

a negative impact on the environment, river ecology, and estuary (Persson et al. 2020).

    Kyro river catchment borders both Närpes river and Toby river as well as several other catchments.

It is regularly affected by floods, which are increasing in frequency due to compaction that has decreased

the permeability of the arable soils. Several artificial lakes have been constructed in the catchment area,

and in the upper parts of the catchment area there are several dams and hydroelectric power plants, but

no such constructions are allowed to be constructed in the mid and lower parts of the catchment which

is also where the sulfate soils are situated. A Natura 2000 area is also located in the mid- to lower parts

of the catchment in order to safeguard pathways for migrating fish (ELY 2011a).

    The catchment areas in southern Ostrobothnia are all relatively flat, with mainly clays rich in organic

material and moraine along with some inclusions of gravel, and sand on a gneiss bedrock. Sulfate soils

are a common inclusion in the fine sediments up to 60 m above sea-level. The majority of the catchment

area for Närpes river falls below the highest level for the Littorina sea. Several lakes and large areas

with sulfate soil have been drained in Närpes river catchment which has decreased its capacity to retain

water. Effort has been made to alleviate this issue by constructing dams to be able to retain more water

and mimic the historical discharge variations (Bonde &Sivil 2006).

    In Persöfjärdens catchment area fine sediments deposited in shallow seas are common. Several

episodes of abnormally clear water coinciding with fish death have been observed in the area. These

occurrences have been connected to acid sulfate soils in the catchment oxidizing in connection to low

water tables most likely due to weather conditions (Erixon 2009). In Storbäckens catchment area fine

sediments such as silts and clays are common, which contain sulfate soils (Åberg 2017). Storbäcken had

a dam at the outlet from the 1600-1700 that was removed in 2018 (Eliasson 2019).

    Tjuståsaåns catchment area has a thin soil cover on top of a bedrock consisting of volcanic rocks such

as granites. Tjuståsaån is affected by phosphorus and nitrogen leakage from agricultural land, industrial

emissions, and effluents from wastewater (Emåförbundet 1996). Tjuståsaån was determined to be
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affected by sulfate soils quite recently, in 2019 when an abnormally low pH was measured. The pH was

checked once more to confirm that it was not due to an analysis error and an even lower pH of 4.6 was

registered while a control measurement further upstream had a neutral pH. The time series for pH in

Tjuståsaån was then compared to the discharge time series and drops in pH coincided with low discharge

for earlier occasions as well but in 2019 it was especially pronounced. The SO4
2- concentrations were

then additionally compared to the discharge and pH time series. Increases in SO4
2- were registered in

the river during this time as well. In the clay gyttja pH were measured in order to determine where in

the catchment the pH rose to neutral levels. The gyttja was determined to be the source of the cause of

the acidic water due to the low pH that measured in the river in conjunction with the acidic soils. Ni,

Co, Zn, Cd, Al, and Mn were all heightened in the area with low pH which indicates that the culprit for

the low pH is oxidation of sulfate soils. The reason for the sudden leaching from sulfate soils in the area

was assumed to be the ditch cleaning that took place earlier that year (Nydén 2021).

    Toby river has similar flooding issues as Kyro river and most other rivers in southern Ostrobothnia.

Toby river catchment area is long and quite narrow and has very few lakes. There are no major dams

constructed in the catchment, but there are some smaller thresholds constructed in order to retain more

water (ELY 2011a).
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Figure 3. Map with the outlet for the rivers studied marked as stars. Table in bottom right showcases the river ID,
the river name, size of the discharge area, and percentage agricultural land. The data presented in the table is from
the s-hype model (SMHI 2022) for the Swedish rivers and the data over discharge area and land use for the Finnish
river was for: Kyro river from ELY (2011a), Toby river from ELY (2011b), and Närpes river Anna Bonde & Mika
Sivil. (2006).

ID River Catchment area (km2) Agricultural areal (%)

A Flarkbäcken 33.86 16.09

B Hertsångerälven 505.57 11.95

C Kvismare canal 790.42 47.90

D Kyro river 4923 25

E Närpes river 992 23

F Persöfjärden 384.26 5.72

G Storbäcken 165.70 7.12

H Tjuståsaån 140.14 6.85

I Toby river 504 27
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3.2. Data collection, and preparation
The Swedish data sources for river discharge were SMHI Mätningar (2022e) and vattenwebben (SMHI

2022f) while the Finnish discharge data was provided by Anna Bonde at the Finnish ELY (2022).

    The river discharge data were obtained using SMHIs Mätningar which collects data from permanent

or semi-permanent discharge gauging stations. Measured discharge was available for Kvismare canal,

and Tjuståsaån. For rivers without gauging stations (Flarkbäcken, Hertsångerälven, Persöfjärden, and

Storbäcken), discharge was simulated from SMHIs vattenwebb, which uses the HYPE (HYdrological

Predictions for the Environment) hydrological catchment model.

    Large scale droughts that affected Sweden were identified by looking at historical drought records

(SMHI 2021), the discharge maps from SMHI (2022a) were used to provide a basic sense of the extent

of low discharge conditions in Sweden. The identified hydrological droughts were then cross checked

against “Väder och vatten” journal from SMHI that describes the meteorological and hydrological

conditions in Sweden during the year or individual months. If “Väder and vatten” from 2007 to present

day reviews of the meteorological year and hydrological year were also employed to determine if there

had been a possible hydrological drought. The “Hur var vädret?” (SMHI 2022b; SMHI 2022c; SMHI

2022d) and a summary of the drought of 1974-1976 from SMHI (2019) were used to identify a few

droughts before SMHI started publishing “Väder and vatten”. Hohenthal et al. (2014) was also utilized

to find droughts that affected both Sweden and Finland as they compiled meteorological and

hydrological droughts that affected northern Europe for the Finnish Meteorological Institute (FMI).

Venäläinen et al. (2020) who investigated the risks climate change poses on forest industry in Finland

mentions several droughts that affected forests in Finland and catchment areas for Finnish rivers, such

as the 2010, 2014, and 2018 droughts. Discharge in rivers is strongly correlated to the groundwater table,

which means that the discharge can generally be a good indicator of hydrological drought (Van Lanen

et al. 2004). The drought periods in Table 1. were also confirmed by plotting the deviation from median

discharge (anomaly) for the rivers in order to confirm that there was a deficiency in discharge in the

river by using the threshold method. If the discharge deficiency fell below 25th percentile calculated for

each individual summer or autumn month from a 5 year period for Flarkbäcken, and Hertsångerälven.

For the remaining rivers (Kvismare canal, Kyro river, Närpes river, Persöfjärden, Storbäcken,

Tjuståsaån, and Toby river) a 10 year period was used to calculate the 25th percentile for each month. If

the discharge in the rivers fell below the 25th percentile it verified that a large scale hydrological drought

observed by SMHI or FMI had affected the catchment in this study.
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Table 1. Years when Hydrological drought, Heatwaves, abnormally low discharge, and precipitation is compiled
for Sweden, which affected the majority of the countries if nothing else is mentioned, for clearer view of affected
regions the discharge maps from SMHI (2022a) can be consulted or the sources listed in the rightmost column.

Year Drought/Heatwave/Discharge abnormality Source:
2018 Hydrological drought. (SMHI 2021; SMHI 2022a;

Venäläinen et al. 2020)
2016 Hydrological drought in middle to southern

Baltic.
(SMHI 2021; SMHI 2022a;
SMHI 2017d)

2014 Slightly lower discharge than normal, mostly in
middle to northern Baltic.

(SMHI 2022a; SMHI 2017c;
Venäläinen et al. 2020)

2010 Lower discharge along coastal regions. (SMHI 2022a; SMHI 2017a;
Venäläinen et al. 2020)

2009 Lower discharge in northern Sweden. (SMHI 2022a; SMHI 2018)
2006 Hydrological drought during summer. (SMHI 2022a; SMHI 2006;

Hohenthal et al. 2014)
2002-2003 Hydrological drought in 2002 and 2003. (SMHI 2002; SMHI 2003;

SMHI 2021; SMHI 2022a;
Hohenthal et al. 2014)

1999 Hydrological drought in coastal areas. (SMHI 1999; SMHI 2022a;
Hohenthal et al. 2014)

1996 Dry winter (less snow and precipitation than
normal). Hydrological drought.

(SMHI 1996; SMHI 2022a;
Hohenthal et al. 2014)

1995 Hydrological drought in autumn. (SMHI 1995; SMHI 2022a;
Hohenthal et al. 2014)

1994 Hydrological drought in northern Baltic and
coastal regions.

(SMHI 1995; SMHI 2022a;
Hohenthal et al. 2014)

1992 Hydrological drought in southern Sweden. (SMHI 1994; SMHI 2022a;
Hohenthal et al. 2014)

1990 Hydrological drought. (SMHI 1990; SMHI 2022a;
Hohenthal et al. 2014)

1989 Hydrological drought, and heatwave of 6 days in
southern and middle Sweden.

(SMHI 1989; SMHI 2022c;
 SMHI 2022d; Hohenthal et al.
2014)

1986 Hydrological drought. (SMHI 1986; Hohenthal et al.
2014)

1982-1983 Hydrological drought , and heatwave of 13 days
in 1982, and 3 heatwaves with max length of 6
days in 1983 in southern and middle Baltic.

(SMHI 2022c; SMHI 2022d;
Hohenthal et al. 2014)

1978 Hydrological drought, and two heatwaves with a
max length of 10 days.

(SMHI 2022c; SMHI 2022d;
Hohenthal et al. 2014)

1974-1976 Hydrological drought in 1974, 1975, and 1976. (SMHI 2021; SMHI 2019;
Hohenthal et al. 2014)

1972-1973 Hydrological drought, and a heatwave of 13 days
in 1972. A hydrological drought and two shorter
heatwaves in 1973.

(SMHI 2022 b; SMHI 2022c;
SMHI 2022d; Hohenthal et al.
2014)

The Finnish water quality data were provided by Anna Bonde at the Finnish ELY (2022) which included

data for pH, SO4
2-, and a suite of metals: Al, Cd, Fe, and Ni. Miljödata-MVM (2022) provided water

quality data for the Swedish rivers, which had been produced at the Geochemical Laboratory of the
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Swedish Environmental Protection Agency (IVL). The measured parameters included pH, SO4
2-, TOC

and a suite of metals: Al, Cd, Co, Cu, Fe, Mn, Ni, and Zn. These data were obtained for all rivers except

Kvismare canal for which only had pH, SO4
2-, and TOC data available.

    The method used for each water quality parameter and the year the method was introduced can be

found in appendix D. Aluminum was measured as total Al using th acid soluble method until 1995 after

which the Inductively-Couple Plasma Mass Spectrometry (ICP-MS) method became standard practice.

Cd, Co, Cu, Ni, and Zn were analyzed by Atom adsorption spectrometry (AAS) before 1995 after which

they were analyzed using ICP-MS in water from which solid particles had first been allowed to settle.

A comparative study showed that the concentration of metals measured in unfiltered water samples

prepared in this way are comparable to dissolved metal concentrations measured after standard filtration

(Wallman & Andersson 2009). Fe, and Mn were analyzed using inductive coupled plasma (ICP-AES)

prior 10 1995 after which ICP-MS was utilized for these metals as well. The SO4
2- in water was measured

using two different methods: The Mackereth method (unit: meq/l), and Ion chromatography (units: mg/l

S & mg/l SO4
2-). To convert meq/l to mg/l the measurement is multiplied by a conversion unit, which

for SO4 is 48 (Wallender et al. 2011).

3.3. Specific discharge correlation to sulfate soil leachates the following
spring

Time series of the SO4
2- concentration were constructed. In the Swedish rivers the lack of sampling of

water quality during a month was visualized as gaps in the sulfate timeseries section 4.1. The exception

for this is Flarkbäcken as the water quality was sampled at 4 different occasions during a year: April,

May, September, and October, and was visualized as a continuous time series of the available data. If a

river were sampled once during a month it was considered to be representative for that month while if

more samples of water quality was available for a month the monthly median was used instead. The

median was used instead of the average since the discharge and concentrations of chemical parameters

were not normally distributed. In the for the Swedish rivers and the possible hydrological drought

periods that affected that river are visualized in the figures in section 4.1. Persöfjärden is sampled each

month except for January and February, and Kvismare canal has a gap in sampling during 1996-2000.

In the Finnish data however, there were large gaps in the water quality sampling during several months,

and in some cases multiple years. The sampling frequency of the water quality can be found in appendix

D. Since the Finnish rivers were sampled at irregular intervals the yearly median was utilized to remove

create time series of lower temporal resolution than for the Swedish rivers. In order to determine if the

SO4
2- concentration was significantly higher the threshold method was utilized. The SO4

2- concentration

was determined to be an anomaly if it was 75 % higher than normal. The normal sulfate concentration

was determined by using the median for reference periods when there were no droughts affecting the

catchment (table 2).
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Table 2. Table over the time periods used as reference years of sulfate concentrations during a year when no
drought was identified for the catchments and the time periods the reference periods were representing the sulfate
concentrations not affected by drought. The reference period marked with * was not utilized in Kvismare canal
and Tjuståsaån as a drought intersects with the reference period for those two rivers and the previous reference
period were instead utilized.
Reference Representative for the years

1968-1969 1965-1974

1979-1980 1975-1983

1987-1988 1984-1992

1997-1998 1993-2004

2012-2013 2005-2013

2015-2017* 2014-2021

In order to determine if river discharge deficiencies during the warm months in summer and autumn had

a significant impact on the leaching from sulfate soils in subsequent months, the correlation between

these parameters was examined. To do this, the monthly median of SO4
2- concentration calculated. In

the case that only one water quality sampling was available for a one or several months the were

representative for the water quality the monthly median discharge was used. From these monthly

medians a long term median for each month was calculated and subtracted from the monthly median

concentration of the leachate. In order to make the monthly median discharge (m3/s) comparable

between rivers it was transformed to specific discharge (l/s km2) by converting the discharge to l/s before

dividing it by the upstream catchment area from where the discharge is measured or simulated

(Österholm & Åström 2008). To determine when spring, summer, and autumn started and ended a list

of different criteria were used seen below in order of importance:

· The first day of spring starts when the specific runoff exceeds 10 l/s km2 (Österholm & Åström

2008).

· If it has been an exceptionally wet winter or the spring is uncommonly dry, the specific

discharge might not exceed 10 l/s km2 before 1st of June or the discharge never drops below 10

l/s km2 during the winter. In these cases, another limit has to be used to define spring. If the

discharge is lower than 10 l/s km2 in the spring, there is a high probability that the river is

influenced by surface runoff from early snowmelt which can affect the chemical composition

in the river. The spring was therefore defined as starting when there is a rapid increase in

discharge by at least 100 % from one month to the next in these cases to ensure that the early

snowmelt period was excluded (Österholm & Åström 2008).

· Tjuståsaån is not affected by large amounts of snow melt and has mainly wet precipitation in

the winter and therefore the spring discharge was determined by using the average discharge

graph for specific rivers in Bergströms (1993) and identifying the pattern of discharge during

spring months. Tjuståsaån is a sub-catchment area to Emån which has an average discharge
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graph which shows that there generally is a relatively high discharge during winter and two

subtle peaks in discharge in the beginning of spring.

· Summer always starts on June first as it is the average start of the meteorological summer

(Österholm & Åström 2008; SMHI 2022g)

· Autumns started in September and continued until the specific discharge dropped below 1 l/s

km2.

· If the specific discharge did not drop below 1 l/s km2 it was determined to start at a sudden drop

from one month to the next similarly to spring.

· Winter was then the remaining months between autumn and spring.

After determining when the seasons started and ended, the differences of specific discharge from median

and the differences of concentration of SO4
2- and leached metals from their median values were

calculated for each season. According to Erixon (2009) the effects of leaching from sulfate soils are the

most prominent in samples taken from a river during spring when the discharge is high. XY-plots

(appendix B) were made by plotting the specific discharge anomaly during the warm months on the x-

axis against the pH, SO4
2-, and metal concentration anomaly the following spring (with the exception of

Tjuståsaån which was plotted against the following winter) on the y-axis. Values on the negative side

of the x-axis thus indicated that there had possibly been a hydrological drought. The positive side of the

x-axis indicates a higher than normal discharge in the river and thus a wetter summer or autumn. The y-

axis is indicative of how the water quality parameters the following spring differs from the median hence

the positive values indicate higher levels than the median while negative values indicate that the

concentration is lower than the median.

3.4. Statistical analysis
Since the discharge is not normally distributed the Kendall’s τ test, which is nonparametric, was

performed to test if there was a significant probability of a correlation in the relationship between the

specific discharge anomaly and the pH, SO4
2-, and metal concentrations anomaly. The Real statistics

resource pack (Zaiontz 2022) was utilized to run the Kendall’s τ test. The Kendall’s τ test is based on

ranking and does therefore not assume a linear relationship but will indicate if Y increases or decreases

monotonically with X. Kendall’s τ is less influenced by outliers in comparison to other nonparametric

tests (Zaiontz, n.d.).
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4. Results
4.1. Variations of SO4

2- in drought affected rivers
4.1.1. Short time series
Following the drought in 2018 there was a considerable increase in SO4

2- in Flarkbäcken and

Hertsångerälven (Figure 4 and figure 5) during the latter half of 2018. Immediately following the

drought, a peak in sulfate can be found in Hertsångerälven. The spring following the 2018 drought is

signified by the greatest concentration of SO4
2- for both Flarkbäcken and Hertsångerälven. During the

summer and autumn in 2019 up until 2021 the SO4
2- concentration is significantly higher than normal

(>75% higher when compared to reference period 2015-2017).

Figure 4. Time series of SO4
2- concentrations in Flarkbäcken with drought conditions marked as the orange period.

Figure 5. Time series of SO4
2- concentrations in Hertsångerälven with drought conditions marked as the orange

period.
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In Persöfjärden there have been three hydrological droughts with responses in SO4
2- concentration of

varying intensity during the sampling period (figure 6). The droughts are followed by a peak in SO4
2-

the spring following the drought. The 2009 drought is followed by greater than normal SO4
2-

concentration during summer and autumn months for two consecutive years (>75 % higher when

compared to reference period 2012-2013). The SO4
2- increase after the 2014 drought is only greater than

normal for 1 year while the 2018 drought is followed by higher than normal SO4
2- during the summer

and autumn months for two consecutive years (>75 % higher when compared to reference period 2015-

2017).

Figure 6. Time series of SO4
2- concentrations in Persöfjärden with drought conditions marked as orange periods.
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4.1.2. Medium length time series
In Storbäcken there has been several droughts since 1984 (figure 7). All of the droughts except for the

1995 (>75 % higher when compared to reference period 1997-1998) droughts were followed by an

anomaly in the SO4
2-. The remaining droughts had a significant increase in sulfate that remained

significantly higher than normal when compared to the reference period for 1-3 years.

Figure 7. Time series of SO4
2- concentrations in Storbäcken with drought conditions marked as orange periods.

4.1.3. Long time series
In figures 8-12 all rivers had significantly higher SO4

2- concentrations (>75 % higher when compared

to reference) following droughts except for the time period 2010-present day in Närpes river (figure 10).

The SO4
2- concentration remain higher than normal for 1-2 years for the rivers after a drought. Kyro

river and Närpes river do however also have a higher than normal SO4
2- concentration after the 1995-

1996 drought and the 2002-2003 drought for a significantly longer time period. The increased SO4
2-

remain higher than normal for 5 years in both rivers following the droughts. Long term trends are found

in most of the rivers in this section (figures 8-11) which show a higher SO4
2- in the 1960s to the late

1970s which declines in the mid to late 1970s. The SO4
2- then stabilize around 1980-1990 and have

remained stable long term until present day with some seasonal variations.
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Figure 8. Time series of SO4
2- concentrations in Kvismare canal with drought conditions marked as orange

periods.

Figure 9. Time series of SO4
2- concentrations in Kyro river with drought conditions marked as orange periods.

Figure 10. Time series of SO4
2- concentrations in Närpes river with drought conditions marked as orange periods.
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Figure 11. Time series of SO4
2- concentrations in Tjuståsaån with drought conditions marked as orange periods.

Figure 12. Time series of SO4
2- concentrations in Toby river with drought conditions marked as orange periods.
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4.2. Correlation between specific river discharge, SO4
2-, pH and metals

In table 3 the correlation between the specific discharge anomaly and the pH and SO4
2-,and metal

concentration anomaly are summarized. The test results in a probability (p-value) that a correlation

exists between the specific discharge anomaly and the pH, SO4
2-, and metal concentrations anomaly.

The test also provides a correlation coefficient which indicates the direction of the trend (if it is positive

or negative). The results of the Kendall’s τ test were compiled in table 2 in section 4.3. When the

probability of a correlation was determined to have a significant of p<0.05 or less were bolded. The

probability of a correlation was determined to have a weak significance when it was below p<0.1 and

above p>0.05 while the probability was deemed to not be significant if p>0.1. The XY-plots that had

significant probabilities the results are presented in section 4.2 of the thesis. while the XY-plots that did

not have significant correlations are attached in appendix C. In the bottom row of table 2 the percentage

for how many of the rivers had a significant probability for a correlation existing for each parameter. If

the percentage probability of a significant correlations were greater than 50 % it was bolded to mark

that it could be a significant probability of correlation for a majority of the rivers. In the cases the

Kendall’s τ test indicated that a possible monotonic existed as can be seen in table 2. the Kendall’s τ

coefficient indicating the direction of the correlation can be found in section 4.3. The bottom row of

table 3 shows the predominant direction of the relationship for each parameter.

The water quality parameters which had a significant correlation for a majority of rivers were pH, SO4
2-

, Co, Fe, Ni, TOC, and Zn. Al, Cd, Cu, and Mn had a significant correlation one or a few rivers.

Flarkbäcken only had a significant relationship for TOC. Toby river only had a significant correlation

for pH and SO4.

    The significant correlations can be divided into two groups, those that had a positive significant

correlation for a majority of rivers (pH, Al, Cu, Fe, and TOC). I.e. the higher the discharge is during the

warm season the lower the concentration can be expected to become the following spring. The second

group are the water quality parameters with a negative significant correlation for a majority of rivers

(SO4
2-, Cd, Co, Mn, Ni, and Zn). I.e. the lower the discharge is during the warm season the higher the

concentration can be expected to become the following spring. pH was quite variable as it had a positive

correlation in 3/5 rivers with a significant correlation. There are two rivers that are exceptions to for the

correlation direction for the water quality parameters, Flarkbäcken which has a negative correlation for

TOC, and Tjuståsaån which has a positive correlation for Co, Ni, and Zn.
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Table 3. Rank correlations (Kendall's t) between median specific river discharge during summer/autumn and
anomalies in water quality properties during the following winter (Tjuståsaån) or spring (all other rivers). Bold
values indicate correlations significant at p < 0.05, other values are significant at p < 0.10.  n.s. = No significant
correlation. When data was unavailable for a water quality parameter it was marked with a dash. The last row
shows the percentage of rivers with significant correlations (values > 50 % are in bold).

River pH  SO4
2- Al Cd Co Cu Fe Mn Ni TOC Zn

Flarkbäcken n.s. n.s n.s n.s n.s n.s n.s n.s n.s -0.8 n.s
Hertsångerälven n.s. -0.71 n.s n.s -0.71 n.s 0.62 n.s -0.77 0.73 -0.71
Kvismare canal -0.19 -0.20 n.s - - - - - - 0.23 -
Kyro river 0.12 -0.00 n.s n.s - - 0.30 - -0.21 - -
Närpes river n.s. -0.15 n.s n.s - - 0.17 - -0.21 - -
Persöfjärden 0.57 -0.41 n.s -0.26 -0.45 n.s 0.30 -0.39 -0.44 0.52 -0.36
Storbäcken n.s. -0.27 n.s -0.26 -0.25 n.s 0.13 -0.28 -0.23 0.27 -0.22
Tjuståsaån -0.16 -0.26 0.33 n.s 0.28 0.26 0.40 n.s 0.25 0.37 n.s
Toby river 0.19 -0.15 n.s. n.s - - n.s - n.s - -
(%) 56 77 11 11 60 20 75 40 75 100 60
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5. Discussion
5.1. Time series
Flarkbäcken and Hertsångerälven both show quite stable SO4

2- before the 2018 drought. After the

drought in 2018 the SO4
2- peaked. The following decline back to concentration of SO4

2- during the

reference period is approximately 2-3 years but could be longer since the time series end in 2021 and a

possible continued declination is therefore not visible in the figures. In Persöfjärden the decline in SO4
2-

after the drought in 2009 and 2018 seem to take 2-3 years. The 2013-2014 drought, which resulted in a

less pronounced response in the SO4
2-, recovered within a year to concentrations that were typical for

the reference years. The increase in SO4
2- was abnormally large after the drought in 2018 which could

be due to a larger than normal lowering of the water table during the drought. The significantly larger

SO4
2- could also be due to new ditching projects or restorations of old ditches in the catchment. No new

drainage has been established in the area according to the county administrative board of Norrbotten

between 2000 and 2018. Restoration and cleaning of old ditches is not required to be reported to any

governmental agencies, county administrative board or database. The exceptionally large peak in SO4
2-

could therefore also be due to cleaning and restoration of older ditches that dewater sulfate soils around

Persöfjärden. The short time series had in general 1-3 years of increased SO4
2- after a drought.

    In Storbäcken the 1999-present day droughts had longer lasting impacts on SO4
2- (2-3 years) than

droughts before 1999 (1-2) which could be due to the severity of the droughts. The severity of droughts

was however not tested in this thesis and further research would thus be needed to confirm the

hypothesis.

    In Kvismare canal, Kyro river, Närpes river, Tjuståsaån and the SO4
2- is generally lower close to

present day and the sulfate peaks are also smaller which could be an indication of the sulfate soils

becoming post active, that the hydrological conditions in the catchments have changed or that the

depositions of SO4
2- has decreased. The drainage in Kvismare canals catchment is quite old, as it was

constructed in the 1800s (NE n.d.). The leaching of metals would thus have halved (30 year half-life

(Österholm & Åström 2004)) due to the lowering of the water table from to the initial construction of

the canal and ditching at least 7 times. In Tjuståsaån ditching of arable land and lowering of lakes

increased throughout the 1800s into the mid-1900s. The construction of ditches then declined, and some

were even removed during the late 1900s (Rodin 2015). The long term trends in figure 8-11 might

therefore be explained by a decline of lake lowering and ditching in the mid-1900s and in some cases

removal of anthropogenic drainages. Another explanation that explain the long term trend in figures 8-

11 is that the atmospheric deposition and air pollution started to decrease in the mid-1900s. When

compared to the deposition (figure 13). When the long term increase and maximum transport of SO4
2-

in the rivers (Kvismare canal, Kyro river, Närpes river, and Tjuståsaån) is compared to the deposition

of SO4
2-  seen in figure 13 it seems to coincide with the maximum sulfate deposition which occurred in

the 1960s to late 1970s/early 1980s after which the SO4
2- deposition start to decline. The decline also

matches well with the long term decline in seen in the rivers during the late 1970s/early 1980s found in
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figures 8-11. The SO4
2- concentrations stabilize at different times, in Kvismare canal, Kyro river, and

Närpes river (figures 8-10) the SO4
2- seems to stabilize in time period 1970-1990 while in Tjuståsaån it

is harder to discern but seems to be either in the late 1980s if the rapid increase in SO4
2- in 1989-1992 is

due to the droughts occurring during those years or if part of the increase can be connected to the

deposition of SO4
2- from the atmosphere.

Figure 13. Annual sulfur (SO4-S; panel (a)) and nitrogen (dissolved inorganic N; panel (b)) deposition measured
in Krycklan, together with the long-term trend scaled to local conditions based on Engardtet al(2017). Every
analysis of annual average is based on volume weighted daily samples (Laudon, Sponseller, & Bishop, 2020).

In Kyro river and Närpes river there are a few long-term slow but irregular declines of SO4
2- after it

peaked in response to a multiyear drought. The long term increase on sulfate after the 2002-2003

multiyear drought could be due to the 2002-2003 drought being especially severe or due to changes in

hydrological conditions (would need to be tested further to confirm the hypothesis). Structures such as

dams have been constructed in recent years to decrease risk of floodings and could potentially impact

leaching from sulfate soils. The following droughts might not have impacted the SO4
2- to the same degree

as they might not have been as severe and thus result in less oxidation and leaching from the sulfate soil.

The other option is that the first drought which in these cases are multi-year droughts resulted in intense

oxidation and leaching of sulfate soils which produced large reserves of metals and sulfate which then

is leached into the rivers during the following years. Österholm & Åström (2008) published a study

which found a strong correlation between multi-year droughts and slow declines of sulfate which would

make the second option presented above more plausible. In Kyro river and Närpes river the SO4
2- is

significantly higher than normal for 5 years following the drought. This indicates that sulfate levels and

possibly other leachate from sulfate soils can impact surface waters up to 5 years after a drought. In

Toby river (figure 12) there are similar to Kyro river and Närpes river some long term declines after

multi-year droughts, but they seem to be of a shorter duration, of approximately 2 years. It is however

difficult to discern as the multiyear droughts in figure 11 coincide with gaps in the sampling of SO4
2-.

    The time it takes before SO4
2- decrease after a drought could be linked to the severity of the drought

as it took approximately 2-3 years after a drought in the Swedish rivers before the SO4
2- started to decline
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after the most notable hydrological droughts (e.g. 2002-2003, 2006 2018). The less severe droughts were

generally followed by an increase in SO4
2- for 1 year before the SO4

2- started to drop again. After several

dry summers there were a long-term increase in the SC and decrease in pH according to Österholm &

Åström (2008) which could indicate that there were a larger amount of leached metals and SO4
2- in the

sulfate soils after multiyear droughts in Finland. The long term increase in SC mentioned by Österholm

& Åström (2008) after the multiyear drought in 2002-2003 is additionally visible as a long term SO4
2-

increase in Närpes river and Kyro river (figure 9 and figure 10). The study taking place in Finland could

however be the reason for this as they have a different topography, land use practices, and more

extensive ditching and lake lowering. There is therefore a possibility that severity of drought and water

quality could have a correlation in Swedish rivers. The severity of drought could possibly impact the

magnitude of the SO4
2- increase as there were in e.g., Toby å, a significant increase in SO4

2- for the whole

year following the 2006 and 2018 droughts which was notably strong hydrological droughts with great

effects on ecosystems.

5.2. Discharge correlation to sulfates, pH, and metals the following spring
The correlation between the specific discharge anomaly and pH, SO4

2-, and metal concentrations

anomaly were quite uniform in the direction of the correlations for most rivers with the exception of

Flarkbäcken and Tjuståsaån (Table 3). The significant correlations can be divided into two groups, those

that had a positive significant correlation for a majority of rivers (pH, Al, Cu, Fe, and TOC). I.e. the

higher the discharge is during the warm season the lower the concentration can be expected to become

the following spring. SO4
2-, Cd, Co, Mn, Ni, and Zn had a negative correlation with specific discharge

as the concentration of the compound is high after droughts and low after higher than normal discharge

in rivers that are affected by sulfate soils. The negative correlation can be attributed to these metals

being mobile or moderately mobile in rivers and will thus generally not be consumed in reactions in the

water. Al, Cu, Fe, and TOC had a positive correlation as the concentration of the compound is low after

droughts and high after higher than normal discharge in rivers with sulfate soils in the catchment. Al,

Cu, Fe, and TOC are not very mobile at low pH in water and will thus take part in reactions and processes

in the water such adsorption or forming complexes and not be in solution any longer. pH will in general

have a positive correlation even if the impact on the river water is minimal there will generally be a

decrease in pH the spring after a drought if no buffering processes act to neutralize the pH change. In

Flarkbäcken there are only five data points which makes the results for this river unreliable as there are

too few data points to determine with any certainty if there is a correlation present in the data. There are

several factors that can skew individual data points such as response time for the sulfate soil and leaching

as well as agricultural practices. which could have a significant impact on Flarkbäcken in particular

since it is a small catchment which is heavily farmed. The difference in correlation for Tjuståsaån

compared to the other rivers were mainly in the metals that all had positive correlations while the sulfate

had a negative correlation. The negative correlation in sulfate is similar to the other rivers as sulfate will

be leached from sulfate soils after a drought and thus sulfate will have high concentrations in this case
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in the winter after a drought. Tjuståsaån is most likely affected by anthropogenic contaminations of

metals even though there is only a moderate impact from SO4
2- effluents in the river. The increase in

metals after droughts could be due to the increased leaching from industrial areas, farmland, and urban

environments after intense rainfall which would then give a positive relationship for metals if the

anthropogenic contaminations were greater than the effect from leaching from sulfate soils and could

thus "hide" the negative correlation with specific discharge anomalies.

    pH had a quite variable significance of correlation (56 % of the rivers had a significant correlation for

pH, with 3 of 5 showing a positive correlation) which could be due to several reasons. Potential sulfate

soils and acid sulfate soils are used as farmland to a large extent. Due to the acidification of the soils

when the groundwater table is lowered in a sulfate soil, they are commonly buffered by adding limestone

in order to grow crops or be used as pastures. The weathering of the acid sulfate soil also acts as a

buffering process as silicate, carbonate, weathering and aluminum, and iron reactions all play a role in

soils with low pH to buffer the acidity (Eriksson et al. 2011). The water with low pH will also be diluted

when it enters the river which will affect the pH and depending on how large the catchment is and the

average precipitation in the region. The water leaching from acidic water can be diluted and buffered in

the river to such an extent that the pH does not decrease significantly after a drought. In this case the

largest factor influencing the pH correlation however is that in all rivers except for Tjuståsaån the

specific discharge anomaly was correlated to pH, SO4
2-, and metal concentrations anomaly the following

spring. Snowmelt will dilute the water from the sulfate soils to such an extent that no decrease in pH is

evident (Toivonen et al. 2019). This should then also impact the Al which did not have a significant

correlation in any of the rivers except for a positive correlation in Tjuståsaån which incidentally did not

compare specific discharge conditions against pH, SO4
2-, and metal concentrations anomaly during

spring but the pH, SO4
2-, and metal concentrations anomaly the subsequent winter. pH differences due

to leaching from sulfate soils after droughts are noticeable in autumn and winter high flows which thus

explains the correlation for Al in Tjuståsaån. Cd is a heavy metal that correlates to low pH in the river

water when leached from sulfate soils (Erixon 2009) which then similarly to Al would explain why there

were only a few rivers that had a significant negative correlation for Cd.

    Hertsångerälven has, similarly to Flarkbäcken, few data points which could affect the significance of

the correlations of some parameters. Cu did not show a significant positive correlation for Flarkbäcken,

Hertsångerälven, Persöfjärden, and Storbäcken which for Hertsångerälven and Flarkbäcken could be

partially due to the amount of data points. Storbäcken did nonetheless also not have a significant positive

correlation for Cu. Storbäcken is close to Skellefteå and its catchment is located in Skelleftefältet which

has several mines. The mines in this region produce Gold, silver, copper, zinc, and lead (Johansson

2022). Cu could therefore leach from ores, Cu enriched soils, and waste from the mines. No Cu mines

are currently active in Flarkbäckens, Hertsångerälvens and Persöfjärdens catchment, and it is located

outside of Skelleftefältet which would suggest that there could be other reason for the lack of correlation

for these rivers. One reason could be inactive mines in these catchments that are still releasing Cu. Cu
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is also pH dependent which could impact the correlation as the pH is not always significantly impacted

in spring during snowmelt. The pH will remain neutral in most cases as the acidic water leached from

sulfate soils is deleted by meltwater. Cu is moderately mobile in rivers at neutral to low pH and can act

in adsorption with organic materials and clay minerals in in the water and thus no longer be in solution

in the river. The number of data points is likely to have a large impact on the significance of the

correlation for Flarkbäcken and Hertsångerälven. Hertsångerälven and in Tjuståsaån lacks a significant

correlation for Mn. The lack of correlation could be due to industrial emissions or leaching from soils

other than acid sulfate soils. Anthropogenic emissions of Mn are in some regions responsible for 80-

90% of Mn contaminations in soil and water  (Parekh 1990). Toby river lacks a significant correlation

for Fe and Ni. Fe can in some cases reprecipitate in the sulfate soil, but the lack of correlation could also

be due to Fe leaching from boreal forests. The lack of correlation in Fe was also found in one study by

Nyberg, Österholm & Nystrand (2012) in western Finland where the leaching from sulfate soils did not

increase the Fe ratio in the river since the leaching from the boreal forests were of a significantly greater

magnitude. Tjuståsaåns catchment is affected by anthropogenic emissions of different kinds and has

industries not far from the catchment area which could impact the Mn discharge correlation and affect

the relationship between the parameters. Hertsångerälven has some industries but not to the same degree

that Tjuståsaån has, so the correlation could be disturbed partially by existing industries in or close to

the catchment or the number of data points are the culprit for this parameter as well. Mn will in some

cases precipitate with Al and Fe as oxyhydroxides when the acidic water leached from sulfate soils come

into contact with water that has a higher pH. This could impact the correlation for the Mn in Tjuståsaån

and Hertsångerälven. Tjuståsaån does not have a significant correlation between Zn and specific

discharge either which could be due to adsorption processes or anthropogenic emissions of Zn which

are common emissions from industries (Li & Cornett 2011).

    SO4
2- and specific discharge had a significant negative correlation, while specific discharge and, Fe

and TOC had a significant positive correlation for most rivers that were sampled for those compounds.

This is concurrent with increased SO4
2-due to oxidation of sulfate soils seen in Erixon (2009), Österholm

& Åström (2008), and Toivonen et al. (2019). The decrease in Fe and TOC after droughts is also

indicative of a drought affecting a sulfate soil and altering the water quality of the river. Ni and Co have

negative significant correlations in the rivers studied except for in Tjuståsaån which most likely is

affected by anthropogenic emissions as previously discussed. The parameters which had a significant

correlation for more than 50 % of the rivers indicate that there is a validity to the correlation for that

parameter and the predominant direction of that correlation as well. In all cases the predominant

correlation that can be found in table 3 shows the expected direction of the correlation for pH, Al, Cu,

Fe, and TOC as they should decrease during increased oxidation and leaching from sulfate soils (Erixon

2009). The Sulfate and remaining metals: Cd, Co, Mn, Ni, and Zn all have a negative predominant

correlation after drought conditions which is in line with previous research such as Erixon (2009), and

Österholm &Åström (2008).
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    Since Hertsångerälven and Toby river have catchments of the same size the results from the two rivers

should be relatively comparable while any discrepancies can be attributed to differences in topography,

land use, population, and climate. Both rivers had approximately a 2-3 year recovery of SO4
2- after the

2018 drought (figure 5 and figure 12), although Toby river had significantly higher concentrations of

sulfate. In Hertsångerälven the median concentration of SO4
2- was 30 mg/l while in Toby river the

median concentration were 108 mg/l . The higher SO4
2- are most likely due to the greater areal of

agricultural land in Finland. In figure 3, the agricultural areal in Hertsångerälven is 12 % while it is 21

% in Toby river. The larger amount of sulfate soils used as agricultural land will therefore expose 1,5-2

times more sulfate soil to oxidation due to drainage which would thus be responsible for a majority of

the greater SO4
2- in Toby river. The remaining difference is possibly due to the differences in topography,

shape of the catchment, and anthropogenic activities.

5.3. Error sources
The sampling frequency was irregular in some rivers, especially in the Finnish rivers which can generate

a weighted dataset if care is not taken. In this case nonparametric methods were used to reduce the skew

in data both due to the data not being normally distributed but also to compensate for the uneven

sampling frequency in some of the rivers. The number of samples taken were most likely to few in

Flarkbäcken to get statistically significant and accurate results. The number of samples could also be

the cause of the issue to find a significant correlation for a few parameters for Hertsångerälven.

    The time it takes before the ground water table is lowered and sulfate soils start to oxidize during a

drought will vary as the initial conditions in the soils will differ. If the soil moisture is high and the

aquifers were replenished in the spring it will take longer before a drought impacts the sulfate soil. The

size distribution of the soil and the organic content will also impact its resilience against drought

(Eriksson et al. 2017). For these reasons only long term droughts that affected large regions were

visualized in the time series for sulfate. These droughts were confirmed to have affected the catchments

in this study by using the threshold method. Since the sulfate and metals are leached from sulfate soils

to the river when there is a large precipitation event or snowmelt the time before the increase can be

measured in the river can vary. In some cases, the droughts lasted several years, which was the case for

the 2002-2003 drought. The increase in sulfate and metal concentrations were not registered in some of

the rivers until the end of 2003 or in spring 2004 after the 2002-2003 drought. This was not compensated

for in the correlation of the specific discharge anomaly to the pH, SO4
2-, and metal concentrations

anomaly which would have caused the datapoint for the drought of 2002 to not correlate to its

corresponding subsequent high flow. The correlations were however significant to a high degree

regardless of this datapoint correlating a high flow to low concentrations of leachates.

    Anthropogenic sources of substances in the water are difficult to compensate for, therefore this study

did not include rivers that were significantly impacted by anthropogenic emissions. Nevertheless, it

should be noted that Tjuståsaån is at least moderately impacted by anthropogenic emissions which also

might be the cause for the lack of correlation in Mn and Zn. The fact that the metal concentrations in
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Tjuståsaån increased when discharge was larger than normal could also be due to the moderate impact

from anthropogenic sources in the catchment which could have skewed the correlation.

5.4. Suggestions for future research
Some suggestions for future research could be implementing drought severity on leaching from sulfate

soils which has been studied in Finnish rivers, but further study is needed on Swedish rivers. Some of

the Swedish rivers showed an increase in SO4
2-for several years even after one year long droughts which

could indicate that there is a connection between severity of drought and long term SO4
2-in Swedish

rivers. Another aspect that could impact SO4
2- leaching is the construction of dams in rivers in regard to

the duration of increased SO4
2- in the rivers. In Kvismare canal the SO4

2- peaks were significantly larger

earlier in the time series. The reason for the greater increase in SO4
2- after drought should be investigated

more in depth as there can be several causes for this discrepancy in SO4
2-. The decline of ditching in the

sulfate soil is one possible culprit for the greater SO4
2- peaks which could indicate that the active sulfate

soil is transitioning to a post active sulfate soil. A second reasons for the smaller SO4
2- peaks could be

the declining input of sulfate from air pollution, which could be investigated by calculating the input

from air pollution in the 1960s until now in Kvismare canals and a reference rivers catchment to confirm

or disregard this hypothesis.

    The correlation between the specific discharge anomaly and the pH, SO4
2-, and metal concentrations

anomaly could be tested on different time scales to investigate the long term effect of drought on sulfate

soils further. Determining the type of correlation for the specific discharge anomaly to the pH, SO4
2-,

and metal concentrations anomaly. Some possible correlations that could be tested for are exponential

model, polynomial model, power law model. The anthropogenic impact on water quality in rivers

affected by sulfate soil leaching could be more closely researched and a method for filtering out the

anthropogenic impact in urban regions with sulfate soil. This could then be utilized to better visualize

the impact of drought on sulfate soils in regions affected by urban development and industrial

contaminations. The rapidly warming climate will increase extreme weather events, such as droughts,

which will impact leaching from sulfate soils. The impacts of an increase in drought occurrences on

water quality and ecosystems would be valuable knowledge in order to minimize damages and

implement preventative measures to preserve at risk ecosystems as the climate warms.
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6. Conclusions
The time series over SO4

2- had in general low SO4
2- when there was a hydrological drought. The droughts

were followed by peaks in SO4
2-. The heightened concentrations lasted in some cases for several years

often in conjunction to multiyear droughts and in some cases in Sweden when the drought was especially

severe such as the 2018 drought. SO4
2- increased for one to three years for most of the rivers after a

drought. In Kyro river and Närpes river the SO4
2- were significantly higher than normal for 5 years.

Kvismare kanal, Kyro river, Närpes river, and Tjuståsaån had a high SO4
2- during the 1960s and early

1970s while a long term declining trend could be seen in the SO4
2- and decrease in SO4

2- since the mid

to late 1970s. The long term trend could be due to the acid sulfate soil transitioning to a post active

sulfate soil since some of the drainage in the catchments were constructed as early as the 1800s. Another

possible explanation is the SO4
2- air deposition was at an all time high during the 1960s to the late 1970s

after which it started to decline. The comparison of Hertsångerälven in Sweden and Toby river in

Finland for the drought of 2018 showed that after the peak in sulfate it took approximately 2-3 years

before SO4
2- decreased to what they were before the drought.

    When the specific discharge anomaly for summer and autumn was plotted against the SO4
2-, Al, Cd,

Co, Cu, Fe, Mn, Ni, TOC, and Zn concentration anomaly and the pH anomaly the following spring for

all rivers, with the exception of Tjuståsaån which was plotted against the following winter due to the

lack of precipitation falling as snow in the catchment during the winter, a correlation was found in

several cases. SO4
2-, Co, Ni, Zn had a negative correlation while pH, Fe, and TOC had significant

positive correlations for a majority of rivers. Al, Cd, Cu, and Mn did in general not have a significant

correlation which could be due to their dependence on pH. The pH is not significantly impacted in rivers

due to leaching from sulfate soils in the spring due to the dilution from snowmelt which thus could have

impacted the correlation between Al, Cd, Cu, and Mn. Tjuståsaån was established to be moderately

impacted by SO4
2- emissions and could be impacted by emissions of metals from other anthropogenic

sources which could have impacted the correlations between the specific discharge anomaly for summer

and autumn and metal concentrations anomaly the following winter which all had a positive correlation.

The reason for this could be due to increased leaching from anthropogenic contaminations during heavy

precipitation and greater discharge than usual.
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Appendix A. Anthropogenic impact on discharge/sulfate
relationship

Figure A1. X-Y plot of sulfate concentration against discharge during summer months for 3 rivers with different
proportions of anthropogenic impact. Helge å is significantly affected by anthropogenic emissions, as sulfate
concentrations are exceptionally high at low concentrations, which indicates that there are continuous emissions
of sulfate that are diluted when the discharge is high. Tjuståsaån is moderately impacted by anthropogenic
contaminations as there is slightly mor sulfate during low discharge, but the levels are not remarkably higher than
at high discharge. Storbäcken is not significantly impacted by anthropogenic emissions as the sulfate
concentrations are relatively constant for all discharges (SGU 2020).
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Appendix B. X-Y plots for specific discharge and water
quality parameters
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Figure B1. X-Y plot for relationship between specific discharge anomaly and SO4
2- concentration anomaly the

subsequent spring for Flarkbäcken (A), Hertsångerälven (B), Kvismare canal (C), Kyro river (D), Närpes river
(E), Persöfjärden (F), Storbäcken (G), Tjuståsaån (H) (subsequent winter for Tjuståsaån), and Toby river (I).
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Figure B2. X-Y plot for relationship between specific discharge anomaly and pH anomaly the subsequent spring
for Flarkbäcken (A), Hertsångerälven (B), Kvismare canal (C), Kyro river (D), Närpes river (E), Persöfjärden (F),
Storbäcken (G), Tjuståsaån (H) (subsequent winter for Tjuståsaån), and Toby river (I).
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Figure B3. X-Y plot for relationship between specific discharge anomaly and Al concentration anomaly the
subsequent spring for Flarkbäcken (A), Hertsångerälven (B), Kvismare canal (C), Kyro river (D), Närpes river
(E), Persöfjärden (F), Storbäcken (G), Tjuståsaån (H) (subsequent winter for Tjuståsaån), and Toby river (I).
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Figure B4. X-Y plot for relationship between specific discharge anomaly and Cd concentration anomaly the
subsequent spring for Flarkbäcken (A), Hertsångerälven (B), Kyro river (D), Närpes river (E), Persöfjärden (F),
Storbäcken (G), Tjuståsaån (H) (Subsequent winter for Tjuståsaån), and Toby river (I).
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Figure B5. X-Y plot for relationship between specific discharge anomaly and Co concentration anomaly the
subsequent spring for Flarkbäcken (A), Hertsångerälven (B), Persöfjärden (F), Storbäcken (G), and subsequent
winter for Tjuståsaån (H).
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Figure B6. X-Y plot for relationship between specific discharge anomaly and Cu concentration anomaly the
subsequent spring for Flarkbäcken (A), Hertsångerälven (B), Persöfjärden (F), Storbäcken (G), and subsequent
winter for Tjuståsaån (H).
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Figure B7. X-Y plot for relationship between specific discharge anomaly and Fe concentration anomaly the
subsequent spring for Flarkbäcken (A), Hertsångerälven (B), Kyro river (D), Närpes river (E), Persöfjärden (F),
Storbäcken (G), Tjuståsaån (H) (Subsequent winter for Tjuståsaån), and Toby river (I).
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Figure B8. X-Y plot for relationship between specific discharge anomaly and Mn concentration anomaly the
subsequent spring for Flarkbäcken (A), Hertsångerälven (B), Persöfjärden (F), Storbäcken (G), and the subsequent
winter for Tjuståsaån (H).
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Figure B9. X-Y plot for relationship between specific discharge anomaly and Ni concentration anomaly the
subsequent spring for Flarkbäcken (A), Hertsångerälven (B), Kyro river (D), Närpes river (E), Persöfjärden (F),
Storbäcken (G), Tjuståsaån (H) (subsequent winter for Tjuståsaån), and Toby river (I).
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Figure B10. X-Y plot for relationship between specific discharge anomaly and TOC concentration anomaly the
subsequent spring for Flarkbäcken (A), Hertsångerälven (B), Kvismare canal (C),  Persöfjärden (F), Storbäcken
(G), and subsequent winter for Tjuståsaån (H).
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Figure B11. X-Y plot for relationship between specific discharge anomaly and Zn concentration anomaly the
subsequent spring for Flarkbäcken (A), Hertsångerälven (B), Persöfjärden (F), Storbäcken (G), and subsequent
winter for Tjuståsaån (H).

-40

-30

-20

-10

0

10

20

30

40

-5 0 5 10 15 20 25

De
vi

at
io

n 
of

 Z
n 

[µ
g/

l] 
fr

om
 m

ed
ia

n

Deviation of specific discharge (l/s km2) from median

A

-10

-5

0

5

10

15

20

25

-6 -4 -2 0 2 4 6 8

De
vi

at
io

n 
of

 Z
n 

[µ
g/

l] 
fr

om
 m

ed
ia

n

Deviation of specific discharge (l/s km2) from median

B

-6

-4

-2

0

2

4

6

8

-5 0 5 10 15 20

De
vi

at
io

n 
of

 Z
n 

[µ
g/

l] 
fr

om
 m

ed
ia

n

Deviation of specific discharge (l/s km2) from median

F

-10

-5

0

5

10

15

20

25

30

-10 -5 0 5 10 15 20 25 30
De

vi
at

io
n 

of
 Z

n 
[µ

g/
l] 

fr
om

 m
ed

ia
n

Deviation of specific discharge (l/s km2) from median

G

-3

-2

-1

0

1

2

3

4

5

-4 -2 0 2 4 6 8 10

D
ev

ia
tio

n 
of

 Z
n 

[µ
g/

l] 
fr

om
 m

ed
ia

n

Deviation of specific discharge (l/s km2) from median

H



56

Appendix C. Analysis method for water quality
parameters
Table C1. Water quality parameters their abbreviation, measurement unit, analysis method and year when the
method was implemented

Parameter Abbreviation unit Instrument/Method Year
pH pH pH meter
Aluminum Al µg/l Technicon Autoanalyzer I/ Acid soluble

(Al_s)
1985

Aluminum Al µg/l Inductively coupled plasma (Al_ICP) 1995
Aluminum Al µg/l Inductively coupled plasma (Al_IPCAES) 2003
Sulfate SO4

2- meq/l Radiometer Autoburette (Mackereth method) 1965
Sulfate SO4

2- mg/l S Ion chromatography 1984
Sulfate SO4

2- mg/l SO4
2- Ion chromatography 1990

Cadmium Cd µg/l Atom adsorption spectrometry (AAS) 1978
Cadmium Cd µg/l Mass spectrometry (ICP-MS) 1995
Cobalt Co µg/l Atom adsorption spectrometry (AAS) 1978
Cobalt Co µg/l Mass spectrometry (ICP-MS) 1995
Copper Cu µg/l Atom adsorption spectrometry (AAS) 1978
Copper Cu µg/l Mass spectrometry (ICP-MS) 1995
Iron Fe µg/l Inductively coupled plasma (ICP-AES) 1983
Iron Fe µg/l Mass spectrometry (ICP-MS) 1994
Manganese Mn µg/l Inductively coupled plasma (ICP-AES) 1983
Nickel Ni µg/l Atom adsorption spectrometry (AAS) 1978
Nickel Ni µg/l Mass spectrometry (ICP-MS) 1995
Total organic
carbon

TOC mg/l C Nondispersive infrared sensor detector
(NDIR)

1987

Zinc Zn µg/l Atom adsorption spectrometry (AAS) 1978
Zinc Zn µg/l Mass spectrometry (ICP-MS) 1995
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Appendix D. Sampling frequency of water quality

Figure D1. Sampling frequency for SO4
2- during a) the time period 1966-1999 and b) the time period 2000-2021.
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Figure D2. Sampling frequency for pH during a) the time period 1961-1999 and b) the time period 2000-2021.
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Figure D3. Sampling frequency for Al during a) the time period 1972-1999 and b) the time period 2000-2021.
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Figure D4. Sampling frequency for Cd during a) the time period 1977-1999 and b) the time period 2000-2021.
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Figure D5. Sampling frequency for Co during a) the time period 1996-1999 and b) the time period 2000-2021.
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Figure D6. Sampling frequency for Cu during a) the time period 1982-1999 and b) the time period 2000-2021.
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Figure D7. Sampling frequency for Fe during a) the time period 1961-1999 and b) the time period 2000-2021.
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Figure D8. Sampling frequency for Mn during a) the time period 1972-1999 and b) the time period 2000-2021.
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Figure D9. Sampling frequency for Ni during a) the time period 1980-1999 and b) the time period 2000-2021.
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Figure D10. Sampling frequency for TOC during a) the time period 1987-1999 and b) the time period 2000-2021.

0

1

2

3

4

5

6

7

8

9

10
1984-11-14 1987-08-11 1990-05-07 1993-01-31 1995-10-28 1998-07-24

a

Flarkbäcken

Hertsångerälven

Kvismare canal

Kyro river

Närpes river

Persöfjärden

Storbäcken

Tjuståsaån

Toby river

0

1

2

3

4

5

6

7

8

9

10
1998-07-24 2001-12-25 2005-05-28 2008-10-29 2012-04-01 2015-09-03 2019-02-04 2022-07-08

b

Flarkbäcken

Hertsångerälven

Kvismare canal

Kyro river

Närpes river

Persöfjärden

Storbäcken

Tjuståsaån

Toby river



67

Figure D11. Sampling frequency for Zn during a) the time period 1980-1999 and b) the time period 2000-2021.
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