Biogeosciences Discuss., 10, 12849-12885, 2013

www.biogeosciences-discuss.net/10/12849/2013/ Bi . % &
doi:10.5194/bgd-10-12849-2013 I0g€eosCIences 3 G{;
© Author(s) 2013. CC Attribution 3.0 License. Discussions &

This discussion paper is/has been under review for the journal Biogeosciences (BG).
Please refer to the corresponding final paper in BG if available.

Long-term trends of water chemistry in
mountain streams in Sweden - slow
recovery from acidification

H. Borg and M. Sundbom

Department of Applied Environmental Science (ITM), Stockholm University, 10691 Stockholm,
Sweden

Received: 28 June 2013 — Accepted: 4 July 2013 — Published: 6 August 2013
Correspondence to: H. Borg (hans.borg@itm.su.se)

Published by Copernicus Publications on behalf of the European Geosciences Union.

12849

Jadeq uoissnasigq | Jaded uoissnosiq

I
o
e
«
o
>
o
=
c
>
o
lor
o
3

Jladed uoissnasiq | Jaded uoissnosiq

BGD
10, 1284912885, 2013

Long-term trends of
water chemistry in
mountain streams

(8)
K ()


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/12849/2013/bgd-10-12849-2013-print.pdf
http://www.biogeosciences-discuss.net/10/12849/2013/bgd-10-12849-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

The water chemistry of streams and precipitation in the province of Jamtland, northern
Sweden has been monitored since the 1980s to study long-term trends, occurrence of
acid episodes, and effects of liming. The acidity and sulphur in precipitation increased
in the 1970s, followed by a loss of ANC and low pH in the streams. Sulphur deposition
begun to decrease in the 1980s, until approximately 2000, after which the decrease
levelled out. The stream water sulphate followed the precipitation trend but decreased
more slowly and since the late 1990s a subtle increase was observed. The sulphate
concentrations in the snow have generally been higher than or equal to the stream sul-
phate levels. Since 2005, stream sulphate has sometimes exceeded snow sulphate, in-
dicating desorption of stored soil sulphate, possibly because of climate related changes
in run-off routes through the soil profiles, following shorter periods of frost.

Up to 2000, TOC increased by approximately 0.1 mg L™ yr'1. The mean trends in
sulphate and TOC from approximately 1990 until today are generally opposite.

Acidic episodes with pH 4.0 at flow peaks occurred frequently in the unlimed streams,
despite relatively well buffered waters at base flow. To evaluate the main causes for
the loss of ANC, the changes in major ions during high flow were calculated. The
most important contribution resulted from dilution of base cations, with contribution
from organic anions. Sulphate also had some influence, as it was somewhat enriched
or only slightly diluted during high flow.

Wetland liming started in 1985 after which the earlier observed extreme peak values
of Fe, Mn and Al, did not return.

The studied area is remote from emission sources in Europe, but the critical load of
acidity is still exceeded. The long-term recovery observed in the unlimed streams is
thus slow, and severe acidic episodes still occur.
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1 Introduction

Acidic deposition has caused a widespread deterioration in the water quality of lakes,
water courses, and soils in large parts of Europe, primarily Scandinavia, (Almer et al.,
1974; Dickson, 1980; Henriksen, 1980; Wright et al., 1980), and North America, pri-
marily in the NE USA (Hendrey et al., 1980), and Quebec and Ontario in Canada (Dil-
lon et al., 1980, 1984). After several decades of increasing acidic deposition during the
1900s, the trend generally changed during the 1980s as a result of several international
agreements to reduce sulphur emissions (e.g., UNEP, 1972; CLRTAP, 1979, 1985; En-
vironment ’82 Committee, 1982). The decrease of sulphur deposition has contributed
to a recovery from acidification, which is currently being observed in the affected sur-
face waters in several countries (Stoddard et al., 1999) (Wilander and Lundin, 2000;
Wilander, 2001).

Sweden has been severely affected by acid rain because of the dominating igneous
bedrock and relatively sparse occurrence of calcareous bedrock. Approximately 15000
of a total number of approximately 85000 lakes less than 1 km? were considered to
be affected by anthropogenic acidification in 1990 (Swedish Environmental Protection
Agency, 1991). Even in relatively remote areas in northern Sweden, low pH values in
the snowpack were beginning to occur in the 1970s—1980s, which resulted in acidic
episodes in streams (Ahlstrdm and Isaksson, 1990; Laudon and Bishop, 1999; Edberg
et al., 2001). Consequently, reproduction impairment and other negative effects on fish
and benthic invertebrates have also been documented in numerous waters in northern
Sweden (Ahlstrom et al., 1995; Andrén, 2006, 2009; Andrén and Jariman, 2008).

The streams in this investigation were monitored from the early 1980s, and the pre-
cipitation was monitored from the 1970s to present. This study covers almost 30yr,
during a time period that has experienced dynamic changes in the deposition of acidi-
fying substances over the area. The objectives of the present study were to follow the
development of acidification and recovery, and the occurrence of acidic episodes. As
a remediation, a large liming program began in the 1980s; therefore, another objective
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was to study the influence of the wetlands lime treatment on the mobility of metals,
primarily Fe, Mn and Al.

2 Methods
2.1 Study area

The streams are located in the middle region of the Swedish mountain range, in the
province of Jamtland, municipality of Harjedalen. These streams drain into the im-
poundment Lake Lofssjon and further downstream into the Lofsan River, which is
a tributary to the Ljusnan River, one of the main rivers in N Sweden draining into the
Bothnian Sea (Fig. 1). The catchments are in the size range of 10-50 km? and are ap-
proximately 600—1000 m above sea level (ma.s.l.), consisting of peatbogs and mires,
coniferous forests, and tundra. The catchments also include a former lake basin from
the last glaciation, which contains fine grained sediments rich in Fe, Mn and Al.

As a remedy against the effects of acid precipitation, most of the streams were re-
peatedly treated with limestone (Table 1), which was applied by helicopter on the wet-
lands and primarily focused on sites with groundwater outflow (for a further description
of the area and the lime treatments, see (Andersson and Nyberg, 1984; Borg, 1986;
Borg et al., 1995; Nyberg et al., 1995). The river Haggingan was used as unlimed ref-
erence stream. Due to a lime treatment of a nearby catchment, also draining into the
Lake Lofssjon impoundment, we moved the sampling site a few kilometers upstream
(site 5111). It could not be excluded that the liming possibly also influenced the lower
reaches of river Haggingan, through leakage through the wetlands in between. The wa-
ter chemistry at the two sites was very similar, however, and no statistically significant
differences between the two could be detected for any chemical parameters (Table 1,
Fig. 5).
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2.2 Sampling

During 1975-1993, snow samples were collected in Plexiglas tubes at 1000 ma.s.l.
(Haggingfjallet site), 800 ma.s.l. (Djursvalen site), 620 m (Djursvallen site) and 400 m
(Sveg site). The sampling was performed each year in early April, before any visible
snow melting had occurred (Fig. 1). The snow was transported in polyethylene bags,
then melted; after melting, the pH was immediately determined. The Djursvallen site
was included in a national monitoring program for precipitation chemistry in 1983; pre-
cipitation was collected monthly as total deposition in polyethylene samplers. Stream
water samples were generally collected monthly, but sometimes daily and weekly; the
samples were collected directly into polypropylene bottles for trace metal analysis and
into polyethylene bottles for general water chemistry analysis. The bottles for trace
metal determinations were cleaned by soaking in 6 M hydrochloric acid for three days
at 40°C and stored with 0.05 M nitric acid for at least one week until use. Before use,
the bottles were rinsed with ultrapure deionised water (Milli-Q).

2.3 Chemical analyses

All chemical analyses were performed according to Swedish standard methods (SIS,
Swedish Standards Institute), and subsequently, European standard methods (CEN,
European Committee for Standardization). The pH was determined on site (snow sam-
ples) or after the samples had been transported overnight to the laboratory in Stock-
holm. A combined glass electrode (Radiometer analytical, Red rod, Ag/AgCI reference
electrode) and liquid electrolyte (KCl) was used for all samples. Major cations were
determined by air-acetylene flame AAS (Varian), and from 2008 to present by ICP-
AES (Varian Vista). The anions were determined using titrimetric and spectrometric
methods until 1984, and then by ion chromatography (Tecator, Dionex). The total or-
ganic carbon (TOC) was determined using TOC-instruments Carlo-Erba, Astro, and
from 2006 to present, a Shimadzu TOC-V CPH. Silica, nitrogen and phosphorus were
determined using spectrometry in continuous-flow autoanalysers. Trace metals were
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determined using GFAAS (Perkin-Elmer Zeeman 3030), and from in 1995 to present,
they were determined using ICP-MS (Sciex Elan 5000, from 2007 Thermo X-series 2).
Aluminium speciation was performed by automated cation exchange and spectromet-
ric determination of the pyrocatechol complex (Driscoll C.T., 1984), (Andrén and Rydin,
2009).

Quality assurance of all analytical results included continuous use of internal and
certified reference samples, and by following further routines specified in the labo-
ratory accreditation (Swedac accreditation no. 1295, 1993). The analytical laboratory
was a part of the Swedish Environmental Protection Agency until 1 July 1992, when
it was reorganised into the new Department of Applied Environmental Science (ITM),
Stockholm University. The chemical analyses of the precipitations from the Djursvallen
site have been included in the national precipitation monitoring network since 1984
(http://www.ivl.se/projekt/uppdrag//luftochnederbordskemiskanatet).

The fractions of sulphate, sodium, calcium and magnesium of non-marine origin,
were calculated by subtracting their seawater concentration relative to chloride (e.g.,
non marine SOi_ = SOi_ —0.1083 x CI"). In the following text, the ion charges are omit-
ted for clarity.

2.4 Data analysis

Data analyses were performed using the SPSS and JMP statistical packages. The
non-parametric Seasonal Kendall test was used to test the significance of trends. The
method is suitable for data with strong seasonal variations and for data that are not
normally distributed, such as these. For the magnitude of the trends, Theil’s slope was
estimated for the time series, calculated on a yearly basis, e.g. an increase or decrease
by mg L yr’1 or meq L™ yr'1 (Helsel and Hirch, 2013).
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3 Results
3.1 pHinsnow

In 1975, the pH of the snow was approximately 5.4 at all altitudes and was relatively
unaffected by acidic deposition, but the pH substantially decreased during the three
following years, reaching 4.0 in 1978 at an altitude of 1000 m (Fig. 2). Starting at ap-
proximately the same levels in 1975 and 1976, the pH dropped faster at the higher
altitudes 800—-1000 ma.s.l., while the lowest site at 400 m generally had pH values
that were approximately 0.5 units higher. The emerging inverse relationship between
snow pH and altitude persisted throughout the studied period. From 1978 the decrease
of pH continued at a slower rate but with substantial interannual variation until 1987
when pH reached below 4.0 at 1000 m and whereafter snow pH appeared to slowly
increase, at least at the highest altitudes (Fig. 2). The highest precipitation occurred
at the highest altitudes, 800-1000 m a.s.l., where the snow depth generally was ap-
proximately 40—80 cm greater, than at 400 m (Fig. 3). The drastic drop in snow-pH was
reflected in a decreased pH in the stream waters at spring flood, exemplified in Fig. 2
with Djursvalsbacken brook (5006).

3.2 Deposition

The non-marine fraction (SO,) of annual sulphate deposition, measured at 620 ma.s.|.,
substantially decreased during the 1980s, from 80 keq km™2 in 1985 to 25 in 1990
(Fig. 4). The decrease continued but at a slower rate during the 1990s. During the last
decade, the sulphate deposition has stabilised around 5 keq km~2. In contrast, the ni-
trate deposition shows no clear trend and has varied around approximately 10 keq km™2
during the entire 25 yr study period. The non-marine Ca deposition decreased during
the 1980s and has then been relatively stable at approximately 5 keq km™2.
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3.3 Stream water chemistry
3.3.1 Long-term trends

Stream water chemistry followed the long-term trends in precipitation to some extent,
but with local variation among the different streams.

The pH increased from 1994 by 0.03 units yr‘1 in the unlimed reference stream,
Ovre Haggingan (5111). However, the seasonal variation was considerable, and acid
episodes with pH values less than 5.0 still occurred during the most recent years (Fig. 5,
Table 2).

Generally, the sulphate concentration decreased overall, but the rate of change was
slower compared to the deposition trend, especially during the 1980s and 1990s. Since
the late 1990s, sulphate in the streams has increased (Fig. 6). During the almost 30 yr
study period, the sulphate mean level has decreased by approximately 0.03 meq L'1,
which corresponds to an average annual decrease of 1 peq L~ (Theil’s slope estimator;
Helsel and Hirch, 2013) (Table 2). During the period 2000-2010, this decrease cannot
be confirmed statistically, and R. Haggingan (5111) even showed an annual increase of
3ueq L (Table 2). Similar to the observations of the deposition, no long-term trends
concerning the nitrate concentration in the stream waters occurred during the study
period.

The TOC concentration is relatively high in most of these streams (Table 1) because
of upstream wetlands. TOC generally increased until approximately 2002 (Fig. 6), and
Theil’s slope estimates showed an annual increase of approximately 0.1 mg L™ in four
of the streams during the study period (Table 2).

Generally, the temporal patterns of the sulphate and TOC concentrations are in-
versely related (Fig. 6) and there is an overall negative correlation between SO, and

TOC (r? = 0.67, Fig. 7).
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3.3.2 Acid episodes

Some difference in seasonal variations of the major ions is evident from monthly me-
dian concentrations during unlimed conditions (Fig. 8). The concentrations of non-
marine base cations (BC") were somewhat higher during the groundwater dominated
winter months and lowest during the spring flood. Silica presented the same seasonal
variation but with a higher amplitude (Fig. 8). In contrast, the TOC values were highest
during the summer and decreased during the winter. soi‘* showed relatively small
seasonal variations overall, with the highest median values in April, which then de-
creased during the spring to summer and increased again during the snow-covered
period (Fig. 8). The hydrological regime of these catchments is characterised by very
large seasonal variations in discharge into the streams, with a factor of more than 200
between base and high flow (Borg et al., 1995). This variation favours the occurrence
of acidic episodes, when the alkalinity may be totally depleted and the pH reaches 4.0
despite the relatively high buffer capacity of the baseflow water (base flow alkalinity
is often 0.5-1.0 meq L'1). The unlimed reference stream O Haggingan (5111) had re-
peated episodes where the pH was approximately 5.0 or below from 1994 to 2010.
Similarly, the stream Hammarbéacken (5005), where the lime treatment was terminated
in 1995, had episodes with negative alkalinity and a pH less than 5.0, during 1998—
2005 (Fig. 5).

To evaluate the main causes of the still frequent acid episodes, the changes in con-
centrations of the major ions between the base flow and high flow were calculated for
three streams; Djursvasslan R (5004), Djursvalsbacken R (5006), from the period be-
fore liming, and Ovre Haggingan R (5111), the unlimed reference stream. The changes
of BC”, SOZ, Cl, NO4, and organic anions during high flow were calculated using sam-
pling occasions with maximum ANC as base flow values and minimum ANC repre-
senting high flow, during the sampled years (Fig. 9). The median pH values dropped
between 1.0 to 1.5 units during the high flow periods, and the loss of ANC was 0.1—
0.4meqL™" (Fig. 9).
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The largest change was observed for BC" in all three streams, of -0.1 to
-0.36 meq L'1, which indicates a considerable dilution of the BC" at high flow. In con-
trast, sulphate did not exhibit any large changes at peak flow; for most peak flow oc-
casions, it remained unchanged or exhibited a slight dilution. In the reference stream
Ovre Haggingén (5111), an enrichment of sulphate was observed during the majority
of high flow periods, with a median ion difference above zero. The concentration of
organic anions slightly increased in stream 5004 Djursvasslan, remained unchanged
in stream 5006 Djursvalsbacken, and was diluted in stream 5111 O Haggingan. The
chloride and nitrate ions presented only minor changes during high flow (Fig. 9).

3.3.3 Chemical effects of liming

The lime treatment of the wetlands was effective for stabilising the water chemistry and
for counteracting the acid episodes during the spring flood and rainy periods. Since
the beginning of the treatment, the limed streams have retained some alkalinity, even
during the high flow periods, and the pH rarely reached below 5.5 for several years
after treatment (Fig. 5). The former extremely high peak values of Fe, Mn and Al during
high flow, e.g., in brook Djursvasslan and its tributaries, have not returned since liming
began (Fig. 10) (Borg et al., 1995). Trace elements such as Cd also showed lower con-
centrations and less seasonal variations after liming (Fig. 10). As expected, inorganic
monomeric Al (Ali) was negatively correlated to pH, and the highest Ali concentrations
occurred at acid episodes, especially in the unlimed streams (Fig. 11). Some elevated
concentrations also occurred in stream 5005 Hammarb&cken after the liming was ter-
minated in 1995 along with returning acid episodes. Negative pH correlations were also
observed for other typically positively charged elements such as Cd and Zn, while ele-
ments that mainly occur as oxoanions, such as Mo, showed a positive correlation with
pH; the lowest concentrations were found in the unlimed streams and in the reacidifying
stream 5005 (Fig. 11).
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4 Discussion
4.1 Deposition

The effects of acid precipitation have been documented in Sweden since the 1960s,
primarily in south-western Sweden, the area most affected by long-range airborne pol-
lutants from the European continent (Almer et al., 1974; Odén, 1968). The more north-
ern part of Sweden appeared to be less affected, at least until the mid-1970s, when
observations of low pH values in the snow profiles followed by acid episodes in moun-
tain streams were reported e.g. in the area studied here, and further north in Sweden,
in the province of Vasterbotten (Bjarnborg, 1983). The lowest pH of precipitation in our
study area, Lofsdalen, Harjedalen in the province of Jamtland, was generally associ-
ated with south-easterly winds, which indicates an influence from domestic emission
sources in Sweden and from long-range air pollution from central and Eastern Eu-
rope. The nearby mountain range at the Norwegian border likely somewhat protects
the area from westerly winds that bring pollutants from Western Europe, e.g. the UK.
During some occasions, e.g. in May 1981, pH-values as low as 3.6—3.7 were recorded
in the throughfall at 800 m a.s.l. (data from E. Olofsson, Sveg, personal communication,
1995).

Similar to the general trend in many parts of Europe, sulphur deposition rapidly de-
creased during the 1980s from approximately 80 to 20 keq km~2. The decrease con-
tinued more slowly during the 1990s to approximately 10 keq km™2, During the last ten
years, the sulphur deposition has been relatively unchanged and even showed a slight
increase. The sulphur emission protocols agreed upon in Europe (e.g., UNECE, 1987)
had a markedly positive effect, especially during the 1980s, but today’s remaining emis-
sions are likely more difficult to decrease further, which causes the earlier decreasing
trend of sulphate also in the surface waters to level out or increase (Figs. 4, 6, 13).

The deposition of the Ca” and SO} is now roughly equivalent, which provides poten-
tial possibilities for restoring water quality from the earlier excess sulphate deposition
and the depletion of cations such as Ca and Mg in the soil.
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Some influence of the climatic conditions on the nitrogen fractions in air during the
winter (December—March) was observed, indicated by a correlation between the North
Atlantic Oscillation Index (http://www.cru.uea.ac.uk/cru/data/nao) and the nitrate con-
centration in the precipitation (r2 =0.28, p < 0.01) and a weaker correlation with am-
monium (r2 = 0.14). There were also a general tendency towards higher pH values and
lower sulphate concentrations in the precipitation during periods with a low NAO-index,
which indicates that the colder winters in the area are dominated by relatively cleaner
Arctic air masses.

4.2 Water chemistry: long-term trends

Like most of Sweden, the investigated area is dominated by non-calcareous bedrock,
and thus its surface waters are sensitive to acid precipitation. Consequently, the in-
creased acid deposition caused a deficiency in alkalinity of approximately 0.1 meq L~
compared to the levels of BC* (Fig. 12). The increasingly acidic precipitation in 1970s
in these relatively remote but acid-sensitive areas gave a fast response in the qual-
ity of the runoff surface waters (Jacks et al., 1986). Figure 2 shows an example from
the unlimed Djursvalsbacken brook (5006), with a relatively close agreement between
the pH in the catchment snow and the minimum pH in the stream water during the
spring floods (Degerman et al., 1992). The squared correlation coefficients (r2) be-
tween stream water minimum pH and snow pH were 0.84 for snow at 600 m, 0.68 at
800m, and 0.57 at 1000 m a.s.l., respectively.

The long-term trend in the precipitation chemistry is reflected in the water chemistry
of the brooks (Table 1, 2). Theil’s slope estimates generally show an annual decrease of
sulphate with approximately 1 peq L™ for the study period as a whole, while no change
can be detected for the years 2000-2010. In contrast, the reference stream 5111, Ovre
Haggingan, shows an annual increase of 3 peq L=' 2000-2010. The general decline of
sulphate in this area is slower than the general trend found in lakes in southern Sweden
and Norway and approximately the same as that in northern lakes (Skjelkvale et al.,
2007).
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The long-term winter (December—April) deposition pattern of the non-marine sul-
phate on the catchment of the river Djursvasslan (5004) and the concentration of sul-
phate in the snowpack are reflected in the concentration trend of sulphate in the stream
from the 1980s until today (Fig. 13). Generally, the sulphate concentration in the catch-
ment snow is higher than in the stream water spring flood concentration, which indi-
cates that the precipitation-derived sulphate is the main source for the stream water
sulphate. However, the sulphate concentration in this stream during high flow has oc-
casionally exceeded the sulphate concentration in the snow. During those occasions,
the formerly deposited sulphate retained in the peatlands of the catchment may con-
tribute to the stream water sulphate. The decreasing acid deposition and the possibly
increased soil water pH, may also cause a decreased sulphate absorption capacity of
the soils, thereby releasing sulphate. However, at some occasions there might also be
a depletion of the sulphate content in the snowpack due to selective melting during
the winter, even if the samples were collected before any visible snowmelt had occur.
The decreasing long-term trend of sulphate in the stream water has rather changed
to an increase since the late 1990s, possibly indicating an effect of climate change
that has caused changed runoff routes because of a more shallow soil layer being
frozen and also shorter periods of frost (Fig. 13). Air temperature data from a moni-
toring site in the area actually show a statistically significant increase of annual mean
temperature by 0.06 °C during the 30yr study period (Fig. 13, temperature data from
http://www.smhi.se/klimatdata/meteorologi/temperatur).

In a study of lakes in northern Sweden included in a national lake survey, the recov-
ery from episodic acidification was also found to be related to the declining sulphate
deposition during the winter (Laudon and Bishop, 2002).

The overall long-term trends in sulphate and TOC are roughly opposite to each other
(Fig. 6). A significant negative correlation between non-marine sulphate and TOC in
water was consequently found (r2 =0.67, Fig. 7). The increase in TOC may thus to
a large extent be related to the change in sulphate concentrations in the streams.
This relationship is similar to what has been reported from other areas, e.g., lakes
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and streams in the UK as well as lakes in the US and Scandinavia (Erlandsson et al.,
2008; Evans et al., 2005, 2006; Monteith et al., 2007; Winterdahl et al., 2011). In those
studies, it was concluded that in addition to climate-related effects (Freeman, 2004;
Weyhenmeyer and Karlsson, 2009; Jennings et al., 2010), there also seems to be
a connection between the decreased acid deposition and the increased run-off of or-
ganic carbon to streams and lakes in regions that were previously affected by higher
load of acidifying substances. The observed trend in organic carbon in our streams
may thus be a result of changed acid deposition and also of a changing climate.

4.3 Water chemistry: seasonal variations

The hydrological regime of the area favours large fluctuations in discharge in the
streams (Borg et al., 1995), which cause substantial short-term variations in e.g., pH
(Fig. 5). The streams are relatively well buffered during base flow but may lose all of
their ANC in a few hours at rising discharge during the spring snow melt. Most of the
severe episodes were associated with the spring flood following snow melt; in some
years, the spring flood consisted of two or more flow peaks depending on the progress
of the snow melt at lower and higher altitudes. Acid episodes caused by the rainy peri-
ods in the summer and autumn were also occasionally observed.

The seasonal variations show different patterns for different water chemistry vari-
ables. The pH and BC™ are lowest during the high flow in May (Fig. 8). Silica exhibits
approximately the same pattern as BC", but with a larger amplitude. The highest con-
centrations were observed during the winter, which reflects a major contribution from
groundwater and a dilution with runoff water during the spring flood. TOC exhibits the
opposite pattern, with the highest levels during the summer-autumn months and the
lowest during the periods with frozen soils, which reflects the major influence from veg-
etation, soil and peat, and possibly some benthic primary production in the streams.
The sulphate variations were relatively small between seasons, with slightly higher
values during April, decreasing May—June, and then increasing again during the au-
tumn months. The minor dilution effect of sulphate during the spring flood, compared
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to pH, ANC and BC, indicates an influence from precipitation-derived sulphate from
the snowpack and a possible contribution from older deposits of sulphur in the wetlands
from previous years with higher sulphur deposition.

The general deficit of alkalinity in the streams (Fig. 12) indicates a relatively high
susceptibility to acid episodes during the high flow periods, which was also observed
as sharp drops in pH and ANC. At unlimed conditions in the streams, the major reason
for the loss of ANC and decrease in pH at high flow was a marked dilution of BC",
decreasing with up to 0.36 meq L~ (Fig. 9). Other ions behaved slightly differently in
the different streams. In river Djursvasslan (5004), which presents the largest loss of
BC", the organic anions increased slightly at high flow. This may be expected, as this
stream drains large wetlands, thereby releasing organic anions that can contribute to
a decreased ANC and pH. In the other two streams, the organic anions became un-
changed or were diluted at flow peak, such as in the stream 5111, which was less
influenced by wetlands. Sulphate was unchanged in stream 5004, somewhat diluted in
5006, and generally enriched in 5111, whereas changes in chloride and nitrate were
minor and did not contribute to the loss of ANC in any substantial way (Fig. 9). Con-
sequently, the base cation dilution was the overall most important reason for the ANC
depression at acid episodes in these streams with varying contributions from the en-
richment of sulphate or organic acids.

These results are in agreement with other stream water studies in northern Swe-
den and in the north eastern USA. Laudon and Bishop (1999), studying five streams
in northern Sweden, found that dilution of base cations with some contribution from
organic anions was the most important cause for ANC loss at high flow episodes. In
another study, dilution at high flow was found to be the main cause for 58 % of identified
acid episodes among 87 streams in Sweden, while enrichment of sulphate was found
to be the main reason for 26 % of the episodes. The sulphate-related episodes were
often related to preceding drought periods (Erlandsson et al., 2010).

Calculating flow related ion differences Wigington et al. (1996) found that dilution of
base cations provided the most important contributions to the ANC depressions dur-
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ing the episodes in streams in the north eastern USA, with some contributions from
organic anions and sulphate. In an experimental study with ammonium sulphate re-
peatedly added to the Bear Brook Watershed in Maine, north-eastern USA, sulphate
was the most important driver of the loss of ANC, and the acid episodes were mostly
due to snow melt events and showed a steady increase following the beginning of the
treatment (Laudon and Norton, 2010).

Using sulphur isotopes and sulphate concentrations in streams in N Sweden, Mérth
et al. (2008) found that the main streamwater sulphate sources were sedimentary sul-
phides and anthropogenic sulphur. During snowmelt, anthropogenic sulphur from the
snow and desorbing sulphate were the main sources of sulphur. A release of earlier
deposited reoxidised sulphur may also contribute to streamwater sulphur during spring
flood.

During acid episodes, extremely high concentrations of metals, especially Fe, Mn
and Al, occurred in the stream waters (Borg et al., 1995). Large deposits of precipi-
tated MnO, and FeOOH formed in the stream beds further downstream (Erik Olofsson,
personal communication, 1985). Earlier studies involving the speciation of metal forms
using cation exchange and in situ dialysis have confirmed that there is a high portion of
particulate and organically complexed Fe during high flow periods (Borg, 1986). Simi-
larly, less than 20 % of Pb occurred as dissolved (dialysable), in contrast to Cd (up to
75 %) and Cu (30—100 %) The observed processes were likely caused by the following
conditions. In the upper part of the catchments, there are old sediments originating
from former lake basins formed by the last glaciation. These sediments consist of fine
particulate silt with Fe and Mn in reduced forms bound as sulphides and carbonates.
Normally, the pH of the groundwater flowing through these sediments is sufficiently
high to prevent the release of Fe(ll) and Mn(ll). However, when the acidic deposition
on the catchments increased, the groundwater pH also successively decreased, and
the Mn(ll), Fe(ll) and Fe(lll) in complexes with FeOOH were dissolved, transported to
the streams and then oxidised and precipitated further downstream after contact with
the oxygenated stream water. Since the wetland liming operations in the catchment of
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river Djursvasslan and its tributaries started in 1985, no high peak values of Fe, Mn
or Al have been observed (Fig. 10). The application of lime on the wetlands was pri-
marily focused on areas with groundwater discharge and apparently trapped metals
successfully in the soils and peatlands.

4.4 Recovery from acidification

The streams in the study area still show frequent acid episodes, with pH-drops to 5.0 or
below, with complete loss of alkalinity. Exceedance of the critical load of acidity on this
region is still 200400 keq km™2, after a decrease from 400-700 keq km™2 during the
1980s (Sverdrup et al., 2002). Despite the large decrease in the acid deposition since
the 1980s, only minor recovery of the stream waters can be observed during recent
years. In general, the sulphate concentrations in the streams have only decreased by
approximately 1 peq L~ yr‘1 during the 30yr study period, and in the latest 10yr, the
decrease has reversed. In a reference stream (5111), even an increase of sulphate
by approximately 1 peq L yr_1 was measured. Simultaneously, pH showed a minor
annual increase by 0.03 units (Table 2).

Consequently, in addition to natural causes, e.g. dilution of BC* at high flow, the
remaining exceedance of the critical load of acidity may contribute to the acid episodes
that are still occurring in the streams and to the slow recovery of water chemistry from
acidification, even in these relatively remote areas in Sweden.
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Table 1. Water chemical data from streams in the Lofsdalen area, Hérjedalen, province of 10, 12849-12885, 2013

Jamtland (Mean, 5- and 95-percentiles).
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Table 2. Long term changes of SO, TOC and pH in the streams during the whole period and
the last 10yr, respectively. Seasonal Kendall-Theil’s slope estimates, significant changes in

bold (p < 0.05 at least).

SO%” TOC pH
Stream Period Theils slope Sign.  Theils slope Sign. Theils slope  Sign.
(meqL'yr™) (mg L'y (pHunitsyr™")
5004 1982-2010 -0.001 < 0.001 +0.10 <0.01 (limed)
R. Djursvasslan 2000-2010 -0.0002 - +0.045 -
5005 1982-2010 -0.001 < 0.0005 -0.13  <0.04 (limed)
R. Hammarbécken 2000-2010 —-0.0005 - 0 - -
5006 1982-2010 -0.001 < 0.001 +0.08 - (limed)
R. Djursvalsbacken 2000-2010 +0.0004 - -0.16 - -
5009 1982-2010 -0.001 < 0.0001 +0.06 < 0.004 (limed)
R. Lofsan
(outlet stream) 2000-2010 +0.0002 - +0.1 -
5111 1994-2010 +0.001 - -0.23 - +0.031 <0.07
R. Ovre Haggingan
(referens) 2000-2010 +0.003 <0.03 -0.45 <0.05 +0.044 -
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Olofsson, Sveg, municipality of Harjedalen).
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Fig. 5. Fluctuations of pH in the streams 5004, 5005, 5006, and 5111. Blue areas mark the
unlimed periods, red areas the limed periods, and green area the period after terminated liming.
Stream 5111 is an unlimed reference stream. The horizontal lines represent median pH for the

respective periods.
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