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Abstract. The water chemistry of streams and precipitation emission sources in Europe, but the critical load of acidity
in the province of Jamtland, northern Sweden has been mornis still exceeded. The long-term recovery observed in the un-
itored since the 1980s to study long-term trends, occurrencéimed streams is thus slow, and severe acidic episodes still
of acid episodes, and effects of liming. The acidity in pre- occur.

cipitation increased in the 1970s, followed by a loss of acid
neutralizing capacity (ANC) and low pH in the streams. Sul-
fur deposition began to decrease in the 1980s, until approx-

imately 2000, after which the decrease levelled out. Streand  Introduction

water sulfate concentration followed the precipitation trend

but decreased more slowly and since the late 1990s a suppcidic deposition has caused a widespread deterioration in
tle increase was observed. Sulfate concentrations in the snotf?e Water quality of lakes, water courses, and soils in large
typically have been higher than or equal to the stream sulParts of Europe, primarily Scandinavia and UK, (Almer et al.,
fate levels. However, during the period of rapid deposition 1974; Dickson, 1980; Henriksen, 1980; Wright et al., 1980),
decrease and also since 2005 stream sulfate has sometim@gd North America, primarily in the NE USA (Hendrey et
exceeded snow sulfate, indicating desorption of stored soifl-» 1980), and Quebec and Ontario in Canada (Dillon et al.,
sulfate, possibly because of climate-related changes in runl980; Dillon et al., 1984). After several decades of increas-
off routes through the soil profiles, following shorter periods ing acidic deposition during the 1900s, the trend generally
of frost. changed during the 1980s as a result of several international

From 1982 to 2000, total organic carbon (TOC) increased@dreements to reduce sulfur emissions (e.g. UNEP, 1972;

fate and TOC from approximately 1990 until today were gen- The decrease of sulfur deposition has contributed to a recov-
erally opposite. ery from acidification, which is currently being observed in
Acidic episodes with pH 4.0 at flow peaks occurred fre- the affected surface waters in several countries (Stoddard et
quently in the unlimed streams, despite relatively well- al-, 1999; Wilander and Lundin, 2000; Wilander, 2001).
buffered waters at baseflow. To evaluate the main causes Sweden has been severely affected by acid rain because
for the loss of ANC during episodes, the changes in majorof the dominating igneous bedrock and relatively sparse oc-
ion concentrations during high flow episodes were evaluatedeurrence of calcareous bedrock. Approximately 15000 of a

The most important factors contributing to ANC loss were di- total number of approximately 85000 lakes less than 1 km
lution of base cations (Ng K+, C&*, Mg2*), enrichment ~ Were considered to be affected by anthropogenic acidifica-

of or‘ganic anions and enrichment of sulfate. tion in 1990 (SWedlSh Environmental Protection Agency,
Wetland liming started in 1985 after which the earlier 1991). Even in relatively remote areas in northern Sweden,
observed extreme peak values of iron, manganese and all@w pPH values in the snowpack were beginning to occur

minium, did not reoccur. The studied area is remote fromin the 1970s-1980s, which resulted in acidic episodes in
streams (Ahlstrom and Isaksson, 1990; Laudon and Bishop,
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174 H. Borg and M. Sundbom: Long-term trends of water chemistry in mountain streams

As a remedy against the effects of acid precipitation, most
of the streams were repeatedly treated with limestone (Ta-
ble 1), which was applied by helicopter on the wetlands and
primarily focused on sites with groundwater outflow. For
a further description of the area and the lime treatments,

K see Andersson and Nyberg (1984), Borg (1986), Borg et
e al. (1995) and Nyberg et al. (1995). The river Haggingan was
o N 5009, used as an unlimed reference stream. Due to a lime treatment
\\AW N T of a nearby catchment, also draining into the Lake Lofssjon
P <—' 5004 A . ; . .
5011 |/ weoom 2005 impoundment, we moved the sampling site a few kilometres
)il / 5006 \ 5003 upstream (site 5111) because we could not exclude the pos-

a°°m*,—/j 5002 sibility that liming influenced the lower reaches of river Hag-
/ gingan, through leakage through the wetlands in between.
/} The unlimed water chemistry at the two sites was very sim-

( ilar, however, and no statistically significant differences be-

0 1. 2km
)

/

tween the two could be detected for any chemical parameters
(Table 1, Fig. 3).

Fig. 1. Location and map of the study area with the stream-sampling2 2 Sampling
stations and snowpack sites marked out. The snow sampling station

at400ma.s.l. is outside the map about 40km to the east. Climate data were collected from the two nearest weather
stations within the Swedish networkttp://www.smhi.se/

1999; Edberg et al., 2001). Consequently, reproduction im_kI|matdata/metgorolog|/dataser|er 2.1)03arna and Sveg,
. . X o located approximately 40 km southwest and east of the study
pairment and other negative effects on fish and benthic inver- X .
. area, respectively. During 1975-1993, snow core samples

tebrates have also been documented in numerous waters I

northern Sweden (Ahlstrém et al., 1995: Andrén, 2009). were collected in Plexiglas tubes at 1000 m (Haggingfjal-

The streams in this investigation were monitored from theIet site), 800 m (Djursvalen site), 620m (Djursvallen site)

early 1980s, and the precipitation was monitored from 19752 nd 400m (Sveg site) aboye sea Ievell (Fig. 1). Samplmg
was performed each year in early April, before any visi-

to present. This study covers 30yr, during a time period tha%le snow melting had occurred. The snow was collected in
has experienced dynamic changes in the deposition of acidi- s : Ny
olyethylene bags, and after melting the pH was immedi

fying substances over the area. The objectives of the preselﬁ)ttely determined. Starting in 1983, precipitation was col-

study were to follow the development of acidification and a S
. . lected monthly as total deposition in polyethylene samplers

recovery, and the occurrence of acidic episodes. As a reme- : )
o e : i at the Djursvallen site. Stream water samples were generally
diation, a large liming program began in the 1980s; therefore, . . i
L2 ) collected monthly, but sometimes daily and weekly; the sam-

another objective was to study the influence of the wetlands

lime treatment on the mobility of metals, primarily Fe, Mn ples were coIIecteq dlrect'ly into polypropylene bottles for
trace metal analysis and into polyethylene bottles for gen-

and Al eral water chemistry analyses. The sample bottles for trace
metals were cleaned by soaking in 6 M hydrochloric acid for
2  Methods three days at 40C and stored with 0.05 M nitric acid for at
least one week until use. Before use, the bottles were rinsed
2.1 Study area with ultrapure deionised water (Milli-Q).

The streams are located in the middle region of the Swedislp 3 Chemical analyses

mountain range, in the province of Jamtland, municipality

of Harjedalen. These streams drain into the impoundmenf|| chemical analyses were performed according to Swedish
Lake LOfSSjén and further downstream into the Lofsan River, standard methods (S|S, Swedish Standards |nstitute), and
which is a tributary of the Ljusnan River, one of the main Subsequenﬂy’ European standard methods (CEN’ European
rivers in N Sweden draining into the Bothnian Sea (Fig. 1). Committee for Standardization). Snow pH was determined
The catchments are in the size range of 10-58md are  on site and water pH after the samples had been transported
approximately 600-1000 m above sea level (a.s.l.), consistovernight to the laboratory in Stockholm. A combined glass
ing of peatbogs and mires, coniferous forests, and tundraglectrode (Radiometer analytical, Red rod, Ag/AgCI refer-
The catchments also include a former lake basin from th%nce e|ectr0de) and ||qu|d e|ectr0|yte (KC|) was used for
last glaciation, which contains fine-grained sediments rich ing|| samples. Major cations were determined by air-acetylene
Fe, Mn and Al. flame AAS (Varian), and from 2008 to present by ICP-AES
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Table 1. Latitude, longitude and mean, 5 and 95 percentiles of key water chemical variables during unlimed and limed periods of the
stream-sampling stations in the Lofsdalen area, province of Jamtland.

Station nr and stream name  Liming status pH Alk ANC *BC SO% TOC Fe Mn Al
Lat—Long Sampling period meq! meql™! meql™! meql~! mgL! pgL! pgL ! pgLt
5004 Djursvasslan Unlimed Mean 6.05 0.186 0.331 0.374 0.043 9.0 3256 482 124
62.0285 N-13.4885 E 1981-1985 5% 4.68 -0.010 0.055 0.095 0.019 21 390 10 20
95% 7.46 0.840 0.820 0.867 0.079 16.0 10300 960 442
Limed Mean 6.93 0.351 0.456 0.476 0.020 10.2 603 66 59
1985-2010 5% 6.10 0.050 0.135 0.149 <0.010 3.3 250 11 16
95% 7.55 0.810 0.890 0.927 0.048 19.0 1290 230 116
5005 Hammarbacken Unlimed Mean 5.68 0.051 0.119 0.176 0.056 13.5 3090 302 151
62.0402 N-13.5670 E 1983-1984 5% 4.47 -0.010 0.045 0.075 0.018 8.9 210 11 35
95% 7.05 0.180 0.205 0.238 0.098 18.0 47000 1390 400
Limed Mean 6.41 0.125 0.216 0.245 0.029 10.6 750 81 89
1985-1995 5% 5.47 0.020 0.090 0.125 0.009 4.8 160 8 39
95% 6.97 0.270 0.354 0.382 0.048 20.0 1800 166 191
Terminated liming Mean 6.37 0.119 0.214 0.231 0.017 13.0 793 62 106
1996-2010 5% 5.18 -0.003 0.100 0.125 <0.010 4.8 295 11 39
95% 7.10 0.270 0.304 0.338 0.035 26.4 1390 178 191
5006 Djursvalsbacken Unlimed Mean 5.67 0.073 0.104 0.140 0.036 9.1 448 33 97
62.0063 N-13.3709 E 1982-1992 5% 4.21 -0.010 0.015 0.053 0.009 1.0 48 1 19
95% 7.10 0.330 0.370 0.408 0.059 24.0 1470 140 197
Limed Mean 6.63 0.153 0.229 0.251 0.022 9.5 345 31 82
1992-2010 5% 5.60 0.020 0.099 0.129 <0.010 1.7 105 2 21
95% 7.20 0.390 0.503 0.525 0.048 24.0 1010 132 148
5009 Lofsan Unlimed Mean 6.17 0.092 0.149 0.196 0.046 10.4 574 114 101
(Outlet river) 1981-1985 5% 5.17 -0.005 0.070 0.108 0.009 7.7 140 13 59
62.0379 N-13.5127 E 95% 6.91 0.235 0.270 0.329 0.068 14.0 2080 490 196
Limed Mean 6.63 0.170 0.237 0.268 0.031 8.1 375 66 71
1985-2010 5% 6.13 0.060 0.140 0.172 0.009 5.5 130 13 42
95% 7.00 0.330 0.389 0.410 0.048 11.5 766 195 108
5110/5111 Haggingan Unlimed Mean 6.06 0.060 0.114 0.155 0.036 8.4 212 17 89
(Unlimed references) 1984-2010 5% 4.50 —0.023 0.020 0.062 <0.010 1.0 33 1 23
62.0116 N-13.3666 E 95% 7.03 0.230 0.291 0.318 0.059 28.0 680 50 177

(Varian Vista). The anions were determined using titrimet- formed within the national air and precipitation chemistry-
ric and spectrometric methods until 1984, and then by ionmonitoring network since 1983 tp://www.ivl.sé.
chromatography (Tecator, Dionex). The total organic carbon

(TOC) was determined using TOC-analysers Carlo-Erba, As2.4 Data analysis

tro, and from 2006 to present, Shimadzu TOC-V CPH. Silica, ) . ) )
nitrogen and phosphorus were determined using spectrome-N€ fractions of sulfate, sodium, calcium and magnesium of
try in continuous-flow autoanalysers. Trace metals were de"on-marine origin were calculated by subtracting their sea-
termined by GFAAS (Perkin-Elmer Zeeman 3030), and fromwatgr conceniranonzielatwe t? chloride (e.g. non-marine sul-
1995 to present, they were determined using ICP-MS (Sciex&t€ in meq L™ SO~ =Sq; —0.103x CI7). In the fol-
Elan 5000 until 2006 and thereafter Thermo X-series 2). Alu-OWing text, ion charges are omitted for clarity. Data analyses
minium speciation was performed by automated cation exWere performed using the SPSS and JMP statistical pack-

change and spectrometric determination of the pyrocatechdt9es- The nonparametric seasonal Mann-Kendall test was
complex (Driscoll, 1984; Andrén and Rydin, 2009). used to test the significance of trends. The method is suitable

Quality assurance of all analytical results included con-fOr data with strong seasonal variation and for data that are
tinuous use of internal and certified reference samples, an§Ot normally distributed or contain extreme observations. For
by following further routines specified in the laboratory ac- 1€ magnitude of the trends, Theil's slope was estimated for
creditation (Swedac accreditation no. 1295, 1993). The anthe time series ona y?arly ba5|s,lfor ei\xample, an increase or
alytical laboratory was a part of the Swedish Environmen-décréase by mgit-yr—=ormeqL=yr—= (Helsel and Hirch,
tal Protection Agency until 1 July 1992, when it was reor- 1992).
ganised into the new Department of Applied Environmental
Science (ITM), Stockholm University. The chemical analy-
ses of precipitation from the Djursvallen site have been per-
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3 Results
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3.1 Trends in temperature and precipitation

600

cipitation

The weather observations recorded at the two nearby weather
sites are probably representative also for the study area, as %
both sites showed very similar temporal patterns of annual £
mean temperature and precipitation (Fig. 2), although air £
temperature was consistently somewhat lower at the Sarnag
site than at the Sveg site. There was a significant long-term
increase in temperature at both sites from 1975 to 2012,
0.038 and 0.057Cyr—1, respectively, with a mean trend
of 0.050°Cyr~1 (p = 0.014, Theil’s slope). No significant
long-term trend in precipitation could be detected during this
period but there was a clear increase from 1975 to 1985 wheng& 5
annual temperature reached a minimum after a decade of
more or less decreasing temperatures (Fig. 2).
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In 1975, the pH of the snow was approximately 5.4 at all _ oo ! \\——sweam 5111
altitudes and was relatively unaffected by acidic deposition & 5% A AoV A
(Fig. 2), but the pH substantially decreased during the three £ i::: a \\ N /I b=t
following years, reaching 4.0 in 1978 at 1000 ma.s.l. Start- ] o N

ing at approximately the same levels in 1975 and 1976, the 1975 1980 1985 1990 1995 2000 2005 2010

pH dropped faster at the higher altitudes 800-1000 ma.s.!

while the lowest site at 400 m generally had pH values tha o h .
were approximately 0.5 units higher. The highest precipita—and annual mean temperature at two weather monitoring stations
. . . 40km E (Sveg) and SW of the Study area. The straight line repre-
tion occurred at the highest altltude_s, 800-1000m, where thgents Theil's slope fitted to the mean of data from both temperature
snow depth generally was approximately 40—80 cm greatercurves_(c) Annual deposition of S§ NOz, and C4 at the pre-
than at 400 m (Fig. 2). From 1978, pH increased again temzipitation monitoring site Djursvallen, close to stream Djursvasslan
porarily to 4.8-5.0 and dropped back to 4.0-4.8 in 1982. Af-(5004) in Lofsdalen, 1984 to 2009 (“*" indicates the non-marine
ter a period of considerable interannual variation during thefractions). Note that the axis is log-transformed to facilitate com-
1980s, snow pH appeared to stabilize and slowly increase, gtarison.(d) Snow pH at different altitudes above seal level. Snow

il':ig. 2. Overview of time series{a) and (b) annual precipitation

least at the highest altitudes (Fig. 2). cores were collected in April 1975-1993 (data from Erik Olofs-
son, Sveg, municipality of Harjedalen). The embedded graph il-
3.3 Deposition lustrates the relationship between pH and snow depiAnnual

min pH of stream water from two nearby stream-sampling stations;
The non-marine fraction (Sp of annual sulfate deposition, D_jursovélsbécken (5006) before liming and never limed Ovre Hag-
measured at 620 ma.s.l., substantially decreased during tHéngan (5111).
1980s, from 80keqkm? in 1985 to 25 in 1990 (Fig. 2).
The decrease continued but at a slower rate during the 1990s. . L
During the last decade, the sulfate deposition has stabilize§€nerally followed the long-term trends in precipitation, but

around Skeqkm?yr—1. In contrast, the nitrate deposition ywth local variation among the different s_treams. Water pH
has varied around approximately 10 keqwyr—? during increased from 1994 to 2910. by00.03§rr|n the unllme_d

the entire 25 yr study period. The non-marine Ca depositiof€ference stream, Ovre Haggingan (5111; Table 2, Fig. 2).
decreased during the 1980s and has then been relatively sthlowever, the seasonal variation was considerable, and acid

ble at approximately 5 keq knf yr—1. episodes with pH valueg less than 5.0 still occurred during
the most recent years (Fig. 3).

3.4 Stream water chemistry Generally, the sulfate concentration in the streams de-
creased, but the rate of change was slower compared

3.4.1 Long-term trends to the deposition trend, especially during the 1980s and

1990s. Since the late 1990s, sulfate in the streams has
The drastic drop in snow pH was reflected in a decreasedncreased (Fig. 4). During the almost 30yr study period,
pH in the stream waters at spring flood, exemplified with the sulfate mean level has decreased by approximately
Djursvalsbacken (5006) in Fig. 2. Stream water chemistry0.03 meq L1, which corresponds to an average annual

Biogeosciences, 11, 17384, 2014 www.biogeosciences.net/11/173/2014/
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Table 2. Theil's slope estimates of long-term trends of non-marine sulfatgYS6al organic carbon (TOC) and pH in the streams during
the whole period and during 2000-2010. The probabilitigsaf change are associated with the seasonal Mann—Kendall test; significant

changes in boldg <0.05).

Stream Period Sp TOC pH
Theil's slope 14 Theil’s slope p | Theil's slope P
(meqL~tyr=1) (mgL~tyrh) yrh
5004 Djursvasslan 1982-2010 —0.001 <0.001 +0.10 <0.01 (limed)
2000-2010 —0.0002 - +0.045 —
5005 Hammarbacken 1982-2010 —0.001 <0.0005 +0.13 <0.04 (limed)
2000-2010 —0.0005 - 0 -
5006 Djursvalsbacken 1982-2010 —0.001 <0.001 +0.08 - (limed)
2000-2010 +0.0004 - -0.16 -
5009 Lofsan (outlet stream) 1982-2010 —0.001 <0.0001 +0.06 <0.004 (limed)
2000-2010 +0.0002 - +0.1 -
5111 Ovre Haggingan (reference)  1994-2010 +0.001 - -0.23 - +0.031 <0.07
2000-2010 +0.003 <0.03 -0.45 <0.05 +0.044 -

stream waters showed no long-term trend during the study
period.

The TOC concentration is relatively high in most of these
streams (Table 1) because of upstream wetlands. TOC gener-
ally increased until approximately 2002 (Fig. 4), and Theil's
slope estimates showed an annual increase of approximately
0.1mgL1 in four of the streams during the study period
(Table 2). Generally, the temporal patterns of the sulfate and
TOC concentrations are inversely related and there is an
overall negative correlation between 3@nd TOC R?=
0.67, Fig. 4).

009

90085

3.4.2 Acid episodes

S00S

Monthly median ion concentrations during unlimed con-
ditions reveal differences in seasonality among the major
ions (Fig. 5). The concentrations of non-marine base cations
(BC*) were somewhat higher during the groundwater domi-
nated winter months and lowest during the spring flood. Sil-
ica presented the same seasonal variation but with a higher
amplitude (Fig. 5). In contrast, TOC was highest during the
summer and decreased during the winter, S@owed rela-
Fig. 3. Fluctuations of pH in the streams 5004, 5005, 5006, andg\./(aly small §easqnal vr?\rlatlon overall, with the. highest me-
ian values in April, which then decreased during the spring

5110/5111. Blue areas mark the unlimed periods, red areas th? di d in during th d
limed periods, and green area the period after terminated Iiming.9 summer and increased again during the snow-covered pe-

Stream 5111 is an unlimed reference stream sampled 1994—201?',Od (_Fig. 5)' .
Station 5110 located downstream station 5111 was sampled 1984— Acid episodes, when the alkalinity may be totally depleted

1987 (later values omitted as the sampling point may have bee@nd the pH reach as low as 4.0 despite the relatively high
influenced by a limed tributary. buffer capacity of the baseflow water (base flow alkalinity

is often 0.5-1.0 meqt!), occurred frequently during high-

flow events. The unlimed reference stream Ovre Haggingan

(5111) had repeated episodes with pH of approximately 5.0
decrease of 1ueql! (Theil's slope estimator; Table 2). or below from 1984 to 2012. Similarly, in the stream Ham-
However, during the period 2000-2010 this decrease canmarbé&cken (5005), where the lime treatment was terminated
not be confirmed statistically, and in Haggingén (5111} SO in 1995, episodes with negative alkalinity and pH below 5.0
increased with 3 peqtlyr—1 (Table 2). Similar to the rel- occurred during 1998-2005, after which the episodes have
atively stable nitrate deposition, nitrate concentration in thebeen less severe (Fig. 3). To evaluate the main causes of the

FEEG/OLLS

_a a4 a4

1861

€86}
G861}
186}
2002 7
6002
L1027
€102
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. . . . Fig. 5. Seasonal variation in water chemical parameters at unlimed
Fig. 4. Upper panel: trends in non-marine sulfate @md total or- " . .
. ) . : onditions. Boxes represent 25, 50 and 75 percentiles and whiskers
ganic carbon (TOC) in the streams during the study period (annua A .
represent 10 and 90 percentiles of monthly concentrations measured

mean, standard error). Lower panel: correlation between TOC and
. - . . in all streams for all years.
SQj concentrations in stream water. Each point represents a sin-

gle sample. Data include the streams 5004 (with the two tributaries

5002, 5003), 5005, 5006, 5009, and 5111. 01 5004 5006 5111
L R, ¥ S -
: . . . . £
still frequent acid episodes, the changes in concentrations of | |
the major ions between the base flow and high flow were §
evaluated for three streams; Djursvasslan (5004), Djursvals- 5 -

backen (5006), from the period before liming, and Ovre Hag- <
gingan (5111), the unlimed reference stream. The annual °]
changes of BC, SO, Cl, NOz and organic anions were
calculated as the difference between concentrations at highs
flow and baseflow. Organic anions were defined as the dif- =
ference between major cations (Ca, Mg, Na, K) and anions
(alkalinity, SQu, Cl, NO3) in meq L%, and we identified the
annual_hlgh flow an_d _baseflow Concentra_tlons by the tlmmgFig. 6. Loss of acid neutralizing capacity (ANC) and concurrent
of maximum and minimum ANC, respect_lvely. The medlan changes in major ions and organic anions (Org) in unlimed streams
pH values dropped between 1.0 to 1.5 units during high flow, igh flow compared to base flow (high flow minus base flow, i.e.

periods, and the loss of ANC was 0.1-0.4 mefé (Fig. 6). negative numbers indicate dilution and positive numbers indicate
The largest change was observed for*B@ all three  enrichment at high flow).

streams, 0f-0.1 to —0.36 meq =1, which indicates a con-
siderable dilution of the BCat high flow. In contrast, sulfate
did not exhibit any large changes at peak flow; for most peakiution. In the reference stream Ovre Haggingan (5111), an
flow events, it remained unchanged or exhibited a slight di-enrichment of sulfate was observed during the majority of

High flow

Difference

lo

| S LR e LN e
W ® Z O W ® Z QO m » Zz O
Q Q0" Qe 0 - Q@00 "

ONV-|
610
ONV-
610
ONV-|
610
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high flow periods (i.e. 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. Chloride and nitrate ions underwent only minor
concentration changes during high flow (Fig. 6).

3.4.3 Chemical effects of liming

The lime treatment of the wetlands was effective in stabilis-
ing the water chemistry and counteracting the acid episodes
during the spring flood and rainy periods. Since the be-
ginning 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 treat-
ment (Fig. 3). The former extremely high peak values of
Fe, Mn and Al during high flow, for example, in Djursvass-
lan (5004) and its tributaries, have not returned since lim-
ing began (Fig. 7). Trace elements such as Cd also showed
lower concentrations and less seasonal variations after lim-
ing (Fig. 7). As expected, inorganic monomeric Al (Ali) was Ot~ T
negatively correlated to pH, and the highest Ali concentra- 282888888
tions occurred during acid episodes, especially in the un-
limed streams (Fig. 8). Some elevated concentrations als§ig- 7. Concentrations (annual meansSD) of Fe, Mn, Cd, and
occurred in stream 5005 Hammarbécken after the liming wag\ in R. Djursvasslan (5004) and its two tributaries (5002, 5003)
terminated in 1995 along with returning acid episodes. Neg_tlaefore and after the start of liming, indicated by the vertical dashed
ative pH correlations were also observed for other typically“ne'
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 jomesic emission sources and from long-range air pollution
found in the unlimed streams and in the reacidifying stream o m central and Eastern Europe. The nearby mountain range
5005 (Fig. 8). at the Norwegian border likely somewhat protects the area
from westerly winds that bring pollutants from Western Eu-
rope. During some occasions (e.g. in May 1981) pH as low as
3.6-3.7 was recorded in the throughfall at 800 ma.s.l. (data
4.1 Climate, precipitation chemistry and deposition from Erik Olofsson, Sveg, personal communication, 1990).
The prevailing wind direction over northern Sweden during
The effects of acid precipitation have been documented inl951-2008 was reported to be mostly south to southwest, but
Sweden since the 1960s, primarily in south-western Swedernthere were also some years when southeasterly winds dom-
the area most affected by long-range airborne pollutants frominated (e.g. 1981) (Wern and Barring, 2009). Annual mean
the European continent (Almer et al., 1974; Odén, 1968).air temperatures (Fig. 2) were also positively correlated to
The more northern part of Sweden appeared to be less athe winter (December—March) North Atlantic Oscillation In-
fected, at least until the mid-1970s, when observations ofdex (NAO;http://www.cru.uea.ac.uk/cru/data/nary? values
low pH values in the snow profiles followed by acid episodes0.19 and 0.25), indicating different origin of the air masses
in mountain streams were reported, for example, in the are&raversing the area during winter.
studied here, and further north in Sweden, in the province of Similar to the general trend in many parts of Europe, sulfur
Vasterbotten (Bjarnborg, 1983). In our study area, there wasleposition rapidly decreased during the 1980s from approxi-
a drastic decrease in snow pH during the 1970s, especiallynately 80 to 20 keq kr? yr—1. The decrease continued more
at higher altitudes. This dramatic change may be connectedlowly during the 1990s to approximately 10 keqihyr—1.
to a decreased temperature 1975 to 1980, and an increas@&uiring the last ten years, the sulfur deposition has been rela-
precipitation with a relatively higher amount deposited astively unchanged and even showed a slight increase. The sul-
snow during November to May (Fig. 2). Another factor of fur emission protocols agreed upon in Europe (e.g. UNECE,
importance is the dominating wind direction. The lowest pH 1987) had a markedly positive effect, especially during the
of precipitation in our study area was generally associatedl980s, but today’s remaining emissions are likely more diffi-
with southeasterly winds, which indicates an influence fromcult to decrease further, which causes the earlier decreasing
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wod W
deposition caused a deficiency in alkalinity of approximately

10 45 50 55 60 65 70 75 80 0.1meq L1 compared to the levels of BQunder unlimed
pH conditions (Fig. 9). The increasingly acidic precipitation in
1970s in these relatively remote but acid-sensitive areas gave
Fig. 8. The influence of pH on inorganic aluminium (Ali, upper a fast response in the quality of the runoff surface waters
panel) and molybdenum (lower panel) concentrations in stream wa{Jacks et al., 1986). Figure 2 shows an example from the un-
ter. The bivariate normal density ellipses (90 %) illustrate the sign|imed Djursvéalsbacken (5006), with a relatively close agree-
and strength of the correlation under unlimed conditions (blue ar-ment between the pH in the catchment snow and the mini-
eas), limed conditions (red areas) and after that liming was termi-, ,m pH in the stream water during the spring floods. The
nated in 1995 (green areas). squared correlation coefficient®9) between stream water
minimum pH and snow pH were 0.84 for snow at 600 m,
0.68 at 800 m, and 0.57 at 1000 m a.s.l., respectively.
trend of sulfate also in the surface waters to level out or in-  The long-term trend in the precipitation chemistry is re-
crease (Figs._{l and 10). _ _ flected in the water chemistry of the brooks (Tables 1 and 2).
The deposition of Caand S is now roughly equivalent,  Theil's slope estimates generally indicate an annual decrease
providing potential for further recovery of water quality from  of sulfate with approximately 1 pedi for the study period
the effects of earlier excess sulfate deposition and the depleas a whole, while no change can be detected for the years
tion of cations such as Ca and Mg in the soil. 2000-2010. In contrast, the reference stream 5111, Ovre
Some influence of the climatic conditions on the nitrogen Haggingan, shows an annual increase of 3 pelg2000—
fractions in air during the winter (December—March) was ob- 2010. The general decline rate of stream water sulfate in this
served, indicated by a correlation between the NAO-indexarea is similar to trends observed in northern lakes but slower
and the nitrate concentration in the precipitati®? & 0.28,  than for lakes in southern Sweden and Norway (Skjelkvéle et
p <0.01) and a weaker correlation with ammoniuR? & al., 2007).
0.14). There were also a general tendency towards higher pH Within the catchment of Djursvasslan (5004), the long-
values and lower sulfate concentrations in the precipitationterm decline in both winter SPdeposition (December—
during periods with a low NAO-index, indicating an influ- - April) and SG; concentration in snow from the 1980s until

ence of relatively cleaner Arctic air masses. today, is reflected in the stream water;S@ncentration, but
with an apparent time lag of 5to 10 yr (Fig. 10). In most years
4.2 Water chemistry: long-term trends the sulfate concentration in the catchment snow is higher

than in the stream water spring flood concentration, which
Like most of Sweden, the investigated area is dominated byndicates that the precipitation-derived sulfate is the main
non-calcareous bedrock, and thus its surface waters are seseurce for the stream water sulfate. However, the sulfate con-
sitive to acid precipitation. Consequently, the increased acictentration in this stream during high flow has occasionally
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exceeded the concentration in the snow, not only during the Ta
period of rapid decrease but also after the;Ri@position A *
has levelled out (Fig. 10). Using sulfur isotopes and sul-
fate concentrations in streams in northern Sweden, Morth et §
al. (2008) found that the main stream water sulfate sources? °7
were sedimentary sulfides and anthropogenic sulfur. During _ °7
snowmelt, anthropogenic sulfur from the snow and desorbing 3 ** 1
sulfate were the main sources of sulfur. We suggest that for—g"“i )
merly deposited sulfate retained in the peatlands of the catch- °* 1 /.
ment may have contributed to the periodically excess stream® 2%
water sulfate observed in this study. One possible explana-_ °*® 3
tion is periods with a deeper route of runoff because of less g ** ]
frozen soils. In addition, the decreasing acid deposition and 50_045
the possibly increased soil water pH, may cause a decreasecg vor ]
sulfate absorption capacity of the soils, thereby releasing sul-3
fate. Alternatively, at some occasions there might also have o -
been a depletion of the sulfate content in the snowpack due to
selective melting during the winter, even if the samples wereFig. 10. Comparison of winter climate and deposition with non-
collected before any visible snowmelt had occurred. The desmarine sulfate (S§) concentration in stream water after snow
creasing long-term trend of sulfate in the stream water hagnelt over 30 yr(a) Total SG,-deposition and precipitation (dashed
levelled off and our data suggest an increase since the lati"€) during November-Mar.(b) SO}- concentration in precip-
1990s (Figs. 4 and 10). This may be an effect by climate'tation (snow) represented by preC|p|Fat|on weighted mean_of
change — both annual and especially winter mean air tempmyponthly records Nov-March and mean air temperature (dashed line)

. . . . ovember-March(c) Mean S@-concentration in R. Djursvass-
ature have increased during the 30yr study period (Figs. %n 5004) stream water during spring flood (May). Error bars cover

and 10) —and changed runoff routes because of a more shake range for years with multiple samples taken during May. Grey,
low soil layer being frozen and also shorter periods of frost. enjarged points indicate years with higher JS@ncentration in

The overall long-term trends in sulfate and TOC are stream water after snowmelt than in winter precipitation. The thin
roughly opposite to each other, and there is an overall negatrend lines are spline function fitted to the data. Air temperature
tive correlation between sulfate and TOR(= 0.67, Fig. 4).  is the average of the monthly mean temperatures recorded at the
A similar relationship have been reported from other areasSveg and Sarna weather observatories (cf. Fig. 2). Precipitation and
e.g. lakes and streams in the UK as well as lakes in the Ugleposition data mainly originate from the Djursvallen precipitation
and Scandinavia (Erlandsson et al., 2008; Evans et al., Zooggonitoring station located close to the stream-sampling station. For
2006; Monteith et al., 2007; Winterdahl et al., 2011). In thoseY&ars 1982-1983 and a few months where local observations were
studies, it was concluded that in addition to climate-related""2Valable, missing data was imputed with the average of corre-
effects (Freeman, 2004: Weyhenmeyer and Karlsson, 200 szpondlng precipitation data from the Sarna and Sveg observatories.
Jennings et al., 2010), there was a connection between the de-
creased acid deposition and the increased run-off of organic
carbon to streams and lakes in regions previously affected byo 4.0 in that stream (Erik Olofsson, Sveg, personal com-
higher load of acidifying substances. The observed trend immunication, 1986). According to an estimation of reference
organic carbon in our streams may thus be a result of changedonditions (year 1860) using the MAGIC library (Moldan et
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acid deposition and also of a changing climate. al., 2013), pH at high flow in the stream 5111, Haggingan
would have been approximately 5.5. The natural pH varia-
4.3 Water chemistry: seasonal variations tion in these streams probably had smaller amplitude than

what has been observed during the latest 30 years.

The hydrological regime of these catchments is characterised The streams are relatively well buffered during base flow
by very large seasonal variation in discharge into the streamdyut because of the acidic deposition they may lose all of their
with a factor of more than 200 between base and high flowANC in a few hours at rising discharge during the spring
(Borg et al., 1995), causing substantial short-term variabil-snow melt. Most of the severe episodes were associated with
ity in, for example, pH (Fig. 3). Before the acid deposition the spring flood following snow melt; in some years, the
started to increase in the study area during the 1970s, pHpring flood consisted of two or more flow peaks depend-
at high flow was generally around 6.0 or higher. In streaming on the progress of the snow melt at lower and higher
5006, pH during spring flood was 5.9-6.3 during 1975-1977altitudes. Acid episodes caused by rainy periods in the sum-
(Fig. 2). Similarly, in stream 5004, pH was relatively stable mer and autumn, were occasionally observed. The seasonal
at 7.0 through the year, 1976, apart from at peak flow in May,pattern varies among the studied water chemistry variables.
when it decreased to 6.7. In 1979, pH at spring flood droppedase cations and pH are lowest during the high flow in May
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(Fig. 5). Silica exhibits approximately the same pattern asfate repeatedly was added to the Bear Brook Watershed in
BC*, but with a larger amplitude. The highest concentrationsnorth-eastern USA, sulfate was the most important driver of
were observed during the winter, suggesting a major groundthe loss of ANC, and the acid episodes were mostly associ-
water contribution to the base-flow and a then dilution with ated with snow melt events and showed a steady increase fol-
runoff water during the spring flood. TOC exhibits the op- lowing the start of the treatment (Laudon and Norton, 2010).
posite pattern, with the highest levels during the summer— During acid episodes, extremely high concentrations of
autumn months and the lowest during the periods with frozermetals, especially Fe, Mn and Al, occurred in the stream
soils, which probably reflects influence from vegetation, sur-waters (Borg et al., 1995) and large deposits of precipitated
face soil and peat, and possibly some benthic primary proMnO, and FeOOH were formed in the streambeds further
duction in the streams. Seasonal changes ijy 8&e rela-  downstream (Erik Olofsson, personal communication, 1985).
tively small, with slightly higher concentrations during April, Earlier studies involving the speciation of metal forms using
decreasing May—June, and then increasing again during theation exchange and in situ dialysis have confirmed that there
autumn months. The minor dilution effect on sulfate during is a high portion of particulate and organically complexed Fe
the spring flood, in comparison with pH, ANC and Ban- during high flow periods (Borg 1986). Similarly, less than
dicates an influence from precipitation-derived sulfate from20% of Pb occurred as dissolved (dialyzable), in contrast
the snowpack and a possible contribution from older depositéo Cd (up to 75%) and Cu (30-100%). The extreme lev-
of sulfur in the wetlands from periods with higher sulfur de- els and the distribution in the streams were likely mediated
position. by the following processes: In the upper part of the catch-

The general deficit of alkalinity in the streams (Fig. 9) in- ments, there are old sediments originating from former lake
dicates a relatively high susceptibility to acid episodes dur-basins formed by the last glaciation. These sediments con-
ing the high flow periods, which was also observed as sharist of fine particulate silt with Fe and Mn in reduced forms
drops in pH and ANC. At unlimed conditions in the streams, bound as sulfides and carbonates. Normally, the pH of the
the major cause of the loss of ANC and lowered pH atgroundwater flowing through these sediments is sufficiently
high flow was the dilution of BE, decreasing with up to high to prevent the release of Fe(Il) and Mn(ll). However, as
0.36meq -1 (Fig. 6). Other ions behaved slightly differ- acid deposition increased and the groundwater pH also suc-
ently among the streams. In Djursvasslan (5004) with thecessively decreased, colloidal and particulate forms of Mn
largest loss of BC, the organic anions increased slightly at and Fe could dissolve and be transported to surface water.
high flow. This stream drains large wetlands that can releas&inally, when exposed to oxygenated stream water, we ex-
organic anions that may have contributed to the observeghect that the released metals were oxidized and eventually
losses of ANC. In the other two streams, the organic aniongrecipitated further downstream. Since the wetland liming
did not change or were diluted at flow peak, such as in streanoperations in the catchment of river Djursvasslan and its trib-
5111, which was less influenced by wetlands. Sulfate wasitaries started in 1985, no high peak values of Fe, Mn or Al
unchanged in stream 5004, somewhat diluted in 5006, andhave been observed (Fig. 7). The application of lime on the
generally enriched in 5111, whereas changes in chloride andvetlands was primarily focused on areas with groundwater
nitrate were minor and did not contribute to the loss of ANC discharge and apparently trapped metals successfully in the
in any substantial way (Fig. 6). Thus, the base cation dilutionsoils and peatlands.
was the overall most important reason for the ANC depres-
sion at acid episodes in these streams with varying contribu-
tions from the enrichment of sulfate or organic acids. 5 Recovery from acidification

These results are in agreement with other stream water
studies in northern Sweden and in the north-eastern USAIn a study of lakes in northern Sweden, the recovery from
Laudon and Bishop (1999) found that dilution of base cationsepisodic acidification was related to the declining sulfate
and, in some cases, enrichment of organic anions were thdeposition during winter (Laudon and Bishop, 2002). Also
most important causes for ANC loss at high flow episodesin the streams studied here we have seen a long-term re-
in five streams in northern Sweden. In another study, dilu-covery from acidification in response to decreasing deposi-
tion at high flow was found to be the main cause for 58 %tion. The most severe acid episodes have not appeared af-
of identified acid episodes among 87 streams in Swedenter 2004 (Fig. 3). However, since 2005 there is no clear ev-
while enrichment of sulfate was found to be the main rea-idence of further recovery. During 2005-2012 the unlimed
son for 26 % of the episodes. The sulfate-related episodestreams in the study area continue to experience frequent
were often related to preceding drought periods (Erlandssoacid episodes, with pH-drops to 5.0 or below, with complete
et al., 2010). Wigington et al. (1996) found that dilution of loss of alkalinity. Exceedance of the critical load of acid-
base cations provided the most important contributions to thety in this region is still 200-400 keq kni?, after a decrease
ANC depressions during episodes in streams in the northfrom 400-700 keq km? during the 1980s (Sverdrup et al.,
eastern USA, with some contributions from organic anions2002). Despite the large decrease in the acid deposition since
and sulfate. In an experimental study where ammonium sulthe 1980s, only minor recovery of the stream waters can be
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observed during recent years. In general, the sulfate concerGLRTAP: Convention of Long-Range Transboundary Air Pollution,
trations in the streams have only decreased by approximately ECE, UNEP, Geneva, 1979.

1 peqLtyr~1 during the 30yr study period, and in the lat- CLRTAP: Convention of Long-Range Transboundary Air Pollution,
est 10 years, the decrease appears to have reversed. In a refECE, UNEP, Helsinki, 1985. . i
erence stream (5111), even an increase of sulfate by appro)Qu:kson, W.: Properties qf aC!dIerd waters_, edlte(_j _by:_DrabIos, D.
imately 1 peq I:lyr_l was measured. Simultaneously, pH and Tollan, A):,\ Ecological impact of acid precipitation, SNSF-

. ) ' . ' project, Oslo-As, 75-83, 1980.
showed a minor a,mnual,l_ncrease by 0.03 units (Tabl_e 2_)' illon, P. J., Jeffries, D. S., Scheider, W. A., and Yan N. D.:
Consequently, in addition to natural causes (e.qg. dilution o

- . . . Some aspects of acidification in Southern Ontario, edited by:
BC* at high flow), the remaining exceedance of the critical  prapiss, D. and Tollan, A. Ecological Impact of Acid Precipi-

load of acidity may contribute to the acid episodes that are tation, SNSF-project, Oslo-As, 212—213, 1980
still occurring in the streams and to the slow recovery frompillon, P. J., Yan, N. D., and Harvey H. H.: Acidic deposition:
acidification, even in these relatively remote areas in Sweden. effects on aquatic ecosystems, CRC Cr. Rev. Anal. Chem., 13,
167-194, 1984.
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