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Abstract

Laudon, H. 2000. Separ ating Natural Acidity fromAnthropogenic Acidificationinthe Spring
Flood of Northern Sweden. Doctor’ sdissertation. | SSN 1401-6230, | SBN 91-576-5894-3.

Spring flood is an occasion for transient hydrochemical changesthat profoundly effect the
biodiversity of the aguatic ecosystem. Spring flood isalso very susceptibleto anthropogenic
acidification. Belief that acid deposition is primarily responsible for pH decline during spring
flood has been an important factor in the decision to spend close to one billion Swedish
crownsto lime surface watersin northern Sweden during the last decade.

The objective of thiswork isto present an operational tool, the Boreal Dilution Model (BDM),
for separating and quantifying the anthropogenic and natural contributionsto episodic
acidification during spring flood episodes in northern Sweden. The limited data requirements
of 10-15 stream water samples before and during spring flood make the BDM suitable for
widespread use in environmental monitoring programs. This creates a possibility for distin-
guishing trends and spatial patternsin the human impact aswell as natural pH decline.

The results from applying the BDM, and a one point “pBDM” version of the model, in
northern Sweden demonstrate that the anthropogenic component associated with spring
flood episodesis now generally limited. Instead it is the combination of natural organic
acidity and dilution of the buffering capacity that is the major driving mechanism of
episodic acidity during spring flood eventsin the region. While the anthropogenic component
of episodic acidification generally contributes 0.1 to 0.3 pH units to the natural pH decline
of up to 2.5 pH units, the current regional extent of areas that are severely affected by
anthropogenically driven episodes is approximately 6%.

Prior to theinitiation of the Swedish Environmental Protection Agency’s “ Episode Project”,
the limited spring flood data together with lack of a systematic methodology for determining
liming candidates forced the liming authorities to base the remediation strategy in northern
Sweden on biological indications. But, since there are more reasons why acid sensitive
speciesmay be absent or not thriving, including natural acidity, physical habitat degradation,
or an earlier period of anthropogenic acidification that ceased many years earlier, biological
indicators are not areliable guide to the contemporary acidification status. Instead hydro-
chemical models, such asthe BDM, are needed.

Key words. anthropogenic acidification, DOC, episodic acidification, natura acidity, northern
Sweden, operational model, spring flood.
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Sammanfattning

Varfloden &, for manga organismer i norrlandska vattendrag, den ekologiskt
viktigaste handelsen pa aret. Upp till haften av &rsavrinningen kommer i sma och
medelstora vattendrag under de tre till fyra veckorna pa varen som sndsmatningen
pagar. Det upptréder &ven dramatiska vattenkemiska forandringar i samband med
varfloden, som utgér naturliga begransningar for dlt levande i ekosystemen. Tyvarr
& varfloden i Norrland ocksa utsatt for en forsurningsbelastning som medfor en
paverkan pa flora och fauna utéver den naturliga och i varstafal kan s ut vissa
kandiga arter. Forsurningssituationen under snésmaltningen forsvéras ytterligare
av att véren & en tid pa aret da manga fiskarter befinner sigi kandiga utvecklings-
stedier.

| Norrland paborjades storskaig kalkning 1991 efter det att biologiska studier i
vattendrag indikerat en avsaknad av vissa arter. Dessa biologiska indikationer
tillsammans med Naturvardsverkets bedomningsgrunder for kalkning (dér dla
vattendrag med ett pH under 6,0 ndgon gang under aret kunde erhdla kalknings-
bidrag) medforde att en storskalig verksamhet drogs i gang i manga lan. Idag,
nastan tio ar senare, har totalt nérmare en miljard kronor spenderats pa kalkning i
Norrland. Av dessa pengar har en stor del gatt till att forhindra ekologiska skador i
samband med varfloden.

Orsaken till att drastiska pH sankningar, sa kallade surstétar, uppstér i samband
med varfloden & dock mycket komplex och sur nederbord & bara en av manga
majliga faktorer. Naturliga faktorer kan ge upphov till ming lika kraftiga surstétar.
Det & ocksa svart at utifran biologiska indikationer i form av minskad fiskforekomst
faststédlla den depositionsbetingade (som orsakas av [uftfororeningar) forsurningens
utbredning i Norrland, eftersom andra faktorer som skogsbruk, flottning, vandrings-
hinder och Gverfiskning kan ge liknande effekter. Dessutom kan det ta flera &tionden
innan biologin dterhamtar sig trots redlla forbéttringar i vattenkemin. Den tidigare
avsaknaden av en tillforlitlig metod for att separera naturlig surhet fran antropogen
forsurning i samband med hogfloden har darfor forsvarat en prioritering mellan
objekt for att undvika att kalka naturligt sura vattendrag i Norrland.

Huvudsyftet med ” episodprojekt”, finansierat av Naturvardsverket och dar detta
arbete & en dd, har varit att 6ka den vetenskapliga basen for kalkningsverksamheten i
Norrland. Syftet med det arbete som resulterat i denna avhandling har varit att ta
fram en " episodmodel” som kan sérskilja naturlig respektive antropogen forsurnings-
paverkan under surstétar.

Episodprojektet och byggandet av episodmoddlen har foljts av en bred referensgrupp
med deltagare fran Naturvardsverket, lansstyrelsernai Norrland samt ett tiotal
forskare fran Sverige och Norge. Detta samarbete har lett till att vi idag béttre forstar
varflodens komplexa natur. For att mdjliggora en sa korrekt beskrivning som
majligt av forsurningspaverkan fran luftfororeningar i samband med hogfloden i

7



norrlandska vattendrag samt fér att testa olika kritiska agpekter av surstétsdynamiken
sa har en méngd olika delprojektet, bl.a. ett fiskprojekt, ingétt i episodprojektet.

Episodmodellen, som &ven kallas BDM (Bored Dilution Modd), & ett verktyg
som kvantifierar hur stor del av ANC (" Acid Neutrdisation Capacity” dler buffert-
kapacitet) och av pH-minskningen som orsakas av luftféroreningar respektive
naturliga kdllor under surstotar. Modellen berdknar hur kemin i ett vattendrag
skulle varai samband med varflods- och kraftiga regnepisoder utan inverkan av
forsurande luftféroreningar, det vill séga en naturlig vattenkemi. Episodmodellen
majliggor att i enskilda vattendrag avgora hur stor del av de observerade surstétarna
som kommer fran naturliga respektive depositionsbetingade kéllor pa ett sitt som
tidigare inte varit mgjligt. Framfor alt & modellen tankt att anvandas i omréden
dar forsurningspaverkan & episodisk, t.ex. i Norrland. | framtiden kan dock
episodmodellen komma att anvandas i andra delar av landet da férsurningsproble-
matiken, i samband med minskande surt nedfal, Gvergdr fran kronisk till mer
episodisk karaktér.

Den anvandarvanliga berakningsmodellen dér episodmodellen stér som grund, &
redan i bruk inom ramen for olika miljédvervakningsprogram i landet. Modellen
finns nu att tillgd i en internetbaserad version (http://www.sek.d u.se/personal/
hlaud/hjalmar.htm). Modellen ger tjanstemén och andra intresserade majlighet att
anvanda ett avancerat utvarderingsverktyg utan att fastnai komplex kemisk jam-
viktsmodellering.

Resultaten fran de 6ver 20 varflodsepisoder som presenteras i denna avhandling
visar att naturliga kdlor, framforalt organiska syror och utspédning, i de dlra
flesta fall stér for de storsta bidragen till de uppkomna surstétarna. Generellt
bidrog luftfororeningar endast med 0,1 till 0,3 pH enheter av den observerade pH
nedgangen pa upp till 2,5 pH enheter. | en regiond studie som ocksa presenteras i
denna avhandling visas att endast ca 6% av Norrlands ytaidag fortfarande &r
forsurningspaverkat i samband med varflodsepisoder. Den storsta andelen av
dessa vatten ligger i den sydvéastra fjéllregionen.

Ett viktigt resultat som framkommit ur det hér doktorsarbetet & att férsurnings-
problematiken i samband med varfloden & starkt kopplad till koncentrationen av
forsurande &mnen i snon. Detta visar att en forandring av forsurningsbel astningen
i Norrland ger omedelbara effekter pa vattenkemin. Eftersom det tar avsevart langre
tid innan de vattenkemiska forbéttringarna leder till biologisk dterhamtning sa &
det omdjligt att siga ndgot om dagens forsurningspaverkan med biologiska indika
torer. | stéllet behdvs vattenkemiska verktyg, som t.ex. episodmodellen, for att
utréna de naturliga respektive antropogena surstétsfaktorernas betydel se under
radande forsurningsbelastning. En viktig dutsats fran detta arbete & att det beduts-
underlag som idag anvands for att beddma vilka vattendrag som ska kalkas i
Norrland maste revideras s3 at en kakning av naturligt sura ytvatten, till skillnad
fran idag, kan undvikas.



Background

Surface waters acidification has been the focus of much environmental research
during the last 30 years. Despite large scientific advances in this field of research,
though, fundamenta questions about the effects of acid deposition on soils, surface
waters and biology are still frequently discussed (e.g. Frink, 1996; Binkley and
Hogberg, 1997). A centra question for regions on the boredl fringes of acidification
that has long remained unanswered is the role of anthropogenic deposition during
snow melt and storm runoff. For even though the acidity of surface waters often
reach exceptiondly high levels during these periods of high flow, there is a
significant contribution from natural sources to these pH declines. One such
boreal region on the fringe of acidification is northern Sweden where levels of
acid deposition are relatively low but surface waters commonly experience low
pH in conjunction with hydrologica episodes, especialy spring flood runoff.

To determine if surface waters are acid is not a difficult task since it isjust a
matter of measuring pH. But to determine if that same water has been acidified by
acid deposition, is much more difficult. The term acidification defines a process
moving from one chemical state to ancther, more acidic condition. Acidification of
surface waters can be “chronic” due to permanent changes in surrounding soils, or
“episodic” driven by hydrologica events caused by snow melt runoff or rain
storms. These processes can be entirely natural but aso anthropogenic. Natural
and anthropogenic acidification can also be superimposed upon each other. This
latter Situation is the case during episodes of high flow in northern Sweden, but
this has not aways been recognized, much less quantified.

The acidification debate in Sweden started with a Swedish newspaper article in
October 1967 by Svante Odén (Odén, 1967). This article by Odén was the first
time distant pollution source was cited as the explanation for declining fish popu-
lations in many surface waters in southwestern Scandinavia. His findings aso
served as the starting point of a chain reaction that, among many things, led to an
amost immediate reduction of sulfur emissons in Sweden (Lundgren, 1991).
Since Odén’ s newspaper article, Swedish authorities have taken great strides in
both internationa negotiations to reduce emissons and by remediation of anthro-
pogenic surface water acidification.

In northern Sweden the acidification debate did not start until the beginning of the
1990's. The stage for that debate was set by areport (Ahlstrém and 1saksson, 1990)
which claimed that there was large scale biological damage in the region caused
by acid deposition. No mention was made in that report of natural causes of acidity.
Despite this shortcoming, or perhaps because of it, that report was instrumenta in
a decison by the Parliment to increase funds for liming so that the authorities also
in northern Sweden could lime acid surface waters.



Biologicd indications of acidification were an important basis for the interpretation
of the low pH found in northern Sweden, especialy during episodes. The reliance
on biologica indicators resulted partly from an interest in fish status and partly
from alack of adeguate hydrochemical measurements. This contributed to the
failure to recognize the presence of natural acidity and the importance of separating
those natural causes from anthropogenic acidification.

Biologica acidification studies without adequate hydrochemical information can
rarely elucidate the cause and extent of anthropogenic acidification in northern
Sweden since a lack of older biologica studies in the region often hinders such an
analysis (e.g. Ahlstrém et al., 1995). Furthermore, several other factors besides
acidification, such as damaged spawning grounds, migratory restraints, overfishing
and introduction of new species could have caused the diminished fish stock in
small lakes and streams in the region observed by many older residents of the
region with an interest in fishing.

Despite the limitations in the tools for interpreting the causes of acidification in
northern Sweden presented by Ahlstrom and |saksson (1990) the report came to
form the basis of the multimillion crown liming program in the region. Since 1991,
the Swedish liming program has been subsidized by the Swedish government with
between 150 and 200 million Swedish crowns annually. Approximately half of the
national liming subsidy, or close to one hillion Swedish crowns during the last
decade, has been spent in northern Sweden. A further expansion of that liming
program, with a focus on northern Sweden, was recently suggested for the coming
10 year period (SEPA, 1999).

During the 1990's a liming strategy based on the nationd policy guiddines for liming
(SEPA, 1988) has been pursued. This policy statesthat all surface waters with a
pH below 6.0 or akainity below 50 neq L a any time during the year are digible
for nationally subsidized liming. The officia liming guidelines are now being
revised (SEPA, in review). The officid verson now in review suggests that liming
should focus on protecting and reestablishing the natura biodiversity. In the new
proposed guiddines three levels of pH are given as the minimum tolerable pH at
any time of the year depending on the level of natura acidity (6.3, 6.0, and 5.6).

Throughout the 1990’ s there has been a considerable concern that liming is not
gppropriate in northern Sweden since natural acidity is at least partly responsible
for the low pH and akainity in the region (Bishop, 1991; Kullberg et d., 1993;
Ivarsson and Jansson, 1995; Warfvinge et d., 1995; Bishop, 1997, Warfvinge et
a., 1998). The opposition and debate has been driven by the fear that liming
naturdly acid systems would not only artificially raise pH to unnaturaly levels
but would also eliminate natural temporal and spatia variations in stream water
chemistry. While an atificialy raised pH will give negative effects on the natural
biodiversity of such systems (Blomgvist et d., 1995), a homogenization of surface
water chemistry could lead to less genetic variation and a competitive advantage
for new species (Poléo, 1998).
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A limitation of the early opposdtion to liming in northern Sweden was the difficulty
of quantifying the natural sources of acidity. An important development for the
improved understanding of the role of natural acidity was therefore the paleo-
limnological findings that no regiond pH decline had occurred since pre-industria
times in the two most northern counties (V asterbotten and Norrbotten), despite
the generaly low contemporary pH of the lake water in the study (Korsman, 1993;
1999). However, since the diatom recongtructions of historic lake pH vaues respond
to gradua changes in lake chemistry, and therefore do not necessarily reflect the
transient change in pH associated with acid episodes, the findings by Korsman
did not address the issue of how large the anthropogenic acidification component
in northern Sweden was during episodes. Instead, the paeolimnological evidence
brought the issue of spring flood episodes even more into the foca point of the
acidification debate in northern Sweden.

In 1995 the Swedish EPA organized a workshop on the liming controversy in
northern Sweden. The consensus document from that workshop called for an
improvement in the scientific basis for understanding the problem of episodic
acidification in northern Sweden (Lofgren and Bertills, 1995). In order to improve
the scientific involvement in the liming program, the Swedish EPA Research
Divison and Liming Program jointly financed the multi-investigator Episode
Project. The project, which has been running since the fall of 1996, has involved
researchersfrom severa universitiesin Sweden and Norway aswell asrepresentetives
from both national and regiond environmental protection authorities. The Episode
Project congists of four parts; 1) monitoring and modeling chemica driving
mechanisms of episodic acidification, 2) studying fish physiologica response
associated with spring flood pH decline, 3) modding changes in bassflow chemidiry
in northern Sweden due to acid deposition and land-use, and 4) integration of
biologica and chemica results.

Objectives

The purpose of thisthesisis to present the results from the first part of the Episode
Project on monitoring and modeling chemica driving mechanisms of episodic
acidification (although some results from the other parts will aso be presented).
The more specific objectives of the water chemistry part of the Episode Project
were to:

1. Edtablish a protocol for data collection when monitoring episodic acidification.

2. Collect relevant data since limited data was available at the outset of the
project.

3. Deveop an operationd modd for separating natura acidity from anthropogenic
acidification.

4. Provide recommendations to improve liming activity in northern Sweden.
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Spring flood pH decline

Most naturaly acid bored environments have been acidified by dow processes
since the last glaciation (Renberg et a., 1993). These acidification processesis
due to production of organic acids in the top soil which leach the minera soil as
precipitation percolates down through the soil profile. This produces acid podzols.
In low-lying areas paudification has led to the development of peats and wetlands.
The podzolization and aging of the soil decreases the flux of base cations while
the wetlands increase the flux of organic acids to surrounding surface waters. These
natural processes have led to a situation where 8%-16% of the over 70,000 lakes
(and probably a larger proportion of the amost one million km of streams) in
northern Sweden are naturally acid i.e. have a natural pre-industrial pH below 6.0
(Lars Rapp, unpublished data). However important these dow natura processesare
for forming the natura background environment in bored regions, the transent
changes associated with hydrological events superimposed on those baseflow
conditions are often the major chemical constraints for many aguatic speciesin
the region.

Transient changes in stream water chemistry associated with increasing discharge
during rain or snow melt events often induce large declines in pH and acid neutrdiza
tion capacity (ANC). The episodic pH declineis typicaly preceded by a change
in the concentration of most major dissolved solutes due to a shift in the sources
and pathways of water. During low flow periods (baseflow conditions) water is
derived mainly from deeper minera soil horizons and the groundwater zone with
longer water residence times, where the accumulated effect of mineral weathering
renders the water relatively akaline. During hydrologica events, rain or snow
melt input generates arising water table activating water flow through more super-
ficia layers. These upper soil horizons are often more acidic due to higher con-
centrations of natural organic acidity and/or acid deposition. In northern Sweden,
the upper horizons typicaly have a higher hydraulic conductivity alowing a more
rapid transfer of water through the soil to the stream (Rodhe, 1987). Thus the pH
and buffering capacity of the surface water originating from these episode-activated
hydrological reservoirs are often depressed considerably relative to baseflow
(Bishop et al., 1990). Recent research has shown that, contrary to popular belief,
soil frost does not often dter the hydrology of spring flood in the borea forest
(Nyberg et d., in press; Stahli et d., in press).

The spring flood of many bored environments has large ecological significance
(e.g. Smonin et d., 1993). Not only do the natural transient changes in hydrology
and hydrochemistry form the basis for the life cycle and competitive advantages
of certain aguatic species (Poléo, 1998), the spring flood dso has important impli-
cations for the nutrient transport and microbiology of surface waters (Jansson et
a., 1999; Stepanauskas et a., 2000). Furthermore the spring flood in northern
Sweden is of large hydrologica interest since up to 50% of the annud runoff in
small catchments occurs during the three to four week snow melt period.
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However, snce goproximatdy haf of the annud acid deposition load can accumulate
in the winter snow pack and many of those acidifying compounds are released from
the snow during the initid stages of melting (Johannessen and Henriksen, 1978),
spring flood is particularly vulnerable to anthropogenic acid deposition. The
sengtivity towards unnaturd effects on the timing, duration and decline in pH during
the spring flood is of particular concern since this is a period when many aquatic
Species are at sengitive life stages of their development (Vanoffelen et ., 1994).

Despite both the potentia threat to the biodiversity in northern Sweden and the
large government spring flood liming subsidy, surprisngly few episodic acidification
studies have been conducted in the region. The isolated studies prior to the initiation
of the Episode Project, demonstrate that both anthropogenic (Jacks et al., 1986;
Ahlstrom, 1994) and natural factors (Jansson and Ivarsson, 1994; Lofgren, 1996)
can be the main source of the increased acidity during spring flood events. The
significance of the findings from the first episodic study (Jacks et a., 1986) for
the situation today needs to be considered circumspectly though, because the acid
deposition levels in the region have decreased substantialy since that study was
conducted 15 years ago. The limitation in the number of earlier observations aso
prevented an analysis of the geographic spread of anthropogenic acidity. The
previous studies did, however, demonstrate that before the need for liming could
be assessed, there was a need both for a systematic approach to separating natural
sources of acidity from anthropogenic sources, as well as a more synoptic approach
to the problem in northern Sweden (L6fgren and Bertills, 1995).

Although the problem of episodic acidification associated with snow melt received
limited scientific attention in Sweden during the 1980° and early 1990's, the
problem received more attention in other seasonally snow covered regions where
transient changes in pH and ANC were athreat to aquatic organisms. Extensive
reviews of these early developments in the understanding of episodic acidification
are provided by Wigington et a. (1990) and Eshleman et d. (1992). Among the
firg to use a time series approach to estimate sources of episodic acidification
was a study from central Ontario in Canada by Molot et a. (1989). The model
developed by Molot et d. (1989), quantifies the relative contribution of dilution
as wdll as strong acid anions to the decline in buffer capacity during episodes.
Similar approaches have been used by a number of subsequent episode studies to
estimate episodic sources of ANC decline (DeWalle and Swistock, 1994; Evans et
d., 1995; Hyer e d., 1995; Wigington &t d., 1996; Laudon and Bishop, 1999a) and
increases in H* concentrations (Campbel| et d., 1992; Kahl et d., 1992). While the
approach first suggested by Molot et a. (1989) and later used in numerous studies
was agreat step forward to a better understanding of the mechanisms driving
episodic acidification, these models did not solve the fundamental question for
northern Sweden about the relative importance of natural and anthropogenic sources
for the pH decline in areas with high levels of organic acidity.
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Sour cesof acidity during spring flood

The pH decline of boreal surface waters associated with spring flood is often the
result of several natural factors. In areas of anthropogenic deposition these natural
factors can interact with the effects of acid deposition to produce toxic acid surges.
These naturd processes include, dilution of the buffering capacity, input of organic
acids, oxidation of sulfides in marine sediments and bedrock, supersaturation of
CO, and sea salt episodes. The anthropogenic sources originate mainly from air-
borne acid deposition, but could also include oxidation of naturd soil sulfur due
to land drainage. (Fig. 1)

Influences on Episodic Acidity
(Not to Scale)

O Anthropogenic Sulfate
O Anthropogenic Nitrate
O ANC dilution

O Organic Acids

O Sea Salts

Yy

O Geological Sulfides
@ pCOo2 (if pH>5.6)

Influence on Acidit

Time

Fig. 1. Conceptual diagramof the potentially natural and anthropogenicinfluenceson
episodic acidification during spring flood and rain events.

Anthropogenic sour ces of acidity

Sulfate

Anthropogenic SO,> deposition has caused extensive damage to soils and surface
waters world wide (Rodhe et al., 1995). Reports on the chronic long term effect
dueto SO, deposition have proliferated in the scientific community for more than
three decades (e.g. Odén, 1968; Henriksen, 1979; Mason, 1990; Likens et a.,
1996). Studies in eastern USA and Canada (Tranter et ., 1994), aswell asin
Europe (Davies et d., 1992; Wigington et d., 1992), have also concluded that
anthropogenically derived SO, is one of the most important factors depressing
pH and ANC during hydrologicd episodes. In northern Sweden episode studies in
weakly buffered streams have also cited anthropogenic SO,? as having amgjor
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influence on the stream water chemistry during hydrological episodes under certain
circumgtances (Jacks et d., 1986; Ahlstrém, 1994; 1999; Laudon and Bishop, in
reviewA).

During the initiation phase of adidification, mogt of the deposited SO % is neutrdized
in the sail, which implies that the negatively charged SO, is co-transported with
positively charged base cations leached from the soil rather than protons and toxic
aluminum species. In later stages of soil acidification, base cations will be depleted,
alowing more protons and inorganic aluminum to follow the mobile SO, anion
to surface water (Reuss and Johnson, 1986). Therefore, in a short time perspective,
acid deposition will not lead to an acidification of the runoff leaving the catchment.
In alonger time perspective, though, exhaustion of base cations and acidification
of the soil will result in surface water acidification.

Schematic models of SO, dynamics often state that the export of SO,> from a
catchment should equal the deposition input (e.g. Bernes, 1991). Mass-balance
studies of sulfur, however, often show that there is alarge seasond variation in
the export due to an internal tempora storage and more permanent retention of
sulfur in many soil systems. The seasona variation is due to an accumulation of
SO,?% during the winter and summer periods. Only a part of the accumulated
deposition is often washed out during high flow events during the spring flood
and fal rain sorms (Stede and Buitle, 1994; Allan, 1995). Stedle and Buittle (1994)
demonstrated that much of the anthropogenic SO, released during snow melt
was transported and stored in the unsaturated zone. They concluded further that
this storage was only partialy depleted at the end of the melting and that a large
portion of the sulfur may be lost as a result of deep groundwater flow, biological
uptake or may undergo transformation to less mobile organic forms. In wetland
areas the SO, retention has been found to be as large as 80% of the SO, input
under certain hydrological conditions (Devito and Hill, 1997). This is Smilar to
the approximately 65% retention of SO,%, with the retention being positively
correlated to wetland area, associated with spring flood found in the Episode
Project (Laudon, 1999). In northern Sweden there is also alarge unused SO,*
retention capacity in the soil that can retain SO,% more permanently (Karltun,
1995). Retention of SO, in the soil decreases the acidification effect on both the
soil and runoff. Recently, however, it has been shown that large amounts of organ-
ically bound sulfur can be minerdized and released from forest soils, delaying the
recovery from soil and water acidification in southern and centra Sweden (Morth
et d., 1999; Lofgren, 2000). Karltun (1995) concluded that soils in central and
northern Sweden have a higher totd capacity to retain SO ;2 than soils in the southern
part of the country. This implies that soils in the north have a higher capacity to
neutralize deposited SO,% and therefore are less susceptible to soil and surface
water acidification compared to catchments in southern Sweden.

The contemporary depostion level of SO,% in northern Swedenisca. 1-3 kg S-SO,*
hect yr- of which gpproximately hdf is deposited during the winter months (Kindbom
et al., in press). Scenarios of historic SO, deposition in Sweden suggest that the
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peak in SO, deposition was ca. 1970 (Mylona, 1996). The subsequent decline in
SO,% deposition is mainly due to decreasing European sulfur emissions (L6vblad
et d., 1995) dthough relatively large inter-annual variations driven by variations
in precipitation amounts have been observed (Kindbom et d., in press). From the
1970 deposition level in northern Sweden, the decline to the beginning of the
1990’ s was approximately 65% (S. Mylona, unpublished data). That decline has
continued until today and was, on average for northern Sweden, approximately
50% between the mid 1980's and late 1990's (Kindbom et d., in press). Fulfillment
of the Gothenburg Protocol to the United Nations Economic Commission for
Europe Geneva Convention on Long Range Transport of Pollutants will lead to a
further 25% reduction of sulfur deposition from the present vaue in northern
Sweden (G. Lévblad, unpublished data).

Nitrate

Nitrate is another anthropogenic source of acidification. It can influence the pH of
surface waters during hydrological episodes, especially spring flood (Galloway et
a., 1987; Schaefer et d., 1990). Uptake and neutralization is a more significant
process for NO,™ than for SO,% sinceit is an important and often limiting nutrient
in the boreal forest. Anthropogenic NO,™ has proved important in surface water
acidification in some coastal areas in southern Sweden and Norway where the
deposition of NO;™ is high and the C/N ratio of the soil islow (Dise et d., 1998;
Bertills and Nésholm, 2000). In northern Sweden, where the annual NO;™ deposition
normaly is lessthan 1 kg ha! (Akselsson, 2000), no study, so far, has shown that
NO; leakage should be of importance in surface water acidification.

Natural sour ces of acidity

Dilution

One of the most important natural factors promoting acid surges during high flow
events is the dilution of the more well buffered baseflow by ionically wesk, low
buffering snow medt water (Bjarnborg, 1983; Wigington et a., 1996; Laudon and
Bishop, 19994). Dilution can only reduce the total buffering capacity toward zero
since no strong acidity is produced. After the carbonate buffering system is exhausted
(around pH 5.2-5.5) and before the aluminum buffering system takes over (below
ca. pH 4.5), organic acidity isthe mgor pH buffer and thus determines how far
dilution aone can depress pH. The larger the melt water fraction during the spring
flood, the larger the dilution will be (Fig. 2). In areas of steep dopes and thin
soils, such as mountainous catchments, the dilution is larger than in low eevation
boreal forest catchments with thick soils where the fraction of melt water often is

smaller (paper 1V).
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Buffering Dilution with Snowmelt

Buffering Strong Bases
Capacity O Strong Acids

Buffering
Capacity

Base Flow Spring Flood

Fig. 2. Schematic figure of how the buffering capacity is diluted by snowmelt. The buffering
is calculated asthe difference between the strong bases and strong acid anions (c.f. equa-
tion 5). By diluting the strong bases and strong acid anionsin the same proportion, the
buffering capacity will bediluted similarly.

Organic acidity

The large influence of organic acidity, normally measured as TOC (total organic
carbon), DOC (dissolved organic carbon) or color, on the acid-base chemistry of
surface waters has been known for more than adecade (Oliver et a., 1983; Eshleman
and Hemond, 1985; athough Rosenquist (1978) already in the 1970's suggested
that the expansion of coniferous forests was an important factor in lowering pH of
surface watersin Norway). Severa studies have aso demongtrated that DOC can
play an important role in controlling the pH decline during both rain driven flow
events (Bishop et al., 1990; Laudon and Bishop, in review A) and during show
melt driven events (Campbell et d., 1992; Kortelainen and Saukkonen, 1995; paper
[ and I11). A difficult task in quantifying the role of DOC on the pH during high
flow events is modeling the acid-base character of the DOC. Recent work by
Kohler et d. (1999) has successfully done this for the conditions in northern
Sweden. This enables a more accurate description of DOC' s role in driving the
pH decline during spring flood.

The importance of DOC in controlling the pH in borea forest streams is due to
the generdly high levels of DOC in surface waters of the region (generaly ranging
from 10 to 25 mg L* of DOC). During high flow the DOC, contrary to most other
dissolved constituents, often increases in concentration (Bishop et al., 1991,
Bishop and Pettersson, 1996; Laudon and Bishop, 1999a; Laudon et a., 1999,
paper | and 11). Bishop and Pettersson (1996) suggested that the increased DOC
concentration during the spring flood is driven by a rising groundwater level that
activates new, more superficial source aress.
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While the effect of dilution is that the water becomes more acid sensitive, DOC is
the driving mechanism of the pH decline. The combined effect of dilution on the
buffering capacity and the naturally increased flux of organic acidity during
spring flood can cause a pH decline of over 2 pH units as well as forcing pH
down to pH 4.5 or below under certain circumstances (Fig. 3; paper | and 111).
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Fig. 3. The relationship between ANC and pH at different levels of TOC. In the figure two
theoretical streams are shown with different baseflow ANC and three different changesin
TOC during the episode. During an episode with a 50% dilution, the resulting pH will
depend on baseflow ANC and on therelative TOC change.

Other natural sources of acidity

Natural sources of SO,> and NO;, can, under cartain circumstances, inhibit astraight
forward anaysis of whether the main driving mechanism of episodic acidification
is naturd or anthropogenic. Climatic variations, especidly extremely cold wegther,
can increase the flux of nitrate leaching from forested soils (Mitchell et a., 1996).
It is therefore possible that some previoudy reported cases of nitrate |oss associated
with snow melt episodes could be caused by natural variations in weather and not
due to anthropogenic deposition. However, the separation between different sources
of nitrate is of margina importance in northern Sweden since nitrate is not an
important hydrochemical component in surface waters of the region where forests
are nitrogen limited.

Natural sources of SO,% can be more difficult to separate from anthropogenic
sources in northern Sweden since both fine sediment soils (Ivarsson and Jansson,
1995), and sulfide-rich till and bedrock (Andersson et a., 1999) can cause elevated
levelsof SO, during both baseflow and episodes. Fine post-glacid marine sediments
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have been found up to 120 m above sea level in the county of V&sterbotten
(Granlund, 1943), suggesting that all catchments with fine sediments or wetland
complexes below this level potentialy could have elevated sulfate levels due to
natural sources. SO,> leakage from these fine sediment soils are an important
cause of pH decline during the spring flood in the coastal area of Vasterbotten
(Ivarsson and Jansson, 1995). Large areas of the coastal zone in V asterbotten also
have a very complex and heterogeneous geology with narrow dikes of sulfide-rich
bedrock. The largest sulfur anomalies in the bedrock and overlying till are found
in the contact zone between coastal gneiss and graywacke in the coastal area of
northern Sweden (Dahlstrom and Johansson, 1997). Variation in bedrock and soils
can hence giveriseto large variation in the SO, of both baseflow and episode
chemidry.

Supersaturation of CO, isaso anatura factor which greatly can affect pH in many
surface waters (e.g. Kohler, 1999). The CO, supersaturation is due to in-lake respira:
tion of alochtonous carbon and from inputs of runoff from soils and wetlands high
in TOC and CO, (Hope et a., 1996). Since CO, in combination with water produces
bicarbonate and hydrogen ions, supersaturation will lead to a production of acidity.
Significant effects on pH can, however, only be expected for pH above 5.0.

Sea sdlt in precipitation can have large effects on the episodic acidification of
many coadtd regions (Heeth et d., 1992; Lydersen and Henriksen, 1995). Infiltration
of snow melt or rain water with high sea st concentrations will lead to cation
exchange between base cations and hydrogen ions/duminum bound to soil particles.
The resulting runoff chemistry can have toxic effects on the biology of surface
waters (Hindar et al., 1994). During heavy precipitation events, sea salt deposition
can be higher than norma in the whole of Sweden, but especially in the mountain
range aong the border to Norway (Akselsson, 2000).

Operational mode

One of the main objectives of the Episode Project has been to develop an operationa
model which can be used to separate and quantify the extent of anthropogenic and
natura driving mechanisms during hydrological episodes. One important criteria
for this work has been the need to develop an “operationa” model that can readily
be used by locd, regiona and nationd authorities for the evauation of the acidi-
fication status in individual streams. The model developed here, called the Bored
Dilution Model (BDM), can be used to calculate the separate contributions from
natural and anthropogenic sources of episodic pH decline (paper |). The BDM is
an extension of the ADM (ANC Dilution Model) which was developed to separate
and quantify driving mechanisms of ANC decline during hydrologica episodes
(Laudon and Bishop, 1997; 1999a).
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Aquatic organisms are primarily affected by changesin pH (and pH dependent
changesin the Al-speciation). The pH of the surface water is therefore of uttermost
interest when attempting to model changes in the acid-base chemistry driven by
atmospheric deposition. Since the pH of surface waters is controlled by the ANC
and the presence of weak acidsin the water, ashift in at least one of these two
controlling factors must occur to drive a change in pH.

The fact that ANC is conservative with respect to dilution makes it a perfect can-
didate for the modeling purpose of the BDM. The pH on the other hand, is closely
related to ANC and TOC. Thus the pH can be calculated. The foundation of the
BDM rests on the charge baance definition of ANC (e.g. Stumm and Morgan, 1981)

(Eq. D).

ANC = & proton acceptor - & proton donors. (Eq. 1)
Alternatively, ANC can be expressed as Eqg. 2.

ANC = & weak acid anions - & weak cations (Eq. 2)

According to the eectroneutrdity principle for natura waters, the sum of cations
must equal the sum of anions (Eqg. 3).

A wesk acid anions+ & strong acid anions= & wesk cations+ a strong base cations
(Ea. 3)

ANC can, therefore, also be calculated using standard chemical analyses (equa-
tion 4 and 5).

ANC = 4 strong base cations - & strong acid anions (Eq. 4)

A strong acid is defined as being fully dissociated in the pH range of natural
waters (Stumm and Morgan, 1981), which implies that it does not buffer the
solution against protons at any pH of a natural system. A weak acid can range
from entirely dissociated to practically undissociated in the pH range of natural
waters, depending on its equilibrium pH, and can therefore act as a buffer in a
certain pH interval. Most mineral acids are classified as either strong or weak.
The organic acid component of DOC behaves as both a strong and awesak acid
since DOC does not consist of one well-defined acid-base molecule but instead of
an array of acid functiona groups. The equilibrium pH of the individual organic
acids varies over the whole pH range (e.g. Oliver et ., 1983). A portion of the
organic acids should hence be included in the latter ANC calculation (equation 4)
as strong acids for a more precise measure of the buffering capacity (Munson and
Gherini, 1993). Some recent work on episodic acidification has aso included the
strong organic acid in the ANC calculation (Eshleman et d., 1995, Laudon and
Bishop, 1999; Laudon et al., 1999). When quantifying and separating the anthro-
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pogenic influences of episodic acidification from the natural factorsit is, however
of limited importance whether or not the DOC is referred to as a strong acid. Since
there is an uncertainty in how much of the DOC should be defined as a strong
acid (Kohler, 1999), DOC is often not included in the ANC calculation (Hyer et
al., 1995; paper | and I11). Thisis aso the standard method in Swedish environ-
mental protection monitoring work for calculating ANC (Wilander, 1999) as well
asininternationa negotiation work (Posch et d., 1997). DOC is therefore excluded
from the calculations of strong acids in the BDM.

Pre-industrial ANC

The BDM isbased on the observed ANC (ANC s 1y; EQ. 5), adilutionindex (Dl y,
Eqg. 6) at any time “t” during the flow event and an organic acid model. The sum
of base cations (BC =2 « [C&*] + 2« [Mg?*] + [Na'] + [K*]) are used asthe DI
which smulates the naturd dilution of both BC and the anthropogenically signifi-
cant anions of strong minera acids (ANSA =2 « [SO,%] + [NO57) during runoff
episodes. Chloride dynamics are considered natural and are hence not diluted to
follow the DI. The naturd, pre-industrid ANC (ANCeing 1) IS predicted using
equation 7. The difference between the predicted pre-industrial ANC ;¢4 v (EQ. 7)
and the observed ANC, .y (EQ. 5) isinterpreted as the human influence on the
ANC (DANC, 1; Eq. 8) during the episode.

ANC sy =2°[Ca®*](y +2 *[Mg?] + [Na?*] oy + [K*] - [CI] 9= 2 *[SO4* ]y~ [NO3 Ty

=BCy-ANSA , - [Cl], (Eq. 5)
DIy =BCp/BClus (Eq. 6)
ANC greing. 5 = Dl g * (BCipuee) - ANSA 1)) - Cl (Eq. 7)
DANC a1,y = ANC preinay ~ ANCipsy (Eq. 8)

The subscript “obs’ denotes “observed” while “base’ denotes baseflow conditions.

Pre-industrial pH

Since ANC also can be determined as the difference between weak acid anions
and wesk cations (Eq. 2), ANC can aso be calculated using equation 9. By
rearranging equation 9 and excluding species that will not significantly affect pH
in the study streams, the natural, pre-industria pH (pH ,¢ing. ) Can be calculated
(Eq. 10). The difference between the pH ¢ (Ed. 10) and the observed pH is
interpreted as the human influence on the pH (DpH 01 +y; EQ. 11) during the
episode (athough natural sources of SO,* can inflate DpH 1, See “discussion”).
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ANC = [HCO,] +2+[CO,2] + [RCOO] + [OH] - [H*] -n*[AI"]  (Eq.9)

[H*] preina,oy = [HCO37]y +[RCOOT oy +[OH Ty - ANC reina. ) (Eq. 10a)
PH preind, o = ~100(H"] (preina) (Eq. 10b)
DoH o, ) = PH (preind.ty = PH (aerated (Eqg. 11)

RCOOQO" is calculated with a calibrated, pH dependent pK , mode described in
paper 11. Since several of the componentsin Eq. 10 are pH dependent, the pH ;¢ing
must be solved for iteratively. Note that since pCO, is an important component in
the pH modeing a set partia pressure is needed. In thiswork the atmospheric pCO,
of 3.42 (380 ppm) is used for both modeling and for air equilibration.

A description of the BDM in Swedish is presented in Laudon and Bishop (1999B)
and Laudon et a. (in press). A modd for limed waters have also been developed
(Laudon and Bishop, 2000). A computerized, user-friendly version of the BDM
can be downloaded from http://www.sek.d u.se/eng/personal/hlaud/hjalmar.htm.

Resultsand discussion

This thes's presents the Boreal Dilution Modd for separating and quantifying the
anthropogenic and natural sources of episodic pH decline associated with spring
flood episodes in northern Sweden (paper 1) together with data and modeling
results from the over 20 spring flood episodes from the region collected within
the frame work of the Episode Project (Paper |1 and 111). A synoptic overview of
the severity of the anthropogenic component during spring flood episodes using
deposition data and lake monitoring data from northern Sweden is also presented
(paper V). Finally, an analysis is provided of how the scientific advances in
understanding the role of acid deposition during spring flood has been (and might
be) used to develop the liming policy in northern Sweden (paper V). The results
in this thes's are mainly based on the hydrochemistry component of the Episode
Project but implications of these results for other parts of the project will aso be
discussed.

Paper |

This first paper presents the Borea Dilution Modd for separating and quantifying
the natural and anthropogenic acidity in stream pH decline during spring flood or
other hydrologica episodes in areas that are not chronicaly acidified. The BDM
is gpplied to one spring flood episode in northern Sweden. Three important assump-
tions in the BDM are discussed and quantified;
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1. Vaiationsin the base cation concentration is a good estimate of the natural
dilution of ANC during hydrologica events.

2. Baseflow chemistry is not affected by acid deposition, or can be corrected for.

3. DOC has not changed due to human activity since the pre-industrial period.

The BDM accounts for two natural sources of acidity associated with hydrological
events. One is the dilution of runoff ANC and the other is organic acidity. The
data requirement for the model is atime series of 10-15 water chemistry samples
collected before and during an episode. This sample resolution is limited enough
for regional water quality monitoring programs that aim to assess the variation of
the anthropogenic impact on runoff chemistry in time and space.

Paper |1

Results from the stream water chemistry part of the Episode Project are presented.
The paper provides an overview of the project and presents spatial and tempora
variability of spring flood hydrochemistry during 1997 and 1998 in a dozen streams
in northern Sweden. Sources and driving mechanisms of the pH decline are also
guantified.

There was alarge variation in both baseflow and chemical response to snow melt
in the streams included in this study. The 0.5 to 2.5 pH unit decline during the spring
flood recorded for the streams was accompanied by a substantia increasein TOC
and a decrease in most minera congtituents. During the 1997 spring flood, organic
acids contributed more than 80% of the acidity in most of the locations in this
study. In three of the streams, the anthropogenic contribution was closer to, but
dtill lower than, that from organic acidity. During the 1998 spring flood, with a
larger SO,> deposition in the region, the anthropogenic contribution of protons
was in genera higher than during the previous year. In three of the streams, the
contribution from anthropogenic sources was similar to, or somewhat larger than,
that from the natural organic acids.

Paper 111

In this paper modeling results of pre-industrid pH using BDM on the spring flood
data from the Episode Project are presented. The anthropogenic component of the
pH decline was in generd 0.1 to 0.3 pH units. The study further demonstrated that
pH under certain circumstances can declineto close to pH 4.5 as aresult of natural
processes adone (Fig. 4). The most important factor influencing the pH was the
combined effect of natural processes, caused by an increase in TOC, and dilution
of ANC.

While the results from this study suggest that the anthropogenic acidity was
generdly limited in the 22 spring flood episodes with gpplicable data from the
episode project, the results aso suggest that the weakly buffered catchmentsin
the coastal area with the highest SO, deposition were the sites most affected by
acid deposition. These catchments were a so the sites most sensitive to model
assumptions.
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Fig. 4. Variation in baseflow/peakflow pH. The first column for each streamisthe 1997
spring flood, the second column isthe 1998 flood. The dark gray areaisthe natural pH
decline. Thewhite areaisthe anthropogenic pH decline (DpHq). Theerror barsdenote
the standard deviation in the DpH, of the peak flow phase.

Paper IV

This paper is based on the consistent relationship between the S content in the
snow and the anthropogenic component of ANC decline found in the spring flood
in northern Sweden (Fig. 5). The correlation is used for a regional prediction of
the severity of episodic acidification in northern Sweden using SO, winter deposi-
tion data together with hydrochemical data from 1240 lakes selected to be geogra
phically representative of the region.

The regional assessment provided in this paper suggests that the anthropogenic
influence on spring flood ANC decline in northern Sweden currently is limited
(Fig. 6). While the results have major implications for the future liming strategy
in northern Sweden, the results also indicate that the rate at which emissions are
reduced in Europe is of great importance for the rate of improvement in the acidi-
fication status of surface watersin the region.
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Fig. 5. The correlation between SO,2 concentration in snow and DANC, during spring
flood in 34 spring floods from 24 sites with baseflow ANC below 250 neqgL* (r2= 0.60;
p<0.001). Spring flood data with much higher depositionfroman artificially acidified
catchmentsin Canada (Allan, 1995) and a heavily acidified catchment inthe Czech Republic
arealso shown (unpublished data). Theseresultsgenerally fall ontheregressionderived
fromthe data from northern Sweden.

Paper V

The controversy over the ca one billion Swedish crowns spent on liming in northern
Sweden during the last decade has led to severa scientific advances in understanding
the role of natural and anthropogenic acidity. These improvements indude tools
for both detailed quantification of acidity sources during hydrological episodes as
well as regiona predictions of the anthropogenic contribution to episodic acidi-
fication in northern Sweden.

In this last paper, scientific advances and the development of liming policy during
the last decade are compared. Despite the active role of policy makers in supporting
the scientific advances in understanding the role of natura acidity, recent policy
proposals for the liming of northern Sweden during the coming decade have yet to
take account of relevant scientific findings.
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Fig. 6. Areas affected by different level s of anthropogenic episodic acidification during the
1998 spring flood.
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Assumptionsin the BDM

Most of the results, discussions and conclusions in this thesis rest on the foundation
of the BDM. Ciritica tests and validation of important assumptions in the modd are
therefore necessary for the plausibility and relevance of the findings in this thesis.

Validity of BC as the Dilution Index

The most important of the assumptions in the BDM is that the base cation dilution
index (BC-DI) is areliable measure of ANC dilution under natura pre-industrial
conditions. An erroneous dilution quantification will not only provide an inaccurate
buffering capacity dilution but aso give an incorrect estimate of the anthropogenic
contribution during the episode.

When quantifying the pre-industrid dilution of ANC, the sum of base cations are
used to separate the natura dilution of ANC from the contemporary dilution. While
it is tempting to conceive this ANC dilution separation in the BDM in terms of a
two-component mixing where the natura dilution would be a product of unpolluted
dilute snowmelt water diluting a well buffered “pre-event” baseflow component,
this concept is not applicable in the model. Instead, the use of contemporary BC
dilution is taken as a surrogate for the pre-industria dilution quantification in the
BDM which is not necessarily the same as hydrograph separation.

While conservative hydrological tracers such as oxygen-18 (e.g. Rodhe, 1987; Mast
et a., 1995) are excellent for separating between “event” and “ pre-event” water
during spring flood episodes (if the specific criteria for the tracers are fulfilled,
see Rodhe, 1998), the advantage of BC lies in its non-conservative nature (Fig. 7).
While oxygen-18 is not affected by its flow pathway, BC is affected by both
exchange reactions and neutralization processes on its way to the stream. “ Self-
compensating” effects of BC-DI is one important reason for using BC in the
BDM.

Two “sdlf-compensating” effects are conceivable (and quantified in paper I). The
first being neutrdization of anthropogenic acidity in the soil (or by anthropogenic
BC in the precipitation). This will result in extra inputs of BC during the episode,
and less than the natura BC dilution. This underestimate of the dilution will com-
pensate for the neutralized fraction of anthropogenic acid anions in the runoff when
cdculating DANC, )y, thus giving a correct assessment of the anthropogenic influence
during the episode. The other “ self-compensating” response in the BC-DI iswhen
more superficid soil layers are depleted in BC by soil acidification. During episodes,
when flowpaths rise into more acidified and therefore more BC-depleted soil
horizons, the flux of BC will decline relative to pre-indudtrid levels. This will
yield an over-estimate of the natural ANC dilution and increase the BDM predic-
tion of the anthropogenic component of ANC/pH decline. This is appropriate
when it is not only the presence of anthropogenic sulfate, but aso a depletion of
BC which makes up the anthropogenic contribution to episodic acidification.
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Fig. 7. A conceptual diagramof potential tracersfor quantifying dilution. The upper panel
depictsa situation of low anthropogenic SO,% deposition. Thelower panel depictsa
situation of high anthropogenic SO, deposition (notethedifferenceinthedilutionof S,
BC and SO, between the two panels).

In paper | and I 11 it isargued that the largest potentia errors using BC-DI in boredl
regions are associated with the large relative increase in organic anions (compared
to the BC flux) during the spring flood. An error in the BC-DI measure would
ariseif aggnificant amount of BC were co-transported by organic anions to the
stream since this would prevent BC from diluting proportiondly to the natural
ANC dilution. An error caused by a co-transport of BC and organic anions would
therefore tend to underestimate the natural dilution of ANC and hence the anthro-
pogenic component in the BDM.

Despite the limitation in using two-component mixing modes for estimating the
natural ANC dilution, comparisons of the dilution pattern between BC and more
traditional hydrological tracers, such as oxygen-18 and silica, can be used to
estimate potential errors associated with the BC-DI. In paper 1-111 the discrepancy
between silica and BC dilution was used to quantify the potential co-transport of
BC and organic anions. The maximum potential error associated with the co-
transport was in genera less than 0.10 pH units. This limited effect could possibly
be explained by the spatia independence of BC and TOC sources during high
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flow events. It is dso possible that the discrepancy between silica and BC dilution
is due to the non-conservative behavior of silica which has been shown for some
Canadian wetland dominated catchments (Wels et al., 1991). Similar results were
found by Cory (1999) when comparing silica and BC dilution with separations
using oxygen-18 as a hydrologica tracer during spring flood. In Cory’s study, BC
and oxygen-18 gave amost identical results, while silica overestimated the melt
water component (Fig. 8). The results from Wels et a. (1991) and Cory (1999) are
supported by the resultsin paper |1 and 11 where the discrepancy between BC
and S dilution were well correlated with the areal extent of wetlands in the dif-
ferent catchments.
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Fig. 8. Hydrograph separation using O, S and BC in a small catchment in northern
Sweden.

The sum of base cations has also previoudly been used to separate sources of epi-
sodic acidification during high flow events (Campbd| et d., 1992, Kahl et d., 1992).
The ANC separation approach for episodic acidification that was first presented
by Molot et d. (1989), and later used by numerous episode studies (DeWalle and
Swistock, 1994; Evans et d., 1995; Hyer et d., 1995; Wigington et a., 1996) aso
indirectly used base cations as a separation tracer of dilution and acid contribution.



Baseflow as a Benchmark in BDM

The baseflow chemistry constitutes the starting point in the BDM for separating
the trangent changes driving the pH and ANC decline during hydrologica episodes.
An important assumption in the modeling of natural ANC and pH using BDM
during spring flood events is therefore that the baseflow ANC and pH has not
been affected by anthropogenic deposition, or dternatively that the change in
baseflow chemistry can be quantified.

In paeolimnologica studies dready cited (Korsman, 1993; 1999) large scde chronic
acidification has not occurred in the two most northerly counties of northern
Sweden (Véasterbotten and Norrbotten). In the paleolimnologica work by Korsman
over 120 geographically representative lakes demonstrated a lack of regiona pH
and alkalinity decline over the last 200 years. The only area with a substantial pH
decrease was the coastal area close to the city of Umed (Renberg et al., 1993).
However, in the more recent study by Korsman (1999), he found that not even
acid sengitive, poorly buffered lakes in the SE part of Véasterbotten, where the acid
deposition has been significantly higher than in the inland, show any signs of
recent atmospheric anthropogenic acidification. The acidified, coastal 1akes in the
Renberg et a. (1993), study are therefore believed to be acidified by changes in
land-use or ditching of sulfur-rich marine sediments which are common aong the
coad,, lying below the highest post-glacid coast line in northern Sweden (Korsman,
1999). In one of the lakes, Abbortrasket, included in the paleolimnologica work
by Korsman (1999), the lumped-parameter acidification model known as MAGIC
(Modé of Acidification of Groundwater in Catchments (Cosby et al., 1985)) was
used within the Episode Project (Kram et al., in review). The acid sensitive lake,
Stuated in an area of the highest level of acid deposition in the region, was partly
deforested during the 1970's. The results from the MAGIC simulation showed
that the lake has experienced a 0.2 pH decline (Fig. 9) due to acid deposition and
forestry since 1850 (Kram et d., in review) which is similar to the findings of
Korsman (1999). Furthermore soil chemica studies, in the region, comparing
recent analyses with work carried out at the beginning of the century on the same
location, have confirmed the paleolimnological findings (Tamm och Hallbécken,
1988; Jacks, 1991). The base saturation of the soil in this region has aso not been
significantly atered (Eriksson et a., 1992) which suggests that most of the acid
buffering potential remains in the forest soils.

In the southern part of northern Sweden, Renberg and Ek (1998) showed that pH
has remained constant around 4.8 in three weskly buffered headwater lakes in
Borlange township, despite a history of extreme SO, deposition from the 1000
year mining activity in the area. In another study by Ek and Renberg (1998) in the
same region, 14 lakes were studied. Of these, five lakes had been acidified 200 to
300 years ago, while one lake had been acidified after 1950. In two lakes, pH had
increased due to changes in land use during the same time period. In the most
southeastern county of the northern Sweden region, one soil study has shown a
significant decline in pH down to 0.6 meters soil depth during the last decades
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(Stegman, 1990). The base saturation in this southern region has also decreased
marginaly (Eriksson et a., 1992). Despite the changes related to acidification
found by Stegman (1990) and Eriksson et a. (1992), a very intensive soil chemical
study in Varmland (just south of the border to northern Sweden) showed that it
was only the southern part of that county that was affected by acid deposition
(Lundstrom et d., 1998). The northern parts of Varmland, which are smilar in
both physica characteristics and acid deposition load to areas of northern Sweden,
showed limited soil chemicd dteration due to anthropogenic deposition.

Even though the conclusion from studying previous acidification work in the
region must be that ANC and pH of baseflow in northern Sweden not has been
sgnificantly affected by acid deposition (possibly exempting the southeastern
corner of the region), the SSWC mode as implemented by Wilander et a. (1998)
has been used in this work to test the sensitivity of that assumption (paper I, 111
and V). Despite the criticism concerning the validity of the SSWC modd (and
the empirical F-factor on which it is based) in surface waters of northern Sweden
(e.g. Rapp et a., 1998; Andersson et d., 1999), SSWC is ill the modd used for
criticd load estimates in Sweden (Henriksen et al., 1992). The SSWC can therefore
serve as afirgt approximation when the BDM is used in regions where baseflow
may have been affected by anthropogenic depostion. The results using the SSWC
model for correcting the baseflow ANC and pH in this work was that a correction
was of limited importance on the regiona scale (paper 1) but had some effect in
very low buffering catchments (paper 111).
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Fig. 9. The pH devel opment in Abbortrasket in southwester n Vaster botten estimated using
MAGIC and paleolimnological studies. Inthefigurethe pH development after liming
(estimated using MAGI C) and the pH using SSWC are al so shown.
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Natural DOC in northern Sveden

Since the DOC flux associated with hydrologica episodes in northern Sweden is
important as a driving mechanism of the trangent pH decline, an important assump-
tion in the BDM is that the concentrations and acid functionality of DOC have not
been influenced by human activity.

Forestry practices in Sweden can lead to changes in hydrology and hydrochemistry
since both the runoff and the groundweter level can be affected (Grip, 1982; Lundin,
1995). Theincrease in runoff from clear-cut areas can be up to 100% (Grip, 1982).
The practice of clear-cutting can also lead to increased degradation and mineraiza-
tion of organic materia which can enhance the leakage of DOC and solutes. Study-
ing the effects of clear-cuts, congtituting 2%-6% of the catchment area, Juto and
Temnerud (1999) demonstrated that no significant effects could be observed
during the spring flood in any hydrochemical parameter. The result that DOC is
not affected by upstream clear-cuts has been confirmed by paeolimnologica studies
showing that the color of surface waters in Norrbotten and V &sterbotten has not
changed significantly during the last 200 years (Korsman, 1993). Larger water-
courses in Sweden sampled since the 1960’ s aso do not show any significant trends
due to forestry practice or other human activity (Lofgren, 1991; Léfgren and Folter,
1998), but rather a precipitation-related variation.

Studies of DOC dynamics following ditching of wetlands have demonstrated that
DOC decreases in concentration following an initidd DOC flush (Magnusson,
1982). By channeling the water away from wetlands with deep ditches down to
the underlying mineral soil, the contact zone between water and organic material
is reduced. Thus changes in the hydrological pathways in wetlands in northern
Sweden associated with forest drainage could potentialy lead to decreased con-
centrations of DOC in surface waters in the region.

One last aspect of the BDM plausibility for separating sources of pH decline
related to organic acidity is the modeling of pH from ANC and DOC. Work to
better understand the acid functionality of organic acids and the relationship
between DOC and buffering capacity in the region has recently been published
(Kohler, 1999; Kohler et al., 2000). Great efforts have also been made to study
the spatial and temporal aspects of the acid-base character of DOC in northern
Sweden (Koéhler et d., 1999; Hruska et d., in press). The results from these
studies suggest that the variation in time and space in the acid functionality of
DOC is limited, which is adso confirmed in this thesis (paper I1).

Implications of the Episode Project

Even if the BDM succeeds in separating natural from anthropogenic influences on
episodic acidification in boread Sweden, our understanding of the behavior of
these surface waters is not only a function of the extent and timing of the anthro-
pogenic component. While acidification of surface waters is caused by chemical
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pollution, it is the negative effects on the biota that are of concern when trying to
remediate the human impact. This difficulty in the nature of cause and effect can
sometimes be difficult to solve due to both shortcomings in the understanding of
chemica-biologica interaction as well as the often limited information about the
past biology (and chemistry) of individua waters. In Norway detailed annua catch
volumes of salmon have been recorded since the mid 1800’ s (Hesthagen, 1997).
In such cases, direct effects of human activity (i.e. acid deposition) on salmon can
be inferred. These data can lay the foundation for effective and appropriate remedia-
tion programs (such as liming) in order to restore the fish population. A more
difficult task is to use the ora information from older, recreationa fishermen in
northern Sweden to unravel the causes of a possible fish decline. The task is made
even more difficult since habitat destruction (from straightening streams and
rivers and removing larger boulders during the great log-driving era in the region
between 1800-1970), migration barriers (from the many thousands of forest road
culverts and log-driving dams), overfishing and introduction of new species can
diminish fish stocks and reproduction in northern Sweden.

The understanding of toxicity to aquatic organisms caused by surface water acidifi-
cation has improved greatly during the last two decades (e.g. Driscoll et a., 1980;
Excley et d., 1991; Poléo, 1995). The toxicity of surface watersis mainly caused
by the speciation and polymerization of the toxic labile inorganic duminum species
(Al) which is to a large extent controlled by pH (athough high levels of cacium
can mitigate this effect). Transent changes in pH associated with hydrologica events
can therefore lead to an increased toxicity of the water which can cause episodic
fish kills under certain circumstances (e.g. Baker et a., 1996). See Gensemer and
Playle (1999) for an extensive review of aduminum toxicity and effects to aguatic
organisms.

In Norway much work has been carried out to try to determine critical levels of
Al; and CalAl, ratios for different fish species (Lydersen et d., 1994; Poléo, 1995;
Poléo and Bjerkely, 2000). Since those studies have focused on clear water systems,
the results can not directly be trandated to the conditions in northern Sweden, as
organic complexation significantly decreases the concentration of toxic auminum
species (Driscall et a., 1980; Witters et d., 1990). Furthermore, in the Episode
Project, a comparison between different aluminum speciation analyses using the
Clarke-method (Clarke et d., 1992) and the Barnes/Driscoll method (Barnes, 1975;
Driscall, 1984) in laboratory and field, showed large discrepancies (Fig. 10; Laudon
et a., in press). The main conclusion from that comparison was that Al; cannot be
measured accurately in surface waters with high levels of organic acidity and
relatively low levels of Al; (even if these levels are till high with respect to fish
toxicity). Since Al,, with the Barnes/Driscoll method, is not measured directly, but
calculated from the difference between the total |abile Al fraction (Al,) and the
labile organic Al fraction (Al,), the precision of the Al; estimate is a function of
the analysis precision and the relative difference between Al, and Al,. Since Al, in
surface waters with high levels of organic acidity is often of the same magnitude
asAl, asmal uncertainty in the measurements leads to a large uncertainty in the
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Al, estimate. The results show that it is difficult with the methods used in Sweden
(and the lack of a standardized method makes it even more difficult) to say anything
about the speciation of auminum and its toxicity in high DOC surface waters in
northern Sweden (Laudon et al., in press).
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Fig. 10. Comparison between Al; analyzed in the field and with different techniques. FIAis
aFlow Injection method (Clarke-method; Clarkeet al., 1992) whilethe other measurements
aredonewith the Driscoll-method (Driscoll, 1984).

Within the framework of the episode project, the fish physiologica response of
Brown trout (Salmo trutta) was studied in cage experiments during six spring flood
episodes in northern Sweden (Karlsson and Wallin, 1999; Sedin, 1999). Physio-
logica stress ranging from no clear response to significant mortality was observed
(Laudon et a., in press). The study showed that although the physiological
response of the fish during spring flood was clearly caused by toxic levels of Al,,
it was not possible to correlate the fish response with either the Al measurement or
the CalAl; ratios (Laudon et a., in press). Since the Al, measurements could not
explain the critical levels for Brown trout in the cage experiment, other chemical
parameters were used to separate the four classes of fish response: 1) no significant
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response, 2) significant response without mortality, 3) significant response with
some mortality, and 4) significant mortality. The measure that could best explain
the response classes was the ratio between ANC and H* (Fig. 11). Further support
for the finding that the ANC/H* ratio is an appropriate measure of toxic Al, rich
water isthat ANC/H* correlates well with the CalAl; retio (which does not corrdate
with the fish response pattern due to the large measurement uncertainty of Al,).
Furthermore, the entire discrepancy in the ANC/H* and Ca/Al; correlaion can be
explained by the large uncertainty in the Al, measurement found in the Episode
Project (Laudon et al., in press).

An advantage with the ANC/H* ratio is that it derives from standard chemical
analyses, which makes it useful for both national and regiona environmental
monitoring programs. Another advantage with the ANC/H™ rdtio is that pre-indudtrid
conditions, caculated with BDM, can easily be used to analyze how the toxicity
has changed due to anthropogenic deposition (Fig. 12). In streams from northern
Sweden that currently have water chemistry falling into the mortality classes (class
3 and 4), remova of the anthropogenic acidification component would generally
move the stream chemistry above the level of toxicity (Fig. 12). These results
indicate that the anthropogenic acidification of 0.1 to 0.3 pH units superimposed
on the natural pH declinein very acid sensitive systems can be enough to cause
fish mortdlity. Stridoécken (and partly Lillan) is an exception in this respect (Fig.
12). This may either result from baseflow having been affected by anthropogenic
acidification, or that toxic episodes have always occurred. Natural populations of
Brown trout have been shown to survive toxic levels of the ANC/H* ratio that
have persisted for several weeks (and pH below 4.6) in Acktjarnsbacken where
vigorous and reproducing populations have been found for several years (Fiskeri-
verket, 2000). The fact that vigorous fish populations can survive toxic episodes
can be due to spatid variability in the water chemistry caused by groundwater
discharge where fish can find temporal refuges (Baker et al., 1996). These results
show that it can be difficult to draw direct parallels between toxicity studiesin
cage experiments to natural stream conditions. The results from the cage studies
do, however, provide a critica limit of when the conditions start becoming toxic
for individuas that can not find tempora refuges during spring flood.
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Spring flood episodes — past and future —what can we expect?
The most important result from the Episode Project is that the extent of episodic
acidification in northern Sweden is currently limited. Although the anthropogenic
component superimposed on the natural pH decline in some very acid senditive
surface waters can create conditions that are toxic to the natural biota, these cases
are probably now few and decreasing due to the low and generaly still declining
SO,% deposition load in northern Sweden.

The findings in the Episode Project do, to a large extent, confirm the concern
raised earlier by several researcher (e.g. Jansson et a., 1992; Bishop, 1997) that
liming is not appropriate in most surface waters in northern Sweden. Although
these results question the need for alarge scale liming program in northern Sweden
they do not entirely invalidate the biological indications presented by Ahlstrom
and Isaksson (1990). Instead the new insights from the project help us to better
interpret the different temporal aspects of afast chemical and dow biologica
response to changes in acid deposition, as well as the effects associated with
hydrologica episodes in northern Sweden.

Another major finding of the Episode Project has been the strong correlation
between winter SO, deposition and the anthropogenic component of acidification
associated with spring flood episodes. This strong correlation clearly indicates
that increasing or decreasing SO, deposition load will lead to an immediate
response in the spring flood ANC and pH decline (see Fig. 5). While the hydro-
chemical response is immediate, the biological response is dow. Reestablishment
in previoudy acidified waters can be particularly difficult and Slow in headwater
streams where there are other impacts on fish habitat (e.g. migration barriers,
damaged spawning grounds, channel ateration).

The new focus in the Swedish liming plan for the next ten years (SEPA, 1999) is
on protecting and reestablishing the natura biodiversity. This could potentidly
provide a better basis for preserving naturally acid ecosystems. There is, however,
arisk that this new biodiversity focus may instead accel erate the inappropriate
limning in northern Sweden. In the new plan, the presence of a high biodiversity
value is needed to give a liming object the highest priority. The effect of thisis
that many heavily acidified surface waters in southwestern Sweden will not be
given priority, since they lost much of their biodiversity and hence could lose their
liming subsidies for the benefit of “protecting” previoudy unlimed surface waters
in northern Sweden by redirecting liming to those waters (SLU, 1999). In the light
of the rapid chemical response to changes in acid deposition, and the fact that the
biodiversity of these high priority surface waters survived the several times higher
acid depodition during the 1970 and 1980's, liming now to protect againgt acid
episodes caused by contemporary acid deposition levels is evidently inappropriate.

Liming in northern Sweden is ingppropriate because current biologica status can
not be understood solely from the current chemical status of the stream (which is
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all that liming affects). This is the great falacy of the reliance on biological
indicators which have been relied on heavily in Sweden to guide liming. A full
understanding of the current biological status still requires advances in ecological
understanding. What this thesis can provide is a reconstruction of the chemical
history, which is an important step on the way to a more complete understanding
of the situation in northern Sweden. In a number of companion reports, past and
future deposition scenarios have been used to make assessments of the devel opment
of spring flood hydrochemistry (Laudon et d., manuscript; Laudon and Bishop, in
review B; Laudon et d., in press). Using deposition scenarios Laudon and Bishop
(in review B) made regiona assessments of how the anthropogenic acidification
have been or will be affecting surface waters from 1970 to 2010 following the
new Gothenburg Protocol signed in December 1999. The results from that study
showed that the recovery from the maximum SO, deposition load in 1970 has
been extensive and that this regiona recovery will continue until 2010 if the
commitments made in the Gothenburg Protocol are honored.

Conclusions

In this thesis, the operational model BDM (Borea Dilution Model) for separating
episodic acidification associated with spring flood episodes into natura and anthro-
pogenic components is presented. The result from applying the model to over 20
spring flood episodes in northern Sweden is that the major driving mechanisms of
episodic acidity during spring flood events are the combination of natura organic
acidity and dilution. The results from this study further demonstrate that the current
regional extent of anthropogenic acidification during spring flood in northern
Sweden is limited.

In the Episode Project it was discovered that there is a close correlation between
the SO,% winter deposition and the anthropogenic component driving ANC and
pH decline during spring flood in northern Sweden. While this correlation greetly
improves our ability to make regional assessments of the severity of episodic
acidification, it also demongtrates that a decreasing acid deposition load will lead
to a direct improvement of any anthropogenic acidification associated with snow
melt. The results from this study therefore indicate that the large decline in SO,*
deposition during the last two decades have led to a great improvement in the
hydrochemistry of the spring flood in northern Sweden.

The modding tool and sampling strategy developed by the Episode Project provide
a systematic methodology to evaluate the anthropogenic component during hydro-
logical episodes. The BDM is aready in use by severa regiond environmental
monitoring programs in the country where it previoudy has been difficult to justify
specia sampling programs to evauate hydrochemica variations during spring
flood and rain storm events despite their influence on biodiversity. Despite the
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generdly limited role of anthropogenic acidification in northern Sweden, toxic
conditions due to acid deposition superimposed on the natural pH decline can ill
occur in some very acid sengitive catchments during the spring flood. The identi-
fication of these toxic episodes for remediation will be an important future task
for the BDM.

Thoughtsabout thefuture!

The overall purpose of the Episode Project has been to develop a scientific basis
for understanding the problem of episodic acidification in northern Sweden in
order to improve the national liming policy. The results from this study show that
the anthropogenic component associated with spring flood episodes is limited in
northern Sweden. Furthermore, this anthropogenic component is not adequately
quantified in ether the old liming guiddines (SEPA, 1988), or the new guiddines
that were recently proposed by the Swedish Environmental Protection Agency
(SEPA, in review). It is now time for the policy makers to take their responsibility
for developing a more appropriate liming strategy in northern Sweden based on
what has been learned from adecade of concerted research.

The Episode Project is the largest scientifically based acidification research program
focused on the specific conditions in northern Sweden since liming started in the
region. In spite of the relatively large size of the program, its annua budget has
been less than 1% of the annua liming budget in the region. The better avareness
of natural acidity, as well as the posshility for quantifying the role of anthropogenic
deposition associated with spring flood, has grestly improved the understanding
of acidity sourcesin northern Sweden. Despite the many scientific advances that
have been made within the Episode Project, the results have also posed many new
questions about the ecologicd Studion in the region. Mog significantly, by showing
that current levels of anthropogenic acidity do not explain the perceived problems
with biodiversity in the region, the need for other explanations has been high-
lighted.
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