Swedish University of Agricultural Sciences
Faculty of Natural Resources and Agricultural Sciences

University of Natural Resources l Ku
and Applied Life Sciences, Vienna

Factors Controlling the Temporal Variability of Mercury
In Runoff from SevenCatchmentsin Northern and
Southern Sweden

Andrea Kraus

Uppsala, 2011

4B g

+




SLU, Swedish University of Agricultural Sciences
Department of Aquatic Science and Assessmen

Factors Controlling the Temporal Variability of Mercury from Runoff in Seven
Catchmentsin Northern and Southern Sweden

Supervisor.

Co-Supervisor.

Examiner:

Credits:
Level:
Course Title
Course Code

Programme/education:

Place of publication:
Year of publication:
Picture Cover:

Online publication:

Key Words:

Andrea Kraus

Karin EKI6f
Swedish University of Agricultural Sciences, Uppsala
Department of Aquatic@ence and Assessment

Prof. Dr. Walter Wenzel
University of Natural Resources and Life Science, Vienna
Department of Forest and Soil Sciences

Prof. Dr. Kevin Bishop

Swedish University of Agricultural Sciencegppsala
Department of Aquatic Science and Assessment
Uppsala University, Uppsala

Department of Earth Sciences

30 ECTS

E

Independent project/Degree project in Environmental Sciences
EX0431

Environmental Science in Europe

Uppsala

2011

Catchments in Balsjo and Orebro (Photo: Andrea Kraus,
Karin EkIof)

http://stud.epsilon.slu.se

Mercury, MethylmercuryTOC, flow, temperature


http://stud.epsilon.slu.se/

ACKNOWLEDGEMENT

This thesis was done at the Department of Aquatic Science and Wssessf the
Swedish University of Agricultural Sciences and would not have been possible viltbout
contribution of a lot of people. Some of them | would liken@ntion

First and most off all | want to thank my supervisor Karin for her engagement,
enthisiasm, comments, suppokhowledge, patience, help, adviogen ear and many things
more While working under her supervision | learnt an unbelievable amount of new,
interesting things about the mercury issc@mputer program$ut also otheusefulthings, e.

g. how t o f i nadd hbvhte tellfasceentifictstargverg tdne | had questions or
problens she always took time to solwbem with me andfinally put me back on track.
Without her- one of the most competent supervisors | have et this challenging project
would not have been finished the way it is layimgyv in front of you | wish her all thebest
for the @fi and®raibthepdssidilitees thaPanelvaiting for her afterwards!

| also very much want to thank Kevifor his enthusiasm in this project and for the
greatsupport hegave. He always took time for a meeting to discusstamdmment on the
work and the RIM modelling. | am very gratefol this supportThanks a lot as wellfor the
calculation of the flav-concentration plots for the RIM section!

Furthermore, abigit hank youdo to Martyn for running
the RIM model efficiency calculations presented in this stldnks also for helpingme to
understandhe RIM! He always welcomeche to his office, if there was any problem. | know
that he was extremely busy anencevalue his engagement even more.

| also want to thank Prof. Wenzel for agreeing on being mysupervisor and for
giving valuable comments on this work!

Thank you to dkob for the data he sent, for the support he gave regarding field work
und for giving me a roof when the hostiéd notJ .

Thanks a lot to Lenka for sharing her data with me!

Thank you to everybody at the department in Uppsala and Umea for assistahegpand
with data, field work or other things.

THANK you also to all my friends that supported me, distracted me and invited me for
dinner. Special th#&s to: Martina, Berna, Laima, Anatolind the rest of the Enveuro
community in Racka, as welb my korridor kompisar: Jan, Elin, Jesper and Claess for an
unforgettable year!

Last but not least | want to thank my paremtastina and Malte for their invaluable
support during all my studyime and during this thesisSpecial thanks for sorting out the
bibliography! You cheered me up when things looked not so bright and alzd/s&in open
ear for me, no matter what it was matter where | was and no matter what I did



TABLE OF CONTENT

INDEX AND AB BREVIATIONS ...t 6
INDEX OF FIGURES .....ccttueiitieeieti e ee et et e et e e et s s emmme e et e e eet e e eeaa e e eenmn e e eenaaeeees 6
INDEX OF TABLES. ... e e iiiitteteetettttii oottt ettt e e emt e e e e e e e e e e e e e e e amena s e e e e eeeeeeaens 7
ABBREVIATIONS .. ...t ettt ettt e et eemee e et e e e et e e eeta e e e e s s s e e e ea e e e eba e e eebaeeemnmeesnnaeeennnaees 8

A B S T R A CT ettt r— e e e et e ettt b b e e e e ranrn s 9

[ INTRODUCTION ..ottt e e e e emnnas e s s e e e e e e e e e e e e e e e eaannneaeeeaeees 10
1. MERCURY (HG) IN THE ENVIRONMENT ....cvvvttttitintieaaseeesememsssnnnnnsssseeeeeeeasssssnnnsasaeeeens 10
2. RELATIONSHIP BETWEENHG AND ORGANIC MATTER(OM) ..ottt 11
3. METHYLMERCURY (MEHG) PRODUCTION.......ccutttiuiiiiiseeeeeecesmsinnaaseeeeeeeeeeesessanenneeeas 12
4.EXPORT OFHG FROM THE TERRESTRAL TO THE AQUATIC ECOSYSTEM...uuiiiiineeiinneeeennn. 14
5. HIGHLIGHTING THE IMPORTANCE AND OBJECTIVEOF THE WORK ......cceeiiiieiiieeiiiviiiiennae 15

[ EXPERIMENTAL SECT TON ..iiiiiiiiiiiiiiiiiisa e ettt ss s s e e e e e e e e e s ammmsnn s s e e e e aeeaaeeeeees 17
1. SITE DESCRIPTION. ....iiiiittittiiuitttuinammmeeeeeeeestsbas s e s e e s emms s a e e e e e e e e e e e e e e e annnsaaaeeeeas 17
2. EXTERNAL DATA ..ttt e e me et e e e et et e e e e e enene e e eeaaanns 18
3. SAMPLING AND CHEMICAL ANALYSES.....tuuuuuaaateeeeaeaeattttimmeaaasaeeaeseaseeeessssssssinnneeseeeeees 18

3.1 FIOW MEASUIEMENIS. ...t ii i e e e e e eeeeeieeee e e e e e e e e e ettt mnme e e e e e eeeeeeeennnnnn s emens 18
3.2 WaAter SAMPIES ... ..ccc e ann 18
3.3 S0l SAMPIES ... 19
A GISANALYSES ...ttt ettt ettt e ettt e e e et e et e e e e eae e e e e e e e ea e e e e e ee e e e aaa e e e e e eennnanan 20
5. STATISTICAL AND MULTI VARIATE ANALYSES. ... itttiiuuuieaeeeeitnneaeaeaseeeeesssnnaeaeeessnnnsanens 20
6. RIPARIAN PROFILE FLOW-CONCENTRATIONINTEGRATIONMODEL (RIM) ......vvvvvinnnnnn. 21

= 1 1 R 10 T 23
1. GENERAL CHARACTERISTCS OF SEASONAL FACT@S, HG AND GENERAL CHEMISTRY IN THE
STUDY CATCHMENTS. 1.t tttteeettt e ettt e e eenmmees e e eeea e eeeeaseeesas smaeseeesan e eeesaaaeeesnnaeessnmmrnnaeeees 23

I T Yo [ 0] (o To | PSSO PPPPRPUPPRPN 23
1.2 Temperature and PreCipPitation..................eeee i ieeeiiiriireeee e e s eeeereeeeeeeeeeeens 25
1.3 Hg and general chemistry concentration in stream water.................eceeeeeevnnne 26
2.SEASONAL DYNAMICS OF MEHG, THG AND TOC .. .. i ceemt e 27
2.1 Seasonal distribution of THg, MeHg and TOC............cooooiviiieeeeiiee e, 27
2.1.1 Concentration and volume weighted @rications (VWC).........cccccvvvvvneee. 27
2.1.2 Mercury fluxes over the vegetation periods............coviiiiiceeri e, 29

2.2 TIME SErieS ANaAIYSIS......ccoiiiiiiiiiiiieree e eeeea bbbt e e e e e e e e e e e e e enn 30
2.2.1 THg and TOC dYNAMICS........cccuviuiiiiieieiiieemeeeiiie e e et e e e e veene s e eeaa e 30
2.2.2 MEHQ AYNAIMICS.....ccoieiiiii ettt e e e e e e e e ean 32
2.2.3 THg, MeHg and TOC episode data...............couvvuiiceciiieeeeeeeiiiee e eeevimees 33

2.3 Flow and temperature effects on Hg dynamics...............cccuvimemnniiiiiiinnnnnnnne. 34
2.3.1 Influence of discharge rate on mercury concentrations...................cceee... 34
2.3.2 Analysis of the RIM models and the effects of seasonality and flow....... 35

3. THG SOIL STORAGE INBALSJO ANDOREBRO..........couveiveeteanieeteeeeteeeeeseeeveeeteeneesseeenens 37
4. RELATIONSHIP OFTHG, MEHG AND TOCAND RELATED VARIABLES .......ccccvvvviiiriinnnnnns 39
4.1 Multivariate analysis of factors influencing Hg concentratians...................... 39
4.1.1 PLS analysis with THg as dependent variable................cccvveevvevivvinnnns 39
4.1.2 PLS analysis with MeHg as dependent variable...............ccccoeocecvveerinnnns 40

4.2 Factors influencing THg and MeHg concentrations..........cccooeeveeeeceeeennnnnneeennns 42
4.2.1 Influence of pH and THG ... oo 42

4.2.2 Relatioship between mercury, sulfate, iron and Fe/TQC................c.evveee 42



4.2.3 Regression analysis between mercury, TOC, absorption and.TSS........: 43
4.2.4 Steam water chemistry correlation with flow and temperatute................ 45
[V DISCUSSION ....uiiiiiiiiiiiiiiiiiite et eeeteee et e ettt e e e e e e e e e s s ammt e e e e e e e e e e e s e s s s s s s s nnnnne s e e s s e s snneed 48
1. SEASONAL IMPACT ONTOC, THG AND MEHG......ccuiiiii e 48
1.1 Variation of THg, MeHg and TOC concentrations over the.year.................... 48

1.2 Hydrologic and seasonal roles in terrestrial contribution ofal@d THg to stream
water TOC, THg and MeHg concentrationS.........ccoooeeeeeeeiiieeeiiie e e 50
1.3 RIM model results and link to other observations..............ccccvvvieeeneieeeeenee. 52
1.4 Effectof antecedent flow and temperatures.........cccooevvee e e eeeeccccciiie e 53
1.5 THg, MeHg and TOC export in Balsjo and Orebro...........cc.ccoveevvieeeecveennenee, 54
2. PARAMETERS INFLUENCING MERCURY MGBILIZATION , METHYLATION AND TRAN SPORT..55
1.1 THg and MeHg concentrations in relation to other studies..............ccccvveeennees 55
1.2 Organic carbon as @ehicle for THg and MeHQ............cccceeeiiiiiiicccniiiicceee, 55
2.1 Influence of iron and sulfate on MeHg productian................ccccciieeneeeerreennnnd 57
3 I 3 1= o A0 o SRS 58
3. ESTIMATION OF THG AND MEHG CONCENTRATION IN SREAM WATER ....ccvvvviieeaeeeinnnn. 59
4. DIFFERENCES IN RESPOSE OF TREATED AND REERENCE SITES....cccttiiiiieeeeeeiiiiniiienenns 59
5. IMPLICATIONS OF CLIMATE CHANGE ON CARBONAND MERCURY DYNAMICS...................J 60
V CONCLUSIONS AND OUTLOOK ...cotiiiiiiiiieeeeee e ne e e 62
VIREFERENCES. ... ...ttt ceetitt ettt et e e e e e e e e et et e e e e e e e e e e e e e e e s s s s enmnne e s e e e e e nannns 64



INDEX AND ABBREVIATIONS

Index of Figures

FIGURE 1: LOCATION OF THE TWO MAJOR STUDY AREAS INSWEDEN ......ccuiivniitienieenierneeemaness 17

FIGURE 2: SCHEMATIC PRINCIPLE &F RIM. THE LEFT PANELSHOWS THE RELATIONSHP
BETWEEN FLOW AND GRQNDWATER LEVEL AND THE RIGHT PANEL SHOWSTHE
CONCENTRATION VARIATION OFDOCWITH SOIL DEPTH, WHEREBY THE DASHED LNES

INDICATE THE DIFFERENCES IN THEF-FACTOR (AGREN ET AL, 2010)......cciiiviiieeeeennenne. 21
FIGURE 3: MEAN SPECIFIC DISCHARSE WITH % OF TOTAL MEAN FLOW DURING THE MONITORING
PERIOD INBALSJO (LEFT) AND OREBRO(RIGHT) .cevvvviiiriniiianseeeeeeessesrinnnnsseeeeeeeaeeeeens 24

FIGURE 4: FLOW DURATION CURVES FOR THE STREAMS INOREBRO(SP,SH,R1ALL N=1165)
AND BALSIO(CCN=1165NORTHCCN=1165,REFFSN=1063)FROM OCTOBER2008
UNTIL DECEMBERZ000..... ..ottt ettt s e e e e e e e e e e ennnmmmes 24

FIGURE5: SOIL TEMPERATURE DATAAT DIFFERENT DEPTHS FOROREBRO(LEFT, N=820FOR
EACH DEPTH) AND BALSJO(RIGHT, N = 700FOR EACH DEPTH. TEMPERATURE DATA WERE
AVAILABLE FOR 29 MONTHS BETWEENJULY 2007AND DECEMBER2009IN OREBRO AND
FOR25MONTHS BETWEENAUGUST2007AND MARCH 2010IN BALSJIO. ....covvvveieieena. 25

FIGURE 6: SEASONAL DISBRIBUTION OF THG CONCENTRATION ANDVWC (BALSJO: AUTUMN:
N=87,SPRING N=110,SUMMER: N=94,WINTER: N=47; OREBRQ AUTUMN : N=67,SPRING
N=58,SUMMER: N=49,WINTER: N=44)OF THE TWO STUDY SITES GROUED ACCORDING TO
TREATED AND UNTREATED AREAS.; SITE R2 (OREBRO) NOT PRESENT AS NO FOW DATA
WERE AVAILABLE ...uiitieiti et e et e e et eeeme e e eaa e et s e eaa e e et e e enmmsa e e eaneeeaneeeaneeesneesnmmnneeennaees 28

FIGURE 7: SEASONAL DISBRIBUTIONOF MEHG CONCENTRATION ANDVWC (BALSJO: AUTUMN
N=87,SPRING N=110,SUMMER: N=94,WINTER: N=47; OREBRO AUTUMN ; N=67,SPRING
N=58,SUMMER: N=49,WINTER: N=44)OF THE TWO STUDY SIES GROUPED ACCORDINGO
TREATED AND UNTREATED AREAS.; SITE R2 (OREBRO) NOT PRESENT AS NO FOW DATA
WERE AVAILABLE ....cvuuiiiii ettt e e eetseees s e eeteeeeat s e e eata e e e mmmss e e ess e e esan e e eeenn s annneeesnn s 28

FIGURE 8: MEAN THG AND MEHG FLUX DIVIDED ACCORDING TO SEASON OREBRG AUTUMN
(R1,SH,SPN=334)SPRING(R1,SH,SPN=276),SUMMER (R1,SH,SPN=276)),WINTER
(R1,SH,SPN=279);BALSJO: AUTUMN (CC,NORTHCC,REFS,N=598),SPRING (CC,
NORTHCC, REF-S,N=568),SUMMER (CC,NORTHCC, REF-S,N=644),WINTER (CC,
NORTHCC,REF-S,NT5ZAL)...ciiiiiiieiiiiiiiiie s s e s et s s s s e e e e e e e e e e e amnmssaseeeaeeeeaaeeeeenennnes 30

FIGURE9: TIME SERIES DATA(DEC. 20051 JAN. 2010) OF THG CONCENTRATIONS ACRSS ALL
SITES INBALSJIO ...e et et e ee e e e et e e e et e e mm e e e e enns 31

FIGURE 10: THG AND FLOW DYNAMICS (DECEMBER20061 DECEMBER2009)OF THEOREBRO
(0710 K03 5 1Y 1= N o 1 P 31

FIGURE 11: TOCAND THG PATTERN FORBALSJO (REFS)AND OREBRO(R2)IN RELATION TO
AIR TEMPERATURE, BLACK LINE: TEMPERATURE BLUE: TOC,GREEN THG-R2,RED: THG-

FIGURE 12: MEHG CONCENTRATION ANDFLOW FORT HEBALSJO SITES(MARS 057 OcT 10)..33
FIGURE 13: MEHG AND FLOW PATTERN N THE OREBRO CATCHMENTS(NOV. 067 DEC. 09)....33
FIGURE 14: EPISODE DATA OFTHG, MEHG AND TOCFROM 21STNOVEMBERT 19TH
DECEMBERZ007 ... i iiiiii ettt eeeee e e e e e e e e e e et et e e e e et eeeata e e ean e amnneeannneaees 34
FIGURE 25: ANALYSIS OF THG AND MEHG IN RELATION TO FLOV (BALSJO: HIGH: N=13,
INTERMEDIATE: N=95,LOW: N=179,MISSING VALUES. N=51; OREBRQ HIGH: N=4,

INTERMEDIATE: N=129,LOW=159) ....uuiiiiiiii it eeee et mmmr e eeeenneees 35
FIGURE 26: MODELED d)-BASE CONCENTRATIONSOF MEHG OVER TIME WITHRIMpyncO FOR
THE SITES INBALSJIO ANDOREBROQL......uuiivteitiieitteetnieeeeesneestnesstessteesnesenmsaessneessneeen 36

FIGURE 27: MODELED MAXIMUM , MINIMUM AND AVERAGE THG AND MEHG CONCENTRATIONS
WITH RIMpynCO IN RELATION TO FLOW. NOTE: DIFFERENT Y-AXES FOR THETHG
CONCENTRATIONSIN OREBRO ANDBALSIO. . ettt e e aennns 36


../../../AppData/Roaming/Microsoft/Word/Master%20Thesis_Akraus_1st%20DRAFT.doc#_Toc300559187

FIGURE 28: TOTAL CARBON (%) AND HG CONCENTRATION IN THE SOIL AT BALSJO(LEFT) AND
OREBRO(RIGHT) FOR THE SAMPLING PONTS AT 0.5,3 AND 210R 14M, BARS REPRESENT
HG LEVELS AND LINESTC %, NOTE THAT THE SCALEON THE TC AXIS IS DIFFERENT FQ®R
BALSJIO ANDOREBRO.......cuviiueeiteeteeneeesiemsseseeasseaseeseasessssemmnsesssssssesssasesseesressnnsanes 38

FIGURE 29: CORRELATION OFTHG WITH TC (%) FORBALSJ® (LEFT) AND OREBRO(RIGHT) ...38

FIGURE 15: VIP VALUES OF THE VARIABLES THAT HIGHLY SIGNIFICANTLY (VIP>1) INFLUENCED
THE RESPONSE VARIABE (Y), THG IN OREBRQ ENTIRELY BLUE BARS REPRESENT
POSITIVE, RED BARS NEGATIVE CARRELATION....ccuuuuuieeieeriuinaaeeeeinmmeeeessnnseeeeessnnnaaeeaenes 39

FIGURE 16: VIP VALUES OF THE VARIABLES THAT HIGHLY SIGNIFICANTLY (VIP>1) INFLUENCED
THE RESPONSE VARIABE (Y), THG IN BALSJO. ENTIRELY BLUE BARS REPRESENT POSITIVE
RED BARS NEGATIVE CARRELATION. ... tiiierttieeereennnismems s e eeeeesnnsseeseessnnammmrsnseeeeeennns 40

FIGURE 17:VIP VALUES OF THE VARIABLES THAT HIGHLY SIGNIFICANTLY (VIP>1) INFLUENCED
THE RESPONSE VARIABE (Y), MEHG IN OREBRO. ENTIRELY BLUE BARS REPRESENT
POSITIVE, RED BARS NEGATIVE CARRELATION....ccuuuuiiieiiiininaeeeeeinnmeeeessnneeeeeessnnnaeeeaenes 41

FIGURE 18: VIP VALUES OF THE VARIABLES THAT HIGHLY SIGNIFICANTLY (VIP>1) INFLUENCED
THE RESPONSE VARIABE (Y), MEHG IN BALSJO. ENTIRELY BLUE BARS REPRESENT

POSITIVE, RED BARS NEGATIVE CARRELATION ... euenten st et et et e e emaee e eeaeeaeeeeeaeeaennenasemns 41
FIGURE 19: CORRELATION OFMEHG WITH THG FOR THE SITES INDREBRO. R1:R2=0.26,
P<0.0001:R2:Rr?2=0.75,r<0.0001;SH:0.62,r<0.0001:SP:r2=0.27,,<0.0001............. 42

FIGURE 20: RELATIONSHIP OFMEHG WITH FE/TOC FOR THE SITES INOREBRO ANDBALSJO.
BALSJO SITESNO SIGNIFICANT RELATIONSHIP, MEHG vs. FE/TOC:R1:R?=0.63,
P<0.0001,R2:rR?=0.20,r,<0.0001;SH:Rr2=0.60,r,<0.0001;SP:rR?=0.28,P<0.0001........ 43

FIGURE 21: RELATIONSHIP OFTHG AND MEHG WiITH TOC AND ABS (FILTERED) FOR THE SITES
IN OREBRO ANDBALSIO. ...ttt ettt ee et et e e et e e ettt eeme e et e e e et e e eeeeeeamees 44

FIGURE 22: RELATIONSHIP OFMEHG WITH ABS FILT/TOC FOR THE SITES INOREBRO AND
BALSJO. BALSJO SITES NO SIGNIFICANT RELATIONSHIP, MEHG vs. ABS FILT/TOC: R1:
R2=0.57,,<0.0001R2:Rr2=0.52,r,<0.0001 SH:RrR2=0.65,,<0.0001 SP:r?2=0.36,

(O 000 1 45
FIGURE 23: CORRELATION OFTHG AND MEHG WITH AIR TEMPERATURE FOR THE SITES AT

BALSJIO ANDOREBRO. ... ..uveeveeiteeieeeneeesresessssesasesasessssanessssemnnsessssasssassensessessressnnnsanes 46
FIGURE 24: CORRELATION OFTHG AND MEHG WITH FLOW (BALSJ® ANDOREBRO)............... 47
FIGURE 30: SoIL THG PROFILES FOR THE ISES IN BALSJO (LEFT) AND OREBRO(RIGHT).......... 75

Index of Tables

TABLE 1: SEASONAL PRECIPITATION AND AIR TEMPERATURE VALUES OFBALSJ® AND OREBRO

.............................................................................................................................. 25
TABLE 2: AVERAGE CONCENTRATIONOF SELECTED CHEMICALVARIABLES BETWEEN OCTOBER
200770 DECEMBER2009IN OREBRO ANDMAY 200470 MAY 2010IN BALSJO............. 26
TABLE 3: MEAN DAILY EXPORT OFTHG, MEHG AND TOC FOROREBRO(OCT. 20077 DEC.
2009)AND BALSJIO(APR. 20051 JAN. 2010)....uuuuiieiiiiiiii e eeeeiiimmrice e e e e e e e eeaanae 29
TABLE 4: REGRESSION ANALYZES & THE THG AND MEHG WITH TOC AND ABSORPTION
(FILTERED) RELATIONSHIPS FORBALSJIO ANDOREBRO.......cccivieitieeireeieieeieenesseeeeeseesnnns 44

TABLE 5: NASH-SUTCLIFFE COEFICIENT(NSC)FOR THERIM MODELS IN BALSJ® AND OREBRQ,
IMPROVEMENT OF MODELSHOWN FROMRIM static TO RIM pynamic AND FROM ONE TO TWO

PARAMETER MODEL .u.ituituiittstttneetnesuseeesssnseteetesnssnsstmmnssnssssesnsesnsetneeneessmmensnresnns 71
TABLE 6: MODEL PARAMETERS R THETHG RIM MODELS FORBALSJ® ANDOREBRO........... 71
TABLE 7: MODEL PARAMETERS FORTHE MEHG RIM MODELS FORBALSJ® AND OREBRO....... 72
TABLE 8: MODEL PARAMETERS FORTHE TOC RIM MODELS FORBALSJ® AND OREBRO.......... 72
TABLE 9: THG sOIL STORAGE TC AND TN (%) OF THE SOIL SAMPLINGIN BALSJO................. 73

TABLE 10: THG soIL STORAGE TC AND TN (%) VALUES OF THE SOIL $\MPLING IN OREBRO.. 74



Abbreviations

Abs Absorption

DOC Dissolvedorganiccarbon

DOM Dissolvedorganicmatter

EC Electric conductivity

EQS EnvironmentalQuality Standards
HPOA Hydrophobicorganicacid

IRB Ironreducingbacteria

MeHg Methylmercury Q)

Niot Total nitrogen

Norg Organicnitrogen

oC Organiccarbon

OM Organicmatter

PLS Partial L eastSquares

POC Particulateorganiccabon

Piot Total phosphor

RIM Riparian Profile FlowConcentration ntegrationM odel
RZ Riparianzone

SOM Soil organicmatter

SRB Sulfatereducingbacteria

TC Total Carbon

THg Total mercury Hg)

TN Total nitrogen

TOC Total organiccarbon

TSS Total suspendedolids

VIP Variableimportance in therojection

VWC Volumeweightedconcentrations



ABSTRACT

The increased input of anthropogenicrowey in the environment hasdeto the
accumulation of mercury (Hg) in the aquatic food chain and posesisgoblems tahe
ecosystem and human healfiime series data from May 2004 May 2010 in three
catchments in northern (Balsj6) and from October 2002609 in four catchments in southern
(Orebro) Sweden associated with different forest treatments ¢eay.cut, site preparation)
were assessed tetermine the influence afifferent factors on the temporal patterntotal
organic carbon (TOC), total mercury (THgydamethylmercury (MeHg)

Mean THg and MeHg concentrations varied in Balsj0 betweeni4®28 and 0.39
0.47 ng/L and between 5.60 10.36 and 0.90i 1.71 ng/L in Orebro.MeHg mean
concentrations peaked &l catchmentduring summer period coinciding with maximum
biological activity and were associated with low flow conditionsAnalyzing THg
concentrations over all seasons it was found that ahsxy peaked in summer, howevire
concentrations wemmoreattributedto high flowin Balsjo and to low flow in Orebr®ite SP
in Orebro had the highest export of MeHg, @ldnd TOC in this styd(19.49 pgdi*ha,
137.89ug/d*ha and 405.50 g/d*ha

In Balsjo, THg concentrations showed a good correlation with flow, whereas the THg
flow relationship had no significant importance in Orebfde Riparian Profile Flow
Concentration Integration ModeR[M) was usedo show controls over TOC, MeHg and
THg stream concentration in the different catchments. The Rdhieved highest Nash
Sutcliff (NS) coefficients at all sites after adding a seasonal component to the simulations.
The RIM simulatedsoil soluton profiles for the sites in Orebro and Balsjo supported the
results gained from time series and soil dry fraction analysis.

This study highlightedhe importance of different drivers for the seasonal variation in
THg and MeHg concentration¥he resul indicated thathe Balsjo sites were more flow
driven, whereas the catchments in Orebro were charaadeby a strong seasonal pattern
Furthermorethe high importance ointecedent flow and temperatwwa THg and MeHg
concentrationsRast Least Squaf®LS) analysishighlightedthe influenceof the watershed
conditions prior to an evenAcross all sites, it was shown that organic matter was the number
one factor explainingotal mercury dynamics. In Orebro 5485 % and in Balsjo 62 72 %
of the varation in THg concentrations could be explained by TOC.
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| INTRODUCTION

1. Mercury (Hqg) in the environment

Mercury, named quicksilver by Aristotlés mainly present in two oxidation states in the
environmental compartments (H¢reduced metallicand HgZ (mercuric) (Grigal, 2002
Clarkson, 198y It is a transition metalshowing exceptional physical and chemical
properties. For example i$ the only metal liquid at room temperaturésis a high surface
tension, low electrical resistancs reldively inert and hasa high first ionization potential
(241 kcal/mol) (Schroeder et al., 199%chroeder &Munthe, 1998 Due to its useful
propertiesand manifold applications in industry its economic importamae grownduring
the industrial revolutioiiSchroeder & Munthe, 1998).

Mercury is entering the environmefitom a variety of natural and anthropogenic
processes (point and non point sourc@s)zgerald et al., 1998Grigal, 2003. Humarés
interaction with naturelue to e. g. mining activities armlirning of fossilfuels, in particular
coal, has significantly elevatedthe atmospéric mercuryconcentrationsince the start of
industrialization It is estimated thageologic sources of Hdid notcontribute significantly to
this increaseduring thepeiiod over the last1007 150 years as geological processeg.
associated with plate tectonicsin be regarded as constant over this short time interval
(Fitzgerald et al., 1998)

The atmospheric transpodepends on the chemical and physical form of omgrc
Reduced mercury (Hyhas a residence time in the atmosphere of about one year and can be
transported for several 10.000 km, which makes it a global pollutant (Schroeder & Munthe,
1998; Fitzgerald et al., 1998 Hence, bng range atmospheric transpoaused increased Hg
deposition(compared to the pradustrial timg even in remote aas of Europe and North
America, whichare exceedingnatural concentrations (Fitzgerald et al., 1998%hould be
mentioned that ercury depositionprecipitation, thoughfall, dry deposition, litterfall)s
much higher in forested aeaue to the high amount of Hg attached on forest canopy
entering the soil by litterfall or throughfalMunthe et al., 2007)Grigal (2002)notedthat
atmospheric deposition on forestceeds open precipitation by a factor of four. According to
Munthe et al. (2007) concentrations of Hg in wet precipitation (open deposition) are varying
between 10i 11 pg/n? in southern Scandinavia and onlyi56 ug/nt in the inland of
northern Sweden (tafrom 1999 2002). This nortksouh gradient is strongly dependent
local precipitation amounts and emissions of mercury from central Europe.

The mercury chemistry in the environment is highly complexaspounds can be
interconverted and henceleased from sediments or soil to the water phase, can be taken up
by aquatic biota (bioaccumulation), can be lost to the atmosphere (volatilization) or
transported with sedimerdarticlesdepending on the@redominant chemical, physical and
biological conditons within the system (Ullrich et al., 200Eurthermore, the ecological and
toxicological effects of Hgn the environmenare strongly related to its speciati@@larkson,

1997, Ullrich, et al., 200L Consequentlydue to the complicated interlinkage lmbtic and
abiotic factoranany of the processes that control the export of Hg from the terrestrial storage
pool to the aquatic system, the methylation and the bioaccumulation in the food chain are still
poorly understood (Grigal, 2002).
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In order to redae the large uncertainties and to deterntirefactors that influence the
spatial and temporal behavior of merguay closer assessment of the climatic impact is
neededFacing the increased interest to understand and hence manage the mercury pollution
this study will contribute by analyzing tlseasonal influencef two catchmentsvith different
climatic conditionan Sweden on mercury mobilization and transformatims study gains
importance when taking into account theimate change is expected twhange the
distribution of the seasonal pattern during the yeaich might shift the temporal and spatial
scale of Hg exportFurthermore,silviculture is an important income source in Sweden
accounting for 12 % of the export inconi®kogstyrelsen, 2009 he influence of forest
activities on Hg mobilizationneeds to bessessed as forest management is linked to soll
disturbances and changes in the hydrological flow regReeent research showduht there
is a high spatial variabilityn mercury outpubetween harvested sitéBovari et al., 2008
Skyllberg et al., 2009; Sérensen et al., 200%he underlying mechanisms why some sites
show increased Hg export after harvest and others do not are still unclear and this study offers
a closer assessmentreduce the uncertaintidyy analyzing the seasonal influenme treated
and untreated forest areas

2. Relationship between Hg and organic matter (OM)

The understanding of the strong relationshipmMeein Hg and organic matter (ON§)
crucial to determin¢hefate and transpoudf Hg in the different environmental compartments
(Grigal, 2003) Neverthelessit should be noted that differences in the biogeochemical cycling
of MeHg and THg show, that THg dynamics are more dependent on the mobilization of DOC
whereas the mobilization of MeHg is to a higher extent related to net MeHg production rates
and its concentration indicat@ greater variation regarding temperature and runoff pattern
than the one of THg (Bishop & Lee, 1997).

Organic matter (OM) is omnipsent in the aquatic and terrestrial environment and is
known to bind metals and affetheir solubility and speation (Reuter & Perude, 1974jJ.
can be therefore seen asvehicle influencing the fate, transport, transformation (e. g.
reduction) and lmavailability of mercury (Ravichandran, 2004; Haitzer et al., 2088)most
likely binds covalently to thiol (FSH) and other sulfur containing groups within OM as the
Hg-S complexation revealed the highest stability constant among other ligands
(Ravichamran, 2004).

In Scandinavia much of the atmosphéig depositions retained in the soils mor layer,
which can beregardedas a filter for mercury deposition on forest soils (Johansson et al.,
1991; Aastrup et al., 1991Ppata froma survey assessing thég concentratiorin the O
horizon(organic layerjpver Sweden shoed elevated concentrations in southern Sweithemn
decreased irregularly towards the north wéhhigh local variability. Furthermore, the
concentrations decreased with insieg soil degt, which coincidedwith the decrease of
organic carbor(Alriksson, 200). Aastrup et al. (1991) showed that in an area in southern
Sweden 75 80 % of the yearly deposition was retained in the humus layer. Furthermore, the
authors noted that the amounttéd present in the B horizon was probably only thttée
extent influenced by anthropogenic emissions due to the short time scale of increased Hg
emissions compared to thiene scale of geological sources.
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Temnerud (200Rstated that forest soils and nsrean be regarded as a nearly infinite
source of dissolved organic matter (DOM) for runoff, but the amount and behavior of water is
often the limiting factor. Kalbitz et al. (2000) found in their review comparing influencing
factors on DOM dynamics in sdiftom laboratory and field studies that in theory dissolved
organic carbon (DOC) concentrations should be mainly biotically controlled with a strong
dependence on temperature and other seasonal disturbances, but that in practice water fluxes
through the aganic soil layer can mask biotic control.

Soil organic matter (SOM) and Hg show often a similar spatial distrib(#itniksson,
2001), that might, howevevary due tohistorical loadingsthe degree of mineralization dne
amount of reduced S groupsr{@al, 2003).Nevertheless, thénk between Hg and SOM
mostlyimplies that landscape conditions, which lead to a different accumulation in SOM are
also probably leading to differences in Hg accumulatidre SOM distribution istrongly
influenced by eil properties like redox status, cations, and particle size distrib(iggture)
(Grigal, 2003).For example,SOM is stabilized and protected from oxidatiby high
concentrationsof cations, in particularly Ga (Oades, 1988)In the soi| the highest
corcentrations of SOM armainly related to the fine silt and clay fraction (Anderson et al.,
1981). Furthermore, soils that are poorly drained with low soil oxygen content have higher
SOM than well drained soils due to reduced microbiological activity (Grf®3). These
soil properties SOM relationships also affect Hg distributjan g. theHg contentin surface
soil increased from the summit to baska forest slope fron3.4 to 5.5mg/m2along with
SOM (Grigal et al., 1994).

The role of vegetation irB5OM is determined by the interplay of production and
decomposition(Grigal, 2003) The decomposition rat& increased with temperatureut
revealed lower values for lignin rich conifer than deciduous forests (Johnson, 1995).
Consequentlyforests with geater production of biomass andtrient cycling are therefore
likely to have lower SOM and soil Hg concentrati@ssthe occurring climate and litter favor
rapid decompositionGrigal, 2003). Furthermore, a longer growing season leadsaro
increased folir uptake of Hg, but at the same time leadartincreased mineralization and
Hg flux from the soil (Grigal, 2003; Fleck et al., 199%he short mineralization season at
higher latitudesnight leadthereforeto a greater retention of SOM and Hg in theexshed
and hence to a higher potential for hydrologic export of Hg to the aquatic system (Grigal,
2003).

Compared to the Hg soil storage the annual output of mercury is relatively small
(Johansson et al., 1991). Johansson et al. (1991) estimated thabont 0.1 % of the
mercury content in the mor layer is released annually byfiwater.It should be noted that
eventhis small fraction of the total Hg storage in runoff contributes to the high levels of
mercury within the food chai(Bishop & Lee, 897).

3. Methylmercury (MeHq) production

The increased input of anthropogenicrowey in the environment hasdeto the
accumulation of Hg in the aquatic food chain. In Fennoscandia and elsewhere the
concentrations of Hg and especially its organomettdhm, methylmercury (MeHg)in fresh
water fishes are often above the WHO recommendations (0.5 mg/kg) posing risks to the
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aquatic community as well as to humans (Hska et al., 1990). The environmental quality
standards (EQS) given by the European Urdoe more stringent and define the level at 20
po/kg Directive 2008/105/EC).

Most concern is focused on MeHg as it is the most bioavailable species and can be
concentrated more than a millidold in living organisms compared to surface water
concentratins (Schuster et al., 2008; Grigal, 2002). MeHg is a neurotoxin that is able to cross
the bloodbrain and the placenta barrier (Clarkson, 1997). The ingestion of methylmercury via
fishesis able tocause damages to the central nervous system as well aldtieand
developing brain (Clarkson, 1997yhich was showmuring the Minamata disease in Japan
(Clarkson, 1987). That is why in Sweden the given European standards are often
supplemented with dietary recommendations, e. g. reduced fish consumptiory of H
contaminated species for pregnant woman (Johansson et al., 1991).

As most mercury is prestas inorganic mercurin freshwater systemasnd >95 % of
the mercury in fishes in the form of MeHg, it is essentialdédine the processes and
influencing facors that determine theansformatiorof inorganic Hg to organic mercugnd
the bioaccumulationof MeHg in the food chainin order to regulate the health risks for
humans and wildlife (Ravichandran, 2004).

MeHg production is a cyclic and very dynamic gges whereby Hg may be methylated
and demethylated several times within a given system and the reactions are often taking place
simultaneously. Methylation and demethylation are occurring in terrestrial as well as aquatic
systemsand are mediated by a nuertof abiotic and biotic facto®llrich et al., 2001).

Methylation is dominantly a biotic process and obligate anaerobic sulfate reducing
bacteria (SRB) are the primary methylators. However, recently the significant contribution of
Iron reducing bacteai (IRB) has beemdentified (Devereux et al., 1996; Kerin et al., 2006;
Ullrich, 2001). The methylation rate of SRB is largely controlled by sulfated@eptor), high
quality organic matter (eonor), temperature and availability of THg (Drott et 2002). The
methylationis thereforenot a simple factor of THg and might depend on other factors than
those affecting total Hg (Grigal, 2003).

The transformation of THg to MeHg occurs normally in sambxic systems (e .g.
riparian zones, sediments, watalumn). In terrestrial ecosystems wetland and peatland are
the most important sources of MeHg (Skyllbert et al., 2008an be assumed that terrestrial
ecosystems with C accumulation and anoxic systems are sites of MeHg production (Grigal,
2003).As the methylation rate imter aliaa temperature dependent process,rhayor source
of MeHg is most likely related to surficial or nesurface processes i@fireun et al., 1996;
Bishop et al., 1998). Furthermore, the concentration of MeHg in pore watestr@ams are
highly dependent on seasonal changes with often highest concentrations in summer that are
oftenassociated witlow flows (Branfiruen et al., 1996; Bishop et al., 1995; Grigal, 2003).

On average 4 % of thavailable Hgflux is estimated to & present adMeHg (Grigal,

2002). If considering, that only a smafiortion of Hg is released annually from the soil
storage and that only a smakkrcentageof this released Hg is in the form of MeHg, any
changes in the export of mercury from the saiid/or the methylation ratdue to changes in

land use, atmospheric deposition, catchment biogeochemistry and climate would have a
severe impact on the aquatic ecosystem and subsequently severe impacts on the human health
(Bishop & Lee, 1997).
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4. Export of Hg from the terrestrial to the aquatic ecosystem

The export ofHg via stream water is the domingmathway in a lot of watersheds,
whereby THg and MeHg occur in dissolved and/or particulate form. Hurley et al. (1998)
noted that landscape characteristies faund to control the Hg export to streams much more
than Hg deposition. Features of the catchment that either release or accudissiateed
organic carbon@OC) or particulate organic carboRPQQ are affecting the Hg mobility.

Wetlands with organicich soil located next to streams (riparian zones) have a much
higher MeHg output than well drained forest or mineral soils (Bishop et al., 2009). Skyllberg
et al. (2003) found that the ratio of MeHg/THg was decreasing frorm 1722 % in peat soil
closeto the stream to 0.4 0.8 % in mineral soils further away from the strearhis
highlights the importance of the riparian zone (RZ) that has been shaped by uphill flows over
millennia and is often characterized by distinctive soil properties tbaeinteplay of
hydrological and biological factorSeibert et al., 2009, Agren et al., 2018% the ground
water flow paths change with timdifferent fractionsghe RZ are connected with the stream
water. The stream water chemistry could be therefore regasdadingerprint of the RZ at a
given flow rate (Seibert et al., 2009).

As the water tableisesduring episodic events thfow pathsare shiftedto the upper
organic soil horizonand aremobilizing reactivephases of DO@vhich are known to bind Hg
(Shanley et al., 2008)It is estimated thatydrological factors determine shderm organic
carbon OC) dynamics whilelong term changest OC concentrationare more related to
climate (precipitation, warmer temperaturekought$, land use change and dici deposition
(Dittman et al., 2010; Evans et al., 2008though hydrology isoftenthe first order control
of DOC and hence Hg expoat events, Laudon et al. (2004) noted that rdationship
between DOC and flow is varying depending on the landscaper, e. g.the authors
mentionedan inverse relationship between flow and DOC in wetland dominated watersheds
and a positive one in forest catchmentd-or theDOC and Hg export the water flowhe
residence time and the season of residesree importat characteristics (Grigal, 2002).
Hydrology is alsoinfluencing the methylation process by supplying solutes, influencing the
redox condition and finallyransportingVleHg (Shanley & Bishop, in press).

To illustrate the highly complex interaction betweswironmental factors, DOC and
Hg, Raymond& Saiers(2010) mentioned the importanceionferactingprocesses that operate
at different time scalesThe authorsnoted that temperature and antecedent discharge
influenceshort termprocessesn DOC export(e. g. dissolution, microbial activity) as well as
long term processes (e. g. primary production, soil OM pools). Furthermore, the authors
highlighted the importance of temperatures and watershed wetness on the DOCaexport
event time scales (hours).

Facedwith the above mentioned interaction rafiltiple factorsat different spatial and
temporal scales there is a needsimplify the influencing processes on DOC and Hg
mobilization. In order to assess the imgaxftthe RZ on the seasonal variability of DOy
and MeHg concentration in stream water, Bishop et al. (2004) proposed a perceptual model
that is built upon the interaction of soil solution chemistry in the RZ and lateral water flux in
different soil depths. The idea of the Riparian Profile F@@ncentration Integration Model
(RIM) is simply that the incorporation of flow and concentrations and their changes with
depth in the soil determine the variation in stream water chemistry with varying runoff
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(Bishop et al, 2004, Seibert et al., 2009). Famgle DOC soil water concentrations increase
upwards with the soil profile so that in the case of a hydrological event the lateral transport of
DOC to the stream is likely to be increased resulting in higher DOC concentrations (Agren et
al., 2010, Seibest al., 2009)The RIM model will be used in this study to assess the capacity
of flow and/or temperature to model and hence explain the seasonal variation of total organic
carbon (TOC), Hg and MeHg concentration in the two different study catchments.

5. Highlighting the importance and objectiveof the work

In boreal regionsforestry is one of the dominant land usemnd devated Hg
concentratios in fishesin these regionsre quite common(Shanley & Bishop, in pregs
Taking into account the importancef ilviculture in Sweden and its widperead
anthropogenic influence on the catchment level the possible role of forest management in
mercury mobilization from the terrestrial ecosystem needs to be carefully assessed. Forest
composition, plant uptake ratespil conditions and moisture, temperature regime, soll
microbial activity and water fluxes might be changed as a result of forest management and
hence altering the biogeochemical processes that control mercury mobilization and transport
as well as nutrigrieaching (Kreutzweiser et al., 2008).

Several studies have revealed that forest disturbalhmgging, site preparation, etc.)
might result in an increased THg and MeHg mobilizati®or{ari et al., 2003; Munthe &
Hultberg, 2004 Skyllberg et al., 2009 However recent studieg. g.Sérensen et al. (20Q9)

did not find the expected severalfold increase of Hg output to surface water streams after
forest harvestingThe differences in sensitivity of thetudysites indicateéhe highly complex
situation ofmercury dynamics not onlin relation toforest management baiso to other
catchment specific factargurther, he hugevariationin the above namedtudy resultshow

that there is a shortage of knowledge of pecesses that contrthe export ofTHg and

MeHg at the catchment levebo far only limited research has been donehe field about

how andto what extent seasonal factors (temperature, precipitation, flow, etc.) influence the
mobilization of mercury from the terrestrial ecosysteogethe with catchment
characteristicshat control the retention of Hike size,topography, the catchment to surface
water ratio, the soil type, the land cover and the land use (Munthe et al., 2007) the
understanding of the interaction between mercury dyreamc seasonal factors is likely to
contribute significantlyowardsthe questiorwhy the exporbf THg and MeHgshowssuch a

high spatial and temporal variation.

Also, in the light of tmate changeit is more than necessaty assess thmfluence of
the seasonal variabilityon mercury mobilizatiorto aquatic systemslThe climate change
impacts in Sweden are estimated to increase precipitagiatDi 20 % andto rise anrual
mean temperaturgy about 4 degrees wiih 100 yearsThe temperature increaseestimated
to affect mostly the winter season and therefore the spring snowmelt period especially in
northern Sweden (SWECLIM, 2001). This will change the timing, extent and duration of
snow cover in boreal forests during winter and as a result leadtges in the annual runoff
pattern and hence influence the overall exportlisfolved organic carbodQC) and Hg
(Venalainen et al., 2001)
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Seasonal parameters, e. g. temperature, precipitation, soil water fluxes, soil moisture,
and snowmelt that areflnencing and controlling dissolved organic matter (DOM) dynamics
in the soil and hence influence the DOC concentration in aquatic systems (Kalbitz et al.,
2000) are also likely to affect the mercury concentration, specification, mobilization and
distribuion between the solid and liquid phagethoroughunderstanding of the processes
that control mercury mobilization in the terrestrial ecosystem would lead to effective and
efficient tools to manage its output and to a better understanding of the @r@strponent
in the global mercury cycle (Babiarz et al., 1998).

As the concern about the magnitude of the Hg problsnrising, this study will
contributeto a better understanding abdbe processes and factotisat determinethe huge
spatial and tempal variationin Hg export fromterrestrial catchments

The objectives of this study are (i) to assess and compare the different climatic and
seasonal pattesnbetweensevencatchments in northern and southern Sweden and their
influence on Hg mobilizatioand methylation, and (ii) to determine the influence on THg and
MeHg concentration from various chemical variables and catchment specific factors.
Furthermore, the results will be linked to tingpactsof forestry and climate changs Hg
mobilization prowding knowledge that might potentially be helpful to find useful
management strategies to regulate the Hg export.
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Il EXPERIMENTAL SECTION

1. Site description

Thenorthernc at chments (commonly r ef enrthedbarealt o as
forest zone ( 64 Aré githaded apiréifatelyo6E km veest df the city of
Umea (Figure 1). The three study sitagere the 20 ha small reference catchment-&ethe
37 ha tear cut catchment (QCand the 31 ha northlear cutcatchment (MrthCC). The
monitoring started in 2004 and igllsongoing. The North and
CC catchments were harvested in 2006 on frozen ground.
About 36 % of the NortBC catchment and 73 % of the CC
catchment was harvested (Sérensen et al., 2009b).

In the rorthern catchmenthé bedrock underlying the
till consists out of pegmatite. The main soil type is podsol
with histosols in wetter areas (Lofgren et al., 2009). The forest
vegetation consists mainly out of Scots piRen(s sylvestris
in wel drained upand areas and Norway spru¢dcea abiep
in wetter, lower areas. Along the stream channels some birch
(Betula sp.)can be found (Sorensen et al., 2809 here are
mires and fens distributed in each catchment and the portion
of wetland varies from 19 %14 %, and 8 % irthe RefS,
NorthCC, and CC catchment, respectively. The mean annual
temperature and precipitatiaof the data used ithis study
(approximatelyMay 200471 Novenber 2009) were 2.93°C
and 634mm (1.74 mm/d).

The southern catchments (comrhomrreferred b as
O0¥rebr o6) Oakmeouthwest autsidedthe £ity of
Orebro 6 9A10616, 3850606 NFiguré ) ATBe4 63. 01
studied sites in the area are tlaege reference catchment
(R1, 209.2 ha), the site prepared al&®, 5.2 ha) andhe
stump harvested aregSH, 28.3 ha).Another small reference catchmer{R2, 17.4 ha) is
situated in the ilet to the stump harvested ar&e nonitoring of the sitesstarted in 2006
and the subsequent forest treatment was carried out innMeve2007 (stumgarvest) and
January 2008 (site preparation). The monitorarighe Orebrocatchmentscontinued until
December 200€EKI6f et al., in prep.

The proportion of treatment (stump harvest or site prepajationhe SP and SH
catchmentsvas65 % and29 % respectively(EkI6f et al., in prep. There wa no treatment
in theR1 and R2catchmentsThe portion of wetlandwithin the catchments in Orebrovas
estimated witlthe help ofGIS, however, it should be noted that firesented figures ajest
a rough esmate as the quality of the layer was very limited. According to the moagata
was available for wetlands in R&dSP. The amount of wetlands fBH andR1 wasabout 4
% and6 %, respectively

The soil type in the area is mainly cambisol with podsdiédsson & Wibergl986
and about 10 20 % of the area it dominated by broadleaved forest (Swedish National Forest
inventory, 2010).

Figure 1. Location of the two
major studyareasn Sweden
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In this study (October 2006 December 2009) the mean annual valioe temperature
and precipitation weré.28°C and7/58 mm (2.07 mm/d).

2. External Data

Data of precipitation and temperature from the Swedish Metrological and Hydrological
Institute (SMHI) at nearby metrological stations to Balsjo (&nfe@edrika, Hamling, Basljo
village) between the years 2003 and 200ere used by Kuglerova (2010) to calculate
interpolated temperature values for the coordinates of the sampling sites used in this thesis.

3. Sampling and Chemical Analyses

3.1 Flow measurements

In Orebro R1, SPand SH) and in Balsjo CC, NorthCC and RefS) the runoff was
measured using 90°, thin plate;nétch weirs. The measurements started in summer 2004 in
Balsjo and autumn 2006 in Oreb(BKI6f et al., in prep. Sérensen et al., 2009d)etails
about the flow measurements, calibrations and cdlonkin both catchmentare presented
elsewhereKklof et al., in prep.Sorensen et al., 2009a).

In Orebro the automatic water level measurement was not operating from November
2006until June 2007. The values for this period were modeled accordihg toytrological
discharge model HB\(seeEklof et al., in prepfor further information).Furthermore, the
sampling site in the R1 catchmentwas moved in summer 2007 due to difficulties in
hydrological measurements and remained questionable as disturbgnoeaver and forest
activities occurredAs there were no flow measurementsR#, the specific dicharge of the
SH catchmentvas used

In Balsjo approximately six months (depending on the site) of flow data of the whole
dataseries (June 2004Januay 2010) aramissing

The uncertainties in flow determination caused due to uncertainties in the rating curve
were reported for Balsjo by Sorensen et al. (2009b) and were higher for high flow events (e.
g. the prediction uncertainty at a flow rate of 38 Wwith a 95 % prediction uncertainty was
5 L/s) than for low and intermediate flows.

3.2 Water samples

The analyzedstreams were sampled on average biweekly in Balsj6 (May 2004
October 2010) and Orebro (October 200Becember 2009ith greater fequency during
high flow events Since thebeginning of March 2005 irBalsj6 andthe beginning of
November 2006 irOrebro stream water THg and Meldgalysiswas carried out and the
samples were collecteatcordiry to the clean sampling protoc8orensenteal. (2009a) and
EkI6f et al., (2011) are stating the sampling and analyzing procedures for the catchments in
Balsjo and Orebro.
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The sampling schemespeciallyin Balsjo was biased towards high flow events, as the
sampling frequency increased during m$e Hence, 12.5 % (CC, n = 168), 12 % (NorthCC, n
= 167) and 16 % (Re$, n = 157,) of all samples were taken during high flow.
Comparatively, in the R1 (n = 91), SP (n = 102) and SH (n = 110) catchments in Orebro only
5, 5 and 8 % of the samples wereected during high flow events.

Inorganic mercury (THg) was analyzed following the US EREnvironmental
Protection Agency)standards, methedPA 1631 (U.S.E.P., 2002).The trace level
concentrations of MeHg were detected by spespexific isotope diluan (SSID) followed
by GGICP-MS analyses after a method of Lambertsson & Bjorn (2004py, MeHg and
general chemistry analysis were carried out atlaheratory of the Chemistripepartment,
Swedish University of Agricultural Science, Uéne

Previous measements showed that the DOC fraction presented more than 90 % of
TOC under all flow conditions (Sérensen et al., 2009a). Therefoneatation TOC will be
used throughout the thesis.

3.3Soil sampés

Soil samples were takemith a soil coring tube (3.cm in diameter50 cmlong) or by
manual digging of profilegn Orebro and Balsjin order to assess the THEC andTN soil
storage.Manual digging was carried out if theandling of thesoil coring tube was not
efficient due to stones or roots in thailsMost of transects were manually dug in Orebro,
while drilling was mainly carried out in Balsjdwo transects in Orebr&#H, R2) and three in
Balsjo (RefS, CC, North) were established perpendicular to the directistredmflow.
Foursiteswere sarmpled on oneriver sideapproximately0.5, 3, 7, an@1 m from the stream
In Orebro 6H) samples were takeata distance of 14 m and in Balgampledor catchment
Ref-S and CC were taken at a distance of 1 m and 9 m as frozen soil and stones made it
impossible to dig at the previous mentioned distandé®very site fivesoil sampleswvere
taken in a depth of-Q0, 1620, 2630, 3640 and 4660 cm.

From each site (Balsjo and Orebro) abd0t-150 g (wet weight) of sample at the
respective depthwasdirectly transferredo a zip back and stored acooler untilreaching
the laboratory

The samples where dried at-86°C and then sieved (2mm)h& samples erefurther
divided for mercury and TC/TN analysis. Mercury samples were kept frozen until enalys
and TC/TN samples were storedlire dark at room temperatures.

Total mercury analysis was carried out at themistry departmerat theUniversity of
Umed usingUS EPA method 7473 (US EPA, 2007Mhe method consists of a thermal
decomposition of thesolid sample, followed by trapping the containing mercury
(amalgamation) and atomic absorption spectrophotometric detection (working range 0.05
600 ng). The analysis cycle was programmed as followed: 60 s drying, 300 s decomposition
and 45 s waiting timePrior to each analysis the sample boats were cleaned in an ethylene
flame to remove Hg residual®eproducibility and accuracy of the measurements were
checked by including sample replicates and reference standards about éVesgmide.
Furthermore, @ assess if milling of the samples had an influeanethe amount of Hg
detection fousamples out of the Orebro sample setre milled and the analysis revealed no
major differences compared to the ungrounded samples.
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TC and TNweredetermined at the 8department, Swedish University of Agricultural
Sciene, Uppsala.

4. GIS analyses

In ArcGIS 9.3 (ESRI) the catchments of the sampled streams in Onelvecassessed
andthe percentage of wetland areas within the catchsneagdetermined.

5. Statistical and multivariate analyses

With respect tahe quality verification of the THg and MeHg concentrations in Orebro
more detailed information can be foundEkl6f et al. (in prep)Furthermore, the THg and
MeHg values obtained in the Balsjo catchmentsevadireadypublished in several articles
(Sorensen et al., 2009&¢rensen et al., 2009ahd therefore ndurther verified.

Statisticalanalyss was carried out in JMP 8 (SASegressioranalysesvas doneby
Pearsorbivariantanalyseausingthe coefficent of deéermination (¥) andthe significance of
the regression (Eest, p<0.0h In order to assess differences between thampling
catchments in Orebro and Balsj6 a farametric Wilcoxon/Kruskalvallis test was carried
out and sample groups were sigrantly different when p<0.05.

Differently modified data sets were used in this study depending on the research
guestion.The unmodified data set of both sites was used to analyze and compare the time
series datas well as to assess the correlation mgndata As the sampling frequency was
much higher in Balsjé during spring flodtat would have biaseé comparison with the
southern catchmentthe episode samples were remavEle data sets of Orebro and Balsjo
were analyzed with randomized intervemtianalysis (RIA) (Sorensen et al., 2009a; Sorensen
et al., 2009bEKkIof et al., in prep. These data sets were used wbleemistry concentrations
were comparednd also for the calculation of the volume weighted concentrations (VAC)
linear interpolatel data se(interpolated values of THg, MeHg and TO@as used for the
calculation of theseasonaéxport

Multivariate analysiswas carried out in SimeB™ 12.0.1 (Umetrics) Partial Least
Squares (PLS) regressiowss used to find fundamental relatioredvieeen twodata matrices
(X (predictors)and Y (response$)by a linear multivariate moddly = f(X)). PLS is a
generalization of multiple linear regressidMLR) but has the advantage to analyze
correlated, noisy and numerousvariables(Wold et al., 20Q@; Amaral & Ferreira, 2005)n
its basic principle PLS creates orthogonal score vectors (latent vectors) by maximizing the
covariance betweetlifferent X and Y variables (Rosipal & Kramer, 2006).

To avoid th€itiskgaof ( dg amomedpredictive power)ltross 1 tt | e
validation (CV) is used to test the predictive significaiidee modelstrength iggiven by R?
(goodness of fitand Q2 (crosvalidated R2Zgoodness of predicti¢rfWold et al., 2001)Chin
(1998) classified the goodness d@f (R?) above 0.67 as substantial, above 0.33 as average,
above 0.19 as week and below 0.19 as not relevant. Furthermore, the goodness of prediction
(Q3) should beas close as possible to Rz and abave 0
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The importance of individual variables is given the variable importance in the
projection (VIP). The VIP value is a summary of importancehefX matrix on ther matrix
(Wold et al., 2001)VIP values above 1 have the most signifidafitence on thenodeland
are most relevant for explaininghe varation of Y where as values higher than 0.7 are
considered importar{Eriksson et al., 1999; Lepori et al., 2005

In this study the influence of the multivariate dataset of each catchment on THg (Y),
and MeHg (Y) was assessed as well as the influencéheofdivision Balsjo (northern
catchments) and Orebro (southern catchments) differentiated according to treatment or
reference catchments on THg (Y) and MeHg (¥)e PLS models were madn two steps;
from the first model with all variables included theiabtes with a VIP higher than 1 were
chosen to make up the final mod#&leekly flow and temperature values were calculated of
the 7 days before the sampling date in order to assess if previous events influenced THg and
MeHg concentrationsSoil temperaturgvas not included in the PLS analysis in Balsjo.

In order to visualize the effect of flow on THg and MeHg concentration, the flow rates
(specific discharge) were divided into low flow (< 1 mm/d), intermediate flow %Imm/d)
and high flow (> 5 mm/dYSdrensen et al., 2009bAlso the change in flowvarying with
temperature as well as the influence of temperature on THg and MeHg concentrasons
assessed according ttee different seasonspring (March, April, May), summer (June, July,
August), autumn (September, October, November) and wint@ecmber, January,
February)

6. Riparian Profile Flow-Concentration Integration Model (RIM )

RIM is a conceptualization how the riparian soil solution profile concentration is
exported to the stream dependingtbe lateral water flow (Bishop et al., 2004; Seibert et al.,
2009 Winterdahl et al., 2091 The Stream flow Q can be linked to the ground water table
level in the RZ with an exponential function from which the lateral groundwater flow q(z)
that is needeth the RIM approach, can be derived (Grabs, 2QE@ure 2 (left panel)).

Stream runaff (mm day'1} Sail water [DOC] (mg L™
0 2 4 [ 8 10 0 20 40 &a ]

0.0 0.0 - —
E
= -0z -0.2
a
3 G dwater level
B DA e gtrres B T OOl T 04
] v =
8 £
& 0.6 4 § 0.6 Soil =olution
g ’ beneath the
z water table
5 08 0.8 flowing laterally
0 to the stream

1.0 1.0 L

Figure 2: Schematic principle of RIM. The left panel shows the relationship between flow and groundwater
level and the right panel shows the concentratiariation of DOC with soil depth, whereby the dashed lines
indicate the differences in ttidactor (Agren et al., 2010)
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The stream wateload (L) can be modelefexponential relationshig)y multiplying the
lateral water flux at a certain depthg(z) =a€” (Figure 2, left panel)with the concentration

of the soil water at that deptt(z)=ce” (Figure 2, right panel) followed by the integration

overthese lateral mass fluxeser depth from a certain base leggto the groundwater table,

z (Equation 1), wherebya andb are parameters estimated from the functional relationship
between groundwater level and strefhonv, f is a shape factor that describes the changes of
concentration with depth in the soil water profiadc, is thebaseconcentration at depth
(Seibert et al., 200Bishop et al., 2004

L= ?‘pebz G €” d: (1)
)

The analytical solution of this equation is presentedEguation 3, whereby a new
parameteflis introduced Equation 2) (Seibert et al., 2009).
s b+ f

(2)

1-h
G o ®
h

In this study we suggestetat the mobilization of THg and MeHg follos\the same
assumptioras for TOC in the RIM model calculation&dren et al., 2010; Winterdahl et al.,
2011). Even though hydrology may be key factor in controling DOC and other solute
concentrations, it is not the only factor explainthg chemistry variatios in stream water
(Agren et al., 2010)ConsequentlyRIM was applied on TOC, THg and MeHg in ordel(ijo
remove the hydrological effe¢static RIM)and (ii) to determinéo what extenpther factors
such asseasonalityinfluenced TOC, THg and MeHg concentration at each $ignamic
RIM).

As mentionedabovetwo different RIM model approachesgere applied in this study
static and dynamidn the static RIM (RIM:.i9 thef-factor(shape of the profilegandc, (base
concentrationareconstanover timeand hence the modean be simplifiedo a rating curve
(discharge vs. ground water leveln the dynamic RIM (RIMy,) the soil solution
concentration profile changes with time whichgigen bya varying ffactor and changes in
Co. RIMgyn is able to bettesimulate the seasoneghriationin stream water comntrationsby
establishinge.g.aseasonal dependirignction for f and g(Winterdahl et al., 2011

In total 4 different models were produced for each catchment site in Balsjo and Orebro:
(i) RIMgaiic only taking into accounvariations instreamflow, (ii) RIMgy,cO with varying
baseconcentratior(co) linked to asinefunction, (iii) RIMgyf incorporating variations ithe
f-factor (sine function) and (v) RIMycO+f with variations in both f-factor and base
concentratior{co) (sinefunction). For all malels(RIMstaticand RIMyy,) and all catchmenthe
same hydrological parameterg@1) and b(0.5) were usedThe models for NorthCC were
calculated with a slightly different specific dischargarthermore,he modelefficiency was
assessed with the NaSlutcliffe coefficient NSC,Nash& Sutcliffe, 1970) whereby the NSC
ranges from-D (poor fit) to 1 (perfect fit) (Carruba, 2000). Theodels were classified as
behavioral when NS was above 0.2 (Winterdahl et al., 2011).

L=c,
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Il RESULTS

1. General characteristics ofseasonal factors Hg and general chemistryin the study
catchments

1.1 Hydrology

The measured mean specific discharge at the Balsjo(82642010)were 1.3%1.86,
1.071.79 and 0.76+1.83 mm/d for the CC, NorthCC andRefatchments. In Oreb(@006
2009)the flow was 1.39+£1.56, 1.49+1.45 and 1.27+In%@/d for the sitesR1, SP and SH,
respectively.

The yearly specific dischardetween Balsjo (388667 mmAr, 20042010) and Orebro
(503t554 mm/yr, 20062009) was significantly different(Wilcoxon test, p <0.0001and
showed asignificantly higher variation in Balsjo (Weldkst, p<0.0001)The highest annual
discharge in Balsjo 6838649 mm/yr in CC, 481+959 mm/yr in NorthCC and441+1062
mm/yrin Re£S) occurred in 2006 (CC) and 2009 (NorthCC andRefAt the Orebro sites
the highest stream discharge was recordeéd08(649+573mm/yrin R1,609+551mm/yrin
SPand 532+613nm/yr in SH.

In Orebro 60 68 % of the total flukwas in the intermediate {15 mm/d) flow range
at all three sites and the high and low flow events accounted for approximatel2QL56
each. At CCand NorthCC, respectively, 52 and 46 % of tb&al flow were accourdd to
intermediate flow events and about 229 % accounted for loy< 1 mm/d) orhigh (> 5
mm/d) flow. At Ref-S, however, 37 % of the total flow was attributedniermediate flow,
whereas highand low flow accounted for 34 and 29 % respectively.

Low flow eventsoccurred in Balsjo during winter period€C: 0.720.73, NorthCC:
0.46+0.67 and Re®: 0.23+0.42 mm/dwhereby the streams in Orebro were characterized by
summer low flow(R1: 0.55:0.75,SP. 1.10£1.26 an®H: 0.65+£1.12 mm/djFigure 3). At the
Balsjo catchments about 20 % tfe annual dischargeavas releasedn May, which is
attributed to the snowmeln Orebro the months November and December contributedawith
proportion ofl5 and 16 %, respectively, to the annual flokne largestandard deviation of
the flow at Balsjo in Spring/8mmer wasattributed to the large difference between event
flows, lower flow periodsanddifferences in th@annual flows

!Based onthe sharebfh e g r o u p eldwo,fimernsediatét eandi Ahi gho fl ow of t
groups togethe

he

t
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Figure 3: Mean specific discharge with % of totaleanflow during the monitoringeriod in Balsjo (left) and
Orebro (right)

Flow duration curves were calculated to compare the hydrologic response of the streams
(Figure 4). The curves for the siteis Balgo were very steep within the first 10 %of
exceedance wherelaxtreme valuesccuedaround 30" 35 mm/d. The curves for the sites in
Orebro are less steep especially in the first 16f ¥he curvewith maximum values occurring
around 10" 13 mm/d A higher sensitivity to rainflow events was indicated in the Balsj6 area
by the steep high flow region of the duration curve within the first 193 mmer/Winter low
flow with the possibility of intermittent stream flow was displayed Hiaalow flow region.

The stream response in Balsjo was somewhat flashier with higher maximum flow in the upper
1% of the flow distribution and a comparatively low base flow.

40 - 10 -
‘:" + R1(Grebro)

e {3 .
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Figure 4: Flow duration curves for the streams in Oreb®®,(SH, R1 all n=1165 and Balsjo (COn=1165
NorthCCn=1165 RefSn=1063 from October2008 untilDecembe2009
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1.2 Temperature and precipitation

The air temperatures and precipitation data were the same for atbhwhiments in
Orebro and Balsjo, respeatiy (Table 1). The mean temperature and precipitation values
(see chapter Il) were significanthigherat Orebro(Wilcoxon test, precipitation: p<0.001; air
temperaturep=0.013.

In January and July the mean temperat(vesy 20047 November 2009)vere-6.39°C
and 13.71°C in Balsjand thehighest and lowest recorded daily temperatores the study
periodwere 20.53°C ane24.03°.In Orebro(October 2006 December 2009)the average
temperatures in January addly were-1.17°C and 15.56°C with 23.6°and-14.66° as the
maximum and minimum recorded temperatures.

Table 1: Seasonal precipitation and air temperature values of Balsjo and Orebro

Balsjo Orebro

Air Temperature[°C]

Spring 0.93+6.08 5.761£5.13
Summer 12.53+3.02 14.76+3.16
Autumn 2.63+5.78 5.70+4.57
Winter -6.37+5.49 -0.91+4.30
Precipitation[mm/d]

Spring 0.95+1.97 1.23:3.50
Summer 2.756.10 2.62£5.07
Autumn 1.80t3.50 2.42¢4.11
Winter 1.33t2.28 1.96+3.38

Soil temperature data were available for eatd isi Balsjo at a depth of 15, 30 and 50
cm and for the @bro area (no site specific data availjitde depths of 5, @ and 50 cm
(Figure 5). As the data between the sites in Balsjo did not vary significamlydata were
combined across sites

1 8— soil depth 9 5: . soil depth
167 Balsi® Wt ancso om 1 Orebro [ [p—
14 J Witteania0 em) 1 4_ I reanizo em)
1 2: Wtean(15 em) 1 2: Wl teans cm)
] 107
., 10] o'

5 g
4] 43
2] 2
p 0-

Auturmnn
Spring
Summer
Winter
Autumn
Spring
Summer
Winter

Figure 5: Soil temperature data at different depths for Orebro (left, n= 820 for each depth) and Balsjo (right, n =
700 for each depth). Temperature data were availablgarontrs between July 2007 and December 2@09
Orebro anddr 25montts between August 2007 and March 2010 in Balsjo.
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TOC concentrations were elevated in the Orebro catchmérdble( 2). THg
concentrations showed the same trend and were especi@R and SH nearly double the
concentrations recorded in the Balsjo areas. MeHg concentrations \ekdiBes higher in
Orebro than in Balsj6. This was further confirmend when looking at the MeHg/THg ratio,
which waselevated in Orebro and suggestetigler MeHg production. The THg/TOC ratio

was rather similar for the two study catchments besides for SP and SH.

The total suspended solid3$S concentrations were higher at the sites in Balsjo than
in Orebro. Moreover, the reference site Befhowed a vg high TSS concentration. The
absorption (420 nm) was higher in Orebro, indicating a higher fraction of humic (colored)
substances in the stream watlowever, when looking at specific absorptiooefficient
(Abs filt/TOC) the colored fraction of TOC wdkhe same at all sitetn general all nutrients
(Nt and Ry) as well as sulfate concentrations whigher at the Orebro sites. The nutrient
leaching was higher in the treated areas than in the refeites in Orebro. The same
observation could ndbe clearly made for the sites in Baljo.

The C/Nyg ratio was lower in the southern catchments suggesting a better carbon

quality and implying a better microbiological available carbon and nitrogen source.

Table 2: Average concenation of selected chemical variableetween October 2007 to December 2009 in
Orebro and May 2004 to May 2010 in Balsjo

Balsjo Orebro
CC NorthCC RetS R1 SP SH R2
TOC [mg/L] 204%11.20  20.1%8.60 1953941 | 2442056  28.6%12.93 26.3%9.99 23.2510.52
THg [ng/L. 5.12¢2.49 548220  4.92+1.89 6.88+4.67  10.36x4.32 8.35:3.60  5.60%2.52
MeHg [ng/L] 0.46:0.64  0.47:0.49  0.39:0.34 0.90:057  1.71#1.03  0.98:0.59  0.99:0.52
THG/TOC 0.2740.09 0.28:0.09  0.2840.D 0.27:0.06 038012  0.31:0.06  0.25:0.06
MeHg/THg 0.09:0.10  0.09:0.09  0.090.07 0.14+0.06 0.170.07  0.11:0.03  0.18:0.05
THg/Abs filt 12.47+438  12.8433.85  13.80#55 | 12.0%2.77  16234.32 153%272 12.7%3.12
TSS [mg/L] 15.34+7.15  15.32#%.73  2598:36.8 | 0.99:0.71  8.00£10.49 3.80+9.27  10.29+20.06
Absorbtion unfilt. 054025  0.53:0.17  0.52#0.18 059+028  0.71:0.30  0.60:0.31  0.53%0.32
Absorbtion filt. 043:022 0433017  0.40$0.19 0.56+0.26  0.67:0.29  0.56:0.28  0.47+0.26
pH 519$0.74  505:0.69  5.23+0.89 5.23:047 5213037 476:021 4.77+0.16
SO# [mglL] 1.39#026  1.32:0.30  1.35%0.34 2.87+1.00  3.55:0.88  3.19+1.36  2.81%1.62
Niot [MG/L] 0.61:0.30  0.37:0.14  0.36:0.13 0.63:0.30  1.68057  0.98:0.33  0.62+1.01
NOs#+NO, [ug/ll] ~ 188.33+2013  16.57+22.13 24.56+21.37 | 35.43%33.14 729.8+470.4 273.6+269.3 9.73%1.41
NH, [ug/L] 350145653  13.2137.68 12.30#6.44 | 30.50:38.99 149.9+1295 50.79+31.15 23.4166.99
Pt [MG/L] 23.28+15.05 21.70£15.37 20.69+46.94 | 19.69+17.66 108.%4583 41.1321.14 26.34+33.20
Fe [mg/L] 0.86:0.37 0812028  1.240.57 0798043 0463024 0.61:0.36  0.93+0.80
C/Norg 53.01#20.13 60.99+18.81 61.13+17.9¢ | 45.35:5.38  37.124¢8.31 41.00:4.85 48.94+7.34
Abs fillTOC 0.022¢0.003  0.022#0.003  0.02:0.003 | 0.022:0.003 002+0.003 0.02+0.003 0.019+0.003
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2. Seasonal dynamics of MeHq, THg and TOC

2.1 Seasonal distribution of THg, MeHg and TOC

2.1.1 Concentration and volume weighted concentrations (VWC)

The volume weighted concentrations (VWC) are especially importarddwnstream
biota as the concentration is given in relation to the flow. VWC were calculated as followed,
whereby cis the concentration@ the flow for an observed period:
aEc*Q

aQ

In Balsjo the distribution of THg during thgear was rather homogenous with lower
concentrations and VWC in WinteFiQure 6). The distribution of THg showed a clear
seasonality in Orebro.

In Balsjo, tie highest mean concentration (VWC) of THg occurred during Summer and
were 6.02ng/L (8.12 ng/L)and 6.46 ng/L (8.33 ng/L) for CC and NorthCC, respectively. At
RefS thehighest mearoncentrationsvere equally distributed betwe&ummer (5.42 ng/L)
and Autumn (5.44 ng/L), however the VWC was highest during Summer (7.68 ng/L). In
Orebro, there was @ear peak of concentrations and VWC during the Summer period which
were 11.79 ng/L (12.36 ng/L, VWC), 15.27 ng/L (16.75 ng/L, VWC) and 13.38 ng/L (12.01
ng/L, VWC) for R1, SP and SH, respectiveldence, nearly half of the annudHg
concentrations wereotind during the Summer months (R1=42.8%, R2=39.9%, SH=40.2%
and SP=36.8% of the total mean THg concentration for each site). The |GWegst
concentrations occurred at both Balsjo and Orebro in Winter and thec$ltaesannual total
concentrationsangedirom 16.87 189 % inBalsjo and fronl4.67 18.6 % in Orebro. In the
Winter months in Balsjo concentrations and VWC varied betwéed 8g/L, whereby VWC
were elevated. In Orebro during the same period of the year THg concentrations and VWC
ranged from 57 7 ng/L and for all sites besides R1, VWC wdmver than mean
concentrations.

TOC followed in general the same trend as THg concentrations and VWC with also
highest concentration in Summer and lowest in Winter at inagor studysites. However, in
Orebro also quite low TOC concentrations and VWC occudedng Sring, whereas in
Balsjo VWC were elevateduring Springcompared to mean concentrations.

The seasonal distribution of MeHg concentrations and VWC showed a clear peak
during Summer for botimajor study sitesHigure 7) and MeHg mean concentrations were
mostly higher than VWC (not SP). For CC, NorthCC and-Rehe mean concentrations
(VWC) were 0.77 ng/L (0.53 ng/L), 0.74 ng/L (0.57 ng/L) and 0.65 ng/L (0.36 ng/L) and
contributed with 44.89642.2% and 43.0% to the annual share of total mean concentrations.
MeHg oncentrations (VWC) were higher in Orebro compared to Balsjo and showed values of
1.59 ng/L (1.19 ng/L), 1.62 ng/L (2.44 ng/L) and 1.67 ng/L (1.35) ng/L for R1, SP and SH.
Furthermoresummer MeHg concentrations accounted for 44.9 (R1), 42.4 (SH) and 36.57 %
(SP) of the total mean concentrations.

VWC= (4)
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Figure 6: Seasonal disbribution of THg concentration and VWC (Balsjo: autumn: n=87, spring: n=110, summer:
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2.1.2 Mercury fluxes over the vegetation periods

The export of THg, MeHg and TOC was in general higher in Orebro than in Balsjo,
although the exports of THg and MeHg from CC (Balsjo) were in the saagnitude as the
export from the Orebro catchmen®able 3). Especially, the MeHg export was distinctively
elevated in Orebro with site SP exhibiting the maximum stream expért9+20.00
pg/d*ha). The standard deviation for the sites in Balsjo sigsficantly higherto the ones in
Orebro(Welch test, p<0.0001)

Table 3: Mean daily export of THg, MeHg and TOC for Orebro (Oct. 20@¥ec. 2009) and Balsjo (Apr. 2005
i Jan. 2010).

Balsjo Orebro

CC NorthCC RetS R1 SP SH

THg [ug/d*ha]  91.97+207.07 71.91+167.81 51.53+166.21 | 83.25+103.37 137.89+147.5 82.28+122.4
MeHg [ug/d*ha] ~ 6.60+18.85 4.46+9.75 2.22+558 8.65:8.77  19.49+20.00  7.68:8.62
TOC [g/d*ha]  335.39+624.02 24853+481.3¢ 182.94+506.0( | 304.87+360.4; 405.50+418.f 281.16+369

In Balsjo the export of THgFigure 8, lower figure) was highest during Spring
(142.9%276.80 pg/d*ha in CC, 102.18+223.27 ug/d*ha in NorthCC and 87.86+212.16
ng/d*ha in RefS). In Orebo the stream export of THg was more equally distributed between
the vegetation periods, whereby highest fluxes occurred in R1 in Winter (119.86+91.06
pg/d*ha), in SH in Autumn (100.9963.39 ug/d*ha) and in SP in Summer (138:192.25
pg/d*ha).

The distibution of MeHg between the seasdiefiowed a more distinctive pattern in
Balsjo (Figure 8, upper figuré with highest export irSsummer.At Balsjo the highest flux of
MeHg varied between ¥ 12 pg/d*ha in Summer depending on the site, whereby CC had the
highest export (11.97+£33.43 ug/d*hat site CC (NorthCC and Re€3) about 45 % (43 and
41 %) of the total recorded MeHg export occurred during July and August. In Balsjo the
highest export occurred in August 2005 at site CC with 386.84 pg/d*ha (yeanyndedn
export 2005: 16.2646.74 pg/d*ha). Hencethe export during one day was about 2000 %
higher than the yearly daily mean export. It should be noted tivaadew days of high flux
in summer contributed to the total annual stream export in Balsjo.

From all sites inOrebro theMeHg export was highest at SR Summer(28.95-27.04
png/d*ha). It should be noted thatRi the highesMeHg flux occurredin Winter (10.43:7.07
png/d*ha).

At the catchments in Orebro the pemtage of annual MeHg fluxes wegeite evenly
distributed over the year and only 19, 31 and 25 % of the total MeHg stream export for site
R1, SP and SH were located in July and Augilibe highest mean daily fluaccurred in
Orebro at site SP in August 2008 and was 163.64 pg/d*ha (yeaitly mean export 2008:
19.04£16.90 pg/d*ha).

The pattern of TOC flowethore or lesshe one of THg with highesteasonaéxportin
Springat site CQ474.3%718.88 g/d*haand in Autumn at site SP (5518103.54 g/d*ha)
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Figure 8. Mean THg and MeHg fluxivided according to season. Orebrutumn (R1,SH, SP n=334Spring
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2.2 Time series analysis

2.2.1 THqg and TOC dynamics

The THg concentrations in Balsjo vatigenerally between 2 ng/L andng/L before
April 2008 (Figure 9). The THg peaks were relatiyesharp and followed the general flow
pattern with highest concentrations at peak flows. After April 2008 the concentrations
increased and were between 3 and 20 ng/L. TOC concentrations varied between 4 and 48
mg/L across all sites and treatments.

The Balsjo sites were harvested in March 2006 and site prepared in 2008, details about
the treatments effects on THg, MeHg and TOC concentrations can be found in Sérensen et al.
(2009a) and EKIof et al (in prep.). Further details about post harvest flow maaasbe
found in Sérensen et al. (2009b).
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Figure 9: Time series dataDec.2005i Jan.2010) of THg concentrations across all siteBa@lsjo

In Orebrq the THg(TOC) concentrations varieth generabetween3 and 27 ng/L (@
i 78 mg/L) and showed a strongeasonality Kigure 10; Figureld. The THg peaks in
Orebrowere wider anchot well correlating to high flow periods compared to the ones in
Balsjo. Low flow events and high THg concentrations were a characteristic pattern i
Summer as well akigh flow and lower THg concentrations in Wintédence, the Orebro
sites seemed to be less sensitive to flakkhough elevated values occurred together with high
flows in Nov/Dec 07/08 and Jul/Aug OB seemedhat THg and TOC concéationsin the
southwereon a smaller scale influenced by high flow peaks.
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Figure 10: THg and flow dynamics (December 200®ecember 2009) of the Orebro catchments

Especially in 2007, THg declined after peakiaylier tran TOC in Orebro Otherwise
THg and TOC concentrations matched very walBalsjo, THg and especially TOC kept on
increasing after the maximum flow peak occurrédlg and TOC concentrations followed
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also the same pattenn Balsjg however, THg peaked sonmes before or after TOC
concentrations peaked.

The TOC and THg pattern was strongly relating at both Balsjo and Or&lgare 11).
The influence of temperature on THg concentration is very well documented at Orebro as
THg concentrations peaked durirgethighest summer temperature péestkBalsjo THg and
TOC concentrations were lower during Winter and higher in Summer, however, a clear
correlation of high THg concentration and high temperatures could not be found.

Balsjo

Orebro

Figure 11: TOC and THg pattern for Balsjo (R&) and Orebro (R2) in relation to air temperatiniack line:
temperature; blue: TOC, green: THR®, red: THgRef-S

2.2.2 MeHg dynamics

MeHg concentrations varied at the Balsj6 sites between 0.10 and 5.8Fmite 12).
The peaks occurred always in the eridlaly, beginning of Augusandthe highesbverall
recorded peak was.5 ng/L (CC, August 2005) compared d@orelatively lowmean MeHg
concentratiorover the study perio(D.46+0.64 ng/L(CC), Table 2). Herce, onlyduring one
day about 12times the annual concentratisrasreleased to the stream water. As the peaks
were very narrow there is a high risk that in the following years the maximum MeHg
concentrations were noaptured




































































































































